STRENGTH PROPERTIES OF CONCRETE INCORPORATING

PINE NEEDLE AND SISAL FIBRE COMPOSITES

BY
ONYANGO JULIUS
(MSc. Structural Engineering, KYU)

23/U/GMES/1246/PE

A DISSERTATION SUBMITTED TO THE DIRECTORATE OF
RESEARCH AND GRADUATE TRAINING IN PARTIAL
FULFILLMENT OF THE REQUIREMENTS FOR THE
AWARD OF MASTER OF SCIENCE IN
STRUCTURAL ENGINEERING DEGREE

OF KYAMBOGO UNIVERSITY

NOVEMBER, 2025


https://v3.camscanner.com/user/download

DECLARATION

This dissertation entitled “strength properties of concrete incorporating pine needle and
sisal fibre composites” 1s my own work and that, to the best of my knowledge and be-
lief, it neither contains material previously published or written by another person nor
material which has been accepted for the award of a degree of any University or other

institute of higher learning.

Signature: Date:

Name : Onyango Julius

Reg No : 23/U/GMES/1246/PE


https://v3.camscanner.com/user/download

APPROVAL

This dissertation entitled “strength properties of concrete incorporating pine needle and
sisal fibre composites” has been submitted for examination with our approval as the

University Supervisors.

Signature: Date:
Name of Supervisor :  Dr. Vicent Ssenyondo (PhD).
Department, institution :  Department of Civil and Environmental Engineering,

Kyambogo University.

Signature: Date:
Name of Supervisor :  Dr. Eng. Morris Oleng (PhD).
Department, institution :  Department of Civil and Environmental Engineering,

Kyambogo University.

ii


https://v3.camscanner.com/user/download

ACKNOWLEDGEMENTS

I extend my deepest gratitude to my academic supervisors, Dr. Vicent Ssenyondo, Dr.
Eng. Morris Oleng and Dr. Eng. Sam Bulolo for their tireless commitment, unwavering
support, and expert guidance throughout my research journey. Their selfless dedication,
patience, and encouragement went beyond mere academic supervision, nurturing me to
grow and thrive. I also thank my parents, Demeterina Ariso, Silver Onyango, and my
beloved grandmother Martina Ikwenyu, for their unconditional love, prayer and support,
Kyambogo University for providing a rich academic environment. I finally extend my
sincere gratitude to the Central Materials Laboratory, Ministry of Works and Transport,
Kampala-Uganda, specifically the chief materials Engineer, the secretary, the technical
laboratory staff, for their significant support, contribution especially for granting me
access to the laboratory facilities that enabled the successful execution of my experi-
mental research. This dissertation is a testament to the great power of collaboration,
perseverance, commitment, faith in the intelligence of the universe, God, and dedica-
tion, and I hope it contributes meaningfully to the field of Construction Materials and

Structural Engineering.

111


https://v3.camscanner.com/user/download

DEDICATION

I dearly dedicate this dissertation to my family, who have greatly given me a hand to
lean on throughout my academic journey, my parents Demeterina Ariso and Silver
Onyango, my mentors Dr. Eng. Morris Oleng, Dr. Vicent Ssenyondo, Dr. Charles
Onyutha, Dr. Michael Kyakula, Fr. Romanus Etwap, and Fr. Micheal Omaria. My dear
brothers Joseph Odongo, Silver Onyango, Moses Osege, Sister Hannah Akwaso, Jeniff-
er Adego, and Immaculate Akello, my dear friends Susan Akello Ariis, Busingye Diana,
Hellensie, Barnabus Atukwase, CE Linda, Pative Ameo, A Sammie, S Kongola, Avaga
Savior, Joram, W Tim, J. Kennedy Omanga, Dr. Fidrella Rowenah, Arinaitwe Wiston,
Patrie and many others, who have supported and provided me with a shoulder to lean on
during the research process. I finally dedicate this thesis to the pursuit of knowledge and
innovation for sustainable material development in the field of Structural Engineering

across the globe.

1v


https://v3.camscanner.com/user/download

TABLE OF CONTENTS

ACKNOWEEDGEMENTS ..o s sssssisiseim s s s il
ABBREVIATIONS AND ACRONYMS .......coccinisiivinvmemmmmmmssnivvivrvsvvy kil
1. CHAPTER ONE: INTRODUCTION ...t seieeeeeeeee e
1.1,  Backoround of the Study ...ususuaamsnmsspsiiaiimsissiwsasaiaris]
B PrOBIEI SEMBIIEIE s s e i s eorsairsia B
1.3 Objectives Of the StUAY .......cooiiiiiiiiiiieeeeee et eieaeaaens O
1:3.1 Main oObJECHVE .. coi i s msassE s wenD

| 3 SPECIAC ODRCTIVES wuinavnnsinmmmmswsmmirmmsmsnsiassmvssiiias D

1.4 Research qUESHONS .........ooiiiiiiiiiiiiiiieie et ieee e e e e e e e s sssanaaaeas O
1.5  Justification of the research............ccccoiiiiiiiiiiiii e, [
1.6  SigmDCance OfF Thie BRIV i i s s o s s s avanas iy O
LT SCO1Rs OF 6 SRV «oovumvvavemmsvmssssiisisms o e sssms s
L) CONEENE SCOPE ..ttt e e e e e et e e e e e e e e eesamns e aaeennsnsaneeannnnnnns O

1. 7.2 Cepgraphical Scope i sinunsnnnunsanmnannrsrasesmassss 1l


https://v3.camscanner.com/user/download

2.

173 T S ORI i s S R R s
1.8 ConCeptial IRMEWOTK .oivimmisnmism s s r o e v s v voves
LI IO SORNTRUIIN s wocsses o o A A A A R R A SRR

CHAPTER TWO: LITERATURE REVIEW ...,
2.1 I O RO s s S s S
22 INSIERLIIBEOS .o e s e S A S s

2.2.1 Natural fibre classification .............ccccoiiiiiiiiiiiiii e,

222 Application and uses of natoral fibres......ccnnsnmsmanasumass
2.3.  Physical, mechanical characteristics of pine needle and sisal fibres ..............
2.4.  Advantages and disadvantages of pine needle and sisal fibre...................
2.5.  The impact of fibre proportions on concrete strength properties................
2.6.,  Natuial fibie reinforced CONCIOIE «uuiiiiiississmiiismiiinsssisisionssissssmseiiami
2.7.  Durability, economic viability and environmental benefit FRC.....................
2.8.  Failure, behaviour and applications of natural FRC composites ................
2.8.1 Applications of natural fibre reinforced concrete ............cccccvvveereeeennnne
2.9 Literature review summary and research gap .........cccceevemreeeireesresesrneneneenens

CHAPTER THREE: MATERIALS AND METHODS.........cocovmssimsevumnssivscssse
3.1 INITOAUCHION . e e e e e e et e s e e e ee e
B2 RSB O OB O uin i s S S Gt s S s S

3.3  EXPErimehntal PIOBIAIN ..o s e st s s s v

Vi

e 1)

11

o

e 13

13

14

-\

.10

17

sl

.20

25

29

.. 34

Gl

37

....40

...40

40

41


https://v3.camscanner.com/user/download

34,  Maenals s aaainasaaissininnnsnnnunnnannanesasasmeedd
341 Matenal sampling and Preparalion.. . vimmmmisssanvimanmiammnsenidd
342 Pine ncedle Hbre prepatalion. ... usmsissssssissisissvnsivmsssimssmmsissmsissssaise o
3.4.3  Sisal fibre preparation ...........cccoccevviiiiiiiiiiiicieieieeeeieeeeeeeeessnnnnssseseeeseeees . 40
344 TN, sy s S T S e B R S B R T
34.5 Coaise and fifie G@presates. .......mnwinnianmssmsnvisassnssinsivvsa ]

3.5. Experimental deSIZN........ccoooviiuimiiiiiiiiieiiieieeieeeeeeececeeivisseeseseeeaeeeeeeeeseseeeeeeees 49
3:5.1 Samiple- deSiph. .cinsnnsmmsnnnsEnERsnrarasesnssse19
i e 1 SPECHNS PrEPALatIOn .....cvvminnvivwinwinsmrmrm v a0
3.5.3 Mixing and Sample preparation Process..........ccccceeeeeeeviiicrnnerinneneneneee.... 49
3.5.4  Experimental St UP.........coiiiiiiiiiiiiiiiiiiiieeeeeeeesieieaeeeeeeeeeeesnsseseeeeeeeeeeesnnes D0
3.5.5 Sample preparation and mechanical testing..........ccccceeeeeeiiiiinninieneeeneennnnnnn 50

3.6 LabDorSlony et .cuamnmnmismmssnimsem s saiasssivssindtl
3.6.1 Pine needle fibre tests...... ..o D
3.6.2 Concrete compressive strensth test.anunmnnnmanasmasaesmnm ol
36.3 Spht tehsile UPEATI O vvmmmmmininenr s
3.64 Blexmral Strenpth 188 orummsummmamniminsamiemmnmimmnssssonmas 00

3.6.5 Pine needle and sisal fibre RC degradation test and impact on the steel

rebar 54
3.7  Economic viability and environmental benefit analysis ..............ccccceeeeeeeen. 55

3.8, Data analysis and collection InStRUMents .. nnmnmamnsmssmmmasntal

Vil


https://v3.camscanner.com/user/download

4. GCHAPTER BOLUR: REMULTS AND DISCUSION scossinsaamasasmsmsa oy

4.1 IOOAGCHON  vimmsivsiimeiinmes o T i e T T D

4.2  Matenal tests and their Properties ... acwsisisissssissinmsrinssivmsssmsasmsasivssssssasnss 00
4.2.1 Mechanical and physical characteristics of coarse aggregates ...............60
4.2.2 Mechanical and physical characteristics of fine aggregates .......................62
423 Mechanical and physical characteristics of pine needle and sisal fibres 63
4.2.4 Natural fibre reinforced concrete slump tests ........cccccecvvevieveieeieiieeeieeennn.... 64

4.3 Concrele sfrenoth Droperties . smnnsnannarassswssss 00
43.1 Compressive strength of pine needle fibre-reinforced concrete .............66
4.3.2 Compressive strength of sisal fibre-reinforced concrete............................68
4.3.3 Compressive strength of pine needle-sisal reinforced concrete.............. 72
434 Comparison of the impact of hybrid fibre contents on compressive
strength 73

4.3.5 Flexural strength of pine needle and sisal reinforced concrete composite.. 74

4.3.6 Splhntensile strenfth 1est . inasnnmsmnssnsanssmaavisasassesvivids 10
4.3.7 Prediction model for tensile strength ...........cccocooiiiiiiiiiiiiin . 78
4.3.8 External data comparison and validation process ..........cccceevenivieereeeeeeennn.. 80
4.3.9 Analysis of variance to test statistical significance (ANOVA)......................82
4.4  Durability of pine needle and sisal fibre-reinforced concrete composite ....... 83
4.4.1 Water abSOrption LeSL.....ccueueiiiiiii e e e s e eee O
4472 Pine needle and sisal fibre RC degradation test (Durability test) ........... 85

viil


https://v3.camscanner.com/user/download

4.5  Economic viability and environmental benefit analysis .............c.ccccevnenee... 86
5. CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS .....................91
5.1 INETOAUCTION ...ttt e e e nsesnssbesanseeeeaeeeessesnsenensensees D
D2 CONCINSIONS woismsisusn s i v aasasssaa 21
39 RECOMMEBUAIONS .civinmaninisisisssinmsinmas s R s A
5.3.1 Engineering practice and applications guidelines...........ccccccovuvivriiireennee... 92
5.3.2 Policy and environmental recommendations .....aunainmmamamaiaamsin 32
5.3.3 Recommendations Tor hitther Tesearch .....ccvvnwsiwsvmmmmsinsvisvirsvvirvve 93

b 34 Research BmMITAIDIS ..csisusmassiosssvossimsinsimmsimsimimsssmissssisms

1X


https://v3.camscanner.com/user/download

LIST OF TABLES

Table 2.l Properties of Sisal Abres .....auumnmnasnsmmmssnsssminsaasissisisiii L
Table 2.2 Chemical properties of Sisal Fbres .....ununnnnannamansssmsmamas 19
Table 2.3 Material properties of pine needle fibres .............ccccceieiiiiiiiiiiiiiiiiicicne. 19

Table 2.4 Estimated fibre degradation of typical biodegradable composite materials over

1O0-AAY PETTIOMA ...ttt ee e ee e e e e e et abssaaseseaeaaeeeeseeaesseensssssnnnsnsssnsss I
Table 2.5 Applications of bio-composites in construction Works. ...........ccccceeeevieninennn. 37
Table 3.1 Experimental ProsTa s sissmmsissussasanadd
Table 4.1 Physical and Mechanical properties of coarse aggregates...............cccceu......... 61
Table 4.2 Physical and mechanical characteristics of pine Needle and Sisal fibres........ 64
Table 4.3 Analysis of variance (ANOVA) in the perceived strength differences .......... 82

Table 4.4 Water absorption for concrete with pine needle and sisal fibre composites... 84
Table 4.5 pine needle and sisal fibre reinforced concrete degradation test results......... 86

Table 4.6 Environmental impact, benefits and applications .............cccccccciiiiiiiiinnnnee.... 88


https://v3.camscanner.com/user/download

LIST OF FIGURES

Figure 1.1 Geographical scope of the study area: (a) major central forest reserve of
Uganda (NFA, 2020), and (b) the major divisions of Kampala.............cccceceeveieriinnnnnnnnn. 10
Figure 1.2 Conceptual framework describing the study variables..............ccccocececii 11
Figure 2.1 Classification of some common fibres by Origin. ..........ccccievvmeensmvonersiassnsasses 17
Figure 2.2 Mean peak load for natural fibre reinforced concrete columns, Kumarasamy
Figure 2.3 Compressive strength of Bamboo reinforced concrete ................................. 22
Figure 2.4 Split tensile strength of Bamboo reinforced concrete.............cocvveeveeeeeieeenen. 23
Figure 2.5 Flexural strength of bamboo fibre reinforced concrete. ...........cccccceeennnnnnnnn. 23
Figure 2.6 Split tensile strength of concrete incorporating rattan and bamboo for varying
FIDIE COMLENLS . ...t ere e e e e e e e nnnaaaeeeeeeeen snsnnnnenns 20
Figure 2.7 Compressive strength of concrete with varying Rattan and Bamboo fibre
COMEEIIES. it eee ettt et e it e e e e e et e e e s e e e e e aans e e e e s e e eesaansasaesaeeansamsnaeseseneennnsnnnnsees D
Figure 2.8 Compressive Strength of Concrete with Varying Jute Fibre Proportions. ....28
Fagire 3.1 Pine needle Dibie prepardbtion .....uuwismimmvmssiiisaiimsiusissamssiain
Figure 3.2 The process of weighing sisal fibres prior to its final preparation for
HICOTPOTAEION IO COMCTBIE i s s R R s sss
Figure 3.3 Coarse and fine aggregates used in the study ........ccccceeeeviivienieeeeeeieieiicinnnnn . 48
Figure 3.4 Experimental SEt-Up. ......ccoooiiiiiiiiiiiiiiiieeciiiiiieieee e eeeneieeeeeeeee e sesnneaee D0
Fignie 3.5 Castmis of Conerete Bamples .....ninmnnsnsimmimswmmsmimsvavivisiavsvrn
Figure 3.6 Sample Testing for compressive strength.............ccoooeviiiiiiiiiiiiiiiiiieiiiieei 33
Figure 3.7 Durability testing of concrete products........swmicussssssimsaimsssimssssssssssonnio I

Fagiire 3.8 Methodology TIOW CHATE . i s s vanis i s 0

X1


https://v3.camscanner.com/user/download

Figure 4.1 Gradation curve for coarse aggregates, super-imposed on the BS882: 1992
specification for aggregates from natural sources for concrete. ..........cccccceeeeeiiiinnnenee... 61
Figure 4.2 Gradation curve of fine aggregates, super-imposed on BS882:1992
specification for aggregates from natural sources for concrete ............ccccvevveeeeeeeieeeen... 63
Fipare 4.3 Concrete SIUmPpAESL .. v wvamnmsmsimisimmsinsiismiisssmsimmsimsssvsisessanssasnssiOn
Figure 4.4 Compressive strength of pine needle fibre reinforced concrete with varied
fibres. The red line indicates the target mean compressive strength.............cccceeveeeeeee.. 67

Figure 4.5 Relationship between pine needle content and concrete compressive strength.

saca 07
Figure 4.6 Compressive strength of sisal fibre-reinforced concrete..................cc............ 69
Figure 4.7 Compressive strength of fibre-reinforced concrete ..............cccccceeieiinnnnnne. . 70

Figure 4.8 Relationship between sisal fibre content and concrete compressive strength71
Figure 4.9 Relationship between sisal fibre content and concrete compressive strength72
Figure 4.10 Compressive strength of pine needle and sisal fibre reinforced concrete ... 74
Figure 4.11 Flexural strength of pine needle and sisal fibre reinforced concrete. .......... 75

Figure 4.12 Split tensile strength of pine needle and sisal fibre-reinforced concrete.....77

Figure 4.13 Split tensile strength of concrete COmpoSIte .........coeeeeeveiiiiiiiiieiiiiririieeeieeenn. 18
Figure 4.14 Prediction model graph for tensile strength............ccocooeiiiiiiiiiiiiiiiinn . 78
Figure 4.15 Split tensile strength of concrete COMPOSILe ........ivisimismimssiinssiissesssisndioinis 10
Figure 4.16 comparison of data with another researcher’s data ........................coccnl 81
Figure 4.17 cost comparison between the NFRC and the steel RC ................coceninn . 87

Figure 4.18 carbon dioxide gas emission comparison between NFRC and the steel RC88

X11


https://v3.camscanner.com/user/download

ABBREVIATIONS AND ACRONYMS

CN : CentiNewtons

CO2 : Carbon dioxide

DC : Direct Cost

FRC : Fibre Reinforced Concrete

IC : Indirect Cost

Kg : Kilogram

LCA : Life Cycle Analysis

MPa : Megapascal

MoLHUD : Ministry of Lands, Housing and Urban Development
NFA : National Forestry Authority

NFRC : Natural Fibre Reinforced Concrete

OPC : Ordinary Portland Cement

PNF : Pine Needle Fibre

ROM : Rule Of Mixtures Theory

RC ; Reinforced Concrete

SDG : Sustainable Development Goals

SF : Sisal Fibre

ik @ : Uganda Total Cost

UN ] United Nations

UNECE United Nations Economic Commission for Europe

EUNEP : United Nations Environmental Program

X111


https://v3.camscanner.com/user/download

ABSTRACT

The construction industry's reliance on traditional materials has significant unprecedent-
ed material, economic, and environmental challenges. The urgent need for sustainable
and environmentally friendly building materials has become increasingly important to-
wards abating environmental degradation. Concrete, a widely used construction materi-
al, can benefit from the incorporation of natural fibres, which can improve on its me-
chanical properties whilst reducing its environmental-related footprint. The main objec-
tive of this study was to develop an optimum cost-effective, environmentally sustaina-
ble pine needle and sisal fibre reinforced concrete composite with enhanced strength
properties. More specifically, this study evaluated the physical and mechanical proper-
ties associated with the performance of pine needle and sisal fibres as concrete ingredi-
ents, assessed the effect of pine needle and sisal fibre content on concrete strength and
determine the optimal fibre content for achieving desired mechanical properties, and
examined the durability and economic viability including the environmental benefits of
pine needle and sisal fibre reinforced concrete composites. The methodological scope of
this study involved an experimental approach, where the strength properties of concrete
were evaluated under various fibre dosages (for single fibre type: 0.1%, 0.2%, 0.5%,
1%, 1.5% and 2% and for hybrid (0.1%+0.1%, 0.2%+0.2%, 1%+0.5%, 0.5%+1% sisal
and pine needle fibre respectively. Sigma plot and ANOVA were used in data analysis,
presentation and determination of the statistical significance of the perceived variance.
The optimal fibre content for compressive strength was found to be 0.1%, while 0.2%
by weight was optimal for split tensile strength. The results showed that addition of pine
needle and sisal fibres led to reduction in compressive strength by 19.1% and a reduc-
tion in flexural strength by 2.5% compared to plain concrete. However, a notable incre-
ment of 21.7% was recorded for the split tensile strength. Despite reductions in some
strength properties, the design concrete strength class of 20 N/mm? was still achieved. A
cost-benefit analysis revealed that using fibres resulted in a cost savings of Ugandan
shillings 55,000 in 0.36m°. The carbon dioxide emissions analysis showed that whereas
using steel reinforcement would result in 34.4 kilograms of CO: emission, the use of
fibres would result in emissions of only 5.28 kilograms of CO: emission, this study

demonstrated an 1nnovative approach into sustainable material development.

X1V


https://v3.camscanner.com/user/download

CHAPTER ONE: INTRODUCTION

1.1 Background of the study

The construction industry is one of the largest consumers of natural resources and as
such, the global sector significantly contributes to environmental degradation (Vasilca
et al., 2021). In recent decades, the construction industry faces unprecedented material
sustainability challenges, with high waste generated, environmental degradation and
high construction costs persistently increasing globally (Ainun Musir et al., 2022). The
industry’s influence extends far beyond environmental concerns, with a profound 1m-
pact on the global economy. With approximately US$10 trillion, accounting for around
13% of the world’s economic output with the projections estimated to grow up to
USS$17.5 trillion by 2030 at a rate of 4% annually (Paknahad et al., 2025). As the indus-
try continues to expand, developing strategies that simultaneously optimize cost and
embodied carbon through Mult objective approaches has become highly crucial for sus-

tainable development (Malik et al., 2024).

Infrastructure development serves as a cornerstone for economic growth and so-
cietal advancement, playing a pivotal role in development of many countries across the
world (Gorgulu et al., 2023). Africa’s economic ascension hinges on infrastructure de-
velopment, yet the continent faces a significant innovation gap. The sub-Saharan Afri-
ca’s debt-to-GDP ratio has more than doubled in just over a decade, skyrocketing from
23.2% 1n 2008 to 57.1% 1n 2022, with projections expectations indicating a prolonged
plateau at this level until 2029 (Africa Finance Corporation, 2024). This alarming trend
heightens the risk of debt distress, casting a shadow over the region’s ability to secure

vital funding for infrastructure development, yet it’s a crucial issue for its sustainability.
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Uganda’s urban landscape 1s undergoing rapid transformation, with built-up are-
as expanding by 70% between 2010 and 2019, reaching 1589.7 km”. Paradoxically de-
spite this growth, key challenges hindering sustainable development include unplanned
settlements, climate change vulnerabilities, sustainability concerns, and inadequate in-
frastructure (MoLHUD, 2022). The increasing demand for infrastructure development
has led to surge in concrete consumption, resulting in high CO; gas emission and envi-
ronmental degradation (Dixon, 2010). The construction materials like concrete, steel
and timber not only exhaust natural resources but also contribute to carbon emissions
and waste generation (UNEP, 2024). Bridging these gaps require strategic innovative
approaches and financing solutions to unlock the potential of its transportation net-
works, including ports, railways, roads and airports (Gorgulu et al., 2023). In response
to these challenges, there is an urgent need to develop sustainable construction materials

that reduce environmental concerns in line with SDG 11: Sustainable cities and com-

munities (UNU, 2020).

One area of research that avails hope is the utilization of agricultural and forest-
ry residues as a raw material for building composites and sustainable development
(Havrysh et al., 2021), aligning with SDG 13 on climate action. Natural fibres such as
pine needle and sisal fibres offer potential benefits, including renewability, low mainte-
nance costs, environmental benefits, sustainability, and energy efficiency (Shrestha et
al., 2024). In addition the global natural fibre composite market is poised for rapid

growth, with projections indicating a compound annual growth rate of 9.95% and eval-

uation exceeding US$41 billion by 2026 (Malik et al., 2024).
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Although the incorporation of natural fibres may have limitations, (e.g., low
tensile strength compared to steel and susceptibility to degradation and moisture dam-
age), the combination of more fibres can lead to improved strength, durability and
toughness (Maiti et al., 2022). Engineers are increasingly exploring the potential of nat-
ural fibres as a valuable additive in concrete, driven by the pursuit of innovation due to
the sustainable challenges and the attractive properties found in the natural fibres
(Sethunarayanan et al., 2007). Natural fibres such as pine needle, bamboo fibres, jute
fibre and sisal fibre have emerged as viable alternatives for modern innovations
(Karimah et al., 2021). More over previous studies indicate that the mechanical inter-
locking between the concrete and the fibre matrix plays a critical role in improving con-

crete strength properties (Hamada et al., 2023).

While many of the researches have been conducted on the use of various natural
fibres (e.g., Yusra et al., 2024 and Kurpinska et al., 2022), a variety of these researches
have investigated the mechanical attributes of fibre reinforced concrete using individual
fibres such as bamboo, coconut, Jute, Banana fibres as a material for enhancing in struc-
tural concrete. There 1s need for more exploration of natural fibres for more innovations

and development of sustainable building materials (Siouta et al., 2024).

The specific effect of incorporating pine needle and sisal fibres as hybrid materi-
als e.g. on concrete strength properties, including optimal fibre proportions, durability
and their interaction with the concrete matrix remains under explored. Furthermore, the
limited availability of advanced technological sustainable construction materials prac-
tices in developing countries (e.g. the East African region) undermines SDG 11: Sus-

tainable Cities and Communities (UNECE, 2025). Addressing these gaps and changing
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the perspective onto natural fibre utilization can provide valuable insights and contrib-
ute to the creation of more sustainable, durable, low cost and high-performance building

substances including concrete composites (Krifa and Gnanasekar, 2025).

1.2 Problem statement

The building industry is one of the main drivers of environmental harm, contributing
significantly to the degradation of natural ecosystem , accounting for approximately
(45-50) % of global energy consumption, 50% water consumption, 25% direct rain for-
est destruction (Dixon, 2010). On average, according to World Steel Association
(2021), about 1.85 tonnes of carbon dioxide gas was emitted into the atmosphere in
2019. In 2020, 1860 million tonnes of steel was produced causing direct emissions of
2.6 billion tonnes of carbon dioxide gas representing 7 — 9% of the global anthropogenic
CO; gas emissions

Although concrete remains one of the world’s most utilized construction materi-
al (Golewski, 2023), its limitations, particularly brittle nature, characterised by its ina-
bility to withstand significant deformation, poses significant challenge (Abdel Hafez et
al., 2024). Furthermore, conventional concrete’s inherent susceptibility to cracking un-
derscores the need for innovative solution. Concrete’s limited tensile strength compro-
mises its durability, often leading to crack propagation and sudden failures (Raghoo et
al., 2021). Modern high-performance concrete as a material must balance eco-friendly
and low-carbon requirements with enhanced toughness, ensuring structural resilience

and safety in the face of potential fracture (Malik et al., 2024)
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The increased need and demand for infrastructural development has led to rise
in concrete consumption, resulting in high CO; gas emission and environmental degra-

dation, pollution and fossils (Malik et al., 2024)

The upsurge production of steel with the aim to improving concrete strength
properties has led to the exhaustion of natural available material substances (e.g., iron
and coal) and generation and disposal of hazardous waste; this waste includes scrap
from steel use. According to Reuter (2022), 66.9 million tonnes of scrap were globally
recycled, these represents the waste generated in the year 2020, this is a huge threat to
the surrounding and sustainable development. This poses a significant threat to achiev-
ing sustainable development goal (SDG 13): Climate action and SDG 9: industry, inno-
vation and infrastructure (Link et al., 2017)

To mitigate these limitations and concurrently address pressing environmental
concerns, the adoption of natural substances into concrete offers a key solution, poten-
tially enhancing concretes mechanical attributes and providing innovative sustainable
alternatives (Veerappan et al., 2024). Natural fibre-improved concrete has come out as a
hope giving alternative, offering important key benefits (Shah et al., 2022), including
enhanced strength and resilience (Hamada et al., 2023). In today’s study, the
knowledge gap lies in deriving alternatives to the predominant use of traditional materi-
als, which only exacerbates environmental concerns and hinders the progress towards
SDG 12: Responsible production and Consumption which most countries have failed to
achieve across the world. The lack of adequate knowledge on optimized fibre ratios for
enhanced concrete strength properties, durability of natural fibre reinforced concrete
(NFRC) composites poses need for further research (Hait et al., 2024). This study

aimed to contribute to the development of sustainable building material by exploring the
5
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strength properties of concrete incorporating pine needle and sisal fibre composites,

aligning with SDG 9: industry, infrastructure, creative innovation and SDG 13: Climate

action (United Nations Uganda, 2020)

1.3

Objectives of the study

1.3.1 Main objective

To develop an optimum cost-effective, environmentally sustainable pine needle and si-

sal fibre reinforced concrete composite with enhanced strength properties.

1.3.2

1.4

Specific objectives

To evaluate the physical and mechanical properties associated with the perfor-
mance of pine needle and sisal fibres as concrete ingredients.

To assess the effects of pine needle and sisal fibre content on concrete strength
and determine optimal fibre content.

To examine the durability properties of pine needle and sisal fibre reinforced
concrete composite.

To evaluate the economic viability and environmental benefits of pine needle

and sisal fibre-reinforced concrete.

Research questions

What physical and mechanical properties of pine needle and sisal fibres contrib-
ute to their performance as concrete ingredients?

To what extent does fibre content influence the strength properties of concrete?
How do the hybrid fibres interact to modify the durability properties of con-

crete?
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4. To what extent is pine needle and sisal fibre reinforced concrete economically

viable and environmentally beneficial?

1.5 Justification of the research

The global building and construction industry is facing major challenges in achieving
sustainable and environmentally friendly building practices (Cousins, 2022). The con-
struction industry faces pressing sustainability challenges particularly in countries of
Global South, where environmental degradation and high construction costs remain per-
sistent (Ogunmakinde et al., 2016). Africa’s infrastructures gap 1s stark, with annual
needs ranging from US$130 billion to US$170 billion, yet current commitments hover
around US$80 billion per year, leaving a significant shortfall. While Africa struggles
taking the lead in infrastructure financing, the investors support by about US$40 billion

annual (Africa Europe Foundation 2025).

The prevalence of sustainable challenges for example high CO2 emission and
environmental degradation triggers the need for research with an urgent need to provide
solutions to these construction challenges (Simplice, 2021). Therefore, there is a press-
ing need to develop economical, eco-friendly and sustainable construction materials.
Natural fibres such as bamboo, pine needles, jute and sisal fibres abundance, in tropical
regions, offer potential as sustainable materials (Sengupta, 2024). These fibres have
been used traditionally for some applications; for instance board formations, nanocellu-

lose, heavy metal absorption, soil slope stabilization, bags, and crafts (Strategies, 2024).

However there has been a gap for their broader research exploration as sustaina-

ble building materials especially in enhancing concrete strength properties.
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Combining more fibres and leveraging their mechanical properties can improve the
overall composite material performance. Improved mechanical properties of hybrid fi-
bres (Jeff Jomboh et al., 2024) e.g., sisal fibre enhance split tensile strength while pine
needle fibres improve flexural strength and allow larger deformations due to their large
diameter compared to sisal. It also improves on a load bearing capacity and stiffness.
There is durability enhancement of fibre composites due to their combined synergistic
effect and resistance (Jeff Jomboh et al., 2024) e.g., sisal fibres are resistant to alkaline
degradation compared to pine needle fibres, the combination of fibres can reduce the
risk of fibre degradation due to their synergistic effect (Kim, 2014). Environmental ben-
efit, both fibres can be reused, decomposable, and sustainable, hence reduced carbon

percentage compared to artificial fibres.

In summary, this study has demonstrated the significant effects of pine needle
and sisal fibres on the concrete strength properties with yields on the optimal fibre con-
tents, it has also provided valuable insights on durability of pine needle and sisal fibre-
reinforced concrete composites in a corrosive alkaline environment. The study finally
illustrates the economic viability and environmental benefit of using natural fibre rein-

forced concrete.

1.6  Significance of the study

This study investigated the strength properties of concrete reinforced with pine needle
and sisal fibres, leading to the emergence of sustainable innovation materials substanc-
es. The research findings enhance the understanding of fibre reinforced concrete and its
potential applications and limitations in building construction. The use of natural fibres

in concrete offers benefits such as reduced environmental impact and improved sustain-

8
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ability. The study provides valuable insights in the strength properties of pine needle
and sisal fibre concrete composites, informing the development of eco-friendly and en-
vironmental sensitive construction material. The findings have implications on for the
construction industry, environmental agencies, researchers, policy makers, and commu-
nities seeking sustainable building solutions, advancing sustainable construction prac-

tices.

1.7  Scope of the study

1.7.1 Content scope

This research investigated the properties of concrete hybrids improved with pine needle
and sisal fibres, focusing on their mechanical behaviour and durability. The study as-
sessed the strength attributes of the composite material to determine its potential to
stand against structural actions. The research examined the materials attributes to absorb
water characteristics of the hybrid material to evaluate its resistance to water penetration
and potential degradation. Furthermore, the study simulated an alkaline environment to
understand the material's resistance alkaline conditions and degradation under alkaline
surroundings, giving valuable information into its ability to perform well when used. In
addition to the technical evaluation, the research conducted a cost-benefit analysis to
compare the economic viability of using natural fibre reinforcement with traditional
steel reinforcement. An environmental impact assessment was also performed to quanti-

fy the potential environmental benefits of using sustainable materials.
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1.7.2 Geographical scope

The particular undertaking was limited to Kampala (see Figure 1.1), under the central
region of the country where all materials were sourced and used to conduct the research.
This area was considered because of its location with the presence of material and la-
boratory facilities, also, the resources limited the research to be undertaken in the up-
country. The materials were then collected from within the central area of Uganda,
Kampala, Kyambogo, Kireka and Wandegeya areas and all the laboratory tests done at

the Central Materials Laboratory (CML, under Ministry of Works and Transport).

(a) (b)

Major Central Forest Reserves of Uganda

Figure 1.1 Geographical scope of the study area: (a) major central forest reserve of

Uganda (NFA, 2020), and (b) the major divisions of Kampala

1.7.3 Time scope

The research was planned for at most 5 months, this includes material collection, sort-
ing, sample fabrication, laboratory experiments (determination of fibre properties, opti-
mal fibre composite proportions and concrete strength properties and durability). The
theoretical review of this study was based on existing research in fibre-reinforced con-

crete composites, use of natural fibres in construction for sustainable development, with

10
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emphasis on concrete strength property enhancement, fibre ratio proportions, suitability,

cost benefit analysis and durability.

1.8 Conceptual framework

The concept building framework (see Figure 1.2) crystallises the study’s core elements
by visually mapping the relationships among key variables. In this figure, the independ-
ent variable 1s connected by an arrow to the dependent variable emphasizing the hy-
pothesized cause-and-effect link. Additional arrows illustrate how a moderating factor
helps to provide additional explanations. This diagram not only anchors the research
questions but also provides a clear, visual foundation for the methodological design and

data analysis that follow.

) 3 N

Moderating Variables * Independent
* Age of concrete variable

* Curing conditions
« Aggregate size and

type
\- Fibre orientation /

* Fibre content
* Fibre type

% .

ﬁ)ependent variable \

* Concrete strength
properties, split tensile,
flexural, compressive
strength.

* Durability, Absorption

k Workability /

Figure 1.2 Conceptual framework describing the study variables

1.9  Chapter summary

This chapter sets the need for exploration of sustainable construction materials to com-
bat environmental concerns due to the high rates of demands for infrastructural devel-

opment in developing countries, hight carbon emission, high energy consumption, envi-

11
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ronmental degradation. The chapter emphasizes on the ability of natural fibre-
substances for innovation and creation of optimal building material-substances for the
construction industry. It also states clearly the major objectives of the study including
specific foci, justifying the need for the study and highlighting its significance and
scope. The chapter lastly illustrates the conceptual framework pointing out the key vari-

ables and their impacts in the undertaking

12
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CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

The chase for eco-friendly construction material-substances has fuelled the search for
innovative concrete material-composites, with a focus on integrating natural fibres and
renewable materials to enhance concrete strength while minimizing environmental im-
pact (Paunov et al., 2025). A variety of natural fibre-substances for example, coir fibres,
jute, sisal fibres, banana fibres, pine needle fibre etc have presented themselves as better
candidates due to their distinct attributes, abundance and potential to supplant synthetic
fibres (Thapliyal et al., 2023). Pine needle, bamboo, jute like some other fibres, readily
available and renewable, boast inherent characteristic that make them suitable for con-

crete strength property improvement (B1 et al., 2024).

Uganda recognises the significance of forests in driving socio-economic growth,
with vision 2040 aiming to boost forest cover from 15% in 2010 to 24% by 2040
(Uganda vision 2040, 2007). The high aspect ratio, low density, moderate tensile
strength, stiffness, and natural wax coating of natural fibres can enhance mechanical
characteristics, energy consumption and longevity of concrete (Garcia et al., 2024). This
literature review aims to ensure a comprehensive assessment of the current situation of
understanding on strength attributes of concrete reinforced with natural fibres. By syn-

thesizing existing findings, experimental studies, literatures.

The innovative approach on natural fibre exploration for example pine needles,
sisal fibres, jute, coir, bamboo fibres and many others in concrete composites 1s a rapid-
ly evolving area of research, driven by the need for more sustainable and durable build-

ing materials (Saini et al., 2024). The theoretical review embarked on an in-depth explo-
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ration of the synergistic potential of pine needle and sisal fibre composites in concrete,
unlocking novel avenues for enhancing mechanical prowess and mitigating environ-
mental concerns. The study aimed at consolidating current knowledge and gaps on the
strength characteristics of concrete reinforced with natural fibres like pine needles, jute,
bamboo, coir, sisal naturally existing fibres etc. This review aims at providing frame-
work for this research, through provision of relevant concepts, theories, and to ensure

that the hypothesis is grounded on existing knowledge.

The review objective involves critical synthesis of the existing knowledge based
on mechanical attributes of NFRC, aimed at understanding the relationships between
the type of fibre, and/or its content, proportion and properties on the strength attributes
of concrete. Furthermore, the review presented herein focusses on identifying the
knowledge lacunae and chart future research gaps and possible significant directions.
This literature review is substantiated by the imperative and need for innovative, envi-
ronmental-favouring building and construction materials-substances that harmonise
strength, durability, and sustainability. By investigating the untapped potential of pine
and sisal fibre composites, this review aimed to catalyse the development of sustainable
concrete solutions, informing tomorrows understanding and practical material applica-

tions in the construction-building industry.

2.2. Natural Fibres

According to Krifa and Gnanasekar (2025), natural fibres have played a pivotal role in
shaping human culture and daily life. For thousands of years, people have worn gar-
ments crafted from plant and animal fibres, which not only added aesthetic value but

also provided protection against the environment. Beyond clothing, natural fibres have

14
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been used in furniture, decorative items, and even structural components of buildings
(Midani and Ali, 2025). In the 1960s, natural fibres were extensively used for many ap-
plications, including textiles and construction until the rise of synthetic materials in the
20" centuries significantly altered the landscape leading to the decline in the global

market share of natural fibre from about 80% 1n 1960 to about 25% in the recent years

(Julia, 2018).

With growing concerns, about the environmental issues, there is now a renewed
interest in sustainable options and alternatives to sustainable practice and development
including adoption of green practices, mindset change, effective waste management, in
addition to sustainable materials (Umar et al., 2024). This can enhance reduced reliance
on non-reusable resources and mitigate the issue of non-decomposable waste (Salmi,
2024). Harnessing natural fibres can significantly mitigate environmental impact of
construction by reduction of carbon footprint (Sovbetov, 2025). As the world shifts to-
wards a more protective-sustainable tomorrow, the adoption of natural-fibre substances
in the building and construction industry is expected to gain momentum, driving inno-

vation and growth in the sector.

2.2.1 Natural fibre classification

Fibre-substances are slender, reinforcing materials crafted from diverse substances like
metals, polymers, carbon, glass, and natural elements which can be prepared in different
forms and dimensions to suit specific uses (Geremew et al., 2021). Natural fibres are
categorized considering their mode of origin, including plant-based, animal-derived, and
mineral-based sources, with various types being explored for their potential use as rein-

forcements in bio-composites (NFA, 2020). Plant fibres can be further classified based

15
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on the plant from which they are obtained, including bast fibres, leaf fibres’ grass fibres

and seed fibres, highlighting the diverse sources within plant-based materials

(Strategies, 2024).

2.2.2 Application and uses of natural fibres

Bio-based materials, including plant and animal sources, give rise to natural fibres that
offer a wide range of benefits and opportunities (Josef, 2018). These fibres, encompass-
ing plant-based cellulosic fibres like cotton, jute, and sisal, pine needle as well as ani-
mal-derived protein fibres like wool and silk, are notable for their abundance and cost-
effectiveness favouring biomass and biorefinery development (Geoff, 2018). As a re-
sult, they have emerged as viable alternatives for various industrial and commercial ap-
plications, including automotive interiors, building materials, packaging solutions, and

furniture biomass design (Dhaliwal, 2020).

Furthermore, natural fibres are being increasingly utilized in insulation, geo-
textiles, and composite materials due to their unique properties and potential for sus-
tainability (Sapuan et al., 2022). Ongoing research and development in fibre modifica-
tion and treatment have significantly expanded the scope of natural fibre applications,
paving the way for creating environmentally safe and friendly building-substances that
can effectively replace synthetic materials (Access, 2019). The classification elaboration
on some common natural fibres based on their origin is shown in Figure 2./. It is ob-
served that natural fibres exhibit a broad spectrum of properties, and understanding their
classification 1s key to unlock their potential. Furthermore, Figure 2.1 categorises natu-

ral fibres offering insights into their types and subcategories. This classification high-

16
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lights the diverse sources of natural fibres. Each of them having distinct properties and

applications.
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Figure 2.1 Classification of some common fibres by origin (Khan et al., 2022).

2.3

Physical, mechanical characteristics of pine needle and sisal fibres

Sisal fibres can be defined as naturally existing tinny-fibres obtained from the parts of

agave sisalana plant through decortication; they are commonly found in tropical and
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subtropical areas. Pine needle fibres are abundant in pine forests globally, often collect-
ed from logging and forestry waste. The harvesting involves gathering fallen needles
and processing them, cleaning, cutting into required length. The following are proper-
ties of pine needles and sisal fibre composites. The makeup of natural fibres consists of
cellulose microfibrils embedded in a matrix of amorphous lignin and hemicellulose. The
lignocellulosic cell wall 1s viewed as a naturally existing structure featuring spirally ar-
ranged cellulose microfibrils amidst various biochemical compounds (Geremew et al.,
2021). The basic chemical structure of plant fibre has components of lignocellulose
(cellulose, hemicellulose and lignin). Table 2.1 up to Table 2.3 explains more natural

fibre properties.

Table 2.1 Properties of sisal fibres (Okeola et al., 2018)

Fibre Property Result

Fibre diameter 0.10-0.13
Aspect ratio 230-300
Tensile strength 343-399MPa
Tensile modulus 10.2-14.66
Shape Straight
Colour Creamy white
Density 0.113g/cm’
Water absorption 43.58%
Specific gravity 0.73

18
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Table 2.2 Chemical properties of Sisal fibres (Benitez-Guerrero et al., 2017)

Component Composition range (wt.%)
Cellulose 43-88

Hemicellulose 10-15

Lignin 4-20

Pectin 0.8-10

Water soluble 1-4

Fat and wax 0.15-2

Moisture 10-22

Table 2.3 Material properties of pine needle fibres (Tolga Cogurcu, 2022)

Property Values
Weibull modulus ' 5.07
PH 3592
Lignin 10-16
Holocellulose 79-73
Cellulose 47-57
Tensile strength MPa 36.72
Threshold stress MPa 36.94

2.4. Advantages and disadvantages of pine needle and sisal fibre

An experimental investigation conducted by Kurpinska and Mazur et al. (2022) on the
impact of natural fibre properties on the concrete strength characteristics the study ex-
amined Sisal fibre, Jute fire, Bamboo fibre, Ramie and Cotton fibres. Results indicated
that the fibres modified the mixtures’ consistency by up to 15%. The composites
strength test revealed that strength variation of positive and negative 8%, contingent up-
on fibre type. Furthermore, composition chemically, and length, diameter of these fi-

brous materials significantly impacted composites shrinkage (Kurpinska and Mazur et
19
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al., 2022). The advantage of these fibres include abundance, renewability, potential to
improve concrete strength properties with reduced crack propagation and reduced
shrinkage. However, the fibres have drawbacks, including high water absorption, may

degrade over time, and may require chemical treatment over time.

ZD, The impact of fibre proportions on concrete strength properties

According to Rocha et al. (2022), the final characteristics of hardened cement compo-
sites are induced by a number of key factors, including the proportion of a particular
fibre, its type, attributes, length and treatment. These variables impact the interaction
between the fibre and matrix, affecting the overall composite’s performance (Li et al.,
2025). The efficiency of the bond between the fibre concrete material 1s crucial, with
factors such as fibre roughness, length, diameter playing a significant role. However, a
strong bond is not solely dependent on these factors. Rocha et al. (2022) added that the
attraction between the matrix and the component of the reinforcement substance is also

essential as it enables the transfer of loads from the matrix into the reinforcement.

A weak link can lead to a non-complete load shift or movement, resulting in the
reinforcement being pulled out and compromising the composites strength (Fu et al.,
2024). Conversely, a strong interface ensures effective load transfer, contributing to en-
hanced composite’s performance. The proportion and length of fibres used as rein-
forcement materials in concrete composites mixtures impact on its workability. This
suggests that careful considerations of the fibre properties is essential to achieve optimal
concrete performance (Geremew et al., 2025a). The mixture and proportions of fibres in
the composite predicts the mechanical characteristics of the hybrid material, the estima-

tion of the optimal fibre content and distribution is critical (Basstiriicti et al., 2022). Key
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considerations include fibre volume fraction: optimal fibre content for enhanced
strength concrete properties. Moreover, the fibre length and distribution effects on
strength properties, matrix properties, concrete properties influence the composite’s

strength 1s detailed in the study by Hamada et al. (2023).

Experimental studies done by on reinforced concrete columns with various fi-
bres (e.g., coconut, wheat, rice husks, and wood fibres) showed that the strength of the
columns improved with fibre varied between 0.76 and 1.67 times in comparison with
the plain concrete columns with coconut fibres showing the poorest results as shown in

Figure 2.2.

300 1 —&— Rice hust fibre RC column
—&— Wheat fibre RC column
—8— Woaod fibre RC column
—&8— Coconut fibre RC column

250 - —o— Plain Concrete column

200

150 1

Mean peak load (KN)

100

Fibre reinforced columns

Figure 2.2 Mean peak load for natural fibre reinforced concrete columns, Kumarasamy

and Gebreyowhanse (2020)

Recent research carried by Kumarasamy and Gebreyowhanse (2020) investigated the
mechanical attributes of Bamboo FRC, focusing on compressive, flexural, and split ten-
sile strength at different fibre proportions of 0, 0.1, 0.2, 0.5, 1, 1.5, 2 and 2.5%, propor-
tions of 0.1%, 0.2% and 0.5% of each fibre and tests conducted in 7, 14, and 26 days

after proper curing of the samples. The study revealed that incorporating Bamboo fibre
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up to 2% enhanced the strength properties with a slight decline beyond this optimal
dosage. Notably, the flexural strength results indicated improved bending resistance
with more added fibre contents up to 2%, followed by a marginal decrease. The findings
suggest that Bamboo Fibre-reinforced concrete outperforms conventional concrete, of-
fering enhanced strength characteristics as shown in Figure 2.3, Figure 2.4 and Figure

52 ¥
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[ 14-Days Compressive Strength
EE 28-Days Compressive strength
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Figure 2.3 Compressive strength of Bamboo reinforced concrete (Kumarasamy, 2020).
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Figure 2.4 Split tensile strength of Bamboo reinforced concrete (Gebreyowhanse, 2020).
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Figure 2.5 Flexural strength of bamboo fibre reinforced concrete

(Gebreyowhanse, 2020).

Ahmed et al. (2024) carried out an experiment on the mechanical understanding
of concrete incorporating Basalt fibres at varying concentrations of 0.5%, 1.0% and
1.5%. The stress strain response-curve showed the same initial stress behaviour across

all samples, with the 1.0% Basalt Fibre Reinforced concrete showed a steeper curve
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stretching up to the highest stress point. Notable, the 0.5% Basalt Fibre Reinforced
Concrete Sample demonstrated greater deformability before it reached the highest stress

value in comparison to other samples.

Additionally, an addition of fibre dosage corresponded to a rise in ultimate
strain, suggesting improved performance in withstanding deformations beyond initial
cracking. Yusra et al. (2024) executed an experimental study on the effect of Rattan and
bamboo fibres on the split tensile strength of concrete the results were as shown on Fig-
ure 2.6. The results revealed an average strength of 2.73 MPa for fibre free sample after

28 days.

2.8 1 —e— x(0%) Plain Concrete

—8— y(1%) Rattan Fibre Reinforced Concrete
—8=—7(1% ) Bamboo Fibre Reinforced Concrete
2.7 1 —&#— p(2% ) Rattan Fibre Reinforced Concrete
—&— (2% ) Bamboo Fibre Reinforced Concrete

2.6 1

2.5 1

2.4

Split Tensile Strength (MPa)

2.3 1

2-2 I I I I 1
X(0%) y(1%) Z(1%) p(2%) q(2)

Percentage of Fibre Proportion

Figure 2.6 Split tensile strength of concrete incorporating rattan and bamboo for varying

fibre contents (Yusra et al., 2024).

In contrast, fibre reinforced samples showed varying strength, with 2.0% Rattan
fibre reinforced sample exhibiting the largest average of tensile strength of 2,595 MPa.
Conversely, the 1% Bamboo fibre variant yielded the lowest average strength of 2.312
MPa. Yusra et al. (2024) conducted a compressive strength teste on Rattan and Bamboo
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Fibre reinforced concrete revealed that the fibre free samples achieved an average
strength of 26.29 MPa after 28 days. Among the fibre reinforced samples, the 1.5%
Bamboo fibre variant yielded the largest average compressive strength of 24.74 N/mm?.
However, this was still lower than the control experiment value. Notably the 0.5% Rat-
tan fibre reinforced concrete sample resulted in the lowest strength as shown in Figure

.

—&— ()% Fibre reinforced Concrete (Control Experiment)
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Figure 2.7 Compressive strength of concrete with varying Rattan and Bamboo fibre

contents (Yusra et al., 2024).

2.6. Natural fibre reinforced concrete

According to Sayyad and Sayyad (2023), fibre reinforced concrete is a concrete contain-
ing fibrous materials meant to improve its strength properties in this case, the fibres
used are natural fibres harvested from natural vegetation. When the concrete strength

properties are improved by use of natural fibres, the composite formed is Natural Fibre
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Reinforced Concrete (NFRC) (Hait et al., 2024). Fibres used in FRC include sisal, jute,
glass fibres, synthetic fibres, steel fibres, randomly distributed in concrete. Most of the
fibres (e.g. jute, sisal, hemp, banana fibres) help reduce crack propagation caused by
plastic reduction in volume loss of water, they also reduce bleeding, permeability hence
improving abrasion, and concrete resistance (Yusra et al.,, 2024). According to
Mahmoud (2024), FRC has a great potential for its applications, technology advance-
ment, improving stability of structures, especially in mass concrete structures, pre-cast

concrete products (Tjcd et al.,, 2022), airport runways, pavements, and bridge decks

(Cho et al., 2024).

Most researchers have tried some fibres especially steel fibres, and natural fibres
which has given a promise for commercial production and better environment in the
next years to come (Karim et al., 2021). The consideration of sustainable material prac-
tices in the building and construction sector has led to reduction carbon weight hence
environmental safety and protection (Zamathula et al., 2024). In addition, before the
emergence of concrete, a natural fibre was used in combination with clay mud to con-
struct buildings with thicker walls, which exhibited warmer characteristics during win-
ter and cooler in summer, in this form, fibre played a great role in crack resistance in-

cluding improvement in bonding character (Cho et al., 2024).

The integration, innovation of sustainable, natural materials like fibres and recy-
cled materials has led to emergence of low cost, and ecofriendly materials (Manu,
2024). By integrating natural fibres with concrete, NFRC leverages the strength of both
components, yielding enhanced mechanical properties and reduced environmental foot-

print. Research done by Hamada et al. (2023) can significantly augment concrete’s ten-
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sile, flexural and compressive strength. Another ventured in by Yusra et al. (2024) re-
vealed significant concrete strength property improvement. Furthermore, demonstrated
that incorporating natural fibres into concrete enhances its durability, minimizing deg-
radation, since the fibre substances enhance the mechanical behavioural attributes of
concrete. Research findings indicate that incorporating jute fibres into concrete enhanc-
es its bonding with cement and aggregate, resulting in improved compressive strength at

both early 7-days and 28-day stages.

The strength enhancement is more pronounced with increased jute fibre content.
However, inhomogeneity and adverse effects on strength, likely due to fibre clustering
or balling (Shrestha et al., 2024). Figure 2.8 represents results out of the study carried
out by (Wilson et al., 2025), the findings of this study indicate that incorporating jute
fibres at a 0.5% volume fraction significantly enhances the concrete’s compressive be-
havioural characteristic, outperforming plain concrete, with a 10.3 % notable concrete

increase.

Shukla (2013) explored that many fibres including natural fibres have been in-
novatively adopted in the creation of many infrastructural-building materials including
roofing sheets and house structural components. He adds that fibres like coir, bamboo,
synthetic fibres, straw have been incorporated in the brick manufacturing process. The
key concept 1s that the deformation of the composite’s matrix will transfer all the stress-
es to the fibres, this has been evident in asbestos sheets which have been in use for a

long time zone.

According to Sethunarayanan et al. (2007), there has been a considerable re-

search on steel fibre Cementious concrete composites including concrete elements, and

27


https://v3.camscanner.com/user/download

Chapter 2 Literature review

so few trials have been made on Natural Fibres. He recommended that to achieve some
strength, the moisture content 1s vital in the natural fibre, however, when the fibres dry
in the composite, they become brittle, hence losing their tensile behaviour. A major dis-
advantage of natural fibres. However, the study recommended that more investigations
be done on natural fibres to popularize them. The investigation carried by Gujre et al.
(2023), showed that the use of agricultural products like NF in Cementious composites
improves the crack resistance, decreases the shrinkage and cracking in the cement ma-
trices. Figure 2.8 elaborates the interaction correlation between jute fibre contents and

concrete compressive strength.

28 -

—&— Plain concrete
—&— Jute fibre reinforced concrete

27 -

26 -

25

24

Compressive strength (MPa)

23 A

0.0 0.2 0.4 0.6 0.8
Fibre contents (%)

Figure 2.8 Compressive Strength of Concrete with Varying Jute Fibre Proportions

(Shrestha et al., 2024).

In addition, the workability of the concrete composite is adversely affected on
addition of fibres, however, fracture and toughness characteristics are enhanced. The
compressive behaviour characteristic of the concrete composite 1s not varied so much up

to certain contents, however, the tensile strength of the NFRC 1s significantly affected.
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This gives a foundation for the exploitation of natural fibres as sustainable construction
materials.

Naturally available eco-friendly existing materials for example wood, bamboo,
sisal, palm, pine needle, straw and other locally available fibres can be used as substi-
tutes for non-decomposable and non-reusable materials (Geetha and Vijayalakshmi,
2023). Fibres like Kapok were used to enhance the flexural strength toughness in bio-
lime based mortar and in the manufacture of eco-compatible prefabricated bricks. In
conclusion, NFRC exhibits remarkable potential as a sustainable construction material

and so further research is required to fully elucidate its properties and more applications.

2.7. Durability, economic viability and environmental benefit FRC

Research finding indicate that durability of especially treated hybrid natural fibre rein-
forced concrete is significantly improved compared to plain concrete though with chal-
lenges in considerable variability in physical and mechanical characteristics (Saini et al.,
2024). The failure modes of fibre reinforced concrete differ substantially from those of

neat concrete, highlighting the benefits of fibre RC (Geremew et al., 2025a).

The experimental study confirms that naturally treated fibres can be effectively
put for as improvement materials in concrete components, offering promise in durability
through improved concrete properties. Salmi (2024) conducted an experiment on en-
hanced longevity safety and sustainability in concrete-materials with FRC composites,
the study observed a significant reduction in crack propagation, attributed to self-
healing mechanism. This suggests that the fibre reinforced concrete can effectively mit-
igate the spread of cracks leading to improved durability and longevity. The results also

showed evidence on enhanced overall stability and robustness in the fibre reinforced
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concrete. This enhancement in structural integrity can be linked to the fibre’s potential

to absorb and distribute loads, reducing the likelihood of catastrophic failures.

In addition, Salmi (2024) conducted an analytical experimental research on en-
hancing long life and sustainability in concrete with fibre improved hybrid and con-
cluded that a notable 40% decrease in crack width observed in self-healing fibre-
reinforced concrete. The findings in this research also improved durability since there
was a notable increase of 40% in compressive strength, evidenced in improved integrity
of concrete compared to the control experiment. The findings conclude that the use of
fibres to improve the strength properties of concrete can lead to longer-lasting struc-
tures, reduced maintenance needs and improved overall performance and durability
(Sayyad and Sayyad, 2023). The findings of the studies conducted by Hassan and Saeed
(2024) showed that the utilization of fibres in concrete composites can lead to improved

durability and reduced maintenance needs.

The comparative study conducted by Aakash (2024) demonstrated that mixtures
with higher fibre volume percentages exhibit higher air content compared to those with
lower fibre volume fraction. In conclusion, a thorough comparison of conventional con-
crete beams with natural fibre-reinforced concrete (NFRC) beams has provided im-
portant new information about the structural performance of each material. In compari-
son to conventional beams, NFRC beams have a significantly larger ultimate load ca-
pacity and better deflection characteristics, according to experimental testing conducted
under 2-point loading. This result emphasizes how natural fibre reinforcement can im-
prove the mechanical qualities of concrete constructions hence higher durability proper-

ties compared to the plain concrete.
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This aspect can be ascribed to the challenges in consolidating fibre-reinforced
mixtures, resulting in entrapped air and more challenges (Islam et al., 2024). The results
indicated that augmenting fibre content reduces the loss of tensile and compressive
strength, as well as weight loss. This implies that fibre splay a vital role in enhancing
the durability of concrete composites. Geremew et al. (2025a) experimentally investi-
gated the mechanical characteristics and longevity of the hybrid naturally fibred RC us-
ing wheat straw and bamboo fibres as sustainable reinforcements in concrete for pave-

ment application.

By incorporating 0.1% wheat straw fibres and varying baboo fibre contents to
(0.5%, 1%, 1.5% by weight of cement) with fire length of 30mm, 45mm, and 60mm,
the study revealed noticeable enhancements in mechanical properties, including signifi-
cant enhancement of the strength of compressive at 7, 28, and 56 days. Furthermore, the
hybrid fibre reinforcement substantially improved the split tensile, and flexural strength,
plus longevity characteristics of the concrete hybrid. The result also indicated a shift in
the failure mechanism from its brittle nature to its ductility form and increased energy

absorption ability.

More experimental studies conducted by Jamshaid et al. (2023) explored the du-
rability and ageing characteristics of various natural fibres including jute, sugarcane,
coconut, sisal and basalt when used as reinforcement in concrete. Through accelerated
ageing tests, fibres were exposed to alkaline environments with varying pH levels and
solution concentrations. The findings revealed that jute fibres exhibited the highest
weight loss percentage in concrete composites, whereas basalt fibres showed minimal

degradation. The ageing process significantly impacted the strength of jute fibres, while
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sisal fibres demonstrated increased tenacity due to fibrillation. Notably, basalt fibres
exhibited superior fibre pullouts strength, indicating excellent adhesion with cement.
This study provided insights on durability, ageing and performance of natural fibres
when used 1n concrete as reinforcements and exposed to different environmental condi-

tions.

The economic feasibility of incorporating natural fibres into concrete is a nota-
ble benefit, especially utilizing locally sourced and renewable materials like sisal, jute,
and hemp, construction costs can be significantly reduced (Sapuan et al., 2022). These
natural fibres are not only inexpensive but also abundant, making them an attractive al-
ternative to traditional reinforcement materials (Girijappa et al., 2019). Research has
shown that the incorporation of naturally existing fibre-substances can result into sub-
stantial savings in costs, making concrete a more viable option for construction projects.
Furthermore, natural fibre-reinforced concrete may reduce the need for steel reinforce-

ment, which can be costly and prone to corrosion (Pham, 2025).

The reduced costs associated with natural fibre-RC is possibly attributed to the
low cost of the fibres themselves, as well as the potential for local sourcing, which min-
imizes transportation costs (Abdalla et al., 2023). Additionally, the use of natural fibres
may eliminate the need for specialized labour and equipment, resulting in further cost
savings. This makes natural fibre-reinforced concrete an appealing option for construc-

tion projects, particularly in locations where resources are inadequate.

The incorporation of the biodegradable and renewable materials reduces the en-
vironmental impact of concrete production (Impact, 2024). Moreover, the inclusion of

natural fibre-substances into use can reduce the amount of cement required, which is a
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key contributor to dangerous gas emissions. Studies have highlighted the importance of
reducing cement consumption in concrete production to mitigate climate change (Berger
and Pfeifer, 2024).

The repurposing of agricultural waste as reinforcement materials in concrete can also
contribute to a reduction in waste management issues. By utilizing natural fibres, the
building industry can possibly decrease its dependence onto synthetic substances and
reduce its environmental footprint (Forum and Nations, 2024). This approach promotes
sustainable construction practices and supports the development of environmentally
friendly infrastructure.

The purposeful put into use of locally found natural fibre-substances may have a
constructive effect on the local economies and markets; by creating new opportunities
for farmers and rural communities, natural fibre-reinforced concrete can support local
economic development and promote sustainable agriculture practices (Kocira and
Staniak, 2025). Overall, the economic and environmental benefits of natural fibre-
reinforced concrete make it a promising option for construction projects, and its adop-
tion can contribute to a more sustainable future.

Even though the natural fibres as reinforcement composite materials are suscep-
tible to decomposition or biodegradation because of several conditions or factors, start-
ing from photochemical to biological reactions, research considering these factors re-
mains limited in literature (Ramful Raviduth, 2024). The degradation of the fibre inter-
face besides its interaction with the strength of NFRC, the interfacial strength imparts a
key significant influence in the biodegradability, hence impacting on the durability of

the NFRC. The results recorded in this study are provided in Table 2.4 bellow.
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Table 2.4 Estimated fibre degradation of typical biodegradable composite materials over
100-day period (Ramful Raviduth, 2024)

Reinforcement fi- Weight Percentage composition Estimated degra-
bre dation rate over
100-day period

Durian skin fibre PLA+30 wt. % composite 7.00

Pineapple leaf fibre = PLA +9 wt.% + 2 wt.% PLAF 12.40

Elephant grass PLA +25 wt.% elephant grass composite  18.12

Starch PLA +90 wt.% starch composite >100

Luffa fibre PHB +50 wt.% LF-composite 29.17

Hemp fibre PHB +20 wt.% hemp >100

Jute fibre PHB +20 WT.% JUTE+ 5WT % PHB-g- >100

MA

In the previous research findings, the decomposition of the fibre matrix was rec-
orded to happen under surrounding aging hence significantly causing debonding be-
tween the fibre and the Cementious matrix. in addition, in interfacial debonding is
thought to have been caused by the penetration of water molecules into the NFRC
which later on forms blisters. It should also be noted that the nature and polarity of the

NF, impact greatly on the bonding character of the natural fibres.

2.8.  Failure, behaviour and applications of natural FRC composites

According to Seeboo and Proag (2021), the limitations of synthetic fibres and draw
backs of plain fibre-substances have geared into key advancements in the use of NFC.
different fibre methods of extraction have been put forth, tailored to the attributes of dif-

ferent fibre. However, research has highlighted fibre agglomeration and hydrophilicity
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as potential drawbacks to achieving high strength natural fibre RC with recorded com-
pressive strength fall of 75.1% and 90.1% compared to neat concrete in different vol-
ume portions. Moreover, the durability of natural fibre reinforced concrete remains a
major concern due to their susceptibility to degradation in highly alkaline environments,
where they struggle to resist hydration products, leading to inevitable fibre degradation

as the concrete ages (Islam et al., 2024).

An experimental study conducted by Series (2021) investigating the load bear-
ing capacity of a naturally fibre reinforced columns revealed that the addition of super-
plasticizers enhanced their performance, with rice husk fibres exhibiting the most signif-
icant improvement. Although the columns ultimately failed to compressive loading. The
failure was observed as the split cracks developed between the fibres and the concrete,
with coconut exhibiting lower ductility compared to other fibres, that’s tom say rice

husks, wheat husks and wood fibre.

Kouta et al. (2023) carried an experimental investigation exploring the contribu-
tion of flax-fibres on mechanical characteristics of the earth concrete, utilizing Digital
Image Correlation (DIC) and Acoustic Emission (AE) techniques to analyse fracture
behaviour and damage mechanisms. Prismatic specimens with varying fibre contents
(0%, 0.3%, and 0.6%) and length (12mm, 24mm and 50mm) were put to the tests of
three bending experiment. The findings indicated that increased fibre content and length
enhanced Acoustic Emission activity and fracture energy while the fibre’s bridging ef-
fect improved crack opening resistance, ultimately demonstrating the capability of natu-

ral fibre-substances to improve ductility in natural fibre reinforced concrete composites.
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2.8.1 Applications of natural fibre reinforced concrete

Natural fibre composites demonstrate an extensive array of applications across multiple
industries, including construction, aerospace, and sports (D1 Sarno et al., 2024). Featur-
ing products such as partition boards, ceilings, watercrafts, office supplies, and industri-
al equipment, with significant focus on non-structural indoor elements due to their sus-
ceptibility to environmental degradation. The increasing need for environmentally
friendly buildings that prioritise ecological awareness, functionality, and occupant
health has driven the adoption bio-composites as crucial sustainable building materials
(OBS-Sustainable-Construction-Barometer-2025). These bio-composites are classified
into two main categories: structural bio-composites encompassing bridges, and roof
framework and non-structural bio-composites including windows, exterior facades, and

composite panels (Geremew et al., 2021).

The importance of NFRC composite such as exceptional stiffness-to-weight ra-
tio, reduced weight, and bio-degradability make them well-suited for various construc-
tion applications (Raghoo et al., 2021). More over thin-walled components fabricated
from sisal fibre reinforced composites display high tensile and compressive strength,
broadening their application range to structural building components, permanent form-
work, storage tanks, building facades, expansive roofing systems, and retrofitting exist-
ing structures enhancing circular economy and sustainability (Umar et al., 2024). The

applications of most natural fibres are laid down in Table 2.5.
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Table 2.5 Applications of bio-composites in construction works (Geremew et al., 2021).

Parts Material used

Panels Sisal Jute Sandwich hybrids

Panel roofs and doors Bamboo mat hybrids

Furniture Jute Coir hybrids

Cupboards Door frames of jute pultruded, Medium-
density door hybrids

Wardrobes NFR boards

Natural fibre reinforced concrete products such as light weight sheets and
boards, are perfectly suited for roofing, ceilings, and walls in affordable or low-cost
housing projects for urban settlements. Additionally, natural fibre improved concrete
improves static and dynamic tensile strength, energy absorption capacity, and fatigue
durability, rendering it suitable for airfield overlays, pavements, refractory coatings, and
other specialized applications (OBS-Sustainable-Construction-Barometer, 2025). The
homogenous distribution of fibres in NFRC ensures isotropic properties, facilitating its
use in manufacturing pre-cast elements like pipes, fencing posts, watercraft, beams, stair

treads, sanitary inspection chambers, concrete barriers and roofing panels among others.

2.9 Literature review summary and research gap

The mix of naturally existing fibres into concrete has been shown to offer several bene-
fits, including improved ductility, energy absorption, and resistance to cracking. These
benefits can be attributed to the distinct attributes of NF, such as their high cellulose
content, low density, and ability to form strong bonds with the concrete matrix (Laouici
et al., 2024). Various natural fibre like, sisal, pine needle, hemp, bamboo, flax, and jute,
have been explored for their potential to improve the mechanical characteristics of con-

crete.

57


https://v3.camscanner.com/user/download

Chapter 2 Literature review

Some research studies have proven that the performance of NFRC is influenced
by different factors, for example dosage, fibre orientation and length, the interface
bonding between the fibre matrix and concrete (Raghoo et al., 2021). The optimal fibre
content and length may vary majorly depending on the intended application and desired
attributes of the composite. Say, shorter fibres may be more effective in improving the
tensile strength of concrete, while longer fibres may be more beneficial for enhancing
its toughness and ductility (Wang et al., 2024). Despite the advancing research body on
natural fibre RC, a significant knowledge gap exists regarding synergistic effects of
combining fibres, e.g. pine needles and sisal fibres in concrete composites as hybrids,

this can enhance better properties (Prem Kumar et al., 2023).

The literature synthesis revealed that further studies are needed to investigate
durability of natural fibre reinforced composites with more studies on hybrid fibres, ori-
entation and dispersion of fibres in natural fibre-RC including the interaction of fibres
with the concrete matrix (Pham, 2025). Some studies reveal need for more research on
the contribution of the surrounding factors, say temperature, alkaline environments, UV
exposure, humidity, treatments on the performance of these NFRC composites (Rocha
et al., 2022). Additionally, there is a need to develop more optimized mix designs for
different fibre types and also do stress loading of the NFRC to ascertain its loading ca-

pacity (Gao et al., 2025).

Salmi (2024) conducted analytical experimental research on enhancing durabil-
ity with fibre reinforced composites and concluded that a notable 40% decrease in crack
width observed in self-healing fibre-reinforced concrete. The findings in this research

also improved durability since there was a notable increase of 40% in compressive
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strength, evidenced in improved integrity of concrete related to the control experiment.
However, due to the degradability of the fibres, treatment may be required to improve

the fibre properties.

This study explored the novel use of pine needle and sisal fibre composites in
concrete, offering a sustainable alternative to traditional construction materials. The
synergistic combination of pine needles, and sisal fibres makes this research unique and
different from most research studies. The innovative approach also addresses waste
management concerns, reduce reliance on synthetic materials, and contributes to the de-
velopment of environmentally friendly building solutions. This research has synthesized
existing knowledge on strength properties of concrete incorporating pine needle and si-
sal fibre composites, sustainability challenges faced in NFRC use, benefits of NF mate-
rials, revealing key insights and notable gaps in the literature. By bridging some of these
gaps, this study enhances our understanding of strength properties of concrete incorpo-
rating pine needle and sisal fibre composites and puts forth the base foundation for the
future investigations and provides actionable recommendations ultimately contributing

to the development of sustainable building materials.

The novelty of this research lies on the innovative combination of two locally-
sourced natural fibres with unique properties to create a hybrid-fibre reinforced con-
crete. With the intent of understanding the synergistic effect of the hybrid materials, im-
proving the strength properties of concrete while promoting sustainable construction

practices and mitigating climatic and environmental problems.
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3. CHAPTER THREE: MATERIALS AND METHODS

3.1. Introduction

This section explains the steps, methods, materials that were used to achieve the objec-
tives of this research. It also elaborates how materials were selected, sorted and how the
specimens were prepared for experimental testing including data analysis, comparative
analysis and reporting. The study methodology was deliberately designed to investigate
the intricacies of concrete specimen behaviour, employing a robust and structured
framework that integrates experimental and analytical techniques. By outlining the re-
search design, experimental program, testing methods, and standard procedures, valida-
tion methods, this section provides a clear roadmap for understanding the study's ap-

proach employed to achieve its goals.

3.2. Research design

The research-study considers a comprehensive quantitative experimental design for re-
search to investigate strength properties of concrete incorporating pine needle and sisal
fibre composite. The design enables variable manipulation to observe effects on strength
properties, providing valuable insights into material behaviour. By adopting an experi-
mental approach, and stimulation method, this research establishes cause-and-effect re-
lationships between variables and digs out corelation understanding. Experimental test-
ing techniques, including tensile, flexural and longevity tests (fibre degradation) is used
to collect data. Statistical analysis including regression modelling and correlation analy-
sis 1s performed using Sigma Plot software and the analysis of variance (ANOVA) to

examine relationships between variables and identify significant trends.
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The experimental methodology is chosen for its ability to establish cause-and-
effect relationships, provide precise measurements, and control extraneous factors. This
design allows for comprehensive investigation of research questions, enabling devel-
opment of robust understanding of material properties, relationships and correlations
(Abdallah, 2025). To ensure external validity, results and regression models are com-
pared with related existing research data and models. Internal validity is ensured
through adherence to proper selection, sorting, treatment of materials, standard measur-
ing, testing procedures and quality control checks (Fiona, 2025). Reliability is ensured
through consistency in experimental setups and conditions, tool usage, and procedural

adherence.

The study acknowledges limitations, including time constraints, financial limita-
tions, and equipment inadequacies. Effective time management methods, proper plan-
ning, and resource allocation, including borrowing of funds from friends are employed
to mitigate these limitations. This study adds to the existing informative-knowledge by
putting forth new ideas and insights into strength characteristics of NFR hybrid and
concrete composites-materials incorporating pine needles and sisal fibres. Findings have
implications for sustainable building material development, informing, policy and deci-
sion making in the engineering industry. By employing the experimental methods, the
study managed to gather accurate and reliable data, analyse and draw meaningful con-

clusions and recommendations.

3.3. Experimental program

A comprehensive experimental program was undertaken to elucidate the properties and

behaviour of Natural Fibre-Reinforced Concrete (NFRC) incorporating pine needle and
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sisal fibres. The primary key objective of this study research endeavour was to system-
atically understand the implication of varying proportions of pine needles and sisal fi-
bres on the strength attributes of concrete (NFRC), determining the optimal fibre con-
tents therefore enhancing the strength properties of concrete for sustainable applica-
tions. The criteria in this research were based on the concrete strength properties, in this
case the fibre proportion that yielded the best workability and highest concrete strength
properties, say, split tensile, flexural and, compressive strength was considered the bal-
anced fibre content.

The fibre contents considered in the experiments were selected based on review of the
literatures for related studies that yielded better strength. And to answer the key specific
objective 2 of the research-study i.e. to examine the effect of fibre contents on the
strength properties of concrete while establishing the optimal fibre proportions and
maintaining the workability and flowability, this in line with most current research for
example (Yusra et al., 2024) and many other studies. Also, considering the fibre physi-
cal and mechanical properties, these ratios were appropriate for research. The detailed

experimental program utilised in the present study is shown in Table 3.1.
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Table 3.1 Experimental program

Material composition and % of fibres by Laboratorv Tests
sample types weight in concrete y
Plain Concrete (control exper- 0
iment)
0.1
0.2
Sisal fibres proportions 0.5
1.5
0.1
0.2
Pine needle fibres proportions 0.5
1.5
Physical and mechanical
0.1:0.1 property tests for fibres,
Composite, Sisal fibre: Pine 0.2:0.2 Matcnial fe515 (sand anc
: : : aggregates), workability
needle fibre ratio respectively 0.5:1 Sy
01:0.5 Compressive, Split tensile,
_ : Flexural strength tests, Du-
Split tensile test samples 48 rability (Fibre degradation),
Samples for Compressive % and water absorption test.
strength test
Samples for the control exper- 79
iment
Samples for absorption test 9
Samples (beams) flexural 4

strength test

Durability test, beams rein-
forced with steel, with varied 12
concrete covers

Total number of samples 269

3.4. Materials

3.4.1 Material sampling and preparation
All materials were acquired in February 2025. Pine needle fibres were collected from
mature pine trees (age > 20 years) at Kyambogo University plantation. To ensure quali-

ty assurance, the dry pine needles were collected from healthy tree, cleaned to remove
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impurities. Physical and mechanical tests were conducted on the pine needles in the la-

boratory.

Sisal fibres were sourced from Mukono district in the central region of Uganda
and processed to extract the fibre. Quality assurance measures included cleaning, sort-
ing and testing the fibres for mechanical and physical characteristics in the laboratory.
The aggregate used in this study were machine crushed stone aggregate originating from
Mukono district but sold in Kireka, Kampala (see Figure 1.1b), with a maximum diame-
ter of 20mm. the aggregates were tested for sieve analysis, impact resistance, crushing
value, specific-gravity, water absorption and flakiness index. Sand used in this study
was natural lake sand purchased from Kireka, Kampala. The fine aggregate was taken
for sieve analysis, specific gravity, water absorption, finesse modulus and moisture con-

tent.

Material characterisation techniques used in this study include sieve analysis to
determine particle size distribution, impact resistance test to determine toughness, flaki-
ness index test to determine flakiness. Crushing value test to determine strength, water
absorption and specific-gravity tests to determine density and water absorption capacity.
Sample preparation involved pretreatment, including cleaning sorting, and sizing of ma-
terials to meet requirements specifications. The samples were then moulded to required
shapes and sizes. Post treatment involved curing the samples under controlled condi-
tions to achieve the desired properties, and documentation of all samples was done in
each process, records were taken including for material properties, sample marking for

dates and identification during moulding and tests specified.
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3.4.2 Pine needle fibre preparation

A rigorous preparation protocol was implemented to guarantee uniformity and con-
sistency of pine needle fibres. Mature fibres were meticulously selected and subjected to
a comprehensive sorting procedure to eliminate impurities, debris, and damaged fibres,
ensuring only superior fibres were utilized. The fibres then underwent a thorough clean-
ing process to remove residual impurities and contaminants. To achieve uniform fibre
diameters, the tapered ends were excised, and only fibres with consistent diameters were
retained. This step minimized variability in fibre properties and behaviour within the
concrete composite.

The cleaned and sorted fibres were then precisely cut into 2 cm lengths, a di-
mension chosen based on an exhaustive review of existing literature and preliminary
studies that indicated optimal mechanical properties for this length. The pine needle fi-

bre sorting and sizing processes are shown in the Figure 3.1.

Figure 3.1 Pine needle fibre preparation

The cutting process was done carefully to ensure uniform fibre lengths, through

marking of the fibres facilitating optimal dispersion and distribution within the concrete

matrix. The prepared pine needle fibres were then ready for integration into the concrete

mixture, enabling the creation of a uniform and consistent composite material. The me-
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ticulous preparation of fibres was crucial in ensuring the resulting composite material

exhibited enhanced mechanical properties, including strength, toughness, and durability.

3.4.3 Sisal fibre preparation

A systematic extraction and preparation method and protocol was followed to guarantee
uniformity and consistency of sisal fibres. Sisal leaves were harvested and subjected to
a mechanical decortication process to extract fibres, followed by a thorough cleaning
procedure to remove impurities and debris. The fibres underwent a stringent sorting
process to eliminate damaged or inferior fibres, ensuring only premium fibres were uti-
lized. To achieve uniform fibre diameters, the fibres were manually refined to remove
excess pulp and impurities. The cleaned and sorted fibres were then precisely cut into 2
cm lengths following the uniform marks of 20mm formally marked on fibres (see Fig-

ure 2.3), a dimension selected based on an exhaustive review of existing literature.

Figure 3.2 The process of weighing sisal
fibres prior to its final preparation for in-

corporation into concrete

The cutting process was carefully controlled to ensure uniform fibre lengths, fa-
cilitating optimal dispersion and distribution within the concrete matrix. The prepared
sisal fibres were then ready for integration into the concrete mixture, enabling the crea-

tion of a uniform and consistent composite material. The meticulous preparation of fi-
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bres was crucial in ensuring the resulting composite material exhibited enhanced me-

chanical properties, including strength, toughness, and durability.

3.44 Cement

The cement utilized in this investigation is Cem II 32.5N, manufactured by Tororo Ce-
ment Limited. This cement type is a composite blend of clinker and supplementary ma-
terials like limestone, fly ash, or slag, carefully proportioned to achieve optimal perfor-
mance. It adheres to pertinent standards for cement quality and performance, including
EN 197-1:2011 and Uganda National Bureau of Standards (UNBS), specifying re-
quirements for cement composition, properties, and conformity criteria. The cement has
a compressive strength of 32.5MPa, an 1nitial setting time > 60 minutes, and a final set-
ting time < 10 hours, with soundness of < 10mm. All materials were acquired in Febru-
ary 2025. The choice of OPC and class 20N/mm?” of concrete was informed by their
widespread availability, affordability and suitability for general construction. The class
20N/mm? meets the moderate requirements for the research, cost effectiveness, and
above all, the concrete class has no effect on the on the research findings, any design

strength could be used.

3.4.5 Coarse and fine aggregates

The coarse aggregate (see Figure 3.3a) employed in this research was machine-crushed,
featuring a maximum aggregate size of 20 mm. Sourced from a local quarry, the aggre-
gate underwent rigorous selection and testing process to ensure compliance with requi-
site standards. The mechanical crushing process yielded aggregate particles with a rug-
ged texture and angular morphology, enhancing the mechanical interlock between the

aggregate and cement paste. The physical attributes of the aggregate include Specific
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gravity of 2.6-2.8, indicating a dense and robust material, Absorption of 0.5%, signify-

ing moderate water absorption capacity

The lake sand (see Figure 3.3b) used in this research was gotten from the local
lake deposits, undergoing meticulous evaluation to ensure adherence to stringent con-
crete production standards. Its natural provenance and geological history endowed the
sand with distinctive features, including a smooth surface texture and rounded particle
shape. The lake sand's physical properties comprise; Specific gravity: 2.6, denoting a
relatively high density, Absorption: 0.5%, indicating a moderate capacity for water ab-
sorption, fineness modulus of 2.65%, silt content of 2%, and soundness of 1.3% Grada-
tion: well-graded (see Figure 4.2) facilitating optimal particle packing and concrete per-
formance. The utilization of this lake sand significantly enhanced the flowability,
strength, and longevity of the concrete mixture, rendering it an ideal component for var-
ious construction applications. The sand's unique characteristics and properties played a
key responsibility in ensuring the consistency and reliability of the concrete's perfor-

marnce.

(a) (b)

Figure 3.3 Coarse and fine aggregates used in the study
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3.3.

3.5.1

3.5.2

3.5.3

Experimental design

Sample design

Mix design, C-20, class concrete.

Fibre reinforcement in concrete.

a) Plain concrete, zero fibre volume or weight,

b) Pine needles (0.1, 0.2,0.5%, and 1.5% by weight),

c) Sisal fibres (0.1, 0.2, 0.5%, and 1.5% by weight), and 2% for specific sam-
ples.

d) Composite (pine needle and sisal fibre respectively, 0.1%+0.1%,

0.2%+0.2%, 0.5%+0.5%, 0.5%+1%, 1%+0.5%, by weight).

Specimen preparation

150mm x 150mm x 150mm cubes (compressive strength).

Cylinders 200mm x 100mm (Split Tensile strength test).

Beams for flexural strength tests of 750mm x 150mm x150mm, (bend-
ing/flexural Strength) were cured under controlled conditions for 28 days to
achieve full strength.

Cubes of 150mm x 150mm x 150mm reinforced with round 12mm steel bars

with varied concrete covers.

Mixing and Sample preparation Process

This study employed a meticulous mixing and sample preparation protocol to ensure the

production of high-quality concrete samples. The protocol consisted of the following:
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1. Material preparation and batching: Precise measurement and preparation of
materials, including cement, coarse aggregate, lake sand, and sisal fibres, were
conducted according to designated mix proportions.

2. Dry mixing process: A pan mixer was utilized for dry mixing of cement, coarse
aggregate, and lake sand for 2-3 minutes, ensuring uniform material distribution.

3. Fiber dispersion: Sisal fibres were put to the dry mixed materials and mixed for
an additional 2-3 minutes, guaranteeing uniform fibre dispersion.

4. Wet mixing and hydration: Water was added, and the mixture was wet mixed
for 3-5 minutes, achieving a consistent and workable mix. The mixing process

was complete when the mixture exhibited a uniform consistency and texture.

3.5.4 Experimental set up

The experimental program employed in this study consists of material collection, prepa-
ration, batching, mixing, workability tests, sample casting and curing, and performance

evaluation. This setup is detailed in Figure 3.4 .

A e
Casting and

Matenal o Wet Slump e 5 Testing
Preparation atching Mixin vin Test LIS O
s 2 Mixing Samples

Figure 3.4 Experimental set-up.

3.5.5 Sample preparation and mechanical testing

The mixed concrete/composite was used to prepare samples for various mechanical
tests(moulding), including compressive strength test, split tensile test, flexural strength

test, shrinkage and cracking test. For each test, a control experiment was conducted us-
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ing plain concrete (without fibres) as a control experiment. Fiber-RC samples were pre-
pared with sisal fibre proportions of 0.1%, 0.2%, 0.5%, and1.5%, weight. Samples were
cast into moulds, as seen in Figure 3.5, specifically designed for each test and cured in a
controlled environment following standard laboratory procedures. Tests were conducted
on different days, with each test having its own control experiment. The testing sched-
ule was carefully planned to ensure all samples were tested at designated ages. Quality
control measures were implemented throughout the mixing and sample preparation pro-

CECSS.

Figure 3.5 Casting of concrete samples

3.6. Laboratory testing

3.6.1 Pine needle fibre tests

The physical and mechanical attributes of pine needle and sisal fibres were assessed
through a series of experiments, including fibre diameter assessment and microscopy
were employed to measure the diameter of individual fibres, ensuring precise character-
ization. Tensile property evaluation, a universal testing equipment was used to deter-
mine the breaking elongation and force at break of the fibres, providing insights into

their tensile behaviour. The tensile strength of the fibres was calculated based on the
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measured breaking force and diameter, allowing for a critical understanding of their

mechanical nature.

The elastic modulus of the fibres was derived from the stress-strain curves ob-
tained during tensile testing, providing valuable information on their stiffness. These
experiments were conducted in strict adherence to British Standards BS EN ISO 5079,
to guarantee the accuracy and reliability of the results. By employing this rigorous test-
ing protocol, the study aimed to unleash a thorough knowledge of the mechanical and
physical characteristics of pine needle and sisal fibres, ultimately informing their poten-
tial application as reinforcement materials in concrete. The equipment used in testing
the mechanical and physical characteristics of the fibres include: Universal Testing Ma-
chine for tensile strength, scanning electroscope for the diameter of fibres, water absorp-

tion apparatus, YGOO3E single fibre strength tester.

3.6.2 Concrete compressive strength test

This investigation utilized the compressive strength test machine (see Figure 3.6) to as-
sess the ability of concrete specimens to resist compressive forces, following BS EN
12390-3:2019. Standardized cube specimens were prepared using a consistent mixing
and compaction procedure to ensure uniformity. The specimens were cured in by dip-
ping the specimens in water for 7, 14, and 28 days to know the growth or increase of
compressive strength over time. And then the sample-specimens were then subjected to
compressive loading, and the highest force at fracture was recorded. Compressive
strength was calculated from the maximum load at failure, providing knowledge on the
material's capacity to resistance compressive stress. Various fibre proportions (0.1%,

0.2%, 0.5%, and 1.5%) of pine needle and sisal fibres were incorporated into the con-
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crete mixture to examine their impact on compressive strength. This investigation uti-
lized the compressive strength test to assess the capacity of concrete specimens to resist
compressive forces.

Figure 3.6 Sample Testing for compres-
sive strength

3.6.3 Split tensile strength test

The split tensile strength test, was undertaken according to BS EN 12390-6:2009, eval-
uated the tensile strength of concrete specimens. Standardized 100mm x 200mm cylin-
der specimens were prepared using a consistent mixing and compaction procedure and
cured for 7, 14, and at the 28" day. The sample-specimens were again tested under ten-
sional loading by use of a testing equipment, applying the load along the diameter of the
specimen. Split tensile strength was computed by use of the formula:
o=2P/nDL Eq. (3.1)

where o is considered to be the split tensile strength, and P is said to be the maximum
load, D is the diameter of the specimen, and L is the length of the specimen. This test

provided valuable information on the material's tensile properties.

3.6.4 Flexural strength test

The flexural strength test, adhering to BS EN 12390-5:2019, evaluated the ability of

concrete specimens to withstand flexural loads. Standardized 150mm x 150mm x
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750mm beam specimens were prepared using a consistent mixing and compaction pro-
cedure and cured for 28 days. Specimens were tested under flexural loading using a test-
ing machine, applying the load at the midpoint of the specimen. Flexural strength was
calculated using the formula:

g = 3PL/2bd* Eq. (3.2)
where o 1s the flexural strength, and P 1s the maximum load, L is the span length, b is
the width of the specimen, and d 1s the depth of the specimen. This test provided insight

into the material's flexural properties.

3.6.5 Pine needle and sisal fibre RC degradation test and impact on the steel re-

bar

The objective of this test was to investigate the resistance of the pine needle and sisal
RC on the alkaline environments and also as a result to come up with the suitable cover
thickness which could protect the concrete embedded reinforcement steel possibly pro-
tecting the steel from corrosion. With the key focus on determining the optimal concrete
cover thickness for minimising corrosion of steel which could be caused due to fibre
degradation and failure to of the fibre concrete material to and failure to protect the steel
rebars, for recommendations in large natural fibre-reinforced concrete applications
based on durability test principles.

A total of 12 samples with 12mm round-steel reinforcement bars in the concrete
cube specimens (150mm x 150mm x 150mm) were cast, the specimens were made with
four different concrete mixes which includes plain concrete (0% fibre content), concrete

with 0.1% pine needle fibres, concrete with 0.1% sisal fibre content, concrete with
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1.0%: 0.1% ratio of pine needle to sisal fibres respectively by weight, all with varying

concrete covers starting from 15mm, 20mm, and 30mm.

Round-steel reinforced concrete specimens were cast with single reinforcement
bar embedded in each 150mm cube concrete specimen. The concrete cover thicknesses
were varied by adjusting the length of the steel bars and their positions in each specimen
to achieve required concrete cover. The initial appearance and surface of all the cubes
were observed before and after the test experiment. The specimens were immersed in a
2.5 M 10% concentrated sodium hydroxide solution (NaOH) alkaline solution for 60
days to simulate an alkaline environment and accelerate the fibre degradation in high
PH environment which could possibly expose the rebar into a corrosive environment.
After 60 days, the specimens were removed from NaOH solution and the final observa-

tion made, the results are elaborated in chapter four.

Figure 3.7 Pine needle and sisal fibre RC degradation (Durability test)

3.7  Economic viability and environmental benefit analysis

The economic viability and environmental benefits of pine needle and sisal fibre-
reinforced concrete were evaluated through a meticulous analysis. A detailed cost-

benefit analysis was executed to understand the economic feasibility of utilizing pine
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needle and sisal fibres in concrete production, taking into account the costs of fibres,
reinforcement materials, and production processes. Furthermore, a carbon dioxide gas
analysis was performed to quantify the environmental impacts of pine needle and sisal
fibre-reinforced concrete, encompassing greenhouse gas emissions, energy consump-
tion, and waste generation. The results were then compared to those of traditional con-
crete to determine the potential environmental advantages of incorporating pine needle

and sisal fibres.

To determine the cost per unit of work in the production process of pine needle
and sisal fibre reinforced concrete, the following information was required labour output
per day for various tasks considering the material production process, also known as
productivity; accurate rates for various equipment, tools used in sorting and processing
of fibres and materials used in the production of the composite; accurate market prices
of materials at the time of use as prime costs; and correct wage rates for various catego-
ries of skilled and unskilled labourers for daily work, including sorting of fibres, sizing,

cleaning, and mixing.

Rate analysis involves fixing the cost per unit of measurement for different
items of work considering a typical beam element of 0.3mXx0.4mX3m, volume of
0.36m> of concrete. The total cost per unit of work (TC) consists of two components:
direct cost (DC) and indirect cost (IC). Direct costs include material costs, labour costs,
and equipment and tools costs. Indirect costs, on the other hand, cover overhead costs,
which facilitate workers and labourers sorting materials, as well as miscellaneous items.
These overhead costs were essential for the workers but were not directly considered in

the best cost benefit analysis. By analysing the data collected from the cost-benefit
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analysis, this study aimed to unleash key-important information into the economic and

environmental sustainability of pine needle and sisal fibre-reinforced concrete.

3.8. Data analysis and collection instruments

Data was organised, prepared, synthesized, plotted, using sigma plot software, and ana-
lysed using a regression model. Statistical analysis: through descriptive statistics, gener-
ation of mean standard deviation, R-square and P-values, residual values, standard error
generated and coefficient of variation and correlation between variables generated for
compressive, tensile and flexural strength. Compare mean strength values among differ-
ent fibre proportions and volume fractions and model relationships between fibres and
concrete strength properties. The statistical method used in this study was regression
model analysis to model the relationships between fibre content and concrete properties.
sigma plot software and analysis of variance (ANOV A) were used for data analysis and
including the graphical-representation. Descriptive statistics, mean standard deviation,
P-values, F-values, mean square values were read directly from the regression model
report with prediction linear equations developed. Regression analysis performed using
Sigma Plot software and ANOVA to model the relationship between the variables and
descriptive statistics, mean, standard deviation, also to test the statistical significance in

the perceived differences in the data result.

Data visualization: plot stress strain curves, generate bar charts and line graphs
for concrete composite strength properties. Results were interpretation evaluated for the
impact of fibre-proportions, volume fractions onto the composites strength properties, to
identify the optimal fibre configuration, discuss implications for concrete design. Con-

crete mixer, Casting Molds, Curing Chamber, Gauge boxes, Universal Testing Machine
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(compressive and tensile strength), Data collection sheets (concrete mix design forms,
specimen preparation check list, testing protocol form, data recording sheet. The de-

tailed methodological flow cart is shown in Figure 3.8.

Material selection and
preparation

ll

Preparation of specimens

[

Testing & Data collection

Jl

S h ¥ 4

Data analysis Validation

|

Data Verification

Il

Interpretation of results

.

Conclusion and recommendations

Figure 3.8 Methodology flow chart
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Introduction

The chapter herein gives a thorough presentation and elaboration of the experimental
results obtained from investigating the strength properties of the concrete hybrids im-
proved with pine needle and fibres extracted from sisal. As stated in Section 1.3.1, the
primary goal of this research was to assess the strength characteristics of the concrete
incorporating pine needle and sisal fibre composites, focusing on key characteristics like
flexural, split tensile, linear shrinkage, compressive strength and cracking. A range of
tests (refer to Section 3.6.3) were conducted on various concrete mixes, sand, aggre-
gates and natural fibres, to dig for a deeper information about the composite’s behav-

10UT.

Herein the findings of the test-experiments are presented and explained in depth,
rendering valuable key-informative points into the effects of fibre reinforcement on the
strength and durability of concrete. Whereas Sigma plot software (Section 3.2.1) was
utilized to analyse and interpret the data, identifying trends, correlations, and significant
differences between the various concrete mixes. The statistical examination was done to
ascertain the significance of the data collected and to identify the most influential fac-

tors affecting the properties of concrete.

This Chapter is structured into several sections each focusing on aspects of the
results obtained as per the specific objectives. To begin with, material test results in-
cluding mechanical, physical characteristics of materials like natural fibres used, aggre-

gates and sand are presented and discussed prior to a detailed analysis of the concrete
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strength properties (e.g., split tensile, flexural, and compressive strength, water absorp-

tion) and corrosion tests results along with a discussion into the findings.

4.2  Material tests and their properties

The intrinsic properties of aggregate, sand and natural fibres used in this study were
thoroughly characterised through a series of material tests, including sieve analysis, ab-
sorption test, flakiness index test, soundness test, to determine important material pa-
rameters like flakiness index, finesse modulus, silt content, abrasion value, Aggregate
crushing value, and so forth. These material characterisation helps in understanding ma-
terial properties hence ensuring quality, suitability, mix design optimisation, prediction
of material performance, and validation of research hypothesis hence reliable, valid and

applicable findings in the real world.

4.2.1 Mechanical and physical characteristics of coarse aggregates

The coarse aggregates are fundamental components of concrete, occupying a significant
volume fraction and playing a crucial role in determining the mechanical properties and
durability of the final product. The mechanical and physical characteristics of coarse
aggregates for example gradation, crushing value, abrasion value, and flakiness index,
water absorption, and also, impact value, are herein shown (see Table 4.1 and Figure

4.2).
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Table 4.1 Physical and Mechanical properties of coarse aggregates

Material property Value Recommended British
standard

Specific gravity 2.6 (2.5-3) %

Flakiness index 27% <40%

Soundness test 1.30% <12%

Loss angles abrasion value 28% (30-50) %

Aggregate crushing value 15% <30%

Water absorption 0.5-0% (3-4) %

Gradation, see Figure 4.1, with a nominal size range of 5-37.5 mm, fakeness in-
dex of 27%, soundness of 1.3%, abrasion value of 28%, dry crushing value (DCV) of
15%, mean dry impact value of 9% ensuring optimal packing density and concrete per-
formance. The incorporation of this coarse aggregate contributed significantly to
strength, stability, and longevity of the concrete mixture, rendering it well suited for di-
verse building and construction applications. The careful selection and characterization

of the aggregate ensured consistency and reliability in the concrete's performance.

—&— LUpper limit
O  Lower limit

120 1 | = » = Coarse aggregate used in this siudy

100 -

Percentage passmng

0 5 10 15 20 25 30 as 40
Sieve size (mm)

Figure 4.1 Gradation curve for coarse aggregates, super-imposed on the BS882: 1992

specification for aggregates from natural sources for concrete.
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The aggregate test results conform to the British Standards, demonstrating suita-
bility for use in the concrete production and applications. The aggregate exhibit suitable
density, good particle shape and high resistance to weathering. The aggregate also
shows good resistance to abrasion and high strength. The lower water absorption sug-
gests durability and resistance to degradation, collectively indicating that the aggregate
meets the standard suitable for its use. From the gradation curve shown in Figure 4.1,
the coarse aggregate material which were used in this particular research was well grad-

ed, it lies within the limits.

4.2.2 Mechanical and physical characteristics of fine aggregates

The sand characterisation involved a comprehensive evaluation of its physical proper-
ties, including gradation, determination of silt content, and finesse modulus. As fine ag-
gregate with the fineness modulus characteristic equivalent to 2.65, silt content of 2%,
sand helps to fill the air spaces in the concrete and enhances the overall performance of
concrete. The evaluation in sand characterization aimed at determining the sands com-
patibility and potential efficacy in the improvement of the concrete composite’s me-
chanical properties as shown in Figure 4.2. The sand gradation curve exhibits gradual
increase in percentage passing, ranging from 0.2% to 100%, indicating a relative uni-

form particle size distribution with a fineness modulus of 2.6.
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Figure 4.2 Gradation curve of fine aggregates, super-imposed on BS882:1992 specifica-
tion for aggregates from natural sources for concrete

This uniformity suggests that the sand can provide a good balance between
flowability and stability in concrete mixtures. The fineness modulus of 2.6 falls within
the range for various concrete applications, implying that the sand can contribute to
good workability and strength, and the medium sand classification and moderate fine-
ness modulus suggests that the sand is suitable for use in concrete production and its
gradation characteristics can help to achieve optimal concrete performance. From the

gradation curve, (see Figure 4.2.), the fine aggregate used was well graded.

4.2.3 Mechanical and physical characteristics of pine needle and sisal fibres

Natural fibres like pine needle and sisal fibres possess distinct physical and mechanical
attributes depending on their nature, origin and species, these attributes tender them for
versatile applications. By examining these properties, this study seeks to elucidate the

inherent characteristics of this fibres and their potential utility in composite materials.
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The test results shown in Table 4.2 revealed distinct physical attributes and mechanical
characteristics of pine needle and sisal fibres with sisal fibres exhibiting superior break-
ing force, tensile strength, and elastic modulus, making them a primary contributor to

strength and stiffness in the concrete composite material (Geremew et al., 2025).

Table 4.2 Physical and mechanical characteristics of pine Needle and Sisal fibres

Some characteristics according to

Fibre parameter Pine Sisal ASTM D3822
Diameter(micrometre) 0.51 0.23 0.1 -0.5
BI‘Eﬂkng force (N) 318.68 512.4

Breaking elongation % 5 g 543 1-10

Tensile strength (MPa) 15.6 123.34 > 200 - 500
Elastic modulus (GPa) 0.716 220 2 —-30

However, pine needle fibres play a critical role in enhancing toughness and ductility due
to their relatively lower elastic modulus and moderate breaking elongation. The (0.45 -
0.58) micrometre diameter of pine needle fibres contributes in improved crack bridging
as larger fibres are good in bridging cracks and resistance to crack propagation (Pham,
2025). It 1s observed that 0.45 — 0.58 micrometre fibre diameters help in energy absorp-
tion contributing to improved toughness and impact resistance, enhanced load transfer
since larger fibres can transfer loads more efficiently, potentially improving on materi-

als strength and stiffness (Mazur, et al., 2022).

4.2.4 Natural fibre reinforced concrete slump tests

The tests of the slump are a widely used method to examine the flowability the con-
sistency of the freshly formulated concrete, playing a crucial role in aligning the class
and longevity of concrete structures. By testing the slump values, we can determine the

concrete’s ability to flow and fill moulds of formwork, which directly impacts its
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placement, compaction and finishing. This test 1s essential in evaluating the impact of
NF addition on concrete’s rheological characteristics. In this section, I present the re-
sults of slump tests conducted on concrete mixes reinforced with pine needle and sisal
fibres, in relation to the control experiment, to understand the effect of these fibres on

workability and potential implications for concretes strength and durability.
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Figure 4.3 Concrete slump test

The test of the slump results indicates that as fibre content increase, workability de-
creases. Both pine needle and sisal fibre reinforced concrete exhibit this trend, likely
due to increased internal friction and reduced flow ability caused by the fibre friction.
Sisal fibres reinforced concrete shows a more significant reduction in slump compared
to pine needle reinforced concrete, suggesting differences in fibre properties influence

fibre cement-paste interaction and workability.
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4.3 Concrete strength properties
4.3.1 Compressive strength of pine needle fibre-reinforced concrete

This experimental investigation aimed at evaluating the characteristic strength of con-
crete incorporating fibre composites, with a design target of 20Nmm? characteristic
concrete strength. As recorded in Figure 4.4, the effect of varying pine needle fibre con-
tent (0%, 0.1%, 0.2%, 0.5% and 1.5% by weight) on compressive strength of concrete

were explored at different testing ages (7, 14, 21 and 28 days).

The neat specimen, (control experiment) portrayed the highest compressive
strength values across the testing ages with an average 28™-day strength of 33.32N/mm?
exceeding the design target. The use of pine needle fibres led into a drop in compressive
characteristic strength of NFRC compared to the control specimen, the high content
fibres causes inhomogeneous mix, low workability affecting the interface attraction
force with the concrete matrix, it could also be because of formation of balling, in-

creased porosity in the composite (Shrestha et al., 2024).

A same behaviour has been registered in such studies. However, the 0.1% and 0.2% fi-
bre reinforced concrete samples showed promising results with average 28"-day
strength of 23.06N/mm? and 22.21 N/mm?, respectively. These values are still above the
minimum requirement for class 20 N/mm?” concrete, indicating potential applicability of
these fibre contents in structural concrete as shown in Figure 4.4 and Figure 4.5. The
single sisal fibre reinforced concrete of ratio 0.1% fibre performed more with the com-

pressive characteristic strength of 27.5N/mm? compared to the composite concrete ma-
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terial with 0.2% each combined fibres, which yielded a compressive strength of

23.7N/mm?>.
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Figure 4.4 Compressive strength of pine needle fibre reinforced concrete with varied

fibres. The red line indicates the target mean compressive strength
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Figure 4.5 Relationship between pine needle content and concrete compressive strength.

The Figure 4.4 illustrates the relationship between pine needle fibre dose and compres-
sive characteristic strength as determined by regression analysis as prediction model.
The negative slope of the curve indicates that as pine needle fibre content increases,

compressive strength decreases. This inverse relationship suggests that the inclusion of
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the pine needle fibre doses into the mixture has a detrimental impact on the compressive
characteristic strength of the concrete.

From Figure 4.4, the linear regression model (in which f, 1s the predicted value
of the compressive characteristic strength and x is the independent variable representing
the pine needle fibre content) generated shows R? = 0.84217. The regression analysis
revealed a highly significant relationship between pine needle fibre content and com-
pressive strength (P<0.0001). The R-square value of 1.0 indicates that the model almost
explains all the variations in compressive strength. The negative slope of the curve con-
firms that the increasing pine needle fibre content leads to a reduction in compressive

characteristic strength.

fox = 37.91 — 5.71x Eq. (4.1)

4.3.2 Compressive strength of sisal fibre-reinforced concrete

Assessing the compressive strength of concrete is a fundamental step in evaluating its
mechanical behaviour and structural integrity. By subjecting the composite material into
controlled compressive loading, this test provides critical information on the materials
capacity to resist deformation and failure under loading conditions. The outcome of the
compressive characteristic examination is essential in determining the suitability of
concrete for various applications. Thus, this investigation focuses on evaluating the
compressive characteristic strength of the sisal RC with the aim of determining its po-

tential applications. The results are shown in Figure 4.6 and Figure 4.7.

The compressive characteristic strength-ability of sisal fibre-reinforced concrete
was evaluated at various fibre proportions (0%, 0.1%, 0.2%, 0.5% and 1.5% by weight).

The control experiment (0% fibre) exhibited increasing compressive strength with time,
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reaching 33.32 Nmm? on the 28" day, exceeding the target class 20 N/mm? strength.
The increased add of extra sisal fibre into the concrete led to a decrease in compressive
strength, with higher fibre proportions resulting in greater reductions in compressive
strength. The 0.1% fibre proportion showed a 28"-day compressive strength of 27.2
N/mm?, representing an 18.4% decrease compared to the control experiment, yet still
surpassing the target strength. The 0.2% fibre proportion yielded similar results, with a
28"_day compressive strength of 26.95 N/mm?, indicating a 19.1% decrease. Some of
the observed concrete strength exceeded the design strength possibly due to the optimal

curing conditions, high material quality, or due to variation in the material proportion-

ing during mixing process or batching.
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Figure 4.6 Compressive strength of sisal fibre-reinforced concrete

The red line in Figure 4.6 represents the target compressive strength of concrete.
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Figure 4.7 Compressive strength of fibre-reinforced concrete

Further increase in fibre proportion (0.5% and 1.5%) resulted in more significant reduc-
tions in compressive strength, with 28"-day values of 23.73 N/mm?* (28.8% decrease)
and 9.49 N/mm? (71.5% decrease), respectively. Notably, the 0.5% fibre proportion still
achieved the target class 20 strength, while the 1.5% proportion fell short. Based on the
results, the optimal proportion proportions of sisal fibres that maximizes impact on
strength properties of concrete while potentially offering benefits in terms of tensile
characteristic strength, ductility, and resistance to cracks. The single pine needle fibre
reinforced concrete of ratio 0.1% fibre performed more with a compressive strength of
26.2N/mm? compared to the composite concrete material with 0.2% each combined fi-

bres, which yielded a compressive strength of 23.7N/mm?.

In conclusion, the evaluation findings indicate that the increased inclusion of the
sisal fibres generally reduces compressive strength with higher fibre proportions leading
to greater losses. The loss in compressive characteristic strength could possibly be as a
result of the fibre congestion which reduces workability hence reducing the interfacial

bonding between the fibres and concrete matrix (Mukil et al., 2024). However, (0.1%-

70


https://v3.camscanner.com/user/download

Chapter 4 Results and discussion

0.2%) may offer balance between strength and potential benefits in other properties

while still meeting the target class strength of 20 N/mm?.

Sisal fibre addition reduces compressive strength, with higher proportions lead-
ing to greater losses. The optimal proportions of sisal fibres appear to be around 0.1% -
0.2% by weight. Fibre proportions up to 0.5% can still achieve the target class
20N/mm?. The Figure 4.8 illustrates the detailed relationship and correlation between
the sisal-material fibre and the compressive characteristic strength of concrete. From the
figure 27, generated from the regression model, R* =0.1126, the equation of regression
analysis 1s:

ck = 15.23 + 2.41 Eq. (4.2)
Equation 4.2 1s a proposed linear equation for estimating the compressive strength of
concrete, where fer 1s the characteristic strength for concrete and x is the fibre content
variable. A strong correlation was found between sisal fibre proportion and compressive

strength with a correlation coefficient R of (0.9649).
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Figure 4.8 Relationship between sisal fibre content and concrete compressive strength
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4.3.3 Compressive strength of pine needle-sisal reinforced concrete

As discussed in Section 3.6.1, to investigate the combined effect of hybrid fibre con-
tents on concrete strength properties, focusing on the potential enhancements in me-
chanical properties and sustainability, several fibre proportions were used to formulate
different specimens. The results are discussed below and key findings elaborated with

graphical illustrations (see Figure 4.9).

A mixture of fibre hybrid proportions was examined with the proportions of 0%,
0.2%:0.2%, 0.5%:0.5%, 0.5%:1%, 1%:0.5% by weight, sisal to pine needle fibres re-
spectively. The compressive characteristic behavioural strength of all concrete mixtures
went up with the curing age, which is consistent with the expected behaviour of con-

crete as it matures (Gao et al., 2025).
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Figure 4.9 Relationship between sisal fibre content and concrete compressive strength

However, the addition of more fibre contents generally led to a fall in the com-
pressive strength of concrete compared to the control sample (32.55 N/mm?” a at
28days), with the magnitude reduction depending on the fibre proportion. Notably, the

0.2%:0.2% fibre reinforced concrete gained 22.89 N/mm?, a 0.5%:0.5% fibre reinforced
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concrete gained 21.34 N/mm?, 0.5%:1% gained 8.25 N/mm? and 1%:0.5% proportion
gained 6.54 N/mm? compressive strength, all at the ratio of sisal: Pine needle fibres re-

spectively at 28days age.

The compressive strength percentage decrease was 29.7%, 34.4%, 74.4% and
79.9% respectively with addition of more fibre contents beyond the optimal proportions.
This could be because of the increased porosity caused by large fibre contents and re-
duced workability, possibly induced by inadequate bonding character between the con-
crete matrix and the fibres-matrix. This is in line with the recent research trends which

specify that for compressive strength, the fibre content must not be too high (Hamada et

al., 2023).

4.3.4 Comparison of the impact of hybrid fibre contents on compressive strength

A compressive investigation was undertaken to assess the relative merits of hybrid fi-
bres, sisal fibres and pine needle fibres in augmenting the performance of the NFRC.
This comparison looked deeply into on the distinct impacts of each fibre type on the
strength property of concrete, providing valuable insights into their potential applica-

tions. The findings are visually represented in
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Figure 4.10 Compressive strength of pine needle and sisal fibre reinforced concrete

The addition of hybrid fibres (sisal and pine needle fibres) to the concrete mix
brought about the reduced compressive characteristic strength compared to plain con-
crete (32.55N/mm?). The strength reductions range between 31.4% and 79.9%, with the
highest strength of 22.32 Nmm? achieved 0.2% sisal and 0.2% pine needle fibre con-
tents. Increasing the fibre proportions caused a significant fall/reduction in compressive
characteristic strength, possibly due to increased porosity in the concrete composite,
causing reduced workability and compaction. Additionally, this could be caused due to
fibre dispersion, fibre agglomeration hence creating weak joints in the concrete (Hassan

and Saeed, 2024).

4.3.5 Flexural strength of pine needle and sisal reinforced concrete composite

The flexural test 1s a key indicator of concrete’s real potential to stand against cracking
and failure under bending loads. The test examines the flexural performance of hybrid
fibre RC, shedding light on synergistic effects of these hybrid fibres, providing insights
into potential to construct the longevity and structural potential of the NFRC composite.
Flexural examination is a fundamental assessment mechanism used to find the mechani-

cal characteristics of materials subjected to bending stresses. By applying controlled
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loads to specimens, researchers can gain valuable key insights into material characteris-

tic to resist bending failure.

3 0.1% sisal fibre reinforced concrete

0.1% pine needle fibre reinforced concrete
ol (0.1%+0.1% pine needle and sisal fibre RC
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Figure 4.11 Flexural strength of pine needle and sisal fibre reinforced concrete.

The flexural test results as shown in Figure 4.11 indicate that the inclusion of
0.1% pine needle fibres led into a significant fall in flexural characteristic strength of
26.3% compared to plain concrete. In contrast, the addition of 0.1% sisal fibre resulted
in the least decrease in flexural strength of 2.5%, the hybrid composite consisting of
0.1% pine needle fibres and 0.1% sisal fibres showed a flexural strength value that was

16.1% lower than the pine needle fibre reinforced concrete.

The reduction in flexural strength could be related to the potential weak bonding
character in between the natural fibre matrix and the concrete, caused by fibre conges-
tions leading to reduced load bearing ability of the hybrid material (Hussein et al.,
2023). The results suggest that sisal fibres are more suitable for concrete use compared
pine needle fibres at a 0.1% dosage, potentially due to better dispersion and interfacial

bonding within the concrete matrix. The combination of pine needle and sisal fibres did
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not appear to yield a synergistic effect on flexural strength at the tested dosages. How-
ever, their performance show improvement compared to pine needle fibre reinforced

concrete.

4.3.6 Split tensile strength test

The tensile characteristic strength results of concrete mixtures incorporating pine needle
and sisal fibres revealed interesting trends. The plain concrete without any fibre exhibit-
ed a tensile strength of 2.21 N/mm?. Putting more fibres into the concrete mixture ignit-
ed the increase in the tensile characteristic strength up to a certain point, with the high-
est tensile strength of 2.39 N/mm? achieved at a sisal fibre content of 0.2%, representing
an 8.1% increase compared to the neat concrete. However, further increase in sisal fibre
content led to a decrease in tensile strength dropping to 2.12 N/mm? at 0.5% sisal fibre
content, 1.56 N/mm? at 1.5% sisal fibre content, and 0.20 N/mm? at 2% sisal fibre con-
tent. This stands for a significant fall of 90.9% of tensile strength at the highest fibre

content.

Similarly incorporating pine needle fibres into the concrete mixture also in-
creased the tensile strength up to a certain point. The highest tensile strength of 2.69

N/mm?

a was achieved at a pine needle fibre content of 0.2%, representing a 21.7% in-
crease compared to the plain concrete. However, the continued increase in pine needle
fibre amounts led to a significant decrease in tensile characteristic strength dropping to

1.67 N/mm? at 0.5% pine needle fibre content, and 0.42 N/mm?” at 2% pine needle fibre

amount as shown 1n Figure 4.12.

76


https://v3.camscanner.com/user/download

Chapter 4 Results and discussion

3.0 q

—— 5izal fibre reinforced concrete
<42 Pine needle fibre-reinforced concrete

2.5 4

2.0 4

1.5 4

1.0 4

Tensile srength (Mpa)

0.5 4

ﬂ-ﬂ ] ] ] L} L] 1
0.0 0.5 1.0 1.5 2.0 25

Fibre content in concrete (% by weight)

Figure 4.12 Split tensile strength of pine needle and sisal fibre-reinforced concrete

The composite material with 0.1% sisal fibres and 0.1% pine needle fibres ex-
hibited a tensile strength of 2.24 N/mm?, which is slightly greater than the neat concrete
but lower that the individual fibre reinforced concretes with similar fibre contents.

The observed behaviours in tensile characteristic strength can be related to the complex
interactions between the fibre-body and the concrete matrix. At optimal fibre contents,
the fibres appear to effectively reinforce the concrete, leading to improved tensile
strength. However, at greater fibre amounts, the fibres may agglomerate, leading to in-
creased porosity and weakened concrete matrix, ultimately resulting in reduced tensile
strength (see Figure 4.13— Figure 4.15). The results also suggest that
pine needle fibre reinforced concrete offers more tensile strength with an optimal fibre

proportion of 0.2% compared to sisal FRC, (pine needle and sisal fibre) RC composite.
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Figure 4.13 Split tensile strength of concrete composite

4.3.7 Prediction model for tensile strength

A prediction model was developed to estimate tensile strength based on fibre proportion
as shown in Figure 4.14. The model is valid for fibre proportions ranging from between
0 and 2% by weight and predicts tensile strength between 0.42 and 2.21 Nmm? with.

The Y-intercept 1s statistically significant (t-value;13.2568, p-value: 0.0002).

= Ling of bast fit
@ Intersection poirts

— §5% Confidence Band
— 05% Prediction Band
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T T T T 1]
0.0 05 1.0 1.5 20 25
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Figure 4.14 Prediction model graph for tensile strength

The Eq. (4.3), in which f_, is the estimated tensile strength and x 1s the fibre content,

can be used to estimate the variables within a significant range of values. The equation
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4.3 can be used to estimate the fibre contents or split tensile characteristic strength for

pine needle fibre RC.
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Figure 4.15 Split tensile strength of concrete composite
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Eq. (4.3)

The composite concrete material was analysed using regression model analysis

and the results show a strong correlation between the variables with P value of 0.0033,

indicating a statistical significance in fibre type and content and high accuracy indicated

by an R? value of 0.9153. Indicating that 0.2% fibre each by weight had a better com-

pressive characteristic strength of 23N/mm? compared to the composite with the highest

fibre ratio of 1% pine needle fibre and 0.5% sisal fibre which yielded a 3.4N/mm?”. The

analysis showed that the composite material with optimum fibre ratios yielded larger

compressive characteristic strength when related to the composite with higher fibre pro-

portions. The composite revealed more or less the same strength as compared to each

single fibre reinforced concrete with a variation of about +3N/mm2. However, its per-

formance was less that that of a single sisal fibre RC.
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4.3.8 External data comparison and validation process
External validation and or comparison is a critical evaluation step for regression
models, where the model’s performance 1s assessed on a separate independent dataset
(Mansmann and On, 2025). This process verifies the model’s ability to generalize and
make accurate predictions beyond research data. The predictive capability of the devel-
oped regression model (see Figure 4.14) was assessed using a dataset sourced from an-
other research study, by applying the model to this distinct dataset, its versatility and

accuracy were evaluated.

To validate the regression model used and the equation developed in this study,
the results were compared with the data from a previous study on coir fibre-reinforced
concrete (Seneviratne et al., 2017). The dataset was first synthesized, analysed and
comparison made by plotting both datasets on the same graph, which showed a good
match between the two. The model’s predictions for specific fibre contents were made
and plotted in conjunction with the original data, revealing a strong corelation and con-
sistent trend. The estimations generated using the model were compared to the other
researcher’s data, this gave real values contained in the dataset, revealing the reliability
of the model. This validation step provided further evidence of the model’s potential-

ability and suitability for broader and or larger application.
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Figure 4.16 comparison of data with another researcher’s data

The analysis showed that addition of fibres in concrete triggered a fall in com-
pressive characteristic strength for both studies, despite the difference in fibre types (si-
sal fibres verses coir fibre). The good agreement between the two datasets and the suc-
cessful application of the regression model to other researcher’s data provide strong ev-
idence for the validity and robustness of the model. This external validation demon-
strates that the model could be incorporated in the analysis and prediction of the

strength properties of NFRC.
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4.3.9 Analysis of variance to test statistical significance (ANOVA)

To evaluate the effects of fibre type, and dosage on the strength properties of concrete, a
statistical analysis was undertaken using analysis of variance (ANOVA). This approach
enables the examination of the individual and combined influences of fibre type, includ-
ing sisal and pine needle, and varying content levels on the resulting strength character-
istics of concrete. The outcomes of the analysis are presented and discussed offering
significant insights into the factors that shape the strength properties of fibre reinforced

concrete (see Table 4.3).

Table 4.3 Analysis of variance (ANOVA) in the perceived strength differences

Source DF SS MS F-value P-value
Fibre type 2 124 .45 61.72 923 0.012
Content 3 456.45 156.26 1291 0.0001
Interaction 6 78.9 13.15 1.11 (0.372
Error 24 283.11 11.80

The analysis of variance ANOVA results reveal that fibre type and dosages sig-
nificantly influence the compressive strength of concrete. The fibre type has statistically
significant effect on the compressive strength of concrete, as indicated by a P-value of
0.012. This suggest that the type of fibre used, whether sisal, pine needle, or a combina-
tion, plays a role in determining the concretes strength, this agrees with studies by Ali et
al. (2018) and Kumar & Jain (2020), who reported that fibre type and its contents great-

ly influence the mechanical behaviour of fibre-reinforced concrete composites due to
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differences in fibre morphology, tensile strength, and bonding characteristics with the

cement matrix.

There 1s no significant interaction between the fibre type and dosage, as evi-
denced by the P-value of 0.372, meaning that the effect of fibre type on compressive
strength is consistent across different content levels. The total variability in compressive
strength attributed to fibre type difference 1s represented by a sum of 123.45 and the av-
erage variability in compressive strength is denoted by a mean square (MS) of 61.72. a
sum of squares (SS) of 456.78 represents the total variability in compressive strength
attributed to dosage level differences. The average variability in compressive strength

per dosage comparison is indicated by a mean square (MS) of 152.26.

In general, the results highlight that the importance of fibre type and dosage in
determining the strength characteristic of concrete, with contents, exhibiting a more
pronounced effect. Both the pine needle and sisal fibres respond similarly to changes in
dosage levels, with no strong synergistic positive effect on the concrete strength proper-
ties when combined as composite material. The study concludes that sisal fibre concrete
exhibits slightly higher strength performance than pine needle fibre concrete possibly
due to better bonding and stress-bridging capacity and its exhibition of high tensile

strength compared to pine needle.

4.4  Durability of pine needle and sisal fibre-reinforