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Abstract

xpansive soils can be deemed as one of the poorest and most challenging soils

frequently encountered around the world. Due to increased construction activities,
particularly in underdeveloped countries, more regions of expansive soil deposits are
being discovered.

Expansive soils, each with its own unique set of characteristics cause severe distress
to the structures and is a major challenge for civil engineers around the world. Thus, it
poses extreme difficulties in terms of its use in all construction and foundational works.
One avenue for the management of such soils needs to be improved before stable and safe
construction can be carried out on them. Furthermore, the suitability of expansive soils for
engineering purposes involves a range of treatment processes.

This study involves the utilization of eggshell powder (ESP) as a supplementary
additive to lime stabilization of the expansive soil in accordance with valuing its potential
in augmenting the performance of lime mixed with expansive soil. Chicken eggshell is a
waste material available from many sources such as hatcheries, fast food restaurants,
poultry industry, egg product factories and domestic homes. This amount of eggshell
waste material leads to an environmental issue and ends up in landfills. Challenges
associated with disposals of eggshells include odour, costs, abrasiveness and availability
of disposal sites. However, they can be processed into ESP and can play a role as a soil
stabilizing agent. Calcium oxide is considered to be the main ingredient of the eggshell
powder.

Due to some similar chemical composition of ESP to lime components, it can be used
as a partial replacement of industrial lime if subjected to sufficient scrutiny. Therefore, a

widespread experimental program has been carried out to quantify the properties of natural
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and artificial expansive soils before and after treatment. Stage one involved an extensive
analysis in determining the minimum lime required for modification of these problematic
soils and it was found to be 5%. The pH values for the untreated and treated artificial
expansive soil mixtures were determined after 0, 7, 14, and 28 days of curing.

The eggshell powder was used as an additive to 5% lime in four percentages of 5%,
10%, 15% and 20% by total dry weight of the soil mass in the second stage of the
experimental program. In this stage, at the optimum moisture content of artificial
expansive soil, which was approximately 29%, different percentages of additives were
added. For each mixture, the maximum dry density of the artificial expansive soil was
obtained, and it was used for performing all subsequent geotechnical tests. In the third
stage of laboratory work, different percentages of ESP of 4%, 5% and 6% used as an
additive to 5% of hydrated lime to investigate whether the target percentage (5%) of
eggshell powder is the optimum value. In the third stage, all of the additives were added
into the expansive soil at the optimum moisture content of the soil when mixed with 5%
lime.

The outcomes of these experimental investigations showed that when the addition of
eggshell powder into the expansive soils increased from 5% to 20%, the linear shrinkage
reduced by 10% after 28 days of curing, the maximum dry density of the expansive soil
decreased from 1.323 g/cm® to 1.293 g/cm? after adding eggshell powder. Similar results
were obtained when the eggshell powder was added to the natural expansive soil. After
conducting a series of pH and unconfined compressive strength (UCS) tests on untreated
and treated expansive soil samples, it was noted that the improved geotechnical
characteristics were more pronounced for 5% eggshell powder treated expansive soil.

Therefore, the optimum percentage of eggshell powder believes to be around 5%. At this
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optimum percentage, the compressive strength at failure and the corresponding strain
increased slightly by 18% and 9%, respectively, compared to the untreated expansive soil
after 28 days of curing. Meanwhile, the combination of eggshell powder and lime to
stabilize soils when eggshell powder content increased up to 20% caused a further
decrease in the linear shrinkage of 10.7% after 7 days of curing. Moreover, in comparison
with lime (5%) only stabilized expansive soil, the combined lime (5%) and eggshell
powder (5%), induced approximately 15% buildup in the compressive strength of samples.
On the other hand, the CBR value of the untreated soil increased from 2% to 56%
when it was combined with the optimal values of additives. The utilization of eggshell
powder for expansive soil stabilization without or with lime combination not only
improved the geotechnical properties of expansive soil, but also assisted in minimizing
the adverse effects of these domestic waste by-products on the environment. Finally, the
effect of adding eggshell powder as a supplementary additive to lime stabilization of
expansive soil has been investigated. It was observed that ESP led to a slight improvement
in the geotechnical properties when it was added to the soil. However, the combined effect
of eggshell powder and hydrated lime could be effective for stabilizing the expansive soil,
where very high subgrade performance is neglected. Moreover, this combination could be
used as a kind of fill material for road embankments to reduce energy consumption and
contribute in conserving natural resources.
Keywords: Expansive Soils; Eggshell Powder; Hydrated Lime; Soil Stabilization; Linear

Shrinkage; UCS Test.

v



Acknowledgements

This work would not have been possible without the direction and support of many
individuals. In particular, I would like to express my sincere appreciation and gratitude to
my supervisor, members of my family and my research colleagues.

First of all, I sincerely express my deep gratitude to my principal supervisor, A/Prof
Hadi Khabbaz, and my co-supervisor, A/Prof Behzad Fatahi, for their continued strong
support and guidance to achieve success in my study. Since the commencement of my
research, I have improved my research skills, such as writing, presentation, technical and
interpersonal skills to overcome the challenges that I faced.

Secondly, I would like to thank all my research colleagues at UTS Tech Lab,
including Thang Minh Le and Thang Pham Ngoc for assisting me either through
conducting the experimental program or providing valuable advice. In addition, I
respectfully thank all the geotechnical members who have participated in my master study
directly or indirectly.

Finally, I owe my noble husband, my patient children and my respected parents for

their unwavering support, as well as their unlimited and unconditional love.



List of Publications

1.

Alqaisi, R., Le, T.M. and Khabbaz, H., 2019, November. Applications of Recycled
Sustainable Materials and By-Products in Soil Stabilization. In International Congress

and Exhibition" Sustainable Civil Infrastructures” Springer, Cham, pp. 91-117.

Alqaisi, R.O., Le, T.M. & Khabbaz, H. 2020. Combined effect of eggshell powder and
hydrated lime on the properties of expansive soils. 3rd International Conference on
Environmental Geotechnology, Recycled Waste Materials and Sustainability

Engineering, Izmir, Turkiye, 2020. (Submitted)

Alqaisi, R.O., Le, T.M. & Khabbaz, H. 2020. Eggshell powder as a supplementary
additive to lime stabilization in expansive soil. Australian Journal of Civil

Engineering. (In the final stage of preparation)

vi



Table of Contents

COTEITICALE ...ttt ettt et et e et e st e e bt e s st e enbeesabeeabeesneeenseesateans 1
AADSIIACE ..ttt ettt ettt et b et eh ettt sae et e e st e e heebeenteeneennea il
ACKNOWIEAZEIMENLS ...ttt ettt ettt eseeas v
List Of PUDIICAIONS .....eetieniieiiiiiieieeec ettt sttt vi
TabIE OF CONENLS ....cuvieiiieiieeiie ettt ettt sttt e et e bt e st e ebeesneeebeesanas vii
LSt Of FIGUIES ..t ettt ettt e st e e s e e s nee e snbeeesabeeenneas X
LSt OF TADIES ..ottt ettt ettt e et e e xiil
1 CHAPTER 1 INtroduCtioN ........cccueiieriiiiiniieiieieeieeieeee sttt 1
Ll GONETAL ..t ettt et et 1
1.2 Statement of Problem ..........ccccooiiiiiiiiiiiieieeeee e 10
1.3 Project Scope and ObJECHIVES .....cc.eevueruieriieiinienieeicetesteete ettt 11
1.4 Novelty and SignifiCanCe ..........cceevueeriieriieriieiieeciteere et seeeree e 12
1.5 Gap IdentifiCation........cocuevievieriiniiieiiceeee e 13
1.6 ThesisS OrganizZation..........ceecveeruierieeriieeieeseesieesteesreesseesseesseessseesseessseessesssns 14
2 CHAPTER 2 Literature Review and Background.............ccccooeeviiniininininncnnene. 16
2.1  Comparison of Industrial Waste Material for Soil Stabilization....................... 16
2.1.1 Background ..........c.oooiiiiiiieee e s 16
2,12 StEEL SLAG. i et 17
2,13 FLY ASR e e 19
2.1.4  S1lICa FUME ...ooiiiiiiie et 22
2.1.5 0 ReA MU ..ot e 23
21,6 PUIP PaPCT .. 24
2.1.7  Engineering properties of treated expansive soils using industrial recycled
WASEE MALETIALS ...c..eiuiiiiiiitieteet ettt st 26
2.2 Comparison of Agricultural Waste Material in Soil Stabilization .................... 28
2.2.1  Coconut Coir FIDIe.......coouiriiriiiiiiiiiiiieiiesteeeteeee et 32
2.2.2  Sugarcane Bagasse ASh........cccccoeviiiiiiiiiiiiieiieseee e 33
2.23  Rice HUSK ASh ..ooiiiiii e 34
2.2.4  Bagasse FIDIE ......ooviiiiiiiieiieecee e 36
2.2.5  Groundnut Shell ASh.......ccooiiiiiiiiiii e 37
2.2.00 WHREY ettt ettt et 38
227 WOOA ASD .ot 38
2.2.8  BUrnt Olive Waste........covuirieiieiieieniiesieeie sttt 40
2.2.9  Engineering Properties of Treated Expansive Soils Using Agricultural
WaASEE MALETIALS ....eoueiiiiieieeiecee ettt et 41
2.3 Comparison of Miscellaneous Waste Material Used in Soil Stabilization........ 44
2.3.1  Construction Waste Materials (Recycled Asphalt Pavement) ................... 45
2.3.2  TII€ RUDDET ...t 46
2.3.3  CarPet FIDTC...coouiie ettt et en 47

Vil



3

4

5

234 GLASS CULLEL ..ot e e e e e e e e e e e e e e e e e aaaeaaens 48

2.3.5  S@A SREILS .o 50
23,6 QUAITY DIUSE...iiiiiiiiiiie ettt et e e et ee e eeebeeens 53
2.3.7  Engineering Properties of Treated Expansive Soils Using Agricultural
WaASEE MALETIALS ....eeuiiiiiieieeiteee ettt st 55
2.4 Previous Studies on Using Eggshell Powder in Soil Stabilization.................... 57
2.5  Effect of pH Values on the Compressive Strength during Lime Stabilization.. 64
2.0 SUIMIMIATY ..eveeeeiiiiieeeeiiiieeeeiiteeeestteeeessateeeessnsaeeeessnseeesesssseessasseeesssssseesssnssseessnns 67
CHAPTER 3: Materials and Laboratory Testing Program............ccccceecueevuvenveennnne 70
3.1 MAALETIALS e e 71
3.1.1  Natural EXpansive SOil.........ccccoeviiiiiiiiieniieiieeiieee e 71
3.1.2  Artificial EXpansive SOIlS .......ccccieiiiiiiieniieiiieiecie et 73
3.1.3  EgEShell POWAET .....ooooiiiieiieeeeeeeeeeee et 75
3.1.4  Hydrated LIme ......ccccvieiiieiiieiieeieeiieete ettt s e e 77
3.2 Experimental Method .........ccccoeviiiiiiiiiiiiieiiecce e 78
32,1 MiXing Desi@nation.........cocueeiuieriieiiieiiieiie ettt ettt 78
3.2.2  Moisture Content Determination ..........cc.cceceeveriereenienieneenienieneeeseees 79
323 Liquid Limit TeStS....cceriieeeiieeiiieeiiie ettt evee e ereeesereeesveeeeaveeens 80
3.24  Linear Shrinkage Tests........coceeririirieiiiniiniiiienicsieceeeese e 80
3.2.5  Standard Compaction TestS........cceerieriiieriieriiieniieniieieeete e sveeieesre e 82
3.2.6  Unconfined Compressive Strength TestS.......cccevvvievieriienieniienieeieeieens 84
3.27  LosS On I@Nition TeStS ....ccouuieiiieiiieiiiiiieiee ettt 87
3.2.8  PH TESES oottt et 87
3.2.9  California Bearing Ratio TeStS........cccecuvevriiiiiesiieiiieiieeieeiee e 88
3.3 SUIMIMATY ettt ettt et e s 89
CHAPTER 4: Experimental Results and DisCussions...........ccceeeeveevieerieenieenveenenns 91
4.1  Geotechnical Characteristic of Expansive Soil Stabilized with Lime and
E@EShEll POWART ......ccouiiiiiiiiiciiecie ettt e e e 92
4.1.1  Linear Shrinkage TestS........cccceevuiriiriininiirteeeieeee e 93
4.1.2  Standard Compaction TeStS........cceerireriierieeriienieeiieeie et ere e 96
4.1.3  Stress-Strain Behaviour...........occoviiiiiiiiiiieeeeeee e 100
4.1.4  Modulus of Elasticity (E50%) ...eecvereverueerierieiieienieiesienieeie e see e seeeneas 104
4.1.5  Unconfined Compressive Strength (UCS).......cccevvvievieniiieniiniieiieee, 106
4.1.6  Loss of Ignition Tests (LOT) .....cccuieriiiiiiiiiieieeieceeeece e 113
4.1.7  Influence of Additives on the pH Values of the Treated Expansive Soil 114
4.1.8  Influence of Optimum Additives on CBR Value of Expansive Soil ....... 117
4.2 SUIMIMATY ..uevrieiiiieeiiieesieeeeteeesiteeeseteeseteeeseeesssteesseeessseeessseeessseesssseesssseesnseesns 118
CHAPTER 5: Conclusions and Recommendations.............ceecueeveenieeneenieenieenne. 121
R0 N 03311 0 A RSP 121

viil



5.2 CONCIUSIONS et e e e e e e e e e e e e e e e e e e e eeaesaaaeeeeaeenaans
5.3  Recommendations of Future ReSEarch............uueeeeeeeeeeeeeeeeeeeeeeeeeeee
RETEIEIICES ..o e e e e e e e e e e e e e e e e e e e e e e e e e e e aaeeeens

X



List of Figures

Figure 1.1 Australia’s total waste generation by material category management in

millions of tonnes in 2016-2017 (Energy REC 2018) ...cccviviiieiiieiiiciieiecieeeeeee e 6
Figure 2.1 Comparison of UCS test results achieved by adding industrial wastes to the
soil with or without a common stabilizer (lime or cement) ...........cccceeeveereieeniencveerneennee. 27

Figure 2.2 Comparison of soaked CBR achieved by adding industrial wastes to the
untreated soil with/without lime treated SOil..........c.ccevierinininininiieicicee 28

Figure 2.3 Comparison of UCS achieved by adding agricultural wastes to the untreated
soil with/without lime or cement treated SOil...........ccccueviirinininiiniiiiiicccee, 43

Figure 2.4 Comparison of soaked CBR achieved by adding agricultural wastes to the
UNEIEALE SOTL...iiiiiiiiiiiiii ettt 44

Figure 2.5 Comparison of UCS achieved by adding miscellaneous wastes to the
untreated soil with/without lime or cement treated SOil...........ccceeverieiieiiiiiinininininenns 56

Figure 2.6 Comparison of soaked CBR achieved by adding miscellaneous wastes to the
UNEIEALE SOTL....iiiiiiiiiiiiiii et 57

Figure 2.7 Variation of pH values of gypseous soil with curing time and additive content

after (Aldaood et al. 2014D) ..cueiiiieiiieieecieeeee e 65
Figure 2.8 Relationship between pH values and curing ages with different amount of
sludge ash-cement combination after (Chen & Lin 2009).......c.cccevviieiiieniienienieeieeee. 66
Figure 2.9 Variation of pH with the amount and types of additive after (Solanki et al.
2009) <ttt ettt ettt h et ea e bt et et e sb e et et naes 67
Figure 3.1 Selected natural expansive SOil.........ccccoccvveeriieeiiiieiiieeieeee e 73
Figure 3.2 Particle size distribution curve for natural expansive...........ccccceceeveerveniennnene 73
Figure 3.3 Selected artificial soil employed in this investigation ............cccccveeeveeeenrennee. 75
Figure 3.4 Determination of liquid limit for eggshell powder by cone penetrometer
AAVICE -ttt ettt ettt e h e et e bt et e bt e et e e bt e et e e beesnteebeeeaeas 76
Figure 3.5 Linear shrinkage of eggshell powder (a) preparation of the mould before
shrinkage and (b) shrinkage limit of eggshell powder...........cccceveeviiiiiiinciieneeeeeee, 76
Figure 3.6 Moisture content determination............ecueeeveerieerieeniienieenienieesieeseeeseeeseeeenne 80
Figure 3.7 Linear shrinkage tests for the treated artificial expansive soil with 5% of the
EEESNEIL POWAET. ..ottt et e st esaaeeseeennas 81
Figure 3.8 Linear shrinkage for the treated natural expansive soil with 5% of eggshell
POWART ...ttt ettt ettt et e et e et e e abe e taeenbeessbeenbeensbeesseassseenseensseenseanssennseens 82
Figure 3.9 Compacted artificial soil sample by adding 5% of eggshell powder.............. 83



Figure 3.10 Compaction test for natural expansive soil (a) preparation of a sample of
natural expansive soil for compaction test ; (b) Compacted natural soil sample by adding
5% Of €Z@ShEll POWAET ........iiiiiiiiee e 84

Figure 3.11 Compaction test for treated artificial expansive soil with 5% of lime at
various water content (a) the sample extruded from the mould; (b) compacted treated
sample with 5% of hydrated 1Ime ............ccoeiieiiiiiiiiiiic e 84

Figure 3.12 unconfined compressive strength test: (a) selected artificial soil sample in
conventional compression testing machine; (b) selected soil samples prepared and sealed
N vinyl plastic WIrap fOr CUMNE ......cccviiiiiiieiiieeeiie ettt e ebee e sree e e eeaee e 86

Figure 3.13 preparation selected soil sample for conducting UCS (a) natural soil sample
mixed with 5% eggshell powder; (b) processes of compacted the natural soil in the

INOULAS L.ttt b et bttt et b ettt 87
Figure 3.14 pH meter and the probe...........ocviieeiiiiciieecieeeeeeeeee e 88
Figure 3.16 CBR sample (a) under the curing condition (b) under the soaking condition
.......................................................................................................................................... 89
Figure 4.1 Linear shrinkage of different content of eggshell powder on the treated
expansive soil at 7and 28 days of CUTING ......c..ceoviiiiiieeiieeeeceeee e 94
Figure 4.2 Linear shrinkage of different content of eggshell powder treated 5% lime
stabilized expansive soil at 7 curing days ........cccceecveeeeiieeriiieeeiie e 95
Figure 4.3 Compaction test results for the untreated artificial expansive soil................. 96
Figure 4.4 Variation of dry density by adding different contents of eggshell powder on
the treated eXpanSIVe SOIL .......cccuiiiiiiiieiecie ettt e 97
Figure 4.5 Variation of dry density by adding different content of eggshell powder with
5% lime treated eXPansive SOLL.......cc.eeriieiiiiriieiierie et 98
Figure 4.6 Variation of maximum dry density of 5% lime treated expansive soil .......... 99

Figure 4.7 Compaction tests results for dry density of the treated artificial expansive soil
with 5% hydrated lime and different percentages of ESP...........ccccooiiiiiniiniiiinnen, 100

Figure 4.8 Influence of different eggshell powder content on stress-strain behaviour of
EXPANSTVE SOTL.eiiiiiiiiiiieiiie ettt et e e st e e st e e e aeeetaeeesaeessaeeessaeesssaeessseeensseeans 101

Figure 4.9 Influence of different hydrated lime-eggshell powder content on stress-strain
behaviour of expansive soil after 28 days of curing ..........ccoceeeeveieeviiiencie e, 104

Figure 4.10 Variation of Eso% values with adding different percentages of eggshell

Figure 4.11 Variation of Eso% values by adding different percentages of eggshell powder
to 5% of lime treated eXpansive SOIl ........coueiuiiiiiiiiiiniieieee e 106

Figure 4.12 Effect of eggshell powder on UCS expansive soil after 7 and 28 days of
CUTTIIZ ©vveeetieeeiieeeeiteeeeetee e eaeeetaeeessaeeensaeeansaeeasseeeassaeensseeansseeassseeensseeassseennsaeennsaeensseesasseeans 107

Figure 4.13 Effect of eggshell powder and hydrated lime on UCS of expansive soil after
T AAYS OF CUTINZ ..eeeeiiiieeiie ettt st e e st e e et eeesaeeessseessseeesnseeennseeennns 109

X1



Figure 4.14 Effect of eggshell powder and lime on UCS of treated expansive soil at 7and

28 dAYS OF CUTINE .....eeutieeiiieiieeieeeiie ettt ettt et e st e et esate e bt essaeenseesaseanseessseenseenn 111
Figure 4.15 Effect of eggshell powder and lime on UCS of treated expansive soil at 7and
28 dAYS OF CUTINE .....eeuiieeiiieiieeiieie ettt ettt ettt et e st e et esabe e bt e ssaeenseesnseanseassseenseens 111
Figure 4.16 Effect of eggshell powder and lime on UCS of treated expansive soil at 7and
28 dAYS OF CUTINE ... .eeueiieiiieiieeieeeie ettt ettt ettt e et e st e et e sateebeessaeenseesaseenseasnseenseens 113
Figure 4.17 Loss on Ignition test results for many samples of eggshell powder........... 114
Figure 4.18 pH values of lime stabilized expansive soil after lhour of mixing............ 115

Figure 4.19 pH values of eggshell powder-5% lime (ESP+L) treated expansive soil at
different CUTING tIMES. ......oeouiieiiieiieeiieeie ettt ettt ettt e et e eseaeebeesaaeenbeesnneenseens 116

Figure 4.20 pH values of eggshell powder-4% lime (ESP+L) treated expansive soil at
dIfferent CUTING tIMES. ......eevueieiieiiecieeeee ettt ettt ettt e seaeebeesaaeenseeenneenseens 116

Figure 4.21 Variation of CBR values for expansive specimens stabilized with (Lime) or
(Lime and ESP) after 7 days of CUTING.......ccceeriiiriiiiiieiiecieeece e 117

Xii



List of Tables

Table 2.1 Industrial waste materials and their specifications ............ccccceeveeeneeniieenieennen. 25
Table 2.2 Agricultural waste materials and their specifications .............ccccceevverevienennen. 30
Table 2.3 Miscellaneous waste materials and their specifications..........c.ccceeeeveeeueenee. 51

Table 2.4 Comparison between different studies on using the eggshell in the form of
powder or ash as an Auxiliary Addendum in the stabilization of expansive soil. ........... 62

Table 3.1 Mechanical and physical properties of natural expansive soil (after Dang et al.,
2015) Note: * after (Dang et al. 2015) ...cooiiiiiiiieeiee e 72

Table 3.2 Chemical composition of natural expansive soil (after Dang et al., 2015)......72
Table 3.3 Chemical composition of eggshell powder.........c.ccoceviiviriniinnineeicneee, 77
Table 3.4 Summary of the combinations used in this Study .........cccceeevierciienieniiieieeen. 79

Table 4.1 Soil mixtures and results for all of the tests conducted on untreated soil with a
moisture content aroUnd 29.04%0 ....cooeeeeeeeeeeeeeeeeeee e, 92

Table 4.2 Soil mixtures and results for all of the tests conducted on untreated soil with a
moisture content aroUNd 32.3190 cooeeeeeeeieeeee e, 92

Table 4.3 Soil mixtures and results for all of the tests conducted on natural expansive

xiil



	Title Page
	Certificate
	Abstract
	Acknowledgements
	List of Publications
	Table of Contents
	List of Figures
	List of Tables



