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CEVRESEL ETKILERE MARUZ KALAN YUKSEK PLASTISITELI KiLIN
GEOTEKNIK OZELLIKLERININ FARKLI TEKNIKLER KULLANILARAK
IYILESTIRILMESI
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Damisman: Dr. Ogr. Uyesi Yesim S. UNSEVER

Killi zeminler diinyanin genis bolgelerine yayilmistir. Bu zemin tipi, diisitk mukavemeti,
yiiksek sikistirilabilirligi ve yiiksek hacimsel degisimleri nedeniyle bir¢ok probleme
sahiptir. Bu zorluklarin {istesinden gelmek icin bir¢ok arastirmaci ¢alismalarini zemin
iyilestirme teknikleri tizerine yogunlastirmistir. Bu arastirma, yiiksek plastisiteli kil igin
diisiik maliyetli ve ¢evre dostu bir takviye malzemesi olarak polipropilen elyafin (PP)
kullaniminin fizibilitesini arastirmayi ve optimumu belirlemek i¢in elyaf icerigi ile
fiziksel, mukavemet, sisme, sikistirilabilirlik ve dayamiklilik davranis degisikligini
degerlendirmeyi amaclamaktadir. Etkili iyilestirme oranini karsilayan lif igerigi. Standart
proktor testleri, Atterberg Limit testleri, direkt kesme testleri, serbest basing dayanimi
(SBD) testleri, drenajsiz konsolide edilmemis (UU) ii¢ eksenli testler, sisme testleri,
konsolidasyon testleri, kurutma testleri, kuru/islak ¢cevrim testleri, donma/¢oziilme testleri
gibi bir dizi laboratuvar deneyi (D-C) testleri, kompozit kilin (lif ile karigtiritlmis kil)
fiziksel, mukavemet, sikistirilabilirlik, c¢atlama direnci, hacimsel degisiklikler ve
davranisin dayaniklilig: tizerindeki etkisini degerlendirmek icin yapilir. Lif igerigi %0 ila
%1.5 arasinda degisir (topragin kuru agirligina gore). Sonuglar, fiberin dahil edilmesinin
mekanik davranisi (kesme, SBD ve UU ii¢ eksenli mukavemet) ve ayrica sikistirilabilirlik
davranigin1 (sisme ve konsolidasyon) gelistirdigini gostermektedir. Ayrica, kurutma
islemi sirasinda olusan kuruma catlaklarina ve 1slak/kuru ¢evrimler sirasinda olusabilecek
hacim degisikliklerine direng gostermek icin piyasada bulunan katki maddeleri
kullanilarak en uygun zemin iyilestirme teknigi arastirilmistir. Sonuglar, elyaf takviyeli
numunelerin, ¢imento ve kire¢ stabilize numunelere kiyasla en diisiik hacimsel
deformasyona sahip oldugunu gostermektedir. Catlama direnci ile ilgili olarak, lif
icerigine bagli oldugu ve lif iceriinin artmasiyla arttifi goézlemlenmistir. Ayrica,
numuneler 10 dongi (D-C) 'ye tabi tutulduktan sonra UU (¢ eksenli mukavemet
arastirildi ve sonuclar hem mukavemet davranisinda hem de hacimsel degisim direncinde
bir gelisme oldugunu gosterdiburada mukavemet azalmasi %0 lifde %51'den %18'e %0
lifde disiiriildi. Son olarak, sonlu elemanlar yontemi uygulamasi ile PLAXIS yazilimi
kullanilarak 13 model programlanmis ve temel altinda PP kullaniminin fizibilitesi
arastirllmistir.  Sonu¢ analizi, fiber eklenmesiyle tasima kapasitesinin arttigin
gostermektedir.

Anahtar Kelimeler: Lif-killi, mukavemet davranisi, sikistirilabilirlik, dayaniklilik.
2023, xviii + 159 sayfa.
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ABSTRACT

Ph.D. Thesis

IMPROVING GEOTECHNICAL PROPERTIES OF HIGH PLASTICITY CLAY
SUBJECTED TO ENVIRONMENTAL EFFECTS BY USING DIFFERENT
TREATMENT TECHNIQUES

Talal TALEB

Bursa Uludag University
Graduate School of Natural and Applied Sciences
Department of Civil Engineering

Supervisor: Asst. Prof. Dr. Yesim S. UNSEVER

Clayey soils are found all over the world. Because of its poor strength, high
compressibility, and high amount of volumetric variations, this soil type presents various
issues. To tackle these challenges, several researchers have focused their efforts on soil
improvement approaches. The purpose of this study is to look into the feasibility of using
polypropylene fiber (PP) as a low-cost and eco-friendly reinforcing material for high
plasticity clay, as well as to assess the strength, compressibility, swelling, and durability
behavioral changes with fiber content in order to find the optimum fiber content that
satisfies the effective improvement rate. A set of laboratory tests, such as standard proctor
tests, Atterberg Limits tests, direct shear tests (DST), unconfined compressive strength
(UCS) tests, undrained unconsolidated triaxial tests, swell tests, consolidation tests,
drying tests, dry/wet cycles tests, freeze/thawing (F-T) tests are conducted out to evaluate
the effect of PP inclusion on the physical, strength, compressibility, cracking resistance,
volumetric changes, and durability behavior of the clay composite (clay mixed with
fiber). The inclusion of fiber varies from 0% to 1.5% (by soil dry weight). The results
indicate that the addition of fiber improves the mechanical behavior (direct shear strength,
UCS, and UU triaxial strength) as well as the compressibility behavior (swell and
consolidation). Furthermore, The most appropriate soil improvement methods for
resisting the generated desiccation cracks during the drying process, and resisting volume
changes that might occur during wet/dry cycles were explored by utilizing the
commercially available additives. The results reveal that in comparison to cement and
lime-stabilized samples, fiber-reinforced samples had the lowest volumetric deformation.
Regarding cracking resistance, it was observed, that it is connected to fiber content and
increases as fiber inclusion increases. Moreover, UU triaxial strength was investigated
after subjecting the samples to 10 cycles of (F-T) and the results show an improvement
in both strength behavior and volumetric changes resistance where the strength reduction
was decreased from 51% at 0% of fiber to 18% at 1% of fiber. Finally, through the
application of the finite elements method (FEM), 13 models were programmed by using
PLAXIS software and the feasibility of PP utilization under the foundation was
investigated. The results analysis show the increase of bearing capacity with fiber
inclusion.

Key words: Fiber-clayey soil, strength behavior, compressibility, durability.

2023, xviii + 159 pages.

viii



ACKNOWLEDGMENTS

First and foremost, Alhamdulillah for making this possible. 1 can never thank Allah
enough for the countless bounties He blessed me with. As every success has a purpose,
and every fall has a reason. The Almighty wouldn’t have allowed it to happen. We have
to remember, life is a process, and each part of it is necessary to reach our next milestone.
Thank you Allah for blessing me much more than | deserved.

I would like to thank my esteemed supervisor Asst. Prof. Dr. Yesim S. Unsever for her
invaluable supervision, treasured support, and tutelage during the course of my Ph.D.
degree. Her immense knowledge and great experience have encouraged me throughout
my academic research and daily life. My gratitude extends to the supervision committee
Prof. Dr. Eyiibhan Avci and Assoc.Prof. Dr. Ali Mardani-Aghabaglou for providing
insightful knowledge and professional advice, expertise, and positive criticism of my
dissertation enabling me to improve and re-analyze my problem statements and proposed
solution. The research would not have landed to the conclusion without their support.

I would like to take this opportunity to express my utmost gratitude to Ultra lab in
Gaziantep and the protest lab in Bursa for their consent to utilize their equipment and
facility to conduct the relevant experiments. Big thanks to all lab staff especially to the
engineers who were so supportive and cooperative and assisted when needed. | will
always remember the cherished time spent together in the labs.

I would also like to give special thanks to my wife and my family for their continuous
support and understanding when undertaking my research and writing my thesis. Your
prayer for me was what sustained me this far.

Talal TALEB
25/01/2023



TABLE OF CONTENTS

Pages
(074 = OO vii
A B ST RA CT . r e e ar e e res Vviii
ACKNOWLEDGMENTS ..ottt IX
SYMBOLS and ABBREVIATIONS .......coiiiiiiiiieiiieie e xii
LIST OF FIGURE ......cci ittt sttt ena e Xiv
LIST OF TABLES ...ttt sttt naenen Xvii
CHAPTER I: INTRODUCTION ......ciiiieieiie ettt 1
1.1 GENEIAl OVEIVIBW ....o.viiiiiieiieiieie ettt bbbttt st e nne s 1
1.2 Research Motivations and ODJECTIVES..........ccueuiiiierierere e 3
1.3 Research MethOdOlOgy .........coueiiiiieiieiie it 4
CHAPTER II: THEORETICAL BASICS AND LITERATURE REVIEW .................... 5
2.1 Soil Reinforcement TECANIQUE........cc.oiviiiiiiiiiieieeee s 5
2.1.1 Types of geosynthetic materials used in reinforcing Soils ...........cccccoevviviiicinennnn 6
2.1.2 Geotextile types and their geotechnical applications.............ccoovvvieieiincnininen 7
2.1.3 GROTIDEIS ...ttt re s 10
2.1.4 Geosynthetics materials (geotextiles and geofibers) applications .............c.cc.ce..... 13
2.2 Soil Stabilization Techniques and Environmental Changes Consideration............... 17
2.2.1 GENEIAl OVEIVIEW ...ttt sttt e s e steenteaneenreeneeenee e 17
2.2.2 CraCKing TYPES ..ouveitieiie ettt ettt te et e e s be et e e e e s reenaeenee e 18
2.2.3 Factors affecting CraCking .........cccoeieiiiiniiieecie e 18
2.2.4 Cracking MECN@NISIMS ........ccooiiiiiiie et 20
2.2.5 Soil stabilization techniques cOmmOoNly USEd ............ccoceririiiiiiicieiee s 23
2.3 Evaluating the Feasibility of PP as Reinforcement Material under Foundations .....25
CHAPTER I1I: MATERIALS AND METHODS ......cocoiiiiiiiiiteeeeeie e 27
3.1 RESEAICh MALEIIAlS .....cc.eeieeeie et nae e 27
3L L CIAYRY SOl ...t 27
3.1.2 PoOlypropylene FIDET .........ccoiiiiiiiiee e 28
3.1.3 Hydrated high-calcium lime............ccooiiiii e 30
3.1.4 POrtland CeIMENT.......c.eeiieeieiieceeie sttt e e e e e steeneesreenreeneens 32
3.2 RESEAICh MEthOUS ..o e 33
3.2.1 Standard ProCLOr TESE .....c.veierierieriesie ettt nreas 34
3.2.2 AEErDErg LIMILS TS ....ciiieieiteieierie e 35
3.2.3 Inspecting the change in Soil classification as per USCS...........cccceveveiiievnenn, 35
3.2.4 DIreCt SNEAr tESIS (DST) ...cveiieierieiieiiesieeieie ettt 35
3.2.5 Unconfined compressive strength tests (UCS) ... 37
3.2.6 Conventional undrained unconsolidated triaxial teStS ...........cccovriiirieiiiniinininins 38
3.2.7 Free SWEITING TESES ....cviiiii ettt et 39
3.2.8 CONSONIUALION TEST.......eeiieeiesiiesieeie et esre e e s e sreaneeas 40
3.2.9 DeSICCAtiON/DIYING TESES ....vveiiiieiieiie ettt 41
3.2.10 DIry/Wet CYCIES TESTS ...uvrivieiiiecieeie ettt re e esreenee s 44



3.2.11 Trixial tests to evaluate the strength and durability behavior of the fiber—clay
mixtures subjected to freeze—thaw CYCIES.........ccoviieiiiii e 46
3.2.12 Evaluating The Feasibility Of PP Utilization As Reinforcement Material Under
Foundations 49

CHAPTER IV: RESULTS AND DISCUSSIONS .....ccoiiiiiiiiiiisisieieie e 52
4.1 Evaluate the Effect of PP on Physical Properties.............ccoovvviieiiiienenencseens 52
4.1.1 Evaluate the effect of PP on MDD and OMC..........c.ccooviiininieiene e 52
4.1.2 Evaluate the effect of PP on Atterberg limits ... 53
4.1.3 Evaluate the effect of PP on soil classification .............ccooviiiviniiiiiencienins 55
4.2 Evaluate the Effect of PP on Strength Properties and Behavior .............c.ccoccocvinnene 55
4.2.1 Evaluate the effect of PP on Shear strength properties and behavior .................... 55

4.2.3 Evaluate the effect of PP on unconfined compressive strength properties and
behavior 59
4.2.4 Evaluate the effect of PP on conventional undrained unconsolidated strength
behavior 62

4.3 Evaluate the effect of PP on the compressibility behavior and properties................ 64
4.3.1 Evaluate the effect of PP on the swelling potential and swelling stress ................ 64
4.3.2 Evaluate the effect of PP on the consolidation properties and behavior................ 68
4.4 Evaluate The Effect of PP and other Chemicals on Cracking and VVolumetric Changes
due to Environmental Changes ..........coooiiiiiiiiieieee e 72
4.4.1 Evaluate the effect of PP and other chemicals on cracking resistance during the
APYING PIOCESS ...ttt bbbttt b et b bbbttt e et e nbe bt beebeene s 72
4.4.2 Evaluate the effect of PP and other chemicals on cracking resistance and volumetric
changes during the drying/Wetting PrOCESS ........ccuerueriirierererinienieeieeeeee e 76
4.5 Evaluate the Strength and Durability Behavior of the Fiber—Clay Mixtures Subjected
t0 FreeZe—TNAW CYCIES .....cviieiecieee ettt re e 78
4.6 Evaluating The Feasibility Of PP Utilization as Reinforcement Material under
ShalloW FOUNUALIONS ..ottt eneas 83
CHAPTER V: CONCLUSION AND RECOMMENDATIONS .......ccoceviieiiieeeiee 87
5.1 GENEIAl OVEIVIBW .....ovieiieiie ettt e e s e ste e e aneesreeneeanee e 87
5.2 Recommendations for FULUre STUIES ..........ccovirrieieie s 90
REFERENGCES. ... ..ottt e e nne e e nna e e e nnae e e e 91
APPENDIX L.t a e e rrra e e 101
RESUME ..ottt bbbt s ettt nbe e beareeneanes 159

Xi



Symbols

E
ov
Ao
Age
O1%
€1%

Asample
Acrack
Nerack-elements
Nt

Pdry-max

Wopt

SYMBOLS and ABBREVIATIONS

Definition

Elasticity modulus

Applied vertical stress

Deviatoric stress increment

Deviatoric strain increment

Deviatoric stress corresponding to an axial strain of 1.0%
Axial strain of 1.0%

Initial stress

Initial strain

Shear strength

Displacement

void ratio value at t time

Initial void volume

Solid volume

Void volume

Volume of the testing ring

Area of the testing ring

Dry density

Specific gravity weight

Consolidation settlement at time t
Sample’s area

Cracking’s area

Number of elements that represent the cracks in image matrix
Total number of elements in image matrix
Maximum dry density

Optimum water content

fiber content

Zero of fiber content

Cohesion at f of fiber content

Cohesion at zero of fiber content

Friction angle at f of fiber content

Friction angle at zero of fiber content
Elasticity modulus resulting from oedometer
Swelling/consolidation starin

Swelling stress at f of fiber content
Swelling stress at zero of fiber content
Compression index at f of fiber content
Compression index at zero of fiber content
Unconfined compressive strength
Ultimate bearing capacity

Layer thickness/depth

Xii



Abbreviation Definition

C
DST
FEM
F-T
L

LL
MDD
oMC
PP

PI

PL
uu
ucs
uUSCS
SEM
SL

Cement

Direct shear test

Finite elements method

Freeze- thaw

Lime

Liquid limit

Maximum dry density

Optimum moisture content
Polypropylene fiber

Plastic index

Plastic limit

Undrained unconsolidated
Unconfined compressive strength
Unified soil classification system
Scanning electron microscope
Shrinkage limit

Xiii



Figure 2.1.
Figure 2.2.
Figure 2.3

Figure 2.4.
Figure 2.5.

Figure 2.6.
Figure 2.7.
Figure 2.8.
Figure 2.9.

Figure 2.10.

Figure 2.11.

Figure 2.12.
Figure 2.13.

Figure 3.1.
Figure 3.2.
Figure 3.3.
Figure 3.4.
Figure 3.5.
Figure 3.6.

Figure 3.7.
Figure 3.8.
Figure 3.9.
Figure 3.10.

Figure 3.11.

Figure 3.12.

Fiureg. 3.13.

Figure 4.1.

Figure 4.2.
Figure 4.3.

LIST OF FIGURE

Pages
Global geotextile market share as of 2019. ..........cccccveveviievecceiiee, 7
Geotextiles categories ( (a) woven; (b) nonwoven)...........c.ccceeenene. 8
Typical geogrids: (a) Unidirectional; (b) Bidirectional; (c) Extruded;
(0) WOVEN ettt 10
Classification of natural and man-made fibers. ..o 12
Most common fibers are used as geotextiles and SEM images
(Hao et al., 2020).......c.ccueiieieiierieeie e se e e et 13
Geosynthetics separation function images (Hao et al., 2020). ........ 14
Geosynthetics filtration function (Cao et al., 2020). .......c..cceeveneee 15
Geosynthetics reinforcement mechanism (Liu et al., 2020). ........... 15
Geosynthetics drainage mechanism (Chuang Lin and Xiong Zhang,
2008 e 16

Parameters affecting shrinkage strain as presented by (Omidi, 1993);
Albrecht and Benson, 2001; Osinubi and Eberemu, 2010): (a) Effect
of mold water content (b) Effect dry density, (c) Effect of plasticity

index on the shrinkage strain for different types of soil................... 20
Schematic diagram of dry shrinkage cracking process (Tang et al.,

2018 and Wang et al., 2018) ......ccocereriiiiiiieieeee e 21
Schematic diagram of frost heaving process (Xue et al., 2017). ...... 22
Schematic diagram of the freezing-thawing process

(Jianwei et al., 2022) .......coveieiieieee e 23
Soil types diStribution Map ........ccccerereiininieeeee e 28
Used polypropylene fiber ..o 29
Soil classification as per four fiber contents (0%, 0.5%, 1%, and

1.5%) as per (ASTM D2487-17, 2018)......ccceveiereiiiiienieieieieens 35
Direct Shear apParatus..........cccooevererenineeieee e 37

Unconfined compressive strength testing: (a) Unconfined

compressive strength machine used, (b) Specimen before testing,

(c) Specimen after teStiNg.........ccccvveiecieiiece e 39
Undrained unconsolidated triaxial testing: (a) Unconfined
unconsolidated triaxial machine used, (b) Specimen preparation for

testing, (c) Specimens before testing. .......cc.ccvvveviveresieeieere e 39
Oedometer apparatus (swelling and consolidation test apparatus).... 40
Digital processing by using MATLAB........c.ccooviiiiiinen e 44

The schematic diagram for the volume change (dry/wet cycles) test. 46
Soil specimens’ preparation for triaxial testing: (a) The triaxial

machine used, (b) Specimens after testing............ccccoeeeviievieiieennnn, 48
Soil specimens’ preparation in the freeze-thaw cabinet before triaxial
TESTING. ot s 48

Geometrical status of shallow foundation with fiber-reinforced soil. 49
Geometrical modeling of shallow foundation placed on a layer of

reinforced clayey SOil. ..o 51
Dry density against water content for four polypropylene fiber

CONEENES (PP). o 52
Atterberg limits for four polypropylene fiber contents (PP) ............. 53

Changes in shrinkage limit: (a) Zero PP content; (b) 0.5% PP content;

Xiv



Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.
Figure 4.8.
Figure 4.9.

Figure 4.10.
Figure 4.11.
Figure 4.12.
Figure 4.13.

Figure 4.14.

Figure 4.15.
Figure 4.16.

Figure 4.17.
Figure 4.18.

Figure 4.19.
Figure 4.20.
Figure 4.21.

Figure 4.22.
Figure 4.23.

Figure 4.24.
Figure 4.25.
Figure 4.26.
Figure 4.27.

Figure 4.28.
Figure 4.29.

(c) 1% PP content; 1.5% PP CONENt. ........cccevveveerieie e 54
Soil classification as per four fiber contents (0%, 0.5%, 1%, and

L.500). oottt 55
Shear stresses against displacements for four polypropylene fiber
contents (PP): (a) PP = 0%. (b) PP = 0.5%. (c) PP = 1%.

(d) PP = 1.5%0. ..o 56
Stress—displacement curves under 50 kPa vertical load for different
FIDEI CONTENLS. ..o 57
Shear strength against fiber content for four vertical applied loads. 57
Shear strength parameters (c, @ ) versus fiber content ..................... 58
Axial stress/axial strain for four polypropylene fiber contents (PP):

(@) PP = 0%; (b) PP = 0.5%; (c) PP = 1%; (d) PP = 1.5%. ............... 59
Change of unconfined compressive strength parameters (qu, Eu)

with fiber content (PP). (&) qu; (D) Eu.evvvvvvveiiiiiicc 61
Unconfined compressive strength failure shapes with respect to the

fiber content (a) 0% (b) 0.5% (c) 1.0% (d) 1.5%. .....c.ccevverrrennnne. 61
Stress-strain relations of reinforced and unreinforced soil specimens
under 200 kPa confining PresSSUresS ........veiveeveeeeseeiieseeseeee e, 63
Failure patterns with with respect to the fiber content (a) 0%

(0) 0.5% (C) 1.0% (d) 1.5%. ...covoviriiiiinieiieieesee e 63

UU compressive strength parameters with fiber content (FPP):
(a) UU compressive strength, (b) Resilient modulus with fiber

(610] 01 (=] o | TP U PP PP OPPROURPOPRN 64
Average swelling readings for four fiber contents

(PP = 0% 10 1.5%0)......occvoreiereeeeseeseesseeeseessesssssessseneesssssesnseessnseas 64
Swelling values against swelling stresses for different fiber contents
(24 = TSSO 66
Reduction of swelling potential against fiber content. ..................... 67
Swelling stress value and its reduction percentage against fiber

(070] 01 (<] 0 | PP UTRRUPPOPP 67
Consolidation axial strain with respect to both time and PP content

(a) ov =80 kPa (b) ov =160 kPa () ov =320........cceevevrereireennenn, 69

Void ratio changes during consolidation test with respect to both time
and PP content (a) ov =80 kPa (b) ov 160 kPa (c) ov =320 kPa... 70
Void ratio changes during the consolidation test with respect to the

applied stresses (80 kPa, 160 kPa, 320 kPa) ...........cccvveeiiveiieinnnne, 70
Compression index with respect to fiber content. .............ccoceveee. 72
Water content changes with time (evaporation rate) for treated

and untreated SAMPIES .........ooeiiiiriiee e 73
Surface samples photos during the drying process for reinforced

and untreated SAMPIES .........ooeiiiiriiee e 74
Surface samples photos during the drying process for cement

and lime-stabilized SAMPIES .........cccoviiiiiiiiie e 75
Generated cracks/volume change at the fourth drying cycle............ 77
Summary of experimental results of the dry/wet cycles test. ........... 77
The optimal fiber content for resisting volume changes. .................. 78

Stress-strain relations of reinforced and unreinforced soil specimens
under different cycles of Freeze-thaw (F-T):

XV



Figure 4.30.

Figure 4.31.
Figure 4.32.
Figure 4.33.
Figure 4.34.
Figure 4.35.
Figure 4.36.
Figure 4.37.

Figure 4.38.

(a) Zero cycles of (F-T), (b) 3 cycles of (F-T), (c) 6 cycles of (F-T),
(d) 10 cyCles OF (F=T). coeeieeeieeeeee e 79
UU compressive strength values with fiber content (FPP):

(a) UU compressive strength under different cycles of (F-T),

(b) UU compressive strength reduction with fiber content............... 81
Resilient modulus values with fiber content (PP) under different

CYCIES OF (F=T) toeeerie et 82

Unit weight variation with fiber content and under different cycles

(0 () TSP 83
Geometrical modeling analysis results forms: (a) deformation shape;

(b) settlements distribution; (c) Stress distribution. ......................... 83
Ultimate bearing capacity (qut) and relevant displacements for

(b/4) of fiber-reinforced layer thiCKNess ...........cccoeeveninininieicnn, 84
Ultimate bearing capacity (qui) and relevant displacements for (b/2)
of fiber-reinforced layer thickness ..........cccccooeieieiiiininseeee 84
Ultimate bearing capacity (qui) and relevant displacements for (3b/4)
of fiber-reinforced layer thickness ..........cccoooviiiencieninseee 85
Ultimate bearing capacity (qui) and relevant displacements for

(b) of fiber-reinforced layer thickness...........cccooviviniiiiicicen, 85
Ultimate bearing capacity (qui) with respect to fiber-reinforced

layer thickness and fiber INClUSION...........cccceiiiiiiiiiiie, 86

XVi



Table 3.1.
Table 3.2.

Table 3.3
Table 3.4

Table 3.5

Table 3.6.
Table 3.7.
Table 4.1.

Table 4.2.

Table 4.3.
Table 4.4.
Table 4.5.
Table 4.6.
Table 4.7.
Table 4.8.

Table 4.9.

LIST OF TABLES

Pages
Characteristics of the studied SOl ..o 27
Properties of the used polypropylene fibers..........ccccooeieiiiiiiinnnen 29
Criteria for Chemical Selection...........ccocovviiiniiniiieiee e 32
Optimal chemical contents as per Office of Geotechnical
Engineering (2008). .......ccceiveiiiieieee e 32
Quantities calculations for shear test’s samples preparation .............. 36
Concrete footing materials specification.............c.ccoccvvveviveieiieinenns 50
Reinforced soil Properties ..o 50
Maximum dry density and optimum water content for each fiber
(610] 01 (=] o | OO P PP TPT TP 52
Unconfined Compressive Strength and elasticity modulus values with
respect to fiDer CONTENT...........coovveiee e 60
Swell stress and swell strain values with respect to fiber content ...... 65
Swelling stress (zero swelling value) respecting fiber content........... 66
Final consolidation settlement respecting fiber content...................... 68
Elasticity modulus resulting from consolidation tests ...............c........ 71
Results of digital proCcessing ..........cecvvieiieieiie i 75
Physical changes after (F-T) cycles application and before UU
triaxial strength teStiNG......ccvovveiieie e 80
Ultimate bearing capacity improvement ratio............cccceeverererennnn 86

Xvii



CHAPTER I: INTRODUCTION

1.1 General Overview

Expansive or swelling soils are those that experience volume changes as a result of
changes in their moisture content. Due to climatic and seasonal moisture variations, these
soils display significant swelling and contraction movements. Thus, these movements
seriously cause extensive damage to the structures built upon them. It is projected that
shrinking and swelling soils inflict over 2.3 billion dollars in damage yearly in the United
States alone, which is more than double the total annual cost of damages from

earthquakes, hurricanes, floods, and tornadoes (Dasog and Mermut, 2013).

A substantial number of research have been undertaken in order to discover various
treatment approaches to stabilize expansive soils and limit their detrimental impacts.
These treatment techniques comprise surcharge loading, prewetting, replacing expansive
soils with non-expansive soils, managing compaction, moisture control, adding chemical
additives, and using thermal approaches (Nelson and Miller, 1992; Vessely and Wu,
2002; Sridharan and Gurtug, 2004). All of these techniques might have the drawbacks of
being ineffective and costly. As a result, researchers are still looking into novel techniques
and methods to improve the strength characteristics and decrease the swelling behaviors
of clayey soils by employing various materials and additives (Akbulut et al., 2007; Raddi
M. AlZubaidi et al., 2013; Ahmed M. Al-Mahbashi et al., 2015; Mohammed A. M. Al-
Bared et al., 2019; Seyhan et al., 2017). Generally, the chemical soil stabilization
technique by using conventional materials like cement, lime, and fly-ash (Panchal et al.,
2018; Rios et al., 2015; Rios et al., 2016) is considered the most used technique. While,
recently, geo-polymerization (soil-polymer mixtures) has been presented as a viable
method for improving the properties of problematic soils (Zhang et al., 2012; Kua et al.,
2017; Hoy et al., 2017).

Recently, randomly oriented synthetic and natural fiber materials have been mixed with

problematic soils to enhance soils’ strength behavior. Numerous experimental



investigations have been conducted on fiber-reinforced soils with different types and
materials (Akbulut et al., 2007; Kumar et al., 2007; Sivakumar Babu et al., 2008;
Viswanadham et al., 2009). These earlier investigations came to the conclusion that the
strength characteristics of fiber-reinforced soils comprised of discrete fibers are a function

of fiber content and fiber-surface friction along with the soil and fiber strength properties.

Reinforcement techniques are carried out either by adding continuous reinforcement in
the form of slides, sheets, bars, mesh, or mat within the soil mass, after determining their
location and direction or by mixing separate fibers with the “soil fill” before placing it in
the required place at the project site. However, the use of geosynthetic materials has
confirmed the effectiveness of enhancing the bearing capacity of shallow foundations and
reducing the potential post-construction settlements of the constructions established on

embankments on both long-term and short-term (Hoy et al., 2017).

Fibers-reinforcement technique provides an alternative method to chemical stabilization
and other techniques for stabilizing clayey soils. Randomly distributed short fibers made
of natural, synthetic, and waste materials have demonstrated reasonable promise for soil
reinforcing applications, such as the restoration of a slope veneer or in partly failed slopes
(Mirzababaei et al., 2017). Yilmaz (2015) demonstrated that combining fly ash and
polypropylene fibers successfully improved the unconfined compressive strength of
expansive clays. Cai et al. (2006) observed that a decrease in the swelling potential of
lime-stabilized clayey soil was caused by an increase in fiber content. However, studies
on the utilization of randomly oriented synthetic fibers to study the desiccation cracks
behavior and to reduce the volume changes resulting from climatic changes in expansive
soils have not been settled yet. The same in reference to the stabilized clayey soils by
chemical additives where most of the researches have been focused on the stabilization
of soils using various additives such as cement, lime, industrial waste products, fly ash,
calcium chloride, potassium nitrate, and phosphoric acid (Aiban et al., 2006; Kalkan,
2006; Guney et al.,2007; Segetin et al., 2007; Degirmenci et al., 2007; Harichane et al.,
2011; Sunitsakul et al., 2012; Yilmaz and Ozaydin, 2013). These previous researches
were concerned with improving the strength characteristics and behavior, whereas there

were very limited researches concerned with cracking resisting and reducing the



volumetric changes due to the climatic conditions. As climatic changes such as long
drying periods during summer, drying/wetting cycles, or freezing/thawing cycles due to

seasonal changes have a great impact on both strength and compressibility behaviors.

1.2 Research Motivations and objectives

Most recent studies that focused on using various materials as additives to be mixed with
weak soils were concerned with improving the strength characteristics and behavior
regardless of its environmental impact. Where a number of recent studies have shown that
incorporating larger concentrations of coal fly ash into water and soil releases harmful
components, resulting in soil and groundwater contamination and serious health,
environmental, and land-use issues. (Imran Khan and Rashid Umar, 2018). Therefore, the
devastating effects on the environment resulting from the utilization of chemical additives
in soil stabilization should be considered, where a substantial amount of greenhouse gases
are being released into the airosphere through a strong alkalization phase (as in the lime
utilization case), which that will reflect in turns to a high social cost and potential damage
to the flora and fauna (Rogers et al., 2009). Alike, large amounts of CO2 are emitted
during the production phase of cement and fly ash which prevents plants' growth and
pollutes the environment (Caravaca et al., 2017; El-Attar et al., 2017). On the other flip,
it is essential as well to consider the effect of environmental changes on soil behavior
before adopting any stabilizers or additives to maintain a sustainable solution that can
withstand the additional stress resulting from the temperature differences and maintain
both strength and compressibility behaviors. Hence, it's crucial to employ sustainable and
ecologically friendly alternatives to enhance the soil strength behavior and resist the
additional stress resulting from the drying process, drying/wetting cycles, freezing-
thawing cycles, or temperature differences. Also, the high resistance of the proposed
stabilizers/additives against environmental changes should be considered to maintain the

durability and sustainability of the proposed solutions/stabilizers.

Therefore, this research came to assess the viability of using short polypropylene fiber as
an affordable and eco-friendly reinforcing material to improve the swelling and strength

behavior of clayey soils and track the behavioral changes with the fiber content. Thus, we



aimed to identify the optimum fiber content that should be added to obtain an effective
improvement rate for both strength and swell properties and behavior in high-
compressibility clayey soil. Additionally, evaluate the effect of polypropylene fiber to
reduce the formation of desiccation cracks in clay and reduce the volumetric changes due
to dry/wet cycles and freezing/thawing cycles. Furthermore, evaluate the most
appropriate stabilization methods by assessing the usage of chemical additives (cement,
and lime), and fiber additives and their effectiveness on the cracking and volumetric
changes. Thus, determining the optimal fiber content that best fits the effective
improvement rate, and highlighting the durability of fiber utilization against the drying
process, drying/wetting cycles, and freezing-thawing (F-T) cycles by inspecting the
volumetric changes in the fiber-soil mixture with different contents are aimed in this

study.

1.3 Research Methodology

This research was done based on the experimental methodology through conducting
comprehensive laboratory experiments program performed on clayey soil with high
plasticity for studying the influence of polypropylene fibers (FPP) on physical,
mechanical, and swell characteristics and behavior. Initially, the studied soil
characteristics and index properties were determined and then compared with fiber-
reinforced samples (fibrillated polypropylene fiber), where three fiber contents were
considered (0.5%, 1%, and 1.5% by soil’s dry weight). The fiber content/weight is the
studied ratio multiplied by the dry weight of the soil sample for each sample. Therefore,
the optimal fiber content was investigated first. Then, drying, drying/wetting cycles, and
freezing/thawing cycle conditions were considered to assess the environmental effects on
the fiber-clay mixtures. Moreover, the most conventional chemical stabilizers (cement
and lime) were considered in the test program to evaluate the most appropriate techniques
in terms of environmental changes resistance and related optimum fiber content. Also, for
evaluating the feasibility of using the fiber under the foundation, PLAXIS 2D models
were programmed in light of the outputs of the experimental findings and the relevant

results were presented accordingly.



2. CHAPTER II: THEORETICAL BASICS AND LITERATURE REVIEW

2.1 Soil Reinforcement Technique

The current growth in both construction materials and their implementation technology
consider the main reason for the great developments that have taken place in structural
engineering recently. Larger structures became possible after using more advanced
materials. For instance, using manufactured steel technology enabled engineers to
construct longer bridges and taller buildings in comparison with the buildings and bridges
that were constructed with wrought iron or other conventional building materials. On the
flip side, as it is well known that soil and rock are the prime materials of geotechnical
engineering, it is hard to think of similar developments or growth in geotechnical
materials in this field. However, in recent years, the soil stabilization technique by using
different materials and different techniques could be considered as an example of material

and construction application simultaneous development.

Soil reinforcement is defined as a composition of soil and reinforcing material formed by
mixing soil with reinforcing material under a pre-identified ratio for realizing the required
engineering properties. Reinforcement is carried out either by adding continuous
reinforcement in the form of slides, sheets, bars, mesh, or mat within the soil mass, after
determining their location and direction or by mixing separate fibers randomly with the
“soil fill” before placing it in the required place (stacked at the project site). The
advantages of utilizing randomly distributed fibers over planar reinforcement approaches
can be mainly summarized as follow (Yetimoglu and Salbas, 2003): absence of potential
plane of weakness; Feasibility of application in comparison with the utilize of planar
reinforcement such as geotextiles; inert chemical nature, as it does not dissolve in the soil
and cannot be absorbed, (does not exhibit any interaction with soil moisture); cost-

efficient due to its market availability and cheap.



2.1.1 Types of geosynthetic materials used in reinforcing soils

Geosynthetic has been defined per ASTM as polymeric material utilized in rock, soil, or
other geotechnical-related materials as a crucial component of civil engineering projects.
A geotextile is a geosynthetic produced from textile materials. Geogrids are mainly
utilized for reinforcement; They are made of a symmetrical network of tensile
components with openings large enough to connect with the filler material around them.
Geomembranes are geosynthetics with very limited permeability utilized as fluid barriers.
Geotextile-related products such as grids and nets can be combined or merged with
geomembranes and other materials of synthetics to benefit from the advantages of each
component. These combinations are called geocomposites, and these can be composites
of geotextile geomembranes, geotextile-geonets, geotextile-geogrids, geotextile-
polymeric cores, geomembrane-geonets, and even three-dimensional polymeric cell
structures (Holtz, 2001). There are almost no limits to the variety of possible and useful
geocomposites. The general generic term encompassing all these materials is

geosynthetic and generally divided into two main types; Geotextiles and Geofibers.

Recently, due to the great development in manufacturing techniques and high growth in
global market demand, geosynthetic materials have been utilized widely. The size
estimation of the international geotextile market is approximately in 2019, 4.6$ billion,
and the expected compound annual growth rate is to be 11.9%. The Asia-Pacific region,
which includes China, India, and other nations, is the biggest market for geotextiles. Due
to the high demand for geotextiles in sophisticated and developed countries for
infrastructure projects, China made up 45.7% of the geotextile market in the Asia Pacific
in 2019. The principal uses of geotextiles, as indicated in Figure 2.1, are road
construction, erosion prevention, and drainage systems (Hao Wu et al., 2020).



Figure 2.1. Global geotextile market share as of 2019.
2.1.2 Geotextile types and their geotechnical applications

The American Society for Testing and Materials (ASTM) describes geotextiles as
permeable fibrous materials bonded to foundations, rocks, soils, or other geotechnical
materials as an essential component of man-made projects, structures, or systems.
Geotextiles are mainly used for the reinforcement of segregated applications such as
unpaved roads, paved roads, and sediment control. Geotextiles are increasingly proving
to be an economically viable alternative material in the engineering field. Earlier this
decade, the utilization of geotextiles expanded rapidly in the global market. Geotextiles
are made primarily of polyolefin, they are lightweight and strong, yet inexpensive.
Certain fabrics give high puncture resistance and provide distinct recognition on highway
and rail construction projects or where sheeting reliability is required, e.g. in landfills

projects.

Referring to the manufacturing process, geotextiles can be classified as woven, non-
woven, or knitted. Textiles are made using traditional weaving techniques to create mesh-
like or net-like materials with varying mesh opening sizes and weave densities. Woven
fabrics exhibit low elongation, high tensile strength, and poor abrasion resistance. On the

other hand, non-woven fabrics have high air permeability and high elongation properties.



They are manufactured in different geometric and polymeric compositions to suit
different applications. Continuous filament yarns or short staple fibers are used to create
nonwoven geotextiles. Fiber bonding is carried out via thermal, chemical, mechanical, or
a mix of these methods (Haghi, 2009).

Woven geotextiles generally have higher strength values, while non-woven geotextiles
have higher permeability and flow rate. Here's a rundown of the differences in physical
attributes: Woven fabrics are plastic-like in feel and appearance, while non-woven fabrics
have a fuzzy-like feel and appearance. Figure 2.2 shows the geotextile categories ((a)

woven; (b) nonwoven).

Figure 2.2. Geotextiles categories ( (a) woven; (b) nonwoven)

However, the main types of geotextiles that are used in geotechnical applications fall into

four main types or categories as follows:

1. Geomembrane: This synthetic sheet is made of materials with limited permeability to
control fluid migration in a project as a barrier or liner. The materials may be asphaltic
or polymeric or a combination thereof. The term barrier applies when the
geomembrane is utilized inside the earth’s mass. The term liner applies where the
geomembrane is utilized as a surface revetment or an interface (Abdelmawla, 2017).
This makes them ideal for forming waterproof or gas-proof barriers between adjacent
bodies of soil or soil and fluid. Some of their potential applications include sealing
against fluid percolation along the coasts, river banks, reservoirs, and in water storage.

A typical thermoplastic geomembrane will have diffusion permeability of the order



of 10-11 to 10-13 cm/s. The main usage of these materials is as a liquid or vapor

barrier because of their extraordinarily low permeability (Haghi, 2009).

Geogrid: It is a polymeric product made of ribs, which are tensile-resistant
intersecting parts that are integrally joined at the joints and have a mesh or net-like
regular open network. Geogrids are often made by extruding and stretching high-
density polypropylene or polyethylene or by weaving or knitting and coating high-
tenacity polyester yarns. The resulting grid structure has large openings (called
apertures) that improve interaction with the soil or aggregate. Their physical structure

can be divided into the following (see Figure 2.3):

a) Unidirectional geogrid: The greatest value of tensile strength in one direction
(longitudinal or transversal) considers as its main character in comparison with
the other directions.

b) Bidirectional geogrid: It is recognized with identical resistance in the longitudinal
and transverse directions.

c) Extruded geogrid: Created by uniaxial or biaxial stretching, an integral extruded
structure.

d) Bonded geogrid: it is formed by connecting two or more strands at right angles.

e) Woven geogrid: Made by interlacing, usually at right angles, two or more yarns,

filaments, or other elements.



(b)

(d)

Figure 2.3. Typical geogrids: (a) Unidirectional; (b) Bidirectional; (c) Extruded; (d)
woven

3. Geonet: It is a polymeric product made of a symmetrical, dense network of parallel,
integrally linked sets of ribs that are layered over one another at varying angles.
Geonets appear to be similar to geogrids at first glance; however, geonets differ from
geogrids primarily in their roles to accomplish in-plane drainage of liquids or gases,

rather than in their material or construction.

4. Geocomposite: This term applies to the product that, when used together, performs a
specified function(s) more successfully than when used individually.

2.1.3 Geofibers

They are synthetic fibers, usually 1 to 2 inches in length, and are made in the form of
separate filaments or in the form of a strip. Polypropylene fibers are the most commonly
used where they are mixed with soil to provide an appropriate reinforcement system for
fixing slope failures, strengthening pavement subgrades, stabilizing foundations, and
enhancing retaining wall backfill. Geofibers contribute to the creation of a soil

10



reinforcement system with drastically improved engineering qualities by meshing
synergistically with the soil already on site.

Textile fibers are typically divided into two primary categories, natural and man-made
fibers. Natural fibers are any fibers that originate from living things (animals, plants, etc.)
and do not undergo any kind of processing to become what they are. Natural fibers
comprise cellulosic fibers like cotton and linen, as well as protein and mineral fibers like
asbestos, silk, and wool. Man-made fibers are those in which the fundamental chemical
units have been created by chemical synthesis, followed by the production of the fiber, or
in which the polymers from natural sources have been dissolved and then regenerate into
fibers after being spun through a spinneret. Synthetic fibers are those created through
chemical synthesis, whereas regenerated fibers or natural polymer fibers are those created
from natural polymer sources. Polyester, polyolefin, vinyl, acrylic, and elastomeric fibers
are examples of man-made synthetic fibers, while cellulose acetates, rayon, regenerated
proteins, rubber, and glass fibers are examples of regenerated fibers (Needles, 1980).

Figure 2.4 shows the primary fibers' categorization scheme.

Polyolefin fibers are manufactured from polymers created via chain growth
polymerization of olefins (alkenes) and comprise at least 85% propylene, ethylene, or
other polymerized olefin units. Polypropylene and linear stereoregular high-density
polyethylene are the most often utilized materials in textile applications, with
polypropylene prevailing because of its greater temperature stability. These fibers offer
high strength and toughness, as well as abrasion resistance and a reasonable cost. These
fibers are difficult to dye and have low melting temperatures, yet they are useful in a wide

range of textile applications (Needles, 1980).
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Figure 2.4. Primary fibers' categorization scheme.

Polyolefin fibers are the most used fiber specifically Polypropylene and polyethylene
series which are unsaturated hydrocarbons, containing only carbon and hydrogen atoms,
they are considered strong fibers with outstanding elongation and recovery
characteristics. Figure 2.5 shows hydrocarbon structure and related shapes by using the
scanning electron microscope (SEM) technique (Hao et al., 2020). Fibers range in tenacity
from 3.5 to 8 g/denier (denier: measurement unit for longitudinal density of the thread its
length 9000 m), with an elongation of 0%-30% at break. The fibers stress’ recover is 95%
recovery at 10% elongation. The fibers are fairly stiff and moderately bending resilient.
Also, since polyolefins have no moisture regain and are hydrophobic as well, their
moisture does not affect their properties. The specific gravities of polyethylene fibers are
varied from 0.95 to 0.96, while it is varied from 0.90 to 0.91 for polypropylene. As a
result, these fibers float on water and are the lightest of the major commercial fibers.
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Figure 2.5. Most common fibers are used as geotextiles and SEM images (Hao et al.,
2020).

The fibers (polyethylene and polypropylene) are not influenced by solvent substances at
room temperature, while at high temperatures, they are affected by hydrocarbons that are
aromatic and chlorinated. They manifest excellent heat and electrical insulation
characteristics and are extensively employed in these applications. The fibers are heat-
sensitive. Polyethylene softens at around 130°C and melts at 150°C, whereas
polypropylene softens at around 150°C and melts at around 170°C. Polyolefins are
extraordinarily chemically resistant and inert. Under normal circumstances, they are

unaffected by biological and chemical agents.

2.1.4 Geosynthetics materials (geotextiles and geofibers) applications

Almost all forms of civil engineering structures may use geosynthetic materials which
include but are not limited to geotechnical, geoenvironmental, hydraulic, coastal,
sediment and erosion control, and transportation engineering applications, and its main

functions are;
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e Separation: The separating function of geotextile is mainly used in road
construction. The geotextile inhibits the mixing of two adjacent soils. By isolating
fine subgrade soil from base course aggregates, for example, the geotextile preserves
the aggregate material's drainage and strength capabilities (see Figure 2.6).

Stone hardcore

~ Without
Geotextile
Sinking of ; )
stone hardcore = 00T B F R Ta Ao i 4> AT FRAD AL A LT N T e 1
into subsoil Subsoil
With
Geotextile
Geotextile
separator

Subsoil

Figure 2.6. Geosynthetics separation function images (Hao et al., 2020).

e Filtration: The balance of the geotextile-to-soil system that allows for appropriate
liquid flow while minimizing soil loss across the geotextile plane. The collapse of
the soil structure generally is occurred as a result of seepage flow due to the transport
of fine particles. Because geotextiles have positive permeability and air permeability
(i.e. a geotextile filter allows water to enter drainage medium such as gravel or a
geosynthetic while keeping soil particles out), they can be utilized to prevent the
loss of soil particles during the liquid flow which allows them to pass, and prevent
the fine grains and that contributes to avoiding soil damage (Cao et al., 2020). So
thus, the primary features of geotextiles that include infiltration action are porosity

and permeability (see Figure 2.7).
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Figure 2.7. Geosynthetics filtration function (Cao et al., 2020).

e Reinforcement: Placing geotextiles in soil improves its tensile strength, as does the
equivalent quantity of steel in concrete. The following three mechanisms contribute to
soil strength acquisition as a result of geotextile application: Interfacial friction between
the geotextile and the soil/aggregate restricts lateral movement; driving the fracture
plane of the proposed bearing surface to produce an alternate surface with higher shear
strength; support for wheel loads using membranes. Figure 2.8 shows the mechanism of

the reinforcement function (Liu et al., 2020).
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Figure 2.8. Geosynthetics reinforcement mechanism (Liu et al., 2020).

e Sealing: Between the existing and new asphalt layers, a layer of non-woven
geotextile is impregnated. The geotextile absorbs asphalt to form a waterproofing

barrier, reducing the vertical influx of water into the pavement structure.
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e Road Work: Geosynthetics (geofibers and geotextiles) are extensively employed in
road construction. It strengthens the soil by increasing its tensile strength. It is
utilized as a rapid dewatering layer in the road foundation, the geotextiles need to
preserve their permeability without losing their separating functions.

e Railway construction: Where the ground is unstable, woven or non-woven fabrics
are used to separate the ground from the subsoil without impeding the circulation of
groundwater. The wrapping of the individual layers with fabric prevents the material
from shifting sideways due to shock and vibration from moving trains.

e Drainage: Recently the utilization of geotextiles as fillers has been considered a
viable alternative to conventional systems. Geotextile filters are applied for roads
and highways, reservoirs, drainages in earth dams, deep drainage trenches, and
behind retaining walls (Chuang Lin and Xiong Zhang, 2018). Figure 2.9 shows the

geosynthetic drainage mechanism.
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Figure 2.9. Geosynthetics drainage mechanism (Chuang Lin and Xiong Zhang, 2018)
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2.2 Soil Stabilization Techniques and Environmental Changes Consideration
2.2.1 General overview

Many earth structures are constructed on clayey soils which tend to shrink and swell when
subjected to climatic changes such as long drying periods during summer or
drying/wetting cycles due to seasonal changes. During dry times, clay near the slope's
surface shrinks, resulting in desiccation cracks. Deep cracks reveal the interior of the soil
mass, allowing for more cracking. When the slope is subsequently wetted due mainly to
rainfall, the massive network of cracks and fissures formed during clay shrinkage allows
for quick percolation of rainwater. Consequently, an extensive network of fissures and
cracks is developed. Hereby, and when the water fills the developed cracks, the clay along
with the cracks’ paths swells, and the strength decreases. Over the time, and due to the
exposure to cycles of shrinking and swelling, a failure of the slope may results. Also,
extreme dryness and subsequent rainfall might jeopardize dam stability (Chao-Sheng et
al., 2011).

In engineering applications, clayey soils, which are prone to drying cracks, are often used
in the construction of liners, and slurry walls to contain solid or liquid waste. The
existence of cracks often reduces the structural and functional utility of the previously
described contamination barriers (Miller et al., 1998). In other cases, cracks generally
mean that groundwater recharge can occur faster, a situation that can lead to instability
on natural slopes and vertical cuttings (Baker, 1981), and it can reduce the bearing
capacity of foundations (Silvestri et al., 1992). Due to the increasing frequency of severe
droughts and the continued use of clay in civil engineering, soil desiccation cracking and
volume changes due to climatic changes (drying/wetting cycles) receive extra attention
in both research and practical aspects. However, the fundamental of desiccation crack
initiation and propagation has not been fully understood. Additionally, the geotechnical
literature on desiccation cracking is not thorough nor extensive, though notable
contributions have been made by many researchers (Corte and Higashi, 1960; Morris et
al., 1992; Abu-Hejleh and Znidarcic, 1995; Konrad and Ayad, 1997; Yao et al., 2002;
Rodriguez et al., 2007; Péron et al., 2009).
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On the other flip, in cold areas, the most serious factor to determine the engineering
behavior of expansive soils is freezing-thawing cycles, which can change the engineering
properties and behavior of the expansive soils. Due to the existence of clay minerals such
as illite and montmorillonite, the clayey soils expose a high level of swell and shrink
monuments which results in cracks. The cracks’ initiation and propagation in covers and
liners structures will lead to the creation of water flow paths that will increase
dramatically the hydraulic conductivity and end up in the failure of drainage systems in
dams' constructions. During soil freezing, ice crystals of different shapes and sizes cater
to partition in soils, resulting in the formation of various structures (Hohmann Porebska,
2002). While during the thawing period, the frozen layer begins to thaw from the top and
the bottom simultaneously. As a result, soil behavior is substantially changed, and cracks
create pathways for the transfer of fluids. Cracked soils can boost surface water
infiltration into the containment system or fluid infiltration into the surrounding soil and
groundwater (Benson and Daniel, 1994). The movements and changes caused by the
shrinking and swelling of soil particles are frequently large enough to cause damage to
highways, sidewalks, and small buildings. The yearly cost of damages to roads, buildings,

pipelines, airports, and other structures is around 9% billion (Jones, 1987).

2.2.2 Cracking Types

From the cracks' formation perspective, cracks can be categorized into two major types
as follows:

1. Mechanical cracks: These are developed as a result of deposition or improper
construction. Cracking with no good correlation between lifts and inadequate
compaction is an example of this kind.

2. Physicochemical cracks: These are classified into three types: cracks generated by

freeze-thaw cycles, syneresis cracks, and cracks generated by full-material drying.

2.2.3 Factors affecting cracking

The following factors affect the shrinkage and cracking behavior of soils are:
content of clay, drying process, drying/wetting cycles, freezing/thawing cycles, unit

weight, soil particle orientation, compaction conditions, pore fluids, and exchangeable
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ions. When the plasticity index is high, the probability of shrinkage and expansion is high.
However, by adding coarse particles to clay soils, the risk of shrinkage and cracking can
be reduced (Kleppe and Olson, 1985).

Daniel and Wu (1993) showed that the near-optimal water content range with the highest
compaction energy measurements was adequate to achieve three objectives: reducing the
capacity to shrink and crack when dry, achieving low hydraulic conductivity, and being

capable of sustaining shear strength structural stresses.

Albrecht and Benson (2001) studied the effect of desiccation on compacted natural clay.
They found out that the volumetric contraction strain that takes place in compacted natural
clays during dryness is a direct function of the water volume/soil volume when the soil is
saturated. Soils with higher clay content and higher plasticity index generally have higher
water volume and are therefore more susceptible to large volumetric shrinkage
deformations during drying. In addition, samples that were compacted at higher
compaction efforts near the optimal moisture content had less water volume when
saturated and fewer volumetric shrinkage changes. The same findings were reported by
Puljan (2010) who investigated the expansion strain and shrinkage of compacted soil at
the wet side of optimal water content, at optimal water content, and at the dry side of

optimal water content.

Eventually, according to results obtained by Omidi (1993), Albrecht and Benson (2001),
Osinubi and Eberemu (2010), and others, the shrinkage strain is connected to three main
factors: dry density (compaction effort), water content, and soil plasticity index. When
the soil's plasticity index increases, so do its water content and shrinkage strain.
Furthermore, an increase in compaction effort leads to an increase in dry density and, as
a result, a decrease in shrinkage strain. See Figure 2.10 which summarizes the findings

resulted by the aforementioned researchers conducted on different types of soils.
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Figure 2.10. Parameters affecting shrinkage strain as presented by (Omidi, 1993);
Albrecht and Benson, 2001; Osinubi and Eberemu, 2010): (a) Effect of mold water
content (b) Effect of dry density, (c) Effect of plasticity index on the shrinkage strain for
different types of soil

2.2.4 Cracking mechanisms

Under the influence of the surrounding environment, the soil shrinks internally, loses
water, and develops internal tensile stresses, changing its microstructure. When the tensile
stress exceeds the soil’s tensile strength itself, the mechanical and physical properties of
the soil progressively deteriorate and eventually cracking occurs. Under conditions of
drying application and freeze-thaw cycles, interactions induced by water migration in the
soil disrupt the soil particulate skeleton, reducing the strength of the soil sample and
leading to soil site failure. Jianwei et al. (2022) elucidated that the soil cracking during
freeze-thaw and dry-wet conditions is comprised of a combination of micro and macro
cracks. Where it was observed that the freeze-thaw cycle mostly creates invisible micro-
cracks in soil samples, whereas the dry-wet cycle primarily produces obvious macro

cracks. However, it is worth keeping in mind that these changes are connected to the water
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content of the soil sample. Shi et al. (2021) figured out that erosion destroys the
cementation between soil particles, weakens the mechanical strength of the soil, and
changes the arrangement structure between soil particles. Zhao et al. (2021) discovered
that moisture content has a significant impact on the microcracking and microstructural
composition of clay in the freeze-thaw cycle test, which weakens the soil's mechanical

characteristics.

Recently, extensive researches were done to study the mechanism of shrinkage cracking
of earthen sites (Leng et al., 2018; Weiss et al., 2018; Bachmann and Van, 2015; Tang et
al., 2018; Wang et al., 2018), it was figured out that soil cracks are connected to internal
water loss. Throughout the dry shrinking process, the soil's pore size decreases, and
compactness increases. With continuous drying, water flow increases (ie. water migration
from the interior of the soil to the surface), and the water molecules evaporate when the
relative humidity of the surface soil is higher than the relative humidity of the atmosphere.
So thus, cracks in the soil occur initially at intergranular pores due to the combined action
of capillary pressure and surface tension (Figure 2.11). After the formation of a crack
network, the following applies: the smaller the thickness of the soil layer, the lower the

water content and the lower the surface resistance.

Water
evaporation

Water
migration

Figure 2.11. Dry shrinkage cracking process schematic diagram (Tang et al., 2018 and
Wang et al., 2018)

Initial stage Fracture initiation stage Fracture development stage

The cracks or volume changes, that result due to freeze-thaw cycles, take place when the
temperature is below 0°C, and the volume of frozen water between the particles of the
soil expands, causing these particles to move relative to one another. This process leads

to frost-heaving or frost deformation forces in the soil. Xue et al. (2017) have proved
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experimentally that the migration of liquid water led to frost heaving in the soil. The
schematic diagram of the earthen soil capillary frost heaving model is illustrated in Figure
2.12 and as it was described by Jianwei et al. (2022), which depicts heat, air, and liquid
water flow in the soil. Under the influence of the water potential gradient, unfrozen liquid
water and steam move along the direction of temperature reduction when a temperature
gradient is generated in the soil. Moist air moves toward the freezing front (where the
surface temperature is about the freezing point) because it has the same potential energy
gradient as liquid water. Also, due to the low temperature, water vapor condenses at the
edge of the ice, allowing only liquid water and dry air to be transported into the freezing
zone. A thin ice layer is generated on the soil’s surface with further migration of liquid

water.

Low temperature

Porousice jgmmd

Liquid water

Dry air Frozen soil

Heat flow

. " ) ’
Condensation

Liquid water

Steam
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Heat flow
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Ice imming
0°C surface

Air
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Figure 2.12. Frost heaving process schematic diagram of (Xue et al., 2017).

In the soil melting stage, the opposite movement to the freezing stage is observed (i.e. the
movement of liquid water, heat, and air in the earthen soil is opposite to the freezing
stage) see Figure 2.13. After the crystalline water, in the pores, in the upper section of the
soil melts, a small portion of the water evaporates through the surface while the other
portion migrates through the "neck/throat™ into the sample, causing water loss and

cracking on the surface of the earth (Jianwei et al., 2022).
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Pore shrinkage

Figure 2.13. Schematic diagram of the freezing-thawing process (Jianwei et al., 2022)
2.2.5 Soil stabilization techniques commonly used

Soil stabilization techniques can be summarized by adding fibers, chemicals, or other
materials or additives to the soil to improve its engineering properties and behavior.
Chemical soil stabilization is considered the most used technique, and it is likely more
cost-effective to treat an in-place soil material with a stabilizing agent or addition, such
as soil cement or lime, than to import aggregate for the same base course thickness. The
type of additive, the amount used, and the method of mixing play a vital role in the
project’s success, so in order to apply this technique correctly, the following things must

be taken into account:

1) An obvious idea about the required result

2) A thorough understanding of subject soil properties and behavior

3) A thorough understanding of the additive's role, and its interactions with both soil
and environmental changes

4) A thorough understanding of additive’s incorporating (mixing) way

5) Knowledge of how the resulting engineered soil should be performed

For ensuring the proper mixing of any additives with the soil, as uniform as possible,
many mixing techniques are usually used. The most cost-effective and time-efficient
technique is to utilize a rotary mixer. This is a big machine that mixes additives into the
soil by spinning it in a large mixing chamber with grinding and mixing rotors. The soil
can be comminuted into optimally homogenous granules while evenly distributing
additives and water. Rotary mixers do all mixing on-site and are unmatched in production
compared to other methods. Pugmill is generally used when precision is required for

specific applications, which is a big mixing chamber like a cement mixer. its common
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utilization is mixing the additives, water, and pre-graded aggregates to perform a uniform

thickness in road application. Pugmills generate high-quality stabilization at a higher cost

and at a slower rate.

Regarding the most commonly used stabilization agents that have been utilized frequently

to act as binders, increase soil density, modify the effects of moisture, enhance the

geotechnical properties, or neutralize the detrimental effects of substances in various

types of soil, these can be summarized as follows (Huffman,1995):

Portland cement is a mechanical additive that can be utilized for soil modification (to
improve soil quality) or soil stabilization (to transform soil into a cementitious mass).
Almost all types of soil can benefit from the strength gained by cement stabilization.
Quicklime/Hydrated Lime is a chemical that has been utilized for ages as a soil
stabilizer. Experiments have proved that lime will react quite well with medium-
grained, and fine-grained clay soils. The primary stabilization effect of lime on clay
soils is reducing the plasticity of the soil by decreasing the moisture content which
consequently leads to hardening the soil structure and increasing both soil strength
and soil workability.

Fly ash is a chemical additive composed primarily of aluminum and silicon
compounds and is a by-product of coal combustion. Fly ash can be combined with
lime and water to stabilize granular materials with few fines and create a hard
cementitious mass. Its primary function in the stabilization process is to eliminate air
voids by acting as a filler and/or pozzolana. Applying lime, cement, and fly ash (LCF)
to stabilize coarse soils with few or no fine grains is a conventional treatment method.
Calcium chloride is a chemical additive that can absorb moisture from the air until it
liquefies into a solution. The existence of calcium chloride in soil lowers the freezing
point of the moisture. This explains why calcium chloride is an effective stabilizer
addition for cold-weather applications. There will be less soil movement (i.e., Frost-
heaving) and the soil will be considerably more stable if the water in the soil cannot
freeze. Calcium chloride is also an excellent binder, enhancing soil compaction and

decreasing dust.
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e Bitumen is a mechanical additive that are existing naturally or is manufactured
through petroleum distillation. It is the black pitch needed to manufacture asphalt.
Asphalt emulsions, cutback asphalt, asphalt cement, and tar are all utilized to acquire
bituminous soil mass. Weather conditions, type of soil, and construction technologies
used are all factors controlling the selection of bitumen type in stabilization. Bitumen
strengthens the soil and makes it more resistant to water and frost. The utilization of

bitumen makes soil compaction easier and more consistent.

2.3 Evaluating the Feasibility of PP as Reinforcement Material under Foundations

One of the most important issues in the field of foundation engineering and soil mechanics
is the performance of the foundation as All structures are eventually placed on the ground.
Foundations can be subjected to static, dynamic, or a combination of loads. If the soil
under the foundation does not have sufficient resistance to withstand the loads, the
methods of replacing suitable soil and compaction instead of loose soils are generally
utilized (in conventional treatment, increasing the dimension of the foundation is a widely
utilized method to enhance the performance level). In some cases, the thickness of the
replaced soil does not meet the required bearing capacity, or in addition, geometric and
economic constraints may make the implementation of soil improvement methods
inappropriate. In these conditions, the use of reinforcements to increase tensile strength
and enhance the bearing capacity of the soil will be a suitable solution (Sitharam and
Sireesh, 2006).

The utilization of polymeric materials to increase soil-bearing capacity has been explored
by engineers and researchers in the geotechnical field recently (Maheshwari et al., 2011;
Mirzababaei et al., 2017; El-Soud and Belal, 2018; Vaibhav Sharma & Arvind Kumar,
2019; Alemyparvin, 2020). Several pieces of research have elucidated that the ultimate
bearing capacity and the relevant settlement characteristics of building foundations can
be afflicted and improved by the inclusion of reinforcements in the ground (Kolay et al.,
2013). The findings of various laboratory tests and numerical models indicated the
ultimate bearing capacity of shallow foundations can be modified by the application of

geogrids and geofibers under the foundation to stabilize the soils with multiple layers.
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Maheshwari et al. (2011) assured outstanding improvement in the bearing capacity of
highly compressible clayey soil with polyester fibers inclusion. Mirzababaei et al. (2017)
reported that the fiber reinforcement increased the bearing resistance of the slope
significantly. Alemyparvin (2020) proved through the series of numerical modeling for
both unreinforced and reinforced condition that geogrids has a good ability to improve
and stabilize soil conditions. Therefore, it's crucial to assess how much the foundations'
bearing capacity has increased at various settlement levels. According to several scientific
reports, it can be inferred that the bearing capacity of soil also varied as a result of
numerous factors such as the number of reinforcement layers, the type of reinforcing
materials, and the ratios of reinforcing materials (Mosallanezhad et al., 2016). The ratio
of bearing capacity enhancement may be stated in a non-dimensional form as the bearing
capacity ratio, which is the ratio of reinforced soil bearing capacity to unreinforced soil

bearing capacity.

26



3. CHAPTER IlI: MATERIALS AND METHODS

3.1 Research Materials
3.1.1 Clayey Soil

The investigated soil was extracted from an excavation of a residential foundation project
in Gaziantep, Turkey, where the soil appeared fairly uniform. Before the tests program
was conducted, a series of index property tests were performed to determine the general
characteristics of the studied soil. The index property tests were comprised of gradation
analysis, hydrometer analysis, Atterberg limit test, and specific gravity test. The results
of laboratory testing are summarized in Table 3.1. Also, it worth mentioning that this type
of soil is widely distributed over the world as it is illustrated in the Harmonized World
Soil Database (HWSD) in Figure 3.1, and that means improving this type of soil is

essential and the results of this research can be applied vastly.

Table 3.1. Characteristics of the studied soil

Soil properties Value
Specific gravity 2.70

Liquid limit 57.00%

Plastic limit 22.67%

Plasticity index 34.33%
Unified Soil Classification System (USCS) CH

Optimum moisture content 22.5%

Maximum dry density 1.57 g/cm®

Sand (4.75-0.075mm) 24%
Silt (0.075-0.002mm) 39%
Clay < 2um 35%

Shrinkage limit 12.3%
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Figure 3.1. Soil types distribution map
3.1.2 Polypropylene Fiber

Polypropylene fiber (PP) is a flexible thermoplastic material produced by polymerizing
monomeric units of polypropylene atoms into very long chains of polymers or molecules
in the presence of a catalyst at precisely regulated temperatures and pressures. PP is an
unsaturated hydrocarbon composed entirely of hydrogen and carbon atoms. There are
several types of commercial PP available. One type of PP is a semi-crystalline solid with
good mechanical, thermal, and physical characteristics. Another type of PP is produced
in considerably smaller quantities as a byproduct of semi-crystalline PP manufacturing
and has very poor thermal and mechanical characteristics. The crystallizable form of PP
is known as "isotactic," whereas the non-crystallizable form is known as "atactic" (Brown
etal., 2002).

PP is also manufactured as continuous cylindrical monofilaments that may be cut to

certain lengths or as films and tapes that can be fibrillated to generate rectangular cross-

sectional fibrils. Table 3.2 lists the properties of the polypropylene fibers used in this
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study as shown on its identification card (as provided by the manufacturer). Figure 3.2
shows the shape and type of the used material.

Table 3.2. Properties of the used polypropylene fibers

Behavior parameters Values
Fiber type Single fiber
Unit weight 0.91 g/cm®
Average diameter 0.034 mm
Average length 12 mm
Breaking tensile strength 350 MPa
Modulus of elasticity 3500 MPa
Fusion point 165 °C
Burning point 590 °C
Acid and alkali resistance Very good
Dispersibility Excellent

Figure 3.2. Used polypropylene fiber

The main reason for selecting this type of fiber to be considered in this research is the fact
that these fibers are more industrial materials commonly used, as well as, because of their
low cost (with reference to other traditional additives) and their nature chemical inert
where this material cannot be absorbed, and they do not interact with soil moisture.
According to Hejazi et al. (2012), the general advantages of fiber composite soils are their

availability, ease of work, economical benefits, rapid to perform, and useability in various
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weather conditions. However, it is important to refer that obtaining a homogeneous soil-
fiber matrix in the field is troublesome as reported by many researchers in comparison
with the hand mixing (lab mixing) that allows fibers to merge properly with the soil mass,
but this issue can be overcome and mitigated by oscillatory or helical mixing techniques
(Hejazi et al., 2012). Also, it is worth mentioning that polypropylene fibers currnetly are
produced from recycled materials. The recycling process involves grinding and melting
down the used polypropylene into pellets or granules, which can then be used as raw
material to produce new polypropylene fibers. This process not only reduces waste, but
it can also save resources and energy compared to producing virgin polypropylene fibers

from raw materials.

Additionally, using recycled polypropylene in fiber production can also have addtional
positive impact on the environment, as it helps to decrease the demand for petroleum, a
non-renewable resource used in the production of virgin polypropylene. In recent years,
there has been a growing demand for environmentally friendly and sustainable products,
and the use of recycled materials in the production of polypropylene fibers is becoming

more common as a result.

Last of all, it is worth to mention that during the conduction of the laboratory experiments,
many samples with various fiber contents (0.5%, 1%, 1.5%, 2%, and 2.5%) were prepared
and it was noticed that it is so important to avoid exposing the samples to large pressures
during the preparation and maintaining easy sample formation/preparation, therefore, to
mitigate these concerns, it is better to consider the fiber contents to be varied between 0%
to 1.5% by dry weight of the studied soil (i.e., fiber content/weight is the studied ratio
multiplied by the soil’s dry weight for each sample). So, the considered fiber contents in
this research are 0%, 0.5%, 1%, and 1.5%.

3.1.3 Hydrated high-calcium lime

Lime (L) is one of the oldest and most widely used chemicals for improving the
engineering characteristics of soils. In general, four primary lime-based additions are

utilized in geotechnical construction: Ca(OH)2 hydrated high calcium lime, which was
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used in the current study, calcitic quick lime CaO, dolomitic quick lime CaO MgO, and
monohydrated dolomitic lime Ca(OH)2 MgO. The lime treatment generates a chemical
reaction similar to cement and can be employed for both modification and stabilization
purposes, where a chemical interaction between soil and lime results in a decrease in
water content. Further, lime addition increases the optimum moisture content but
decreases the maximum dry density, significant reduction in the plasticity index, and
finally, an immediate increase in the strength. Extensive research has been conducted on
the application of lime to stabilize clay soils (Bozbey and Garaisayev, 2010; Harichane
et al., 2011; Stoltz et al., 2012; Wang et al., 2013; Abass, 2013; Asgari et al., 2013;
Ghobadi et al., 2013; Tran et al., 2014; Nguyen, 2015; Kili¢ et al., 2016; Ahmad A.F. et
al., 2020) confirmed the positive effect of lime addition on the reduction of swelling,

plasticity index, and the increase of the strength in clayey soils.

Referring to the considered lime content in this study, as both lime and cement are
considered the most widely used in geotechnical engineering specifically for improving
the mechanical and physical soil properties, this research focuses on the utilization of
these stabilizers to assess their impact against the environmental changes in comparison
with the impact of fiber additive that is proposed in this research. In order to determine
the relevant optimal contents for both lime and cement, extensive previous studies were
reviewed, and all suggestions related to optimal contents were figured out, eventually, the
optimal contents were determined before starting the testing stage. Office of Geotechnical
Engineering (2008) presented the criteria that are preferred to be considered for chemical
selection based on the index properties of the soils as it is shown in Table 3.3. Also, the
optimal chemical quantities for both stabilization or modification purposes, for getting

the best-required properties were suggested in Table 3.4.
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Table 3.3 Chemical selection criteria

Chemical Selection for Stabilization
a.  Lime: If PI > 10 and clay content (2p) > 10%.
b. Cement: If PI1 <10 and < 20% passing No. 200.

Chemical Selection for Modification

a. Lime: PI> 5 and > 35 % Passing No. 200

b.  Flyash and lime fly ash blends: 5 < PI < 20 and > 35 % passing No. 200
c.  Cement and/ or Fly ash: PI <5 and <35 % Passing No. 200

Notes:

e Fly ash shall be class C only.

e Lime Kiln Dust (LKD) shall not be used in blends.

e Appropriate tests showing the improvements are essential for the exceptions listed

above.

Table 3.4 Optimal chemical contents as per Office of Geotechnical Engineering (2008).

Additive type Suggested content
Lime or Lime By-Products 4% to 7 %
Cement 4% to 6 %
Fly ash Class C 10% to 16 %

Similarly, Indiana's development of transportation (INDOT, 2020) suggested the optimal
contents for lime which were (5% to 7%). Therefore, for the current study, the following
content of Lime (6% by dry weight) was considered to evaluate their impact against
environmental changes and to be compared with PP additive and eventually, evaluate the
most appropriate technique to resist the additional stress resulting due to temperature

differences of the weather, which causes moisture differences of the soil.

3.1.4 Portland Cement

Portland cement (C) is a finely fragmented material produced by grinding clinker and

gypsum together. Clinker is a pyro-processed hydraulic material composed of four major

32



oxide phases: dicalcium silicate (C2S), tricalcium silicate (C3S), tricalcium aluminate
(C3A), and tetra calcium alumino-ferrite (C4AF) (as per chemical notation for cement, C
= Ca, A = AlI203, S = Si02, and F = Fe203). The two calcium silicate phases are the
most crucial for stabilizing soil. Cement is typically utilized extensively in civil
engineering projects like road construction, foundation slabs, embankments, and piles
foundations. Many studies have confirmed that cement-soil mixture has high stiffness
properties for expansive soils (Portelinha et al., 2012; Pakbaz and Alipour, 2012; Aparna,
2014; Ikhlef et al., 2015; Sharo et al., 2022). Accounting for the mineral compositions of
both soil and cement, many chemical reactions can take place between the cement and
the silica and alumina in the clay, and the calcium hydroxide. These reactions, in the short
term, cause a change in the soil structure, while in the long term, a formation f
cementitious compounds binding soil particles which leads to the hardening of the soil
(Pakbaz and Alipour, 2012; Ikhlef et al., 2015).

Referring to the considered cement content in this study, and with reference to Office of
Geotechnical Engineering (2008) and INDOT (2020) recommendations, the following
content of cement (5% by dry weight) was considered to evaluate their impact against
environmental changes and to be compared with PP additive and eventually, evaluate the
most appropriate technique to resist the additional stress resulting due to temperature

differences.

3.2 Research Methods

In order to satisfy the research aims, a full set of tests was conducted on clayey soil with
high plasticity after mixing the research reinforcing material ((fibrillated polypropylene
fiber PP) with different fiber contents (0%, 0.5%, 1%, 1.5%), and all findings and test
results were compared with the unreinforced sample to infer the impact of fiber on the
studied soil behavior. However, the below-listed aims were fulfilled through the relevant
tests or investigations as follows:
1. Standard Proctor tests and Atterberg limits tests were carried out to assess the effect
of PP on physical properties and inspect the classification change as per the unified

soil classification system (USCS).
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2. Direct shear test, unconfined compressive strength test, and conventional undrained
unconsolidated triaxial strength test were carried out to assess the effect of PP on
strength behavior and strength properties.

3. Free swelling tests and Consolidation tests were carried out to assess the effect of PP
on swelling and compressibility behavior and properties.

4. Drying tests were conducted to evaluate the desiccation cracks resistance of fiber-
reinforced soil and assess its efficiency in comparison with cement-stabilized soil and
lime-stabilized soil.

5. Dry/wet cycles tests were conducted to evaluate the cracks and volume changes’
resistance of fiber-reinforced soil and assess its efficiency in comparison with cement-
stabilized soil and lime-stabilized soil.

6. Freeze/thaw cycles tests were conducted to inspect the effect of frost heave and
thawing-settlement on the UU strength and assess the PP durability against the
resulting volumetric changes and their impact on the strength behavior and properties

Furthermore, to assess the feasibility of using PP as reinforcing material under
foundations, the finite elements method (FEM) was used by PLAXIS software through
modeling a typical footing placed on fiber reinforced layer with different thicknesses and
different fiber contents (13 models) to provide the appropriate assessment of PP effect on

the bearing capacity of shallow foundation and settlement conditions.

3.2.1 Standard proctor test

At the outset, 4.5 kg of the studied soil was dried, then, polypropylene fibers were added
according to the pre-identified ratios (0%, 0.5%, 1%, 1.5%), and for each ratio/fiber
content, the specimens were formed in the Proctor mold (10.1 cm in diameter, 944 cm?®
in volume) in compliance with the ASTM D 698 standards [98]. The specimens were
formed in the proctor mold through a three-layer and each layer was compacted by a
hammer with a weight of 2.5 kg, and a falling height of 30 cm with 25 beats for each
layer. The standard Proctor experiments were carried out on the fiber-reinforced soil with
different contents of the dry weight of the studied soil (0.5%, 1%, 1.5%) and compared

with the unreinforced situation.
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3.2.2 Atterberg Limits Test

After drying the soil, it was sieved on sieve N0.40 and then mixed with the pre-identified
fiber contents. The tests were carried out in compliance with ASTM D4318 (2017)
standards. Therefore, the plastic limit, liquid limit, and shrinkage limit were investigated

for each fiber content.

3.2.3 Inspecting the change in Soil classification as per USCS

For inspecting the effect of PP on the soil classification as per (ASTM D2487-17, 2018)
the unified soil classification system (USCS), the values of plasticity index (PI), and
liquid limit (LL) for each fiber content were depicted on the Casagrande chart which is
shown in Figure 3.3. Considering that the plasticity index (PI) can be identified by

subtracting the value of the plasticity limit from the liquid limit.

For classification of fine-grained soils |
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Figure 3.3. Soil classification as per four fiber contents (0%, 0.5%, 1%, and 1.5%) as per
(ASTM D2487-17, 2018)

3.2.4 Direct shear tests (DST)

For sample preparation, it was differentiated four kinds of samples according to the fiber
content value (0%, 0.5%, 1%, 1.5%). The samples were prepared at the optimum moisture

content (OMC) and maximum dry density that were determined for the untreated soil
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(i.e., the sample’s dry density corresponds with maximum dry density (MDD) which is
1.57 g/cm?®, and with the optimum moisture content (OMC) which is 22.5%). To achieve
the desired maximum dry density, soil-fiber mixtures were poured progressively into the
sample mold and then static compacted by a jack. There were two steps involved in the
soil and fiber mixing. First, fibers (with the considered contents) were manually mixed
into the soil with approximately 10% of water (approximately half of the OMC value)
until a random distribution of fibers is attained by eye inspection. A water content of 10%
was considered in this step to prevent fiber segregation from the soil. Second, to achieve
the optimum moisture content, a particular amount of water (the second half of the OMC
value) was added to the combination of fibers and soil formed in the first step.

The mixtures were placed in plastic bags and sealed for 72 hours to ensure an even
distribution of water content within the mixtures. Before the formation of the specimens,
the water content was double-checked (i.e. before compacting the mixtures of soil-fiber
in the steel mold). After the static compaction was completed, all of the samples were

ready for testing.

As an example of sample preparations and calculation, the needed quantities (with respect
to the direct shear box ring’s properties, with an area of 32 cm? and a volume of 80 cm?)
of dry soil, water, and fiber to prepare six samples for each fiber content were summarized
in Table 3.5. After that, the soil samples were extracted from the Proctor apparatus. Then,
the samples were placed in the testing machine (Shear box machine, unconfined

compressive machine, and triaxial machine accordingly).

Table 3.5 Quantities calculations for shear test’s samples preparation

Fiber Content | Dry Weight of PP Weight Water Weight
0 ) No. of Samples
PP (%) Soil (g) (9) (9)
0% 125.6 0 28.26 6
0.5% 125.6 0.63 28.26 6
1% 125.6 1.26 28.26 6
1.5% 125.6 1.89 28.26 6
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The prepared samples were placed in the direct shear box apparatus (as shown in Figure
3.4) and subjected to different vertical loads (25; 50; 100; 150 kPa) for each fiber content.
Next, the tests were conducted in accordance with ASTM D3080 standards [100]. The
test results were presented and compared with the unreinforced samples. Also, shear
parameters (friction angle and cohesion) were determined by considering the shear
stresses at the failure stage for each applied vertical load, where the Coulomb failure
envelopes were depicted for each fiber content and therefore the values of both friction
angle and cohesion were determined and then compared to each other. Furthermore, a
function-based fiber was provided to predict the friction angle and cohesion values at

each fiber content that should not exceed 1.5%.

Figure 3.4. Direct shear apparatus

3.2.5 Unconfined compressive strength tests (UCS)

Referring to the aforementioned sample preparation method (as in DST) and after
considering the mold size of the UCS apparatus, the prepared samples were placed in the
electronic unconfined compressive strength apparatus (as shown in Figure 3.5), and then
the tests were carried out in accordance with ASTM D2166 (2016) standards. Please note
that for each fiber content, three samples were tested to assuring the accuracy of the
results. Also, the elastic modulus for each reinforcement ratio was determined by taking
the slope (inclination) of the straight part of the test resulting in stress-strain curves,
therefore, the resulted elastic modulus and unconfined compressive strength at the failure
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stage were represented with the fiber content to infer the impact of fiber content inclusion.
Furthermore, a function-based fiber was provided to predict the UCS value at each fiber

content that should not exceed 1.5%.

3.2.6 Conventional undrained unconsolidated triaxial tests

Conventional undrained unconsolidated (UU) triaxial tests were performed by using a
strain-controlled apparatus as per (ASTM D2850-15, 2007). Each of the four kinds of
samples (0%, 0.5%, 1%, 1.5%), was tested at one confining pressure of 200 kPa at a strain
rate of 0.8 mm/min. As per most of the previous researchers’ findings (Shukla, 2017
Khiav et al., 2022) have confirmed the similar strength behavior of the treated and
untreated soil for different confining pressures (similarity of the stress-strain behavior
under different confining pressures). The UU triaxial compression strength tests were
conducted for all samples and each test was repeated at least three times to assure its
accuracy. So thus, the stress-strain curves were depicted and the strength values at the
failure stage were represented with the variation of fiber content. Furthermore, the test
results can be used for determining the resilient modulus which is considered as a decisive
key to characterizing the deformation type under traffic loading for pavement materials.
The resilient modulus is calculated by dividing the deviatoric stress increment at 1% axial
strain by the deviatoric strain increment, which can be stated by Eq. 3.1 below:

F= b0y, = 0 (3.)
where Ac is the deviatoric stress increment, Ag is the deviatoric strain increment; c1%
(1%) is the deviatoric stress corresponding to an axial strain of 1.0% (e1%); 6o and &o are
the initial stress and strain respectively (Wang et al., 2007). Therefore, the effect of PP
can be observed and presented by representing the calculated resilient modulus with the

variation of fiber. Figure 3.6 shows the used machine and samples before and after testing.
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Figure 3.5. Unconfined compressive strength testing: (a) Unconfined compressive
strength machine used, (b) Specimen before testing, (c) Specimen after testing.

Figure 3.6. Undrained unconsolidated triaxial testing: (a) Unconfined unconsolidated
triaxial machine used, (b) Specimen preparation for testing, (c) Specimens before testing.

3.2.7 Free swelling tests

The soil samples were extracted from the proctor apparatus. After that, the samples were

placed in the odometer which is shown in Figure 3.7, then they were loaded with a small
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vertical load of 7 kPa to achieve the leveling of the sample’s surface. Then, the samples
were submerged, and swelling reads were measured and recorded (as per ASTM D4546
standards, 2021). The free-swelling test was performed on three samples for each
reinforcing ratio and the final swelling values for each case were determined. After
getting the final swelling value, the samples were loaded gradually for 24 hours for each
load, and by this, the calculation for identifying the swell stress for each fiber content was
performed and the impact of fiber inclusion on the swell stress was presented.

Furthermore, a function-based fiber was provided to predict the swell stress value at each

fiber content that should not exceed 1.5%.

Figure 3.7. Oedometer apparatus (swelling and consolidation test apparatus)
3.2.8 Consolidation test

The soil samples were extracted from the proctor apparatus. After that, the samples were
placed in the odometer which is shown in Figure 3.7. Then, the samples were subjected
to vertical loads that were increased gradually under distill water submerging conditions,
and the application of these tests was as per (ASTM D2435 standards, 2020). The load
application period is 24 hours for each load value and during these periods the
consolidation settlements were measured with respect to time. The consolidation tests
were performed on three samples for each reinforcing ratio (0%, 0.5%, 1%, 1.5%), then,

the average of these three readings was represented and considered for further evaluation.
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Also, for tracking the changes in the void ratio for each sample type during the test
implementation, the following equation (Eq. (3.2)) is applied to find the void ratio value
that meets every settlement, and therefore the representation of void ratio changes during

the testing application was presented with respect to both time and vertical loads applied.

V.:
I/o - Vt (Vrlng - yd * réng) - (ATlTlg k 6ht)

o = o _ _ (3.2)
¢ = = =
Vs Ya * Vring/G

o~

where e, is the void ratio value at the time, t; 1, is the void volume; V; is the solid volume;
V, is the initial void volume (i.e., 0.72); Vy.;5 is the volume of the odometer ring which
is the same as the soil sample volume (i.e., 80 cm®); y, is the dry density (i.e., 1.57 g/cm®);
G is the specific gravity weight (i.e., 2.7); A, is the ring area (i.e., 40 cm?); 8h, is the

consolidation settlement at the time, t.

Furthermore, the elasticity modulus (Eced) for each situation/fiber content was found by
calculating the inclination of each stress-strain curve. Also, the compression index (Cc)
was calculated based on the resulting outputs by finding the inclination of the represented
curves of void ratio- applied load and therefore a function-based fiber was provided to

predict the Cc value concerning fiber content which should not exceed 1.5%.

3.2.9 Desiccation/Drying tests

For inspecting the impact of the drying process on fiber-reinforced soil and to evaluate
the effect of fiber in comparison with conventional chemical additives (lime and cement),
the desiccation/drying tests were carried out on the prepared samples; six kinds of samples
were differentiated according to the fiber content (0%, 0.5%, 1%, 1.5%), cement content
(5%), and lime content (6%). Firstly, the samples were dried (air-dried by oven at 100°
C) and then they were sieved by using a sieve size 2 mm diameter to remove the large
particles, and then samples were submerged with distilled water under approximate
moisture content of 170% (i.e. mixture content is 170%). After that, they were poured

into circular cans with a diameter of 70 mm and placed (for 5 minutes) on a vibrator
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apparatus to eliminate the air bubbles in the soil. Then, the specimens were covered and
left for 72 hours to allow soil deposition (precipitation). The thickness of the samples was

measured, which was about 8mm, and its moisture after precipitation was about 90%.

Before submerging stage, the mixture of soil-fibers was done manually by adding the
fiber to the dried soil and then mixing them with distilled water. In order to form a slurry,
the amount of water was maintained above the liquid limit (LL). The exact amount of
water was calculated and gradually added to the mixture of soil-fiber. The slurry was
mixed by hand steer for about one hour until a smooth liquid was achieved to ensure the
uniformity of the fiber distribution in the mixture by visual examination. This procedure
also was done for cement and lime-stabilized samples after considering the optimum
content of 6% and 5% respectively. After that, the four kinds of samples (untreated
samples, reinforced samples, lime stabilized samples, and cement stabilized samples)
were submerged as mentioned above. For cement and lime stabilized samples, the curing
period was ignored as the thickness of these samples was very thin and the deposition
period of three days ensured a good uniformity and interaction between the added material

and the slurry (soil and water).

For each situation, four samples were prepared for the drying test at a room temperature
of (25 £ 1° C). The samples were then heated in an oven at a constant temperature of
(50°C). Throughout the drying process, the missed amount of water was measured (with
0.01 gr accuracy) and the corresponding humidity at each time was calculated. The
surface of these samples was also monitored/photographed during the same periods by
using a digital camera (with a focal length of 35 mm) to track the progression of the cracks
and to determine the engineering specifications of the cracks (length, width). This
mechanism is called visual analysis. Therefore, at the end of these tests, two outputs have

been found as follows:

1. Representation of water content changes with time (evaporation rate) for each situation
by depicting the experimental results (changes of the water content to the time).
2. Photographic database by photographing the samples’ surfaces for different periods for

all situations, and this database was analyzed by using MATLAB program for
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determining the crack's properties (length, width, area) and the outputs were compared
for each situation to evaluate the impact of fiber inclusion, cement content, and lime

content on the cracking resistance.

To identify the area of generated cracks in each sample for all cases, the digital processing
(through MATLAB program) method was applied. The digital processing method can be
summarized by capturing high-resolution images of the samples’ surface at various stages
of the drying process. To calculate the area of the developed cracks, the captured image
at the final stages of the drying process was inserted into the MATLAB program for
analysis. MATLAB Analyzing procedure depends on dividing the image into an array of
elements, and the number of lines and columns (number of elements) in this matrix, which
depends on the resolution of the used camera which affects the calculation
accuracy/analysis. After dividing the image into an array of elements, each element takes
specific values for each color (Red, Green, Blue) as shown in Figure 3.8. So thus, by
identifying the range of color that cracks are located in (through applying a set of
programming commands), the number of elements that meet specific values of each color
(color ranges ) can be found, therefore, the area of the generated cracks in each image and
for each studied case can be determined by using the equation Eq. (3.3) which was derived
from the aforementioned image analysis method (Abhishek, 2015). However, it was
noticed that by using this method, the areas of shrinkage/contraction were considered as

cracks.

2 N _
Acracks (CM™) = Asample * cracksN elements (3.3)
t

Where Nerack-elements IS the number of elements that represent the cracks, Nt is the total
number of image elements, Asample is the area of the pictured sample (38.48 cm?), and

Acracks IS the cracks’ area.

43



i| File Edt Window
aa?

litmage details (Image Tool 1 - imf1)
Attribute |

1760
1766
untd -

truecolor 1 Pocel info: (430, 563) [71 43 39]

Figure 3.8. Digital processing by using MATLAB

3.2.10 Dry/wet cycles tests

For inspecting the impact of dry/wet cycles on fiber-reinforced soil, and to assess the
effect of fiber in comparison with conventional chemical additives (lime and cement), the
dry/wet cycles tests were carried out to evaluate the influence of PP, lime, and cement on
the volumetric changes resulting from the drying/wetting process. Six kinds of samples
were differentiated according to the fiber content value (0%, 0.5%, 1%, 1.5%), cement

content (5%), and lime content (6%) as explained above.

Samples were prepared at the optimum moisture content (OMC) and maximum dry
density (MDD) that was determined for the untreated case. To attain the required
maximum dry density, the studied soil and fibers were poured progressively into the
Proctor mold and then subjected to static compaction by a jack. The mixture of soil and
fibers was done in the same way as the DST sample preparation way to prevent fiber
balling. After the static compaction was completed, all samples were extracted by using
a metal cylinder (10 cm in height and 11.7 cm in diameter). The same technique was
performed to prepare compacted homogeneous samples for both the lime-soil mixture
and the cement-soil mixture as well. After the static compaction was completed, all the
specimens were transferred to a curing room of (24 +1° C) in which they were cured for

21 days (this was for both lime and cement-stabilized samples).
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After that, all samples were undergone to the drying/wetting cycles, where all samples
were initially exposed to the drying process for 24 hours in the oven at (50° C). Then,
after 24 hours of drying, the samples were submerged in distilled water for another 24
hours at room temperature, and this was repeated for four cycles. Figure 3.9 shows a
schematic diagram for the volume change (dry/wet cycles) test.

As it is shown in Figure 3.9, volumetric changes and the developed cracks of each sample
were measured at the end of each drying cycle, where the approximate length and width
of the developed cracks on the peripheral surface were measured, then the total area of
cracks can be calculated and multiplied by four (the number of samples for each situation)
to obtain the total area of cracks generated on the peripheral surface of the sample.
Cracking is estimated relatively by using the digital processing method (Abhishek T.
[108]), as the area of generated cracks on the peripheral surface (perimeter surface) is
attributed to the area of the cylinder face. Regarding the volumetric changes, they are

connected to the initial cylinder volume (sample cylinder's volume) as well.

After conducting the measurements during the testing phase, the final volume change for
each studied case can be obtained by subtracting the final measured volume (at the last
drying cycle) from the initial volume (cylindrical can volume) and dividing the result by
the initial volume. Therefore, the volumetric changes for all situations (untreated sample,
fiber-reinforced sample, cement stabilized samples, and lime stabilized samples) were
determined and compared together to assess the most appropriate additives to resist both

cracking and volumetric changes resulting from the drying/wetting cycles.
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Figure 3.9. The schematic diagram for the volume change (dry/wet cycles) test.
3.2.11 Freeze-thaw (F-T) cycles

Laboratory experimental program was performed on the studied clayey soil with high
plasticity for studying the feasibility and effectivity of PP on the durability behavior
(environmental changes resistance in terms of strength behavior change) due to freeze-
thaw (F-T) cycles. For investigating the durability behavior, a series of conventional UU
triaxial tests were carried out (under the same conditions that were mentioned in section
3.2.6) on fiber-reinforced samples subjected to a maximum of 10 closed-system of (F-T)
cycles, and the behavioral change of UU compressive strength was inspected and
compared with the unreinforced situation. Additionally, volume changes and F-T
strength reduction were also calculated after (F-T) cycles, and the volume changes were

measured and presented as indicators for evaluating durability behavior.
For conducting the tests, four kinds of samples were considered according to the fiber

content value (0%, 0.5%, 1%, 1.5%). Cylindrical samples of 38 mm in diameter and 80

mm in height were prepared at maximum dry density (MDD) and optimum moisture
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content (OMC) that was determined for untreated soil (i.e., the dry density of the sample
corresponds to a maximum dry density (MDD) of 1.57 g/cm?® and an optimum moisture
content (OMC) of 22.5%.). In order to attain the required maximum dry density, soil-
fiber mixtures were poured progressively into the sample mold (steel tube) with 38 mm

in diameter and 100 mm in height and compacted by a jack statically.

The fiber-soil mixtures were done by using the same way mentioned before to prevent
fiber segregation from the soil. After that, to ensure water content uniformity within the
mixtures, the mixtures were covered by plastic bags and blocked for 72 hours. For making
sure of the final moisture content, water content was checked before the specimens’
formation (the compaction of mixtures in the steel mold). After the static compaction was
completed, all the specimens became ready for UU triaxial tests (for zero (F-T) cycles

cases) see Figure (3.10 a,b).

For assessing the impact of (F-T) cycles, the prepared specimens were undergone to 0,
3, 6, and 10 (F-T) cycles before performing UU triaxial testing. The specimens were
placed in a digital and humidity-controlled cabinet (refrigerator) at a constant temperature
of -20 °C for 12 hours and ~20 °C for the next 12 h to allow for the thawing period (Figure
3.11). The whole period of 24 hours was considered one cycle. Following that, tests were
conducted on the samples at a temperature of around 20°C. Cycles were kept up to 10
closed cycles. The number of (F-T) cycles was selected based on previous research
findings where it was confirmed that the maximum decline in soil strength can occur in
the first few cycles, and new dynamic stability prevails in the samples after 57 of (F-T)

cycles (Ghazavi and Roustaie, 2013).

Eventually, once the (F-T) cycle application is completed, changes in physical properties
and strength behavior (UU) strength and resilient modulus variation with fiber inclusion
and (F-T) cycles ) for unreinforced and fiber-reinforced samples were inspected and
calculated. Throughout the application of (F-T) cycles, the samples’ heights and

diameters are measured several times to inspect the volumetric changes.
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Figure 3.10. Soil specimens’ preparation for triaxial testing: (a) The triaxial machine
used, (b) Specimens after testing.

protest

Figure 3.11. Soil specimens’ preparation in the freeze-thaw cabinet before triaxial
testing.
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3.2.12 Evaluating The Feasibility Of PP Utilization As Reinforcement Material
Under Foundations

In this part of the study, the finite elements method (FEM) was used by Plaxis 2D software
to provide the appropriate analysis of the bearing capacity of shallow foundations and
settlement conditions. Figure 3.12 presented the studied foundation geometrical status

where numerical procedures are conducted.

-‘ - I‘ — .. VVVVVVV =

h . 'Fiber-Soil
‘ -
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Figure 3.12. Geometrical status of shallow foundation with fiber-reinforced soil.

In order to determine the behavioral characteristics of the studied clay under the shallow
foundation model, the choice of footing materials under the vertical load on the studied
clayey soil is considered. In the present modeling, a concrete surface foundation of
footing is placed on a clayey soil mass and different thicknesses of fiber-reinforced clayey
soils are considered. Therefore, thirteen models were analyzed, one for the unreinforced
case and twelve for reinforced cases by considering the pre-identified fiber contents
(0.5%, 1%, 1.5%) for four different depths (layer thickness (h)) that are connected to the
width of the footing and the considered depths were B/4, B/2, 3B/4, and B; where B is
the width of the footing.

The modeled concrete footing size was considered as typical size with a square shape
(B=1 m in two dimensions) and the length of the model (i.e. effective soil section that
will be observed) was more than three times the size of the footing from each side (i.e.,
B+ 6B) so that it should not include any boundary effects. The foundation material, which

is concrete, and its related specifications are shown in Table 3.6. The second material is
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related to the parameters in the bed soil for the unreinforced cases (as it is shown in Table
3.1, section 3.1.1), and the third material is related to the geotechnical properties of the
fiber-reinforced soil. Table 3.7 lists the input parameters for the modeling, and Figure
3.13 shows the modeling where the extensive elements division in the depth of 2B for
increasing the accuracy of the calculation in the effective zone. The behavioral model
used in this study is the Mohr-Coulomb elastoplastic model.

Table 3.6. Concrete footing materials specification

Material properties Parameter Value Unite

Unsaturated unit weight Yunsat 24 KN/m?3

Elasticity modulus Erer 500000 KN/m?

Poisson ratio v 0.25 NA
Table 3.7. Reinforced soil properties
Fiber content Dry density | Friction angle | Cohesion | Elasticity modulus,

(%) (g/cm?) (degree) (kN/m?) Eoed (KN/m?)

0 1.57 17.58 31.86 16 000

0.5 1.57 30.4 49.68 20250

1 1.57 33.52 67.26 19630

15 1.57 28.54 113.62 12700

50




Conc.Footing
A: Settlements measurement point

Reinforced laver (h=b/4 to b)
Effective Zone

Figure. 3.13. Geometrical modeling of shallow foundation placed on a layer of reinforced
clayey soil.
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4. CHAPTER IV: RESULTS AND DISCUSSIONS

4.1 Evaluate the Effect of PP on Physical Properties

4.1.1 Evaluate the effect of PP on MDD and OMC

Referring to standard proctor tests, Figure 4.1 demonstrate the results, and by identifying
the maximum value of the dry density and its corresponding water content, the MDD and
OMC for each fiber content can be easily determined as shown in Table 4.1.

——PP=0% —8—PP=0.5% —4—PP=1% —k—PP=1.5%
1.60
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150 +

145 1+

1.40 +
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Water content| w (%)

10 12 14 16 18 20 22 24 26 28 30

Figure 4.1. Dry density against water content for four polypropylene fiber contents (PP).

Table 4.1. Maximum dry density and optimum water content for each fiber content

Fiber content, PP (%) Pdry-max (g/cm?) Optimum water content, Wopt (%)
0 1.570 22.5
0.5 1.552 22.9
1 1.535 23.8
15 1.493 24.3

From the table above, it can be noted easily that the MDD has decreased by increasing
the fiber content and that can be contributed to the effect of fibers that play to connect the
soil particle and enhance the interlock between them and therefore, reduce the voids ratio
which helps to reach to a maximum density at lower soil content. In addition to the

interlocking effect, the light unit weight of the added fiber in comparison with its value

52



for the studied soil also led to reducing the MDD due to reducing the soil content in the
mixture (soil-fiber). With reference to the wopt, it was noticed that the change can be
ignorable.

4.1.2 Evaluate the effect of PP on Atterberg limits

The outputs of Atterberg Limits tests, the plastic limit, shrinkage limit, and liquid limit

were investigated for each fiber content as it is shown in Figure 4.2.
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Figure 4.2. Atterberg limits for four polypropylene fiber contents (PP)

From the figure above, it can be easily noticed that the liquid limit decreases by increasing
the fiber content (i.e. it varies from 57% to 52%) and this is corresponding to the
experiment findings where it was noticed that, for the reinforced samples cases, after
spreading the sample in the brass cup by a groove in the liquid limit apparatus and
dividing it using a grooving tool, both of the soil portion along the groove has been acted
as a separate mass which that expedites its movement to close the groove and reduce the
required water that should be added compared with the unreinforced samples, which

means the existence of fiber enhances the soil particles' connection.
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Regarding the plastic limit, from Figure 4.2 and from the observations of the experiments,
the plastic limit has increased by increasing the fiber content (i.e. it varies from 22.6% to
25.3%) where it was a need for more water for ensuring the homogeneous mixing and
fiber distribution and therefore, achieving the rolling a soil sample into a thread until it

reaches a point where it crumbles.

Regarding the shrinkage limit, from Figure 4.2 and with reference to experiments
observations, the shrinkage limit has increased by increasing the fiber content (i.e. it
varies from 12.3% to 19.1%), where the volume changes have been decreased by the
increase of fiber content and that can be explained due to the fiber that increases the soil
particle’s connection and interlocking which that led to increasing the volume change
resistance. Additionally, the fiber bonding effect has the same impact on the development
of the crack during the drying process where it was noticed that cracks were initiated in
the unreinforced samples, whereas, in the reinforced samples no cracks were visible or

notable. Figure 4.3 shows the changes in shrinkage limit with respect to the fiber content.

Figure 4.3. Changes in shrinkage limit: (a) Zero PP content; (b) 0.5% PP content; (c) 1%
PP content; 1.5% PP content.
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4.1.3 Evaluate the effect of PP on soil classification

In light of the resulting liquid, and plastic limits for each fiber content, the plastic index
can be calculated. And by depicting the calculated plastic index and liquid limit to the
Casagrande chart (see Figure 4.4), we can investigate the effect of PP on soil classification
as per USCS, where it was found that for the pre-identified fiber content, the soil
classification has been the same (CH) comparing with the unreinforced situation, with a
possibility to be changed to (CL) for fiber content higher than 1.5% where the fiber can
play a vital role on reducing the plasticity features.

For classification of fine-grained soils | & PP=0% M PP=0.5% A PP=1% ® PP=1.5%
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soils. v

S0

Equation of "A” - line
Horizontal at PI = 4 to LL = 25.5,

sl then PI = 0.73 (LL - 20)
Equation of “U" - line [
Vertical at LL = 16 to PI = 7,

then PI = 0.9 (LL- 8) /
30+ / Y.

PLASTICITY INDEX (PI)

20 ) P ¢ & ‘

ey
' d . !
/CL=ML/ ./ | ML O‘R OL
0 10 16 20 36 46 50 60 70 80 90 100 110
LIQUID LIMIT (LL)

Figure 4.4. Soil classification as per four fiber contents (0%, 0.5%, 1%, and 1.5%).

4.2 Evaluate the Effect of PP on Strength Properties and Behavior

4.2.1 Evaluate the effect of PP on Shear strength properties and behavior

Referring to direct shear tests (DST), Figure 4.5 shows the shear stress values (t kPa)
with the corresponding horizontal displacement (AL mm) for each reinforcing ratio (fiber
content) and vertical load (Sv) applied. The increase of shear strength by increasing the

fiber content can be noticed in Figure 4.5.
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Figure 4.5. Shear stresses against displacements for four polypropylene fiber contents
(PP): (a) PP = 0%. (b) PP = 0.5%. () PP = 1%. (d) PP = 1.5%.

In order to explore the influence of polypropylene fiber content on the shear strength, a
representation of shear stress—displacement under one of the vertically applied loads (for
all fiber contents used) is shown in Figure 4.6. It can be easily noticed that the gradient
of the stress—displacement curves increases with the increase in fiber content, and this
means that increasing the fiber content leads to an increase in the soil stiffness, which can
be mainly attributed to the bonding effect that increases the connection between the soil
particles through the fibers, which play the role of creating an additional link or additional
friction and cohesion among the particles. The relation between the shear strength and the
resulting horizontal strain for all reinforcing ratios can be represented in Figure 4.7, which
shows the values of shear stresses at the collapse situation (i.e., at the maximum shear
stress values) and the corresponding applied load for each fiber content (PP). It can be
easily noticed that shear strength is increased with the increase of fiber content and the

average increase is 184% at 1.5% of fiber, regardless of the vertical applied load value.
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Figure 4.6. Stress—displacement curves under 50 kPa vertical load for different fiber
contents.
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Figure 4.7. Shear strength against fiber content for four vertical applied loads

Referring to Figures 4.5 and 4.7, and by representing the relationship between both
friction angle and cohesion with the fiber content as illustrated in Figure 4.8, a gradual
increase in cohesion with the increase of the fiber content can be noticed. In addition,
there was an increase in the angle of friction for each value of the reinforcing ratio, while
the increasing rate decreased with the increase of the fiber content (for a reinforcing ratio
bigger than 0.5%). Nevertheless, the friction angle is still greater than the unreinforced

situation. These results are consistent with the results of some of the previous studies that
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were conducted by other researchers for the same soil classification with minor
differences (Mirzababaei et al., 2018; Mali and Singh, 2014; Maheshwari et al., 2013),
where their results confirmed the increase of shear properties by increasing the fiber
content. Regarding Anagnostopoulos et al. (2014), the reduction of the friction angle for
a fiber content greater than 1% was observed. However, the friction angle for this
situation was still greater than its initial value (unreinforced situation), and this was
consistent with the experimental results. In addition, an increase in the plastic behavior
of the reinforced samples in comparison with the unreinforced ones was observed, where
it was noticed that the collapsing of reinforced samples took more time than the
unreinforced ones, which means that the sample with fiber showed more ductile behavior.

Equations were developed to calculate both the cohesion and friction angles for any value
of the reinforcing ratio under the assumption that the maximum ratio should not exceed
1.5% (Equations (4.1) and (4.2)). These equations give the values of the shear parameters

for each fiber content that should not exceed 1.5%.

_ 3 2
Ct (kPa) =38.69x f3 —58.52x f2+55.22x f +Cy, “.1)

¢t (degree) =2.133x 3 —22.6x £ 2 +36.4x f + g, 4.2)

where, f is the fiber content, and therefore fq represents the unreinforced situation.
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Figure 4.8. Shear strength parameters (c, @ ) versus fiber content
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4.2.3 Evaluate the effect of PP on unconfined compressive strength properties and

behavior

Referring to UCS tests, Figure 4.9 shows the values of the UCS for each fiber content.
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Figure 4.9. Axial stress/axial strain for four polypropylene fiber contents (PP): (a) PP =
0%; (b) PP = 0.5%; (c) PP = 1%; (d) PP = 1.5%.

By taking the slope (inclination) of the straight part of the curve (stress-strain), the elastic

modulus for each reinforcement ratio used (PP = 0%, 0.5%, 1%, 1.5%) can be obtained.

Table 4.2 shows the values of the elasticity modulus of the studied soil, as well as the

values of the unconfined compressive strength at the collapse situation for each value of

the fiber content.
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Table 4.2. Unconfined Compressive Strength and elasticity modulus values with respect
to fiber content

] Unconfined o
Fiber Content _ Elasticity Modulus,
Compressive Strength,
(%) E (kPa)
Qu (kPa)

0% 265 15.00
0.5% 305 15.91

1% 478 13.64

1.5% 493 13.48

Based on the aforementioned tests’ outputs, and by representing the values of the
unconfined compressive strength and elasticity modulus for all fiber contents used (as it
is shown in Figure 4.10), the increase in the unconfined compressive strength by adding
0.5% and 1% of the fiber, respectively, was noticed, and after that, the rate of the increase
was reduced by adding 1.5% of the fiber. In other words, the unconfined compressive
strength increased by more than 50% when the fiber content increased from 0.5% to 1%.
Furthermore, there was an increase in the elasticity modulus by adding 0.5% of fiber, and
then the elasticity modulus was decreased for the fiber content of 1% and 1.5%. However,
the final value of the elasticity modulus was smaller than its initial value (unreinforced
situation) for the fiber content of 1% and 1.5%. This could be attributed due to the fibers’
effect that plays a role in developing an additional bonding between the particles when
the reinforcing ratio was less than 1%, whereas the bonding effect of the fiber has been
decreased after adding more fibers (PP = bigger than 1%), and at this stage, the additional
fibers have not had the same bonding effect between the soil particles. This may be due
to the behavioral change of the soil samples when adding additional fiber, as when the
fiber content increases, the fibers agglomerate in the soil, resulting in loose contact
between soil particles and fibers. Consequently, a significant difference in the stiffness of
fiber—soil mixture resulted. Similar behavior was reported by (Maheshwari et al., 2013;
Yang et al., 2017; and Sharma & Kaushik, 2019).
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Figure 4.10. Change of unconfined compressive strength parameters (qu, Eu) with fiber
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According to the experimental findings, increasing the fiber content in each sample
increased the necessary time for each sample to reach the failure stage in addition to its
influence on the failure pattern. Figure 4.11 shows the failure shapes for samples with
fiber contents (0%, 0.5%, 1%, and 1.5%) from left to right, respectively. The failure shape
for the unreinforced sample resulted from a straight failure surface (straight fracture
plane) spread throughout the sample's height. On the other hand, for the reinforced
samples (1% and 1.5%), the center and bottom portions of the specimens eventually
extruded, causing the specimen to fail plastically in the shape of a drum. For reinforced
samples with fiber content equaling 0.5%, there was no specific failure shape (obvious

fracture plane), and it could be considered as a moderate situation (regarding its failure

behavior) between the aforementioned failure behaviors.

e P oW o
Figure 4.11. Unconfined compressive stre
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By comparing the obtained results with other studies that have been conducted on soil
reinforced with fibers, it can be noticed that the results which were presented by (Sabat,
2012; Maheshwari et al., 2013; Aykut et al., 2014) were compatible with the obtained
results, even though the used fibers and/or the studied soil (low plasticity clay) in their
studies were different.

Upon the experiments’ results, a fiber content-based function was developed to calculate
the UCS at any value of the reinforcing ratio under the assumption that the maximum
ratio should not exceed 1.5% (Equation (4.3)). The equation provides the values of the
UCS for each fiber content that should not exceed 1.5%.

UCS =0y ¢ (kPa) = —383x 2 +484x £ 2+ 247 x f +qy, (4.3)

where f is the fiber content, and therefore f,, represents the unreinforced situation. Thus,

quf, and qur are the UCS values at fand f, respectively.

4.2.4 Evaluate the effect of PP on conventional undrained unconsolidated strength
behavior

Referring to conventional undrained (UU) triaxial tests, Figure 4.12 shows the results of
stress-strain curves of unreinforced and reinforced specimens under 200 kPa confining
pressures. Also, Figure 4.13 shows the failure patterns for the fiber-reinforced and
unreinforced samples at the end of the testing stage.
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Figure 4.12. Stress-strain relationships of reinforced and unreinforced soil at confining
pressures of 200 kPa.

Figure 4.13. Failure patterns respecting the fiber content (a) 0% (b) 0.5% (c) 1.0% (d)
1.5%.

Referring to Figure 4.12, and by representing the failure strength values for all cases
(three reinforced samples and one unreinforced sample) as shown in Figure 4.14(a). It
can be noticed easily a gradual increase in the UU compressive strength with the increase
of fiber content where the increase was 35%, 60%, and 112% after adding 0.5%, 1%, and
1.5% of fiber respectively. This can be attributed to the fibrous effect, which plays an

important role in the development of additional bonds between soil grains.

For determining the resilient modulus (E), equation (3.1) was used and resilient modulus

values for each fiber content were identified and represented as shown in Figure 4.14,
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where it can be noticed that the increase of E with the increase of fiber inclusion, and the
maximum value was 40 MPa at 1% and 1.5% fiber content.
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Figure 4.14. UU compressive strength parameters with fiber content (FPP): (a) UU
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4.3 Evaluate the effect of PP on the compressibility behavior and properties
4.3.1 Evaluate the effect of PP on the swelling potential and swelling stress
Figure 4.15 shows the results of the free-swelling tests that represent the average of three

sample results for each fiber content.
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Figure 4.15. Average swelling readings for four fiber contents (PP = 0% to 1.5%).
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At the end of the free-swelling test (after getting the maximum free swelling values for
all tested samples), and in order to find out the value of the swelling stress for each
sample, gradual vertical loads (50, 100, 160 kPa) were applied on the samples, and then
the total settlement value after 24 h of loading was read. By representing the remaining
amount of swelling, during the loading process, the swelling stress could be identified
(i.e., at zero swelling value). Table 4.3 shows the maximum swell stress for each rein-
forcing ratio (fiber content (PP)) and for each applied load. The negative values in the
table mean that the settlement at the corresponding load is greater than the final swelling
value of each loading case. Therefore, the results of this table are represented to calculate
the values of the swelling stress for each case of re-inforcing ratio.

Table 4.3. Swell stress and swell strain values with respect to fiber content

Fiber Content Swell Stress Maximum Swelling Strain,
(%) (kPa) AH/H (%)
0% 1.6

0.5% . 1.405
1% 1.205
1.5% 1.205
0% 1.275
0.5% 1.03
50
1% 0.78
1.5% 0.62
0% 0.6
0.5% 0.145
100
1% —0.245
1.5% —0.395
0% -0.2
0.5% -0.1
160
1% -0.32
1.5% —1.045
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Figure 4.16 shows the intersection of the curves with the stress axis, which represents the
values of the swelling stress of the studied soil for each fiber content. From the figure
below, the values of the swelling stress can be found for each rein-forcing ratio that
produces zero swelling values, which are summarized in Table 4.4. Based on the
aforementioned tests’ outputs, and to assess the effect of polypropylene fiber on both
swell potential and swell stress (SS), representations of swell stress, and swell potential

against fiber contents are shown in Figures 4.17 and 4.18.
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Figure 4.16. Swelling values against swelling stresses for different fiber contents (PP).

Table 4.4. Swelling stress (zero swelling value) respecting fiber content

Fiber Content, PP Swell Stress,
(%) SS (kPa)
0% 145
0.5% 124
1% 85
1.5% 78
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Figure 4.18. Swelling stress value and its reduction percentage against fiber content.

Regarding swell potential, it decreased significantly with increasing fiber content to 1%
and the maximum reduction in the swell potential was 24.6%, as shown in Figure 4.17,

and this could be due to the same behavior that was observed during the conduction of
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UCS experiments, where it was observed that the bonding effect of the added fiber was

decreased after adding 1% or more of the fiber.

Regarding swell stress, it decreased substantially with increasing fiber content from 0.5%
to 1.5%. The maximum reduction was 46.2%, as shown in Figure 4.18. Upon the
experiments’ results, a fiber content-based function was developed to calculate the
swelling stress at any value of the reinforcing ratio, under the assumption that the
maximum ratio should not exceed 1.5% (Equation (4.4)). This equation gives the values

of the swelling stress for each fiber content that should not exceed 1.5%.

SSp(kPa) = 102.6 X f3 — 232 X f2 +76.33 X f + SS;, (4.4)

where SSt is the swelling stress respecting f (f is the fiber content), and f, represents the

unreinforced situation, therefore, SSt, is the swelling stress for the unreinforced situation.

4.3.2 Evaluate the effect of PP on the consolidation properties and behavior

Referring to consolidation tests, Figure 4.19 shows the results of the consolidation tests
that represent the average of three sample results for each fiber content. Table 4.6
summarized the final consolidation settlement at each applied load and for each fiber
content. Referring to Table 4.5 and Figure 4.19, it can be easily noticed that the
consolidation settlements have been decreased with the increase in the fiber content up to
1%, while for the fiber content of 1.5% the final settlements were higher than its intimal

value (unreinforced situation).

Table 4.5. Final consolidation settlement respecting fiber content

Vertical applied load, Consolidation settlement, dh/h (%)
o, (kPa) PP= 0% PP=0.5% PP=1% PP=1.5%
80 0.675 0.54 0.585 0.755
160 1.425 1.215 1.24 1.795
320 2.425 2.005 2.055 3.055
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Figure 4.19. Consolidation axial strain with respect to both time and PP content (a)
o, =80 kPa (b) a,, =160 kPa (c) a,, =320.

Also, for tracking the changes in the void ratio for each sample type, the aforementioned
equation (Eq (3.2)) is applied to find the void ratio value that meets every settlement, and
the representation of void ratio changes during the testing application is shown in Figure
4.20 with respect to both time and vertical loads applied.

By representing the value of settlements and related load applied as it is shown in Figure
4.21, and by determining the inclination of each stress-strain curve, the elasticity
modulus for each situation/fiber content can be identified. Table 4.6 presents the elasticity

modulus (Eced) resulting from one-dimensional consolidation for each fiber content.
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Figure 4.20. Void ratio changes during consolidation test concerning both time and PP
content (a) a,, =80 kPa (b) o,, =160 kPa (c) a,, =320 kPa.
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Figure 4.21. Void ratio changes during the consolidation test concerning the applied
stresses (80 kPa, 160 kPa, 320 kPa)
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Table 4.6. Elasticity modulus resulting from consolidation tests

Eoed, I\/IPa
PP= 0% PP=0.5% PP=1% PP=1.5%
16 20.25 19.63 12.70

From the table above, it can be inferred that the increase of fiber content led to an increase
in the elasticity modulus by adding 0.5% and 1% of fiber, and then the elasticity modulus
was decreased for the fiber content of 1.5%. However, the final value of the elasticity
modulus was smaller than its initial value (unreinforced situation) for the fiber content of
1.5%. This could be attributed due to the fibers’ effect that contributed to the development
of an extra bonding between the particles when the reinforcing ratio was less than 1%,
whereas the bonding effect of the fiber has been decreased after adding more fibers (PP
= bigger than 1%), and at this stage, the additional fibers have not had the same bonding
effect between the soil particles. This may be due to the behavioral change of the soil
samples when adding additional fiber, as when the fiber content increases, the fibers
agglomerate in the soil, resulting in loose contact between soil particles and fibers.
Consequently, a distinct variation in the fiber—soil mixture stiffness. Similar behavior was
reported by (Maheshwari et al., 2013; Yang et al., 2017; and Sharma & Kaushik, 2019).

Referring to Figure 4.21, and by determining the inclination of the void ratio-Logio stress
curve for each case the compression index (Cc) can be found as it is shown in Figure 4.22.
Where it can be noticed that the compression index decreases with the increase of fiber
content up to 1%, and increases when adding fiber of 1.5%. By comparing the obtained
results with other studies that have been conducted on soil reinforced with fibers, it can
be noticed that the results which were presented by (Malekzadeh and Bilsel, 2012;
Rabindraet al., 2012; Maheshwari et al., 2013) were compatible with the obtained results,
even though the used fibers and/or the studied soil (low plasticity clay) in their studies

were different.
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Upon the experiments’ results, a fiber content-based function was developed to calculate
the compression index at any value of the reinforcing ratio under the assumption that the
maximum ratio should not exceed 1.5% (Equation (4.5)). The equation provides the

values of the UCS for each fiber content that should not exceed 1.5%.

Ce; = 0.14 f3+0.057 f* —0.303 f' + Ccy, (4.5)

where Cct is the compression index with respect to f (f is the fiber content); Cc, is the

compression index for an un-reinforcement situation.
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Figure 4.22. Compression index with respect to fiber content.

4.4 Evaluate the Effect of PP and other Chemicals on Cracking and Volumetric
Changes due to Environmental Changes

4.4.1 Evaluate the effect of PP and other chemicals on cracking resistance during
the drying process

Referring to the desiccation/drying tests, the representation of water content changes with
time (evaporation rate) for each situation by depicting the experimental results (changing
the water content with respect to the time) is shown in Figure 4.23. Also, the photographic
database by photographing the samples’ surfaces for different time periods for all
situations is shown in Figures 4.24 and 4.25.
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Referring to Figure 4.23, it can be noticed easily that the evaporation rate for all studied
cases (untreated, reinforced, cement stabilized, lime stabilized) is almost the same, and
this indicates that the used treatment method did not affect the rate of evaporation, and
therefore the method of treatment did not affect the time required for the appearance of
cracks/cracks' development. Even though there were some differences in the values of the
evaporation rate at the last stage of drying, this can be attributed to the generated cracks

that have affected the evaporation rate.

In order to calculate the area of the generated cracks in each sample for all cases, the
digital processing (through the Matlab program) method was applied. Table 4.7
summarizes the results of digital processing in terms of cracks area for each studied case

during the drying process.
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Figure 4.23. Water content changes with time (evaporation rate) for treated and untreated
samples
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Figure 4.24. Surface samples photos during the drying process for reinforced and
untreated samples
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Figure 4.25. Surface samples photos during the drying process for cement and lime-

stabilized samples

Table 4.7. Results of digital processing

. Additives Array size | Ngracks—elements Acracks
Aditives type Content (Pixel) (Pixel) Asample
No Additives 0% 1760 x 1766 310356 12.7%
Polypropylene fiber 0.5% 1730 x 1735 209626 9.0%"?
Polypropylene fiber 1% 1900 x 1880 135879 4.8%?
Polypropylene fiber 1.5% 2160 x 2090 94659 2.8%"!
Cement 5% 2066 x 2020 67881 2.0%"?

Lime 6% 1960 x 1926 40164 1.4%"

*1 Note: cracks were noticed for reinforced and unreinforced samples during the drying process.

*2 Note: both contraction and cracks have resulted, while for the chemically stabilized samples
the effect was limited to contraction.

From the above table, it can be noticed easily that the area of the developed cracks, for
reinforced cases, was decreased with the increase of the fiber content, and this can be
attributed to the role of the fibers that creates additional bonding between the soil
particles, wherein due to the drying, the soil shrinks, and desiccation cracks tend to
develop. At this stage, the tensile force starts to be mobilized in the fibers and only
adhesion restrains the fibers from the pullout, thus allowing for its tensile resistance to
develop and create an additional bonding effect to resist the formation of the cracks.
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Regarding the cement and lime stabilized samples, it was noticed that no cracks
developed throughout the drying process, and it was limited to the sample contraction
only. However, this behavior can be explained due to the cementitious effect/pozzolanic
effect that increases the cohesion between the soil particles which led, in turn, to the

sample contraction only, and high resistance of cracks development.

From the experimental observations, it was noticed as well that the samples’ structure for
cement/lime stabilized can be easily broken or crushed at the end of the drying process,
while for PP reinforced samples, the structure was more coherent, and this can be
attributed to the water role in chemically stabilized samples which plays a vital role in
chemical reactions that lead to high cohesion in the soil, and the absence of water affects
the chemical-based bonding effect, while for fiber additives the water absence didn’t have
that effect.

4.4.2 Evaluate the effect of PP and other chemicals on cracking resistance and
volumetric changes during the drying/wetting process

Referring to the dry/wet cycle tests, Figure 4.26 shows the generated cracks/volume
change at the sample surfaces for each treatment case. Referring to Figure 4.26, it can be
noticed (by using the aforementioned image digital analysis method) that no remarkable
cracks appeared on the cylindrical surface for all cases. However, small cracks were

observed but their width and depth were very small and can be ignored.

After conducting the measurements during the testing phase, the final volume change for
each studied case can be obtained by subtracting the final measured volume (at the last
drying cycle) from the initial volume (cylindrical can volume) and dividing the result by

the initial volume. Figure 4.27 totalize the experimental results of the dry/wet cycles test.
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Figure 4.27. Summary of experimental results of the dry/wet cycle test.

Referring to the outputs of the related test which were summarized in Figure 4.27, it was
noticed that the volume changes, at the last cycle, for untreated samples and cement/lime
stabilized samples were swelling type. In addition, the cement-stabilized samples
exhibited lower volume change in comparison with lime-stabilized ones. In contrast,
reinforced samples exhibited a volumetric change of contraction/compression type, and

the change was increased with the increase of fiber content. However, this behavior can
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be attributed to the effect of polypropylene fiber in resisting the swelling pressure during
the wetting cycles which was more efficient in comparison with the swelling resistance
effect of cement and lime. Likewise, the high crack formation resistance also contributed

to reducing the changes during the drying cycles.

In order to find out the optimum fiber inclusion for the reinforced samples in which the
volume change was increased with the increase of fiber inclusion, regardless of the
change type (contraction or swelling), the volume changes values for all fiber contents
(0%, 0.5%, 1%, 1.5%) were represented as shown in Figure 4.28 where it can be found

that the optimum fiber inclusion for resisting the volume changes is 0.38%.
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Figure 4.28. The optimal fiber content for resisting volume changes.

4.5 Evaluate the Strength and Durability Behavior of the Fiber—Clay Mixtures
Subjected to Freeze-Thaw Cycles

Referring to UU triaxial tests, and after subjecting the samples to 10 closed cycles of
freezing and thawing, Figure 4.29 illustrates the stress-strain relations of the fiber-
reinforced and unreinforced samples under 200 kPa confining pressures after application
of 0, 3, 6, and 10 (F-T) cycles respectively. Also, during the application of (F-T) cycles,
the samples’ heights and diameters are measured several times. Table 4.8 presents the
physical properties (height and diameter) of the studied samples after exposing them to

(F=T) cycles and before UU triaxial strength testing.
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Figure 4.29. Stress-strain relations of unreinforced and reinforced soil under various
cycles of (F-T): (a) Zero cycles of (F-T), (b) 3 cycles of (F-T), (c) 6 cycles of (F-T), (d)
10 cycles of (F-T).
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Table 4.8. Physical changes after (F-T) cycles application and before UU triaxial strength
testing

Number of (F_T) Sample’s diameter Sample’s hight Fiber content
(D, mm) (h, mm) (%PP)
38 80 0%
38 80 0.5%
° 38 80 1%
38 80 1.5%
38 84.3 0%
38 84.1 0.5%
’ 38 83.7 1%
38 83.6 1.5%
38.3 85 0%
38.2 84.8 0.5%
° 38.3 84 1%
38.3 84.5 1.5%
38.3 85.3 0%
10 38.2 84.9 0.5%
38.3 84.5 1%
38.3 85 1.5%

Referring to Figure 4.29, and by representing the failure strength for all cases at 0, 3, 6,
and 10 freeze-thaw cycles as it is shown in Figure 4.30 (a), it can be noticed clearly that
the strength behavior for all unreinforced and reinforced samples is similar, where the
strength decreases with the increase of (F-T) cycles, specifically. The UU compressive
strength of the unreinforced sample has been reduced up to 51% after subjecting to 10
(F-T) cycles; this decreasing tendency was about 33% for 0.5% of PP content, 18.4% for
1% PP content, and 21.1% for 1.5% of PP content. This phenomenon can be attributed to
ice formation and ice thawing causes, wherein in the freezing phase, the pore water in the
soil turns into ice. Ice creates a force that separates soil particles, increasing the pore water
pressure during this stage. On the other flip, during the thawing phase, excessive pore

water pressure can not return to its original or previous state. So thus, (F-T) cycles
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generally weaken soil strength (Andersland and Ladanyi, 2004; Wang et al. 2007;
Ghazavi and Roustaie, 2013). Despite the fact that several studies have clearly
demonstrated that soil strength decreases with an increase in the number of (F-T) cycles
for both fiber- and non-fiber-reinforced soil, fiber-reinforced soils exhibited the least
amount of strength loss in comparison with the non-reinforced ones, i.e. the greatest
strength reduction was 51% for unreinforced samples while it was 18% after adding 1%
of FPP which means fiber-reinforced samples reduced the frost heave by about 30% and
1% fiber content can be considered as an optimum content for frost heave resistance. 4.30

(b) shows the increase of the strength reduction by the increase of fiber inclusion.
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Figure 4.30. UU compressive strength values with fiber content (FPP): (a) UU
compressive strength under different cycles of (F-T), (b) UU compressive strength
reduction with fiber content.

For evaluating the effect of (F—T) cycles on the resilient modulus (E), the resilient
modulus was calculated for both reinforced and unreinforced samples that were exposed
to 10 cycles of (F-T). Figure 4.31 shows the reduction of resilient modulus with the
increase of (F-T) cycles. However, the reinforced samples exhibited a minimum

reduction rate, and this rate decreased with the increase in fiber inclusion.
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Figure 4.31. Resilient modulus values with fiber content (PP) under different cycles of
(F-T)

Regarding the evaluation of the influence of (F-T) cycles on physical properties
(volumetric resistance), and with reference to Table 4.9, it can be noticed a clear increase
in the sample’s dimensions (volume) by the increase of (F—T) cycles for both reinforced
and unreinforced cases. However, the reinforced samples experienced minimum
volumetric changes in comparison with the unreinforced situation, and that can be
attributed to the role of the fiber in creating coupling forces (bounding forces) that connect
the soil particles and decrease the volumetric changes in the reinforced ones. However,
the height (volume) variation throughout the (F-T) cycles can be explained according to
each stage, where during the thawing stage, the ice crystals that were formed during the
freezing stage, start to melt and the resulting water moves deeper into the sample due to
gravity. This phenomenon contributes to an increase in the sample height (Andersland
and Ladanyi, 2004; Wang et al. 2007; Ghazavi and Roustaie, 2013). As shown in Figure
4.32, the changes in the samples' height affect the unit weight. Thus, the unit weight of
the sample decreases even in the presence of polypropylene fibers. However,
polypropylene fibers have contributed effectively in resisting more changes in the unit
weight in comparison with the unreinforced situation. After ten (F-T) cycles, the unit
weight of the unreinforced sample decreases by about 0.9% more than PP-reinforced

samples. These findings are in true agreement with the findings of Wang et al. (2018).
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Fig. 4.32. Unit weight variation with fiber content and under different cycles of (F-T).

4.6 Evaluating The Feasibility Of PP Utilization as Reinforcement Material under
Shallow Foundations

In this part, geometric modeling for twelve models that represented the fiber-reinforced
soil for three fiber contents (0.5%, 1%, 1.5%) and for four depths/layer thicknesses of
reinforced layer (b/4, b/2, 3b/4, b) were considered. Additionally, one model for
unreinforced soil was considered to be compared with other models. The results of the
modeling analysis are illustrated in Figure 4.33, where deformation shape and value,

stress distribution, and related settlements are presented.

(b) )
| /
R X

Figure 4.33. Geometrical modeling analysis results forms: (a) deformation shape; (b)
settlements distribution; (c) Stress distribution.
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For evaluating the influence of PP fiber inclusion on bearing capacity, curves of ultimate
bearing capacity (quit) and relevant displacements/deformations (u) are generated for each
fiber content and for different layer thicknesses (i.e., fiber-reinforced layer thickness).
Figures 4.34 to 4.37 show (quit — u) curves for four depths of fiber-reinforced soil (D=
b/4, b/2, 3b/4, b) with respect to fiber inclusion for each depth (thickness).
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Figure 4.34. Ultimate bearing capacity (quit) and relevant displacements for (b/4) of fiber-
reinforced layer thickness
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Figure 4.35. Ultimate bearing capacity (quit) and relevant displacements for (b/2) of fiber-
reinforced layer thickness
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Figure 4.36. Ultimate bearing capacity (quir) and relevant displacements for (3b/4) of

fiber-reinforced layer thickness
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Figure 4.37. Ultimate bearing capacity (qut) and relevant displacements for (b) of fiber-

reinforced layer thickness

Referring to Figs 4.34 to 4.37, it can be easily noticed that regardless of the thickness of

the reinforced layer, the ultimate bearing capacity is increased with the increase of fiber

inclusion, and this is compatible with previous studies such as (Maheshwari et al. 2011,

Mirzababaei, 2017; Alemyparvin, 2020). Table 4.9 shows the ratio of improvement in the
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bearing capacity for each fiber content at the layer level, and Figure 4.38 represents the
ultimate bearing capacity for each case, It can be inferred that for layer thicknesses less
than (b), it is better to reinforce with 1% of fiber content as this content meet the most

efficient improvement rate in ultimate bearing capacity.

Table 4.9. Ultimate bearing capacity improvement ratio

Fiber-Soil layer Improvement Ratio
thickness PP=0.5% PP=1% PP=1.5%
b/4 1.23 1.37 1.39
b/2 1.53 1.70 1.76
3b/4 1.72 2.02 212
b 1.80 2.22 2.58

H PP=0% B PP=0.5% HPP=1% B PP=1.5%
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Figure 4.38. Ultimate bearing capacity (qut) with respect to fiber-reinforced layer
thickness and fiber inclusion
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5.  CHAPTER V: CONCLUSION AND RECOMMENDATIONS

5.1 General Overview

This research presented a comprehensive review and detailed study of soil stabilization
techniques, related methods, materials utilization, and field applications that concern
stabilizing problematic soils. Both chemical and mechanical stabilization methods were
presented and the most recent research results were discussed by highlighting the
strength, and weak points for each and flagging the gaps that still needed to be fulfilled.
Additionally, extra attention was paid to environmental consideration to maintain the
achieved improved properties regardless of the techniques or materials used in soil
stabilization, with a full comparative study theoretically and experimentally to evaluate
the most appropriate stabilization technique that maintains a sustainable geotechnical

solution.

Moreover, with reference to extensive previous studies that were proposing utilizing
chemical additives or compositions of chemicals without taking into account the
environmental impact of these materials, this research highlighted the devastating effects
on the environment resulting from the utilization of chemical additives in soil stabilization
and proposed a low-cost, eco-friendly reinforcing material, rapid to perform and easy to
work, and the feasibility of its utilization in all weather conditions, and proved through a
full set of experiments its efficiency under different applied loads of vertical, horizontal,
and triaxial loads and subjected to temperature differences to simulate the environment

changes effect in both hot and cold areas.

Also, the feasibility of utilizing PP as reinforcing material under the foundation/footings
was inspected by 2D finite element analyses and the influence of fiber inclusion on the
bearing capacity was investigated to study all possible applications of this material in
practice. This study's key findings are as follows:
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This study demonstrates the influence of polypropylene fiber (PP) on the physical,
strength, swell, and compressibility properties of high plasticity clay. The results
demonstrate that both maximum dry density and liquid limit have been decreased with
the increase of fiber content while in contrast, both plastic and shrinkage limits have been
increased and these changes have not resulted in a change in soil classification in terms
of the investigated fiber content. However, a potential soil classification change could be

observed for fiber content higher than 1.5%.

Regarding to its influence on the strength and swelling properties, the findings indicate a
significant improvement in both strength and swelling behavior and provide fiber content-
based functions to predict all strength and swelling properties. The results show obvious
improvement in the shear strength (an average increase of 184% at 1.5% fibers) and shear
parameters (cohesion (an increase of 257% at 1.5% fibers) and friction angle (an increase
of 62% at 1.5% fibers)) of the reinforced soil, with a possibility of decreasing the friction
angle for a fiber content greater than 1.5%. The same behavior was observed in the
unconfined compressive strength results (an increase of 86% at 1.5% fibers) after
considering the elasticity modulus, which is decreased for a fiber content greater than
0.5%. A like, the unconsolidated undrained (UU) triaxial strength increased with the
increase of PP under the specific confined pressure of 200 kPa (an average increase of
112% at 1.5% fibers). The resilient modulus is also increased with the increase of fiber

content (an average increase of 80% at 1.5% fibers).

Regarding swell tests, it shows a decrease in swelling stress (a decrease of 46% at 1.5%
fibers) and swelling potential (a decrease of 24% at 1.5% fibers) with the increase of fiber
content, considering that 1% of fiber content is the optimum fiber content for improving
the swelling behavior with respect to the properties of the studied soil. Therefore, it can
be inferred that there is a great potential for the utilization of PP to reinforce clayey soils
of high plasticity in several areas of geotechnical engineering after applying proper
mixing techniques to ensure the homogeneity of the soil-fiber matrix in the field. The
fiber contents of 0.5% to 1% are deemed appropriate for the soil in this study to have
minimal swell and improve the shear strength and unconfined compressive strength

effectively.
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Regarding consolidation test results, it shows a decrease in the consolidation settlements
for fiber contents up to 1% (a decrease of 15% at 1 % fibers), also the elasticity modulus
increases with the increase of fiber content up to 1% (an increase of 22% at 1 % fibers).
For fiber content bigger than 1%, it is worth mentioning that the settlements increased in
comparison with the unreinforced situation and the same for elasticity modulus that
decreased with the increase to 1.5% of fiber. Therefore, 1% of fiber content is the
optimum fiber content for improving the compressibility behavior to have a low amount

of consolidation settlements.

For environmental effect consideration, the influence of polypropylene fiber, lime, and
cement on resisting desiccation cracks and volume changes resulting from drying, and
the drying/wetting process was demonstrated, where it was found that cracks’ resistance
increases with the increase of fiber inclusion. Furthermore, the efficiency of
polypropylene fiber utilization to reduce the volume changes was investigated, and
different behaviors were observed between the unreinforced samples and reinforced ones.
As such, the results highlighted the contraction behavior for fiber-stabilized soil, while it
was swelling behavior for both lime/cement stabilized soil and un-stabilized soil.
Therefore, the optimum fiber content was identified as 0.38% for improving the resistance
of volumetric changes. Besides, the most appropriate ground improvement techniques
were assessed by utilizing conventional materials (Lime of 6% and cement of 5%) and
comparing their environmental changes’ resistance with the fiber-stabilized soil. Thus, it
was observed high efficiency of fiber influence in comparison with lime and cement
stabilization techniques, and fiber contents between 1% to 1.5% were considered the most
effective and suitable contents, after applying proper mixing techniques to ensure the

homogeneity of the soil-fiber matrix in the field.

For sustainability and durability aspects, the efficiency of polypropylene fiber utilization
to reduce the volume changes, resist the strength reduction, and frost-heave and thawing
settlements resulting from freezing-thawing cycles are investigated by using UU triaxial
testing. The results highlight strength reduction with the increase of (F-T) cycles and this
reduction is decreased with the increase of fiber content, and greatest strength reduction

was 51% for unreinforced samples while it was 18% after adding 1% of polypropylene
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fibers which is considered as the optimum content for resisting (F-T) cycles. Also, the
resilient modulus is decreased with the increase of (F-T) cycles where the reinforced
samples exhibited a minimum reduction rate and this rate was decreased with the increase
of fiber content. Besides, the durability criteria is investigated by studying the effect of
(F=T) cycles on the volume changes resistance where it was observed that volume
changes (unit weight variations) are increased with the increase of (F-T) cycles and the
volumetric changes' resistance is increased with the increase of fiber content. Therefore,
the optimum fiber content is identified as 1% for improving the resistance of volumetric

changes resulting from (F-T) cycles.

Ultimately, this study investigated the effect of PP fiber-reinforced clayey soil in a soil-
foundation system by utilizing the finite element numerical method through Plaxis 2D
software. For this purpose, a set of models have been conducted. Based on the results of
numerical modeling, it has been determined that the use of PP fiber is very efficient for
the improvement and stabilization of clayey soils where the bearing capacity increases
with the increase of fiber inclusion, and 1% of fiber can be considered as optimum content

to achieve efficient improvement rate.

5.2 Recommendations for Future Studies

In order to generalize the finding of this research, it is better to extend the current studies
to consider different soil properties and types to not be limited to clayey soils with CH
classification. Expanding to all clayey and silty soils and considering different soil
properties with different densities (from loose to denser soils), can contribute to a better
understanding of the fiber-soil behavior, specifically mechanical behavior, where it can
end up to a full set of functions based on fiber content to predict all the strength, swell,
compressible properties as it was proposed in the current study for the studied soil type
only. Also, it is recommended to do additional environmental investigations to compare
the impacts of further chemicals or additives with the PP impact as this study was limited
to the most conventional chemicals used (lime and cement) only. So thus, further
comparisons can contribute to better additives selection and more effective and

sustainable solutions in soil stabilization fields.
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APPX 1: Physical tests’ readings and calculations

1. Specific gravity test

Number of pycnometer 1 2 3
Empty weight of the pycnometer (gr) 159.57 | 163.22 | 163.32
Weight of the pycnometer with dry soil (gr) 262.44 | 261.25 | 213.32
Weight of the pycnometer with water (gr) 656.48 | 659.93 660.6
Weight of the pycnometer with dry soil and soil (gr) | 720.9 | 721.62 | 692.35
Solid weight(gr) 102.87 | 98.03 50
Volume of the pycnometer (cm?®) 496.91 |496.71 | 497.28
Volume/weight of the water (cm®) 458.46 | 460.37 | 479.03
Solid volume of soil (cm®) 38.45 36.34 18.25
Specific gravity value 2.675 2.698 2.740
2. Atterberg limits test
2.1 Liquid limit
Weight | Weight of ] ] ]
] Weight of Weight of | Weight No. of
of container ) ) )
) ) container with dry soil of water W% blows
container | with bulk ]
. dry soil (gr) (9r) (9r)
(an) soil (gr)
11.73 37.25 27.67 15.94 9.58 60.10 12
11.68 42.55 31.35 19.67 11.2 56.94 33
11.79 41.74 31.12 19.33 10.62 54.94 30
11.72 42.61 32.42 20.7 10.19 49.23 47

From the figure below LL= 12.3% when the shrinkage is zero.
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2.2 Plastic limit
Number of container 1 2
Empty weight of the container (gr) 11.63 11.59
Weight of the pycnometer with bulk soil (gr) 16.13 18.73
Weight of the container with dry soil (gr) 15.28 17.44
W% 23.29 22.05
Average w% 22.67
2.3 Linear shrinkage (SL)
_ Weight of Shrinka
Number ] Weight of ]
Empty weight of ] container ge
of ) container )
_ the container ) | withdry | W% | length, | dL/L
container with bulk soil )
(gr) soil (gr) dL
(gr) (gr)
(cm)
1 18.29 36.92 32.61 30.10 1 0.079
2 17.76 38.66 33.28 34.66 | 1.105 | 0.087
3 18.28 44.2 36.92 39.06 1.3 0.102

From the figure below SL=12.3% when the shrinkage is zero.
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3. Standard Proctor test
Number of sample 1 2 3 4 5
Empty weight of the mold (gr) 4214.6 | 4214.6 | 4248.3 | 4245.6 | 4252.2
Weight of the mold with bulk soil (gr) | 5930 6045 | 6053.1 | 5897.9 | 6011.2
Volume of the mold (cm?®) 944 944 944 944 944
Density (g/cm®) 1.520 | 1.588 |1.568 | 1.458 | 1.492

For water content calculations the table below shows the moisture content readings for

each of the above samples

Number of container 1 2 3 4 5

Empty weight of the container (gr) 35 35 |18.36|18.18 | 18.39
Weight of the pycnometer with bulk soil (gr) | 79.7 | 119.8 | 44.37 | 46.17 | 48.81
Weight of the container with dry soil (gr) 70.4 | 104.6 | 39.56 | 41.26 | 42.58
W% 26.27 | 21.84 | 22.69 | 21.27 | 25.75

From the figure below, we can find both MDD and OMC
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4. Direct shear test
Unreinforcement case, 0% of fiber and vertical stress equal to 50 kPa
Shear Displacement
Load value in kg | Horizontal load reading | L inmm
stress reading, L
0 0 0 0 0
8.02 2.5 1.8 0.127 5
10.69 3.4 24 0.254 10
14.70 4.6 3.3 0.381 15
20.05 6.3 4.5 0.508 20
24.51 7.7 5.5 0.635 25
28.07 8.8 6.3 0.762 30
30.74 9.7 6.9 0.889 35
34.31 10.8 7.7 1.016 40
36.09 11.3 8.1 1.143 45
37.87 11.9 8.5 1.27 50
38.77 12.2 8.7 1.397 55
39.21 12.32 8.8 1.524 60
39.21 12.3 8.8 1.651 65

Unreinforcement case, 0% of fiber and vertical stress equal to 100 kPa

Shear ] ) ) ) Displacement
Load value in kg | Horizontal load reading | L in mm )
stress reading, L
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0 0 0 0 0
13.81 4.3 3.1 0.1270 5
18.27 5.7 4.1 0.2540 10
20.94 6.6 4.7 0.3810 15
24.06 7.6 5.4 0.5080 20
29.41 9.2 6.6 0.6350 25
35.20 11.1 7.9 0.7620 30
41.44 13.0 9.3 0.8890 35
45.00 14.1 10.1 1.0160 40
47.23 14.8 10.6 1.1430 45
52.13 16.4 11.7 1.2700 50
55.25 17.4 12.4 1.3970 55
57.03 17.9 12.8 1.5240 60
59.71 18.8 13.4 1.6510 65
61.49 19.3 13.8 1.7780 70
62.38 19.6 14.0 1.9050 75
63.27 19.9 14.2 2.0320 80
63.27 19.9 14.2 2.1590 85
63.27 19.9 14.2 2.2860 90

Unreinforcement case, 0% of fiber and vertical stress equal to 150 kPa

Shear ) ) ) ) Displacement
Load value in kg | Horizontal load reading | L inmm ]
stress reading, L
0 0 0 0 0
18.71 5.9 4.2 0.1270 5
21.83 6.9 4.9 0.2540 10
23.62 7.4 5.3 0.3810 15
27.18 8.5 6.1 0.5080 20
32.53 10.2 7.3 0.6350 25
38.77 12.2 8.7 0.7620 30
44.11 13.9 9.9 0.8890 35
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47.23 14.8 10.6 1.0160 40
50.80 16.0 114 1.1430 45
57.03 17.9 12.8 1.2700 50
60.15 18.9 13.5 1.3970 95
65.95 20.7 14.8 1.5240 60
71.74 22.5 16.1 1.6510 65
77.08 24.2 17.3 1.7780 70
78.87 24.8 17.7 1.9050 75
79.76 25.1 17.9 2.0320 80
79.76 25.1 17.9 2.1590 85
79.76 25.1 17.9 2.2860 90
. UCS test
Unreinforcement case, 0% of fiber _ Sample No.1
Corrected load Displacemen
Stress kPa Area A" | strain % | strain AL/L ] t reading, L
om? reading -
0 19.635 0 0 0 0
1.02 19.647 0.06 0.0006 2 0.06
11.19 19.666 0.16 0.0016 22 0.16
35.04 19.694 0.3 0.003 69 0.3
95.12 19.765 0.66 0.0066 188 0.66
156.35 19.827 0.97 0.0097 310 0.97
206.55 19.898 1.32 0.0132 411 1.32
24041 19.966 1.66 0.0166 480 1.66
261.06 20.034 1.99 0.0199 523 1.99
271.18 20.097 2.3 0.023 545 2.3
275.34 20.157 2.59 0.0259 555 2.59
274.35 20.230 2.94 0.0294 555 2.94
269.50 20.297 3.26 0.0326 547 3.26
260.65 20.372 3.62 0.0362 531 3.62
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245.54 20.445 3.96 0.0396 502 3.96
226.18 20.515 4.29 0.0429 464 4.29
Unreinforcement case, 0% of fiber _ Sample No.2

Corrected load Displacemen

Stress kPa Area A' | strain % | strain AL/L ) t reading, L
om? reading o

0 19.635 0 0 0 0
1.53 19.641 0.03 0.0003 3 0.03
12.72 19.661 0.13 0.0013 25 0.13
29.95 19.700 0.33 0.0033 59 0.33
88.58 19.757 0.62 0.0062 175 0.62
150.88 19.817 0.92 0.0092 299 0.92
191.11 19.884 1.25 0.0125 380 1.25
235.77 19.977 1.71 0.0171 471 1.71
242.39 20.009 1.87 0.0187 485 1.87
254.66 20.105 2.34 0.0234 512 2.34
263.30 20.167 2.64 0.0264 531 2.64
263.64 20.217 2.88 0.0288 533 2.88
262.77 20.284 3.2 0.032 533 3.2
260.31 20.360 3.56 0.0356 530 3.56
252.08 20.430 3.89 0.0389 515 3.89
239.27 20.479 4.12 0.0412 490 4.12
Unreinforcement case, 0% of fiber _ Sample No.3

Corrected load Displacemen

Stress kPa Area A' | strain % | strain AL/L ) t reading, L
om? reading o

0 19.635 0 0 0 0

2.55 19.637 0.01 0.0001 5 0.01
9.16 19.647 0.06 0.0006 18 0.06
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27.46 19.663 0.14 0.0014 54 0.14
81.14 19.720 0.43 0.0043 160 0.43
133.80 19.805 0.86 0.0086 265 0.86
163.59 19.867 1.17 0.0117 325 1.17
198.13 19.936 1.51 0.0151 395 1.51
223.90 20.009 1.87 0.0187 448 1.87
245.95 20.085 2.24 0.0224 494 2.24
259.54 20.151 2.56 0.0256 523 2.56
263.94 20.232 2.95 0.0295 534 2.95
261.54 20.303 3.29 0.0329 531 3.29
251.78 20.375 3.63 0.0363 513 3.63
242.66 20.440 3.94 0.0394 496 3.94
233.12 20.462 4.04 0.0404 477 4.04

6. UU triaxial test

Axial strain %

UU triaxial strength kPa

0 0
0.25 94.00978181
0.5 143.6260555
0.75 201.0764778
1 248.0813687
1.25 295.0862596
1.5 339.4797676
1.75 391.7074242
2 433.4895494
2.25 475.2716747
2.5 514.4424171
2.75 543.1676282
3 571.8928393
3.25 598.0066676
3.5 616.2863474
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3.75 634.5660272
3.75 645.0115585
4 652.845707
4.25 658.0684726
4.5 660.6798555
4.75 663.2912383
5 663.2912383
5.25 663.2912383
5.5 663.2912383
5.75 663.2912383
6 0

7. UU triaxial test under (F-T) cycles

UU triaxial strength kPa

Axial strain %

3 cycles 6 cycles 10 cycles

0 0 0 0
0.25 15.66829697 41.78212525 36.55935959
0.5 54.83903939 75.73010201 62.67318787
0.75 83.56425049 112.2894616 88.78701615

1 112.2894616 143.6260555 114.9008444
1.25 141.0146727 177.5740323 141.0146727
15 169.7398838 216.7447747 167.128501
1.75 198.4650949 250.6927515 188.0195636

2 232.4130717 292.4748767 208.9106262
2.25 258.5269 331.6456192 229.8016889
2.5 284.6407282 365.5935959 245.4699858
2.75 310.7545565 391.7074242 263.7496656

3 334.257002 417.8212525 279.4179626
3.25 360.3708303 438.7123151 292.4748767
35 386.4846585 459.6033777 302.920408
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3.75 412.5984868 470.048909 310.7545565
3.75 433.4895494 480.4944403 318.588705
4 454.3806121 485.717206 323.8114707
4.25 470.048909 485.717206 326.4228535
4.5 483.1058232 485.717206 326.4228535
4.75 493.5513545 483.1058232 323.8114707
5 503.9968858 483.1058232 -
5.25 511.8310343 480.4944403 -
5.5 519.6651828 - -
5.75 522.2765656 - -
6 532.7220969 - -
6.25 537.9448626 - -
6.5 540.5562454 - -
6.75 543.1676282 - -
7 532.7220969 - -
7.25 532.7220969 - -
8. Free swelling test
Time (min) Swell Strain SH/H%
0 0
0.25 0.02
1 0.04
4 0.05
9 0.07
16 0.105
25 0.165
36 0.25
49 0.285
64 0.34
81 0.4
100 0.5




121 0.59
169 0.76
196 0.955
225 1.16
1200 1.6
1440 1.6
1600 1.6

9. Oedometer/consolidation test

Unreinforcement case, 0% of fiber. Applied vertical stress is 80 kPa

Sqrt (time) Time (min) Axial Strain §H/H%
0 0 0
0.5 0.25 0.3
1 1 0.41
2 4 0.45
3 9 0.465
4 16 0.485
5 25 0.5
6 36 0.52
7 49 0.545
8 64 0.55
9 81 0.57
10 100 0.585

11 121 0.6
13 169 0.605
14 196 0.615
15 225 0.63
34.64 1200 0.665
38 1440 0.675
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Unreinforcement case, 0% of fiber. Applied vertical stress is 160 kPa

Sqrt (time) Time (min) Axial Strain §6H/H%
0 0 0
0.5 0.25 0.725
1 1 0.775
2 4 0.875
3 9 0.915
4 16 0.945
5 25 0.97
6 36 1.005
7 49 1.03
8 64 1.065
9 81 11
10 100 1.13
11 121 1.17
13 169 1.26
14 196 1.285
15 225 1.315
34.64 1200 1.4
38 1440 1.425

Unreinforcement case, 0% of fiber. Applied vertical stress is 320 kPa

Sqgrt (time) Time (min) Axial Strain §H/H%

0 0 0

0.5 0.25 1.65
1 1 1.8
2 4 1.865
3 9 1.91
4 16 2.005
5 25 2.05
6 36 2.075
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7 49 2.1
8 64 2.12
9 81 2.14
10 100 2.15
11 121 2.185
13 169 2.2
14 196 2.225
15 225 2.25
34.64 1200 2.4
38 1440 2.425

The calculated void ratio for each vertical applied load is in the tables below:

Unreinforcement case, 0% of fiber. \VVoid ratio under the applied vertical stress is 80

kPa
Sgrt (time) Time (min) Axial Strain 6H/H%
0 0 0.7197
0.5 0.25 0.6682
1 1 0.6492
2 4 0.6424
3 9 0.6398
4 16 0.6363
5 25 0.6338
6 36 0.6303
7 49 0.6260
8 64 0.6252
9 81 0.6217
10 100 0.6191
11 121 0.6166
13 169 0.6157
14 196 0.6140
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15 225 0.6114
34.64 1200 0.6054
38 1440 0.6037

Unreinforcement case, 0% of fiber. VVoid ratio under the applied vertical stress is 160

kPa
Sqrt (time) Time (min) Axial Strain §6H/H%

0 0 0.7197
0.5 0.25 0.5951
1 1 0.5865

2 4 0.5693

3 9 0.5624

4 16 0.5572

5 25 0.5529

6 36 0.5469

7 49 0.5426

8 64 0.5366

9 81 0.5306
10 100 0.5254
11 121 0.5185
13 169 0.5031
14 196 0.4988
15 225 0.4936
34.64 1200 0.4790
38 1440 0.4747

Unreinforcement case, 0% of fiber. VVoid ratio under the applied vertical stress is 320

kPa
Sqrt (time) Time (min) Axial Strain §6H/H%
0 0 0.7197
0.5 0.25 0.4360
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1 1 0.4102
2 4 0.3990
3 9 0.3913
4 16 0.3749
5 25 0.3672
6 36 0.3629
7 49 0.3586
8 64 0.3552
9 81 0.3517
10 100 0.3500
11 121 0.3440
13 169 0.3414
14 196 0.3371
15 225 0.3328
34.64 1200 0.3070
38 1440 0.3027
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APPX 2: Fiber-reinforced testing’ readings and calculations

1. Atterberg limits test

1.1 Liquid limit
Reinforcement case, 0.5% of fiber
Weight | Weight of _ ) )
_ Weight of Weight of | Weight No. of
of container ) _ ]
_ ) container with | dry soil of water W% blows
container | with bulk )
: dry soil (gr) (9n) (9n)
(ar) soil (gr)
11.84 32.65 25.04 13.2 7.61 57.65 16
11.68 38.91 29.52 17.84 9.39 52.63 21
11.67 43.59 32.72 21.05 10.87 51.64 37
11.62 34.79 26.72 15.1 8.07 53.44 43
And from the figure below we can find the LL= 54.4% that meets 25 blows.
70 T
60
50 M
2 20 £ |
E :
20 |
B I
L I
20 + I
- [
10 £ |
X | No. of blows
0 1
10 100
Reinforcement case, 1% of fiber
Weight | Weight of ] ] ]
] Weight of Weight of | Weight No. of
of container ) ) )
container with dry soil of water W% blows
container | with bulk )
_ dry soil (gr) (9n) (9n)
(an) soil (gr)
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11.67 31.43 24.43 12.76 7 54.86 17
11.23 38.59 29.23 18 9.36 52.00 33
11.77 30.16 23.93 12.16 6.23 51.23 21
11.81 41.59 31.47 19.66 10.12 51.48 41
And from the figure below we can find the LL= 53% that meets 25 blows.
60 r
—
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: No. of blows
0 | L L L
10 100
Reinforcement case, 1.5% of fiber
Weight | Weight of ] ] ]
] Weight of Weight of | Weight No. of
of container ) ) )
_ ) container with | dry soil of water W% blows
container | with bulk )
: dry soil (gr) (9r) (9r)
(an) soil (gr)
18.47 40.59 33.62 15.15 6.97 46.01 44
17.83 41.15 33.17 15.34 7.98 52.02 28
18.16 45.23 35.98 17.82 9.25 51.91 21
11.87 42.34 31.48 19.61 10.86 55.38 14

And from the figure below we can find the LL= 52% that meets 25 blows.
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1.2 Plastic limit
Reinforcement case, 0.5% of fiber
Number of container 1 2
Empty weight of the container (gr) 11.52 11.59
Weight of the pycnometer with bulk soil (gr) 15.23 15.57
Weight of the container with dry soil (gr) 14.53 14.74
W% 23.26 26.35
Average w% 24.80
Reinforcement case, 1 % of fiber
Number of container 1 2
Empty weight of the container (gr) 11.57 11.54
Weight of the pycnometer with bulk soil (gr) 15.74 17.12
Weight of the container with dry soil (gr) 14.89 15.92
W% 25.60 27.40
Average w% 25.6
Reinforcement case, 1.5 % of fiber
Number of container 1 2
Empty weight of the container (gr) 11.52 11.61
Weight of the pycnometer with bulk soil (gr) 16.73 15.54
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Weight of the container with dry soil (gr) 15.67 14.75
W% 25.54 25.16
Average w% 25.35
1.3 linear shrinkage (SL)
Reinforcement case, 0.5 % of fiber
_ Weight of Shrinka
Number ) Weight of ]
Empty weight of ] container ge
of ) container )
_ the container ) | withdry | W% | length, | dL/L
container with bulk soil )
(an soil (gr) dL
(gn) (gn)
(cm)
1 18.39 32.81 29.70 2750 | 0.765 | 0.060
2 17.83 38.13 33.20 32.08 1 0.079
3 18.34 61.72 49.67 38.46 | 1.215 | 0.096
Reinforcement case, 1 % of fiber
_ Weight of Shrinka
Number ] Weight of ]
Empty weight of ] container ge
of ) container )
_ the container ) | withdry | W% | length, | dL/L
container with bulk soil )
(gn soil (gr) dL
(gn) (gn)
(cm)
1 17.62 34.39 30.41 31.12 | 0.725 | 0.057
2 18.29 34.43 30.36 33.72 | 0.825 | 0.065
3 18.16 33.59 29.57 3523 | 094 | 0.074
Reinforcement case, 1.5 % of fiber
) Weight of Shrinka
Number ) Weight of )
Empty weight of ) container ge
of ) container )
_ the container ) | withdry | W% | length, | dL/L
container with bulk soil )
(an) soil (gr) dL
(gn) (gn)
(cm)
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1 17.69 32.61 28.85 33.69 | 0.73 | 0.057

2 18.17 35.42 31.48 29.60 0.55 0.043

3 18.44 48.31 39.91 39.12 | 0.905 | 0.071

From the figures below SL can be found for each fiber content when the shrinkage is zero.
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6. Standard Proctor test
Reinforcement case, 0.5 % of fiber
Number of sample 1 2 3 4
Empty weight of the mold (gr) 4214.6 4249 4252 4253
Weight of the mold with bulk soil (gr) 5578.6 5844 6048 6011
Volume of the mold (cm?®) 944 944 944 944
Density (g/cmq) 1.230 | 1.408 1.552 1.472

For water content calculations the table below shows the moisture content readings for

each of the above samples

Number of container 1 2 3 4

Empty weight of the container (gr) 37.4 18.52 | 18.36 | 17.86
Weight of the pycnometer with bulk soil (gr) 104.8 42.83 | 48.92 | 52.7
Weight of the container with dry soil (gr) 94.8 38.88 | 43.22 | 45.14
W% 17.42 19.40 | 22.93 | 27.71

From the figure below, we can find both MDD and OMC
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Reinforcement case, 1 % of fiber

Number of sample 1 2 3 4
Empty weight of the mold (gr) 4248.4 4249 4253 4253
Weight of the mold with bulk soil (gr) 5674.4 5944 6045 6020
Volume of the mold (cm?®) 944 944 944 944
Density (g/cm?3) 1.275 | 1.480 | 1534 | 1.491

For water content calculations the table below shows the moisture content readings for

each of the above samples

Number of container 1 2 3 4

Empty weight of the container (gr) 35.4 18.52 | 17.89 | 17.73
Weight of the pycnometer with bulk soil (gr) 107.7 64.33 | 49.56 | 85.71
Weight of the container with dry soil (gr) 95.98 56.11 | 4352 | 72.14
W% 19.35 21.87 | 23.57 | 24.94

From the figure below, we can find both MDD and OMC

123



1.60 r
Fon ——PP=1%
£
150 +8
(S
-
1.40 +%
=
a
1.30 +
1.20
1.10
' w%
L e e L R e
17 18 19 20 21 22 23 24 25 26
Reinforcement case, 1.5 % of fiber
Number of sample 1 2 3 4
Empty weight of the mold (gr) 4247 4247 4246 4246
Weight of the mold with bulk soil (gr) 5509 5725 5983 5992
Volume of the mold (cm?®) 944 944 944 944
Density (g/cm®) 1.147 1.295 1.486 1.452

For water content calculations the table below shows the moisture content readings for

each of the above samples

Number of container 1 2 3 4

Empty weight of the container (gr) 17.73 31.28 | 30.74 | 30.45
Weight of the pycnometer with bulk soil (gr) 49.31 80.31 | 89.26 | 103.39
Weight of the container with dry soil (gr) 44.69 72.16 | 77.64 | 87.72
W% 17.14 19.94 | 24.78 | 27.36

From the figure below, we can find both MDD and OMC
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7. Direct shear test

Reinforcement case, 0.5% of fiber and vertical stress equal to 25 kPa

Shear _ ) ) ) Displacement
tress Load value in kg | Horizontal load reading | L inmm reading, L
0 0 0 0 0
10.69 3.36 24 0.127 5
18.71 5.88 4.2 0.254 10
23.62 7.42 5.3 0.381 15
29.85 9.38 6.7 0.508 20
38.32 12.04 8.6 0.635 25
45.45 14.28 10.2 0.762 30
54.81 17.22 12.3 0.889 35
58.37 18.34 131 1.016 40
63.27 19.88 14.2 1.143 45
63.27 19.88 14.2 1.27 50
63.27 19.88 14.2 1.397 55

Reinforcement case, 0.5% of fiber and vertical stress equal to 50 kPa

Shear ] ) ) ) Displacement
Load value in kg | Horizontal load reading | L in mm )
stress reading, L
0 0 0 0 0
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14.26 4.48 3.2 0.127 5
19.16 6.02 4.3 0.254 10
27.18 8.54 6.1 0.381 15
32.08 10.08 7.2 0.508 20
39.21 12.32 8.8 0.635 25
51.24 16.1 115 0.762 30
61.49 19.32 13.8 0.889 35
71.74 22.54 16.1 1.016 40
79.76 25.06 17.9 1.143 45
80.65 25.34 18.1 1.27 50
80.65 25.34 18.1 1.397 55
80.65 25.34 18.1 1.524 60

Reinforcement case, 0.5% of fiber and vertical stress equal to 100 kPa

Shear Displacement
Load value in kg | Horizontal load reading | L inmm
stress reading, L
0 0 0 0 0
31.64 9.94 7.1 0.127 5
45.00 14.14 10.1 0.254 10
64.16 20.16 14.4 0.381 15
79.31 24.92 17.8 0.508 20
91.34 28.7 20.5 0.635 25
99.36 31.22 22.3 0.762 30
105.16 33.04 23.6 0.889 35
106.49 33.46 23.9 1.016 40
107.38 33.74 24.1 1.143 45
107.83 33.88 24.2 1.270 50
107.83 33.88 24.2 1.397 55
107.83 33.88 24.2 1.524 60
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Reinforcement case, 0.5% of fiber and vertical stress equal to 150 kPa

Shear _ ] ] ) Displacement
tress Load value in kg | Horizontal load reading | L inmm reading, L
0 0 0 0 0
33.86 10.64 7.6 0.127 5
45.89 14.42 10.3 0.254 10
61.04 19.18 13.7 0.381 15
71.74 22.54 16.1 0.508 20
81.99 25.76 18.4 0.635 25
97.14 30.52 21.8 0.762 30
110.06 34.58 24.7 0.889 35
118.52 37.24 26.6 1.016 40
126.10 39.62 28.3 1.143 45
137.68 43.26 30.9 1.270 50
137.68 43.26 30.9 1.397 55
137.68 43.26 30.9 1.524 60

Reinforcement case, 1% of fiber and vertical stress equal to 25 kPa

Shear Displacement
Load value in kg | Horizontal load reading | L inmm ]
stress reading, L
0 0 0 0 0
14.70 4.62 3.3 0.127 5
25.84 8.12 5.8 0.254 10
33.86 10.64 7.6 0.381 15
47.68 14.98 10.7 0.508 20
59.71 18.76 13.4 0.635 25
69.06 21.7 15.5 0.762 30
76.64 24.08 17.2 0.889 35
81.54 25.62 18.3 1.016 40
81.54 25.62 18.3 1.143 45
81.54 25.62 18.3 1.27 50
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Reinforcement case, 1% of fiber and vertical stress equal to 50 kPa

Shear Displacement
Load value in kg | Horizontal load reading | L inmm
stress reading, L
0 0 0 0 0
24.51 7.7 5.5 0.127 5
39.21 12.32 8.8 0.254 10
52.58 16.52 11.8 0.381 15
61.94 19.46 13.9 0.508 20
73.07 22.96 16.4 0.635 25
84.21 26.46 18.9 0.762 30
92.23 28.98 20.7 0.889 35
97.58 30.66 21.9 1.016 40
100.25 31.5 22.5 1.143 45
101.59 31.92 22.8 1.27 50
102.93 32.34 23.1 1.397 55
102.93 32.34 23.1 1.524 60

Reinforcement case, 1% of fiber and vertical stress equal to 100 kPa

Shear ) ) ) ) Displacement
Load value in kg | Horizontal load reading | L inmm ]
stress reading, L
0 0 0 0 0
34.75 10.92 7.8 0.127 5
54.81 17.22 12.3 0.254 10
78.87 24.78 17.7 0.381 15
94.91 29.82 21.3 0.508 20
116.30 36.54 26.1 0.635 25
122.98 38.64 27.6 0.762 30
127.88 40.18 28.7 0.889 35
131.00 41.16 29.4 1.016 40
133.23 41.86 29.9 1.143 45
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134.12 42.14 30.1 1.270 50
134.12 42.14 30.1 1.397 55
134.12 42.14 30.1 1.524 60

Reinforcement case, 1% of fiber and vertical stress equal to 150 kPa

Shear Displacement
Load value in kg | Horizontal load reading | L inmm
stress reading, L
0 0 0 0 0
36.54 11.48 8.2 0.127 5
61.94 19.46 13.9 0.254 10
85.11 26.74 19.1 0.381 15
103.82 32.62 23.3 0.508 20
123.87 38.92 27.8 0.635 25
131.00 41.16 29.4 0.762 30
144.81 45.5 32.5 0.889 35
15551 48.86 34.9 1.016 40
163.53 51.38 36.7 1.143 45
165.75 52.08 37.2 1.270 50
165.75 52.08 37.2 1.397 55
165.75 52.08 37.2 1.524 60

Reinforcement case, 1.5% of fiber and vertical stress equal to 25 kPa

Shear ) ) ) ) Displacement
Load value in kg | Horizontal load reading | L inmm
stress reading, L
0 0 0 0 0
15.60 4.9 3.5 0.127 5
26.29 8.26 5.9 0.254 10
56.59 17.78 12.7 0.381 15
76.64 24.08 17.2 0.508 20
90.45 28.42 20.3 0.635 25
103.82 32.62 23.3 0.762 30
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11451 35.98 25.7 0.889 35
122.98 38.64 27.6 1.016 40
124.32 39.06 27.9 1.143 45
124.32 39.06 27.9 1.27 50

Reinforcement case, 1.5% of fiber and vertical stress equal to 50 kPa

Shear ) ) ) ) Displacement
Load value in kg | Horizontal load reading | L inmm )
stress reading, L
0 0 0 0 0
27.63 8.68 6.2 0.127 5
34.75 10.92 7.8 0.254 10
58.37 18.34 131 0.381 15
69.96 21.98 15.7 0.508 20
88.22 21.72 19.8 0.635 25
109.61 34.44 24.6 0.762 30
127.88 40.18 28.7 0.889 35
139.47 43.82 31.3 1.016 40
143.92 45.22 32.3 1.143 45
145.26 45.64 32.6 1.27 50
145.26 45.64 32.6 1.397 55
145.26 45.64 32.6 1.524 60

Reinforcement case, 1.5% of fiber and vertical stress equal to 100 kPa

Shear Displacement
Load value in kg | Horizontal load reading | L in mm
stress reading, L
0 0 0 0 0
31.19 9.8 7 0.127 5
36.09 11.34 8.1 0.254 10
56.59 17.78 12.7 0.381 15
81.99 25.76 18.4 0.508 20
103.82 32.62 23.3 0.635 25
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118.52 37.24 26.6 0.762 30
139.02 43.68 31.2 0.889 35
154.61 48.58 34.7 1.016 40
161.30 50.68 36.2 1.143 45
165.31 51.94 37.1 1.27 50
166.65 52.36 37.4 1.397 55
166.65 52.36 37.4 1.524 60

Reinforcement case, 1.5% of fiber and vertical stress equal to 150 kPa

Shear ) ) ) ) Displacement
Load value in kg | Horizontal load reading | L inmm )
stress reading, L
0 0 0 0 0
35.65 11.2 8 0.127 5
48.12 15.12 10.8 0.254 10
65.05 20.44 14.6 0.381 15
94.02 29.54 21.1 0.508 20
115.40 36.26 25.9 0.635 25
134.56 42.28 30.2 0.762 30
156.40 49.14 35.1 0.889 35
172.44 54.18 38.7 1.016 40
183.13 57.54 41.1 1.143 45
191.15 60.06 42.9 1.27 50
195.16 61.32 43.8 1.397 55
195.16 61.32 43.8 1.524 60
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8. UCS test

Reinforcement case, 0.5% of fiber _ Sample No.1

Corrected load Displacemen

Stress kPa Area A' | strain % | strain AL/L ] t reading, L
om? reading o

0 19.635 0 0 0 0
3.06 19.637 0.01 0.0001 6 0.01
5.60 19.641 0.03 0.0003 11 0.03
12.72 19.647 0.06 0.0006 25 0.06
19.33 19.663 0.14 0.0014 38 0.14
35.04 19.694 0.3 0.003 69 0.3
77.41 19.765 0.66 0.0066 153 0.66
128.11 19.827 0.97 0.0097 254 0.97
173.40 19.896 1.31 0.0131 345 131
213.93 19.960 1.63 0.0163 427 1.63
245.72 20.023 1.94 0.0194 492 1.94
266.71 20.097 2.3 0.023 536 2.3
279.14 20.169 2.65 0.0265 563 2.65
284.58 20.240 2.99 0.0299 576 2.99
287.12 20.305 33 0.033 583 3.3
286.11 20.377 3.64 0.0364 583 3.64
284.15 20.447 3.97 0.0397 581 3.97
281.23 20.517 4.3 0.043 S77 4.3
277.83 20.588 4.63 0.0463 572 4.63
273.99 20.658 4.95 0.0495 566 4.95
Reinforcement case, 0.5% of fiber _ Sample No.2

Corrected load Displacemen

Stress kPa Area A' | strain % | strain AL/L ] t reading, L
om? reading -

0.00 19.635 0 0 0 0
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4.58 19.637 0.01 0.0001 9 0.01
8.15 19.641 0.03 0.0003 16 0.03
15.78 19.649 0.07 0.0007 31 0.07
29.50 19.664 0.15 0.0015 58 0.15
60.92 19.698 0.32 0.0032 120 0.32
121.48 19.757 0.62 0.0062 240 0.62
171.99 19.827 0.97 0.0097 341 0.97
213.17 19.890 1.28 0.0128 424 1.28
243.08 19.952 1.59 0.0159 485 1.59
262.70 20.023 1.94 0.0194 526 1.94
276.22 20.093 2.28 0.0228 555 2.28
284.71 20.161 2.61 0.0261 574 2.61
289.73 20.226 2.92 0.0292 586 2.92
292.60 20.301 3.28 0.0328 594 3.28
294.61 20.366 3.59 0.0359 600 3.59
295.50 20.440 3.94 0.0394 604 3.94
296.59 20.500 4.22 0.0422 608 4.22
296.93 20.577 4.58 0.0458 611 4.58
297.86 20.647 4.9 0.049 615 4.9
296.77 20.723 5.25 0.0525 615 5.25
296.71 20.795 5.58 0.0558 617 5.58
295.70 20.866 5.9 0.059 617 5.9
295.13 20.940 6.23 0.0623 618 6.23
293.08 21.018 6.58 0.0658 616 6.58
290.16 21.092 6.91 0.0691 612 6.91
287.77 21.163 7.22 0.0722 609 7.22
285.36 21.236 7.54 0.0754 606 7.54
282.47 21.312 7.87 0.0787 602 7.87
279.56 21.391 8.21 0.0821 598 8.21
275.78 21.466 8.53 0.0853 592 8.53
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Reinforcement case, 0.5% of fiber _ Sample No.3

Corrected load Displacemen
Stress kPa Area A' | strain % | strain AL/L ) t reading, L

o reading -

0.00 19.635 0 0 0 0
5.60 19.637 0.01 0.0001 11 0.01
7.64 19.641 0.03 0.0003 15 0.03
15.78 19.649 0.07 0.0007 31 0.07
31.02 19.666 0.16 0.0016 61 0.16
65.48 19.700 0.33 0.0033 129 0.33
128.54 19.761 0.64 0.0064 254 0.64

170.42 19.833 1 0.01 338 1
219.16 19.894 1.3 0.013 436 1.3
248.02 19.958 1.62 0.0162 495 1.62
271.22 20.021 1.93 0.0193 543 1.93
286.58 20.099 231 0.0231 576 231
288.09 20.167 2.64 0.0264 581 2.64
295.05 20.234 2.96 0.0296 597 2.96
299.93 20.305 3.3 0.033 609 3.3
305.41 20.366 3.59 0.0359 622 3.59
306.84 20.434 3.91 0.0391 627 3.91
307.67 20.509 4.26 0.0426 631 4.26
308.49 20.584 4.61 0.0461 635 4.61
310.88 20.651 4.92 0.0492 642 4.92
310.83 20.719 5.23 0.0523 644 5.23
311.25 20.787 5.54 0.0554 647 5.54
310.93 20.873 5.93 0.0593 649 5.93
310.83 20.944 6.25 0.0625 651 6.25
309.68 21.022 6.6 0.066 651 6.6
308.20 21.090 6.9 0.069 650 6.9
307.14 21.163 7.22 0.0722 650 7.22
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305.04 21.243 7.57 0.0757 648 7.57
303.12 21.312 7.87 0.0787 646 7.87
299.49 21.403 8.26 0.0826 641 8.26
Reinforcement case, 1% of fiber _ Sample No.1
Corrected load Displacemen
Stress kPa Area A' | strain % | strain AL/L ] t reading, L
om? reading o

0.00 19.635 0 0 0 0

1.53 19.637 0.01 0.0001 3 0.01

6.11 19.639 0.019 0.00019 12 0.019
12.72 19.647 0.06 0.0006 25 0.06
22.88 19.666 0.16 0.0016 45 0.16
39.60 19.698 0.32 0.0032 78 0.32
77.94 19.759 0.63 0.0063 154 0.63
119.05 19.823 0.95 0.0095 236 0.95
161.34 19.896 1.31 0.0131 321 1.31
203.33 19.968 1.67 0.0167 406 1.67
241.61 20.032 1.98 0.0198 484 1.98
276.05 20.105 2.34 0.0234 555 2.34
307.33 20.174 2.67 0.0267 620 2.67
333.43 20.244 3.01 0.0301 675 3.01
356.49 20.309 3.32 0.0332 724 3.32
376.29 20.383 3.67 0.0367 767 3.67
393.17 20.449 3.98 0.0398 804 3.98
407.37 20.522 4.32 0.0432 836 4.32
420.49 20.595 4.66 0.0466 866 4.66
431.10 20.668 5 0.05 891 5
440.78 20.736 531 0.0531 914 531
448.76 20.813 5.66 0.0566 934 5.66
456.85 20.882 5.97 0.0597 954 5.97
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463.22 20.962 6.33 0.0633 971 6.33
468.29 21.034 6.65 0.0665 985 6.65
472.27 21.111 6.99 0.0699 997 6.99
478.06 21.190 7.34 0.0734 1013 7.34
479.59 21.268 7.68 0.0768 1020 7.68
482.03 21.347 8.02 0.0802 1029 8.02
484.50 21.424 8.35 0.0835 1038 8.35
485.14 21.499 8.67 0.0867 1043 8.67
486.63 21.577 9 0.09 1050 9
488.62 21.653 9.32 0.0932 1058 9.32
486.38 21.732 9.65 0.0965 1057 9.65
484.55 21.814 9.99 0.0999 1057 9.99
483.58 21.899 10.34 0.1034 1059 10.34
479.07 21.980 10.67 0.1067 1053 10.67
475.54 22.059 10.99 0.1099 1049 10.99
471.07 22.141 11.32 0.1132 1043 11.32
465.82 22.219 11.63 0.1163 1035 11.63
461.50 22.297 11.94 0.1194 1029 11.94
452.51 22.386 12.29 0.1229 1013 12.29
Reinforcement case, 1% of fiber _ Sample No.2
Corrected load Displacemen
Stress kPa Area A' | strain % | strain AL/L ] t reading, L
om? reading o

0.00 19.635 0 0 0 0

2.04 19.637 0.01 0.0001 4 0.01

7.13 19.639 0.02 0.0002 14 0.02
16.80 19.647 0.06 0.0006 33 0.06
26.96 19.657 0.11 0.0011 53 0.11
42.66 19.690 0.28 0.0028 84 0.28
60.84 19.724 0.45 0.0045 120 0.45
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81.98 19.761 0.64 0.0064 162 0.64
106.10 19.793 0.8 0.008 210 0.8
130.66 19.823 0.95 0.0095 259 0.95
143.56 19.853 1.1 0.011 285 11
155.35 19.890 1.28 0.0128 309 1.28
174.68 19.922 1.44 0.0144 348 1.44
195.51 19.948 1.57 0.0157 390 1.57
209.57 19.993 1.79 0.0179 419 1.79
233.73 20.023 1.94 0.0194 468 1.94
247.31 20.056 2.1 0.021 496 2.1
259.90 20.085 2.24 0.0224 522 2.24
276.29 20.124 2.43 0.0243 556 2.43
297.11 20.161 2.61 0.0261 599 2.61
304.08 20.192 2.76 0.0276 614 2.76
312.90 20.230 2.94 0.0294 633 2.94
330.59 20.267 3.12 0.0312 670 3.12
336.47 20.299 3.27 0.0327 683 3.27
344.73 20.335 3.44 0.0344 701 3.44
354.85 20.375 3.63 0.0363 723 3.63
367.54 20.406 3.78 0.0378 750 3.78
379.65 20.440 3.94 0.0394 776 3.94
386.46 20.468 4.07 0.0407 791 4.07
391.42 20.515 4.29 0.0429 803 4.29
392.76 20.547 4.44 0.0444 807 4.44
400.04 20.573 4.56 0.0456 823 4.56
404.17 20.610 4.73 0.0473 833 4.73
410.67 20.649 491 0.0491 848 491
419.27 20.679 5.05 0.0505 867 5.05
426.01 20.727 5.27 0.0527 883 5.27
431.12 20.760 5.42 0.0542 895 5.42
436.10 20.798 5.59 0.0559 907 5.59
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438.20 20.835 5.76 0.0576 913 5.76
440.91 20.866 5.9 0.059 920 5.9
446.09 20.915 6.12 0.0612 933 6.12
452.68 20.942 6.24 0.0624 948 6.24
460.48 20.978 6.4 0.064 966 6.4
467.65 21.020 6.59 0.0659 983 6.59
468.32 21.054 6.74 0.0674 986 6.74
469.06 21.106 6.97 0.0697 990 6.97
470.01 21.127 7.06 0.0706 993 7.06
471.42 21.170 7.25 0.0725 998 7.25
473.97 21.204 7.4 0.074 1005 7.4
476.44 21.241 7.56 0.0756 1012 7.56
477.44 21.280 7.73 0.0773 1016 7.73
476.97 21.322 7.91 0.0791 1017 7.91
476.26 21.354 8.05 0.0805 1017 8.05
475.90 21.391 8.21 0.0821 1018 8.21
474.97 21.433 8.39 0.0839 1018 8.39
472.98 21.523 8.77 0.0877 1018 8.77
472.06 21.565 8.95 0.0895 1018 8.95
471.34 21.577 9 0.09 1017 9
469.54 21.617 9.17 0.0917 1015 9.17
466.04 21.672 9.4 0.094 1010 94
462.15 21.768 9.8 0.098 1006 9.8
458.21 21.846 10.12 0.1012 1001 10.12
Reinforcement case, 1% of fiber _ Sample No.3
Corrected load Displacemen
Stress kPa Area A' | strain % | strain AL/L ] t reading, L
om? reading .-
0.00 19.635 0 0 0 0
2.04 19.637 0.01 0.0001 4 0.01
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6.62 19.641 0.03 0.0003 13 0.03
14.25 19.649 0.07 0.0007 28 0.07
19.35 19.638 0.015 0.00015 38 0.015
34.01 19.700 0.33 0.0033 67 0.33
72.36 19.761 0.64 0.0064 143 0.64
111.95 19.831 0.99 0.0099 222 0.99
156.23 19.906 1.36 0.0136 311 1.36
193.59 19.991 1.78 0.0178 387 1.78
237.31 20.058 211 0.0211 476 211
258.84 20.128 2.45 0.0245 521 2.45
301.75 20.182 2.71 0.0271 609 2.71
328.61 20.267 3.12 0.0312 666 3.12
350.10 20.337 3.45 0.0345 712 3.45
367.54 20.406 3.78 0.0378 750 3.78
390.19 20.477 411 0.0411 799 411
394.22 20.547 4.44 0.0444 810 4.44
411.82 20.640 4.87 0.0487 850 4.87
428.96 20.701 5.15 0.0515 888 5.15
432.44 20.789 5.55 0.0555 899 5.55
437.12 20.864 5.89 0.0589 912 5.89
445.19 20.935 6.21 0.0621 932 6.21
450.66 21.036 6.66 0.0666 948 6.66
452.97 21.083 6.87 0.0687 955 6.87
457.94 21.138 7.11 0.0711 968 7.11
462.92 21.213 7.44 0.0744 982 7.44
469.30 21.287 7.76 0.0776 999 7.76
474.18 21.342 8 0.08 1012 8
476.26 21.417 8.32 0.0832 1020 8.32
478.36 21.490 8.63 0.0863 1028 8.63
479.52 21.584 9.03 0.0903 1035 9.03
478.85 21.677 9.42 0.0942 1038 9.42
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477.53 21.737 9.67 0.0967 1038 9.67
474.40 21.817 10 0.1 1035 10
471.43 21.912 10.39 0.1039 1033 10.39
467.38 21.995 10.73 0.1073 1028 10.73
463.24 22.062 11 0.11 1022 11
Reinforcement case, 1.5% of fiber _ Sample No.1
Corrected load Displacemen
Stress kPa Area A' | strain % | strain AL/L ) t reading, L
o2 reading o
0.00 19.635 0 0 0 0
5.09 19.637 0.01 0.0001 10 0.01
8.65 19.649 0.07 0.0007 17 0.07
13.73 19.666 0.16 0.0016 27 0.16
26.39 19.702 0.34 0.0034 52 0.34
61.22 19.765 0.66 0.0066 121 0.66
106.91 19.829 0.98 0.0098 212 0.98
156.74 19.906 1.36 0.0136 312 1.36
208.78 19.973 1.69 0.0169 417 1.69
259.98 20.040 2.02 0.0202 521 2.02
303.90 20.105 2.34 0.0234 611 2.34
339.51 20.176 2.68 0.0268 685 2.68
367.06 20.242 3 0.03 743 3
388.99 20.309 3.32 0.0332 790 3.32
405.81 20.379 3.65 0.0365 827 3.65
418.15 20.447 3.97 0.0397 855 3.97
428.32 20.522 4.32 0.0432 879 4.32
436.70 20.586 4.62 0.0462 899 4.62
443.90 20.658 4.95 0.0495 917 4.95
448.58 20.732 5.29 0.0529 930 5.29
452.69 20.809 5.64 0.0564 942 5.64
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455.90 20.882 5.97 0.0597 952 5.97
459.99 20.957 6.31 0.0631 964 6.31
461.79 21.027 6.62 0.0662 971 6.62
463.89 21.104 6.96 0.0696 979 6.96
466.07 21.177 7.28 0.0728 987 7.28
467.72 21.252 7.61 0.0761 994 7.61
469.34 21.328 7.94 0.0794 1001 7.94
470.81 21.410 8.29 0.0829 1008 8.29
471.49 21.485 8.61 0.0861 1013 8.61
472.10 21.563 8.94 0.0894 1018 8.94
473.22 21.639 9.26 0.0926 1024 9.26
474.72 21.718 9.59 0.0959 1031 9.59
475.23 21.800 9.93 0.0993 1036 9.93
477.56 21.882 10.27 0.1027 1045 10.27
476.75 21.961 10.59 0.1059 1047 10.59
477.27 22.042 10.92 0.1092 1052 10.92
478.00 22.134 11.29 0.1129 1058 11.29
478.12 22.212 11.6 0.116 1062 11.6
479.99 22.292 11.92 0.1192 1070 11.92
479.47 22.379 12.26 0.1226 1073 12.26
480.28 22.466 12.6 0.126 1079 12.6
480.41 22.564 12.98 0.1298 1084 12.98
481.47 22.639 13.27 0.1327 1090 13.27
481.89 22.723 13.59 0.1359 1095 13.59
482.29 22.808 13.91 0.1391 1100 13.91
484.39 22.895 14.24 0.1424 1109 14.24
482.90 22.986 14.58 0.1458 1110 14.58
482.82 23.073 14.9 0.149 1114 14.9
483.06 23.165 15.24 0.1524 1119 15.24
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Reinforcement case, 1.5% of fiber _ Sample No.2

Corrected _
Stress kPa Area A' | strain % | strain AL/L Ioa.d Dlsp.)lacement
o reading | reading, L mm
0.00 19.635 0 0 0 0
2.04 19.637 0.01 0.0001 4 0.01
3.56 19.639 0.02 0.0002 7 0.02
7.63 19.649 0.07 0.0007 15 0.07
12.71 19.664 0.15 0.0015 25 0.15
18.80 19.680 0.23 0.0023 37 0.23
36.49 19.730 0.48 0.0048 72 0.48
80.69 19.829 0.98 0.0098 160 0.98
132.50 19.924 1.45 0.0145 264 1.45
189.28 20.023 1.94 0.0194 379 1.94
243.42 20.130 2.46 0.0246 490 2.46
290.08 20.236 2.97 0.0297 587 2.97
327.07 20.332 3.43 0.0343 665 3.43
353.72 20.440 3.94 0.0394 723 3.94
373.74 20.549 4.45 0.0445 768 4.45
390.22 20.655 4.94 0.0494 806 4.94
403.62 20.762 5.43 0.0543 838 5.43
414.93 20.871 5.92 0.0592 866 5.92
425.79 20.973 6.38 0.0638 893 6.38
435.36 21.086 6.88 0.0688 918 6.88
443.93 21.197 7.37 0.0737 941 7.37
451.33 21.315 7.88 0.0788 962 7.88
457.79 21.429 8.37 0.0837 981 8.37
464.17 21.544 8.86 0.0886 1000 8.86
469.42 21.665 9.37 0.0937 1017 9.37
474.22 21.783 9.86 0.0986 1033 9.86
479.60 21.914 10.4 0.104 1051 104
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482.59 22.027 10.86 0.1086 1063 10.86
487.22 22.146 11.34 0.1134 1079 11.34
488.23 22.264 11.81 0.1181 1087 11.81
490.76 22.394 12.32 0.1232 1099 12.32
491.67 22.515 12.79 0.1279 1107 12.79
49411 22.647 13.3 0.133 1119 13.3
493.02 22.778 13.8 0.138 1123 13.8
493.69 22.909 14.29 0.1429 1131 14.29
477.33 23.003 14.64 0.1464 1098 14.64
Reinforcement case, 1.5% of fiber _ Sample No.3
Corrected _
Stress kPa Area A' | strain % | strain AL/L Ioa-d DlsPIacement
om? reading | reading, L mm

0.00 19.635 0 0 0 0

3.56 19.637 0.01 0.0001 7 0.01

5.60 19.643 0.04 0.0004 11 0.04
10.17 19.657 0.11 0.0011 20 0.11
18.29 19.680 0.23 0.0023 36 0.23
36.02 19.714 0.4 0.004 71 0.4
64.75 19.769 0.68 0.0068 128 0.68
111.28 19.859 1.13 0.0113 221 1.13
162.96 19.944 1.55 0.0155 325 1.55
217.67 20.030 1.97 0.0197 436 1.97
267.40 20.120 241 0.0241 538 241
309.73 20.211 2.85 0.0285 626 2.85
342.91 20.297 3.26 0.0326 696 3.26
367.88 20.387 3.69 0.0369 750 3.69
386.70 20.481 4.13 0.0413 792 4.13
401.54 20.571 4.55 0.0455 826 4.55
413.24 20.666 4.99 0.0499 854 4.99
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423.49 20.756 5.4 0.054 879 5.4

433.18 20.846 5.81 0.0581 903 5.81
440.74 20.942 6.24 0.0624 923 6.24
447.22 21.041 6.68 0.0668 941 6.68
453.17 21.140 7.12 0.0712 958 7.12
458.59 21.239 7.55 0.0755 974 7.55
463.13 21.333 7.96 0.0796 988 7.96
467.39 21.438 8.41 0.0841 1002 8.41
471.28 21.537 8.83 0.0883 1015 8.83
474.96 21.644 9.28 0.0928 1028 9.28
477.42 21.742 9.69 0.0969 1038 9.69
481.09 21.846 10.12 0.1012 1051 10.12
481.64 21.946 10.53 0.1053 1057 10.53
483.81 22.054 10.97 0.1097 1067 10.97
484.74 22.156 11.38 0.1138 1074 11.38
486.82 22.267 11.82 0.1182 1084 11.82
486.24 22.376 12.25 0.1225 1088 12.25
487.86 22.486 12.68 0.1268 1097 12.68
487.29 22.574 13.02 0.1302 1100 13.02
491.91 22.626 13.22 0.1322 1113 13.22
494.80 22.676 13.41 0.1341 1122 13.41
496.41 22.723 13.59 0.1359 1128 13.59
495.83 22.770 13.77 0.1377 1129 13.77
495.87 22.768 13.76 0.1376 1129 13.76
488.84 22.850 14.07 0.1407 1117 14.07
484.55 22.887 14.21 0.1421 1109 14.21
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9. UU triaxial test

UU triaxial strength

Axial UU triaxial strength kPa | UU triaxial strength kPa <Pa
strain % PP=0.5% PP=1% PP=1 50t
0 0 0 0
0.25 130.5691414 216.7447747 201.0764778
0.5 195.8537121 289.8634939 292.4748767
0.75 274.1951969 368.2049787 373.4277444
1 339.4797676 449.1578464 454.3806121
1.25 404.7643383 524.8879484 537.9448626
15 464.8261434 600.6180504 629.3432615
1.75 535.3334797 678.9595353 712.907512
2 592.7839019 746.8554888 791.2489969
2.25 647.6229413 812.1400595 861.7563332
2.5 699.8505979 869.5904817 940.0978181
2.75 741.6327231 911.372607 997.5482403
3 780.8034656 950.5433494 1054.998662
3.25 814.7514423 987.102709 1107.226319
3.5 840.8652706 1018.439303 1146.397061
3.75 864.3677161 1039.330366 1188.179187
4 880.036013 1057.610045 1224.738546
4.25 890.4815443 1068.055577 1261.297906
45 898.3156928 1070.666959 1290.023117
4.75 900.9270756 1065.444194 1313.525562
5 900.9270756 1065.444194 1331.805242
5.25 900.9270756 1065.444194 1347.473539
55 900.9270756 1062.832811 1363.141836
5.75 900.9270756 1062.832811 1368.364602
6 - 1062.832811 1381.421516
6.25 - 1062.832811 1386.644282
6.5 - - 1394.47843
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6.75 - - 1394.47843
7 - - 1399.701196
7.25 - - 1399.701196
7.5 - - 1407.535344
7.75 - - 1407.535344

10. UU triaxial test under (F-T) cycles

Axial strain %

UU triaxial strength kPa, PP=0.5%

3 cycles 6 cycles 10 cycles

0 0 0 0
0.25 49.61627373 101.8439303 60.06180504
0.5 99.23254746 148.8488212 96.62116463
0.75 138.4032899 185.4081808 127.9577586

1 172.3512666 227.190306 161.9057353
1.25 201.0764778 263.7496656 188.0195636
15 235.0244545 300.3090252 219.3561575
1.75 268.9724313 334.257002 248.0813687

2 302.920408 370.8163616 274.1951969
2.25 331.6456192 407.3757212 300.3090252
25 360.3708303 443.9350808 326.4228535
2.75 389.0960414 477.8830575 347.3139161

3 415.2098696 509.2196515 373.4277444
3.25 438.7123151 532.7220969 394.318807
3.5 472.6602919 556.2245424 417.8212525
3.75 496.1627373 577.115605 438.7123151
3.75 519.6651828 595.3952848 454.3806121

4 548.3903939 608.4521989 472.6602919
4.25 569.2814565 621.5091131 485.717206
4.5 587.5611363 634.5660272 498.7741201
4.75 608.4521989 647.6229413 517.0537999

S) 626.7318787 655.4570898 530.1107141
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5.25 645.0115585 668.514004 540.5562454
5.5 660.6798555 676.3481524 551.0017767
5.75 681.5709181 686.7936838 558.8359252
6 702.4619807 697.2392151 566.6700737
6.25 710.2961292 702.4619807 571.8928393
6.5 731.1871918 707.6847464 577.115605
6.75 739.0213403 710.2961292 582.3383706
7 746.8554888 710.2961292 587.5611363
7.25 754.6896373 710.2961292 587.5611363
7.5 759.9124029 710.2961292 592.7839019
1.75 767.7465514 718.1302777 595.3952848
8 770.3579342 720.7416605 598.0066676
8.25 778.1920827 725.9644262 598.0066676
8.5 778.1920827 725.9644262 600.6180504
8.75 783.4148484 725.9644262 600.6180504
9 788.637614 725.9644262 600.6180504
9.25 793.8603797 - 600.6180504
9.5 793.8603797 - 600.6180504
9.75 793.8603797 - 600.6180504
10 - - -
Axial strain % UU triaxial strength kPa, PP=1%
3 cycles 6 cycles 10 cycles
0 0 0 0
0.25 54.83903939 94.00978181 75.73010201
0.5 107.0666959 154.0715868 125.3463757
0.75 156.6829697 211.5220091 167.128501
1 198.4650949 258.5269 211.5220091
1.25 240.2472202 310.7545565 253.3041343
1.5 282.0293454 389.0960414 289.8634939
1.75 326.4228535 412.5984868 331.6456192
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2 368.2049787 464.8261434 365.5935959
2.25 417.8212525 522.2765656 404.7643383
2.5 454.3806121 566.6700737 443.9350808
2.75 496.1627373 621.5091131 488.3285888
3 530.1107141 665.9026211 530.1107141
3.25 569.2814565 707.6847464 566.6700737
3.5 600.6180504 741.6327231 598.0066676
3.75 629.3432615 772.9693171 621.5091131
3.75 652.845707 801.6945282 650.2343242
4 681.5709181 825.1969736 671.1253868
4.25 702.4619807 846.0880363 689.4050666
4.5 720.7416605 869.5904817 707.6847464
4.75 744.244106 882.6473959 723.3530433
5 762.5237858 890.4815443 741.6327231
5.25 780.8034656 903.5384585 759.9124029
5.5 801.6945282 908.7612241 767.7465514
5.75 817.3628252 913.9839898 780.8034656
6 833.0311221 919.2067554 796.4717625
6.25 846.0880363 924.4295211 801.6945282
6.5 864.3677161 927.0409039 812.1400595
6.75 874.8132474 932.2636696 822.5855908
7 885.2587787 932.2636696 825.1969736
7.25 895.70431 932.2636696 830.4197393
7.5 906.1498413 932.2636696 835.6425049
7.75 919.2067554 937.4864352 840.8652706
8 929.6522868 937.4864352 846.0880363
8.25 940.0978181 932.2636696 851.3108019
8.5 947.9319665 929.6522868 853.9221847
8.75 955.766115 924.4295211 859.1449504
9 966.2116463 924.4295211 864.3677161
9.25 974.0457948 - 866.9790989
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9.5 981.8799433 - 866.9790989
9.75 - - 866.9790989
10 - - -

Axial strain %

UU triaxial strength kPa, PP=1.5%

3 cycles 6 cycles 10 cycles
0 0 0 0
0.25 73.11871918 138.4032899 91.39839898
0.5 143.6260555 214.1333919 148.8488212
0.75 211.5220091 279.4179626 201.0764778
1 268.9724313 339.4797676 255.9155171
1.25 323.8114707 394.318807 297.6976424
1.5 381.2618929 433.4895494 342.0911505
1.75 441.3236979 480.4944403 396.9301899
2 496.1627373 522.2765656 441.3236979
2.25 564.0586908 558.8359252 485.717206
2.5 613.6749646 590.1725191 537.9448626
2.75 671.1253868 621.5091131 582.3383706
3 715.5188949 652.845707 621.5091131
3.25 767.7465514 689.4050666 665.9026211
3.5 812.1400595 718.1302777 707.6847464
3.75 848.6994191 741.6327231 736.4099575
3.75 882.6473959 767.7465514 757.3010201
4 919.2067554 796.4717625 791.2489969
4.25 947.9319665 817.3628252 812.1400595
4.5 974.0457948 840.8652706 846.0880363
4.75 1005.382389 864.3677161 851.3108019
5 1028.884834 890.4815443 866.9790989
5.25 1054.998662 908.7612241 880.036013
55 1081.112491 932.2636696 895.70431
9.75 1104.614936 950.5433494 911.372607
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6 1125.505999 968.8230292 919.2067554
6.25 1141.174296 987.102709 929.6522868
6.5 1167.288124 1010.605154 945.3205837
6.75 1180.345038 1028.884834 953.1547322
7 1196.013335 1036.718983 960.9888807
7.25 1209.070249 1052.38728 971.434412
7.5 1222.127163 1060.221428 984.4913261
7.75 1240.406843 1083.723874 992.3254746
8 1256.07514 1088.946639 1002.771006
8.25 1269.132054 1096.780788 1010.605154
8.5 1279.577586 1107.226319 1018.439303
8.75 1290.023117 1120.283233 1028.884834
9 1305.691414 1128.117382 1041.941748
9.25 1316.136945 1138.562913 1047.164514
9.5 1326.582477 1151.619827 1057.610045
9.75 1326.582477 1164.676741 1060.221428
10 1326.582477 1169.899507 1065.444194
10.25 1326.582477 1180.345038 1073.278342
10.5 1326.582477 1193.401952 1078.501108
10.75 1326.582477 1201.236101 1081.112491
11 - 1201.236101 1081.112491
11.25 - 1211.681632 1083.723874
115 - 1219.515781 1083.723874
11.75 - 1235.184078 1088.946639
12 - 1243.018226 1088.946639
12.25 - 1256.07514 1091.558022
12,5 - 1266.520672 1094.169405
12.75 - 1274.35482 1094.169405
13 - 1279.577586 1096.780788
13.25 - 1284.800351 1102.003553
135 - 1290.023117 1102.003553
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13.75 - 1292.6345 1109.837702
14 - - 1109.837702
14.25 - - 1109.837702

11. Free swelling test

Swell Strain 6H/H%

Swell Strain 6H/H%

Swell Strain 6H/H%

Time (min)
PP=0.5% PP=1% PP=1.5%
0 0 0 0
0.25 0.035 0.055 0.025
1 0.055 0.075 0.03
4 0.09 0.1 0.05
9 0.105 0.11 0.075
16 0.15 0.14 0.095
25 0.2 0.2 0.205
36 0.26 0.255 0.325
49 0.305 0.295 0.395
64 0.35 0.325 0.445
81 0.4 0.39 0.545
100 0.455 0.45 0.625
121 0.515 0.505 0.705
169 0.72 0.665 0.795
196 0.865 0.825 0.88
225 0.99 0.97 0.945
1200 1.405 1.205 1.205
1440 1.405 1.205 1.205
1600 1.405 1.205 1.205

12. Oedometer/consolidation test

Reinforcement case. Applied vertical stress is 80 kPa

Sqgrt (time)

Time (min)

Axial Strain 6H/H%
PP=0.5%

Axial Strain Axial Strain
OH/H% OH/H%
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PP=1% PP=1.5%
0 0 0 0 0
0.5 0.25 0.25 0.3 0.3
1 1 0.35 0.4 0.41
2 4 0.355 0.405 0.455
3 9 0.375 0.42 0.5
4 16 0.395 0.44 0.54
5 25 0.4 0.45 0.55
6 36 0.405 0.465 0.555
7 49 0.435 0.485 0.59
8 64 0.445 0.495 0.595
9 81 0.455 0.515 0.6
10 100 0.48 0.535 0.615
11 121 0.495 0.55 0.635
13 169 0.5 0.555 0.645
14 196 0.51 0.56 0.655
15 225 0.515 0.565 0.675
34.64 1200 0.53 0.575 0.74
38 1440 0.54 0.585 0.755
Reinforcement case. Applied vertical stress is 160 kPa
] ] Axial Strain Axial Strain
Sqrt (time) | Time (min) Axial Strain SH/H% 6H/H% 6H/H%
PP=0.5%
PP=1% PP=1.5%
0 0 0 0 0
0.5 0.25 0.56 0.665 0.945
1 1 0.61 0.695 1
2 4 0.66 0.705 1.1
3 9 0.72 0.745 1.185
4 16 0.755 0.785 1.23
S) 25 0.78 0.81 1.29
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6 36 0.82 0.83 1.35
7 49 0.84 0.855 1.39
8 64 0.865 0.875 1.425
9 81 0.9 0.9 1.455
10 100 0.925 0.92 1.5
11 121 0.965 0.955 1.585
13 169 1 0.98 1.625
14 196 1.035 1.01 1.665
15 225 1.095 1.05 1.705
34.64 1200 1.195 1.205 1.775
38 1440 1.215 1.24 1.795
Reinforcement case. Applied vertical stress is 320 kPa
) ) Axial Strain Axial Strain
Sqrt (time) | Time (min) Axial Strain SH/H% dH/HY% 6H/HY%
PP=0.5%
PP=1% PP=1.5%
0 0 0 0 0
0.5 0.25 1.245 1.43 2.1
1 1 1.42 1.525 2.33
2 4 1.495 1.585 2.435
3 9 1.545 1.63 2.525
4 16 1.62 1.725 2.65
5 25 1.65 1.75 2.715
6 36 1.695 1.775 2.75
7 49 1.735 1.8 2.79
8 64 1.75 1.81 281
9 81 1.765 1.82 2.835
10 100 1.775 1.83 2.85
11 121 1.795 1.86 2.89
13 169 1.82 1.88 2.905
14 196 1.845 1.905 2.945
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15 225 1.895 1.925 2.965
34.64 1200 1.995 2.03 3.045
38 1440 2.005 2.055 3.055

The calculated void ratio for each vertical applied load is in the tables below:

Reinforcement case. Void ratio changes under the applied vertical stress is 80 kPa

] ] Axial Strain Axial Strain
Sqrt (time) | Time (min) Axial Strain OH/HY% dH/H% SH/H%
PP=0.5%
PP=1% PP=1.5%
0 0 0.7197 0.7197 0.7197
0.5 0.25 0.6768 0.6682 0.6682
1 1 0.6596 0.6510 0.6492
2 4 0.6587 0.6501 0.6415
3 9 0.6553 0.6475 0.6338
4 16 0.6518 0.6441 0.6269
5 25 0.6510 0.6424 0.6252
6 36 0.6501 0.6398 0.6243
7 49 0.6449 0.6363 0.6183
8 64 0.6432 0.6346 0.6174
9 81 0.6415 0.6312 0.6166
10 100 0.6372 0.6277 0.6140
11 121 0.6346 0.6252 0.6105
13 169 0.6338 0.6243 0.6088
14 196 0.6320 0.6234 0.6071
15 225 0.6312 0.6226 0.6037
34.64 1200 0.6286 0.6209 0.5925
38 1440 0.6269 0.6191 0.5899
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Reinforcement case. VVoid ratio changes under the applied vertical stress is 160 kPa

) ) Axial Strain Axial Strain
Sqrt (time) | Time (min) Axial Strain OHIH%% dH/H% SH/H%
PP=0.5%
PP=1% PP=1.5%
0 0 0.7197 0.7197 0.7197
0.5 0.25 0.6234 0.6054 0.5572
1 1 0.6148 0.6002 0.5478
2 4 0.6062 0.5985 0.5306
3 9 0.5959 0.5916 0.5160
4 16 0.5899 0.5847 0.5082
5 25 0.5856 0.5804 0.4979
6 36 0.5787 0.5770 0.4876
7 49 0.5753 0.5727 0.4807
8 64 0.5710 0.5693 0.4747
9 81 0.5650 0.5650 0.4695
10 100 0.5607 0.5615 0.4618
11 121 0.5538 0.5555 0.4472
13 169 0.5478 0.5512 0.4403
14 196 0.5418 0.5461 0.4334
15 225 0.5314 0.5392 0.4265
34.64 1200 0.5142 0.5125 0.4145
38 1440 0.5108 0.5065 0.4111

Reinforcement case. Void ratio changes under the applied vertical stress is 320 kPa

Axial Strain Axial Strain
) ] ] Axial Strain §6H/H%
Sqrt (time) | Time (min) 6H/H% 6H/H%
PP=0.5%
PP=1% PP=1.5%

0 0 0.7197 0.7197 0.7197

0.5 0.25 0.5056 0.4738 0.3586

1 1 0.4755 0.4575 0.3190

2 4 0.4626 0.4472 0.3010
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3 9 0.4540 0.4394 0.2855
4 16 0.4411 0.4231 0.2640
5 25 0.4360 0.4188 0.2528
6 36 0.4282 0.4145 0.2468
7 49 0.4214 0.4102 0.2399
8 64 0.4188 0.4085 0.2365
9 81 0.4162 0.4068 0.2322
10 100 0.4145 0.4050 0.2296
11 121 0.4111 0.3999 0.2227
13 169 0.4068 0.3964 0.2202
14 196 0.4025 0.3921 0.2133
15 225 0.3939 0.3887 0.2098
34.64 1200 0.3767 0.3706 0.1961
38 1440 0.3749 0.3663 0.1944
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APPX 3: Drying tests’ readings

time Water content (w%)
min PP=0% PP=0.5% PP=1% PP=1.5% | Cement Lime
0 57.86 62.10 62.52 62.80 62.68 60.36
30 56.58 60.01 60.69 61.14 61.07 57.32
60 56.12 59.17 60.02 60.59 60.46 56.68
90 55.69 58.52 59.43 60.04 59.85 56.02
120 55.03 57.87 58.84 59.49 59.15 55.27
150 54.53 57.31 58.23 58.85 58.54 54.79
180 54.05 56.89 57.80 58.40 58.12 54.43
210 53.63 56.43 57.25 57.80 57.67 54.07
240 53.31 56.21 57.08 57.66 57.29 53.91
1440 39.76 41.17 43.88 45.69 43.62 38.74
1470 39.00 40.46 43.21 45.05 42.86 38.02
1500 38.96 40.17 43.00 44.89 42.32 37.65
1530 38.63 39.86 42.74 44.66 42.02 37.21
1560 37.94 39.53 42.29 44.13 41.53 36.82
1590 37.58 39.15 41.90 43.74 41.06 36.44
1620 37.09 38.91 41.47 43.17 40.70 36.18
1650 36.43 38.29 40.90 42.64 40.21 35.52
1680 35.48 37.25 40.01 41.84 39.30 34.72
2880 13.19 16.94 22.51 26.22 19.33 14.11
2910 12.07 16.26 21.69 25.30 18.39 13.74
2940 11.84 15.67 21.12 24.76 18.11 13.55
2970 11.71 15.11 20.52 24.12 17.66 13.31
3000 11.36 14.87 20.14 23.66 17.21 13.22
3030 11.13 14.43 19.60 23.05 16.78 12.91
3060 10.78 14.21 19.41 22.87 16.22 12.64
3090 10.32 14.12 19.22 22.62 15.98 12.43
3120 9.89 13.67 18.66 21.99 15.37 12.06
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4320 5.47 6.43 9.81 12.06 8.13 7.67
4410 4.35 5.61 8.88 11.06 7.15 7.00
4470 3.89 5.25 8.45 10.59 6.70 6.52
4560 3.49 4.12 7.21 9.26 5.39 5.70
2880 13.19 16.94 22.51 26.22 19.33 1411
2910 12.07 16.26 21.69 25.30 18.39 13.74
2940 11.84 15.67 21.12 24.76 18.11 13.55
2970 11.71 15.11 20.52 24.12 17.66 13.31
3000 11.36 14.87 20.14 23.66 17.21 13.22
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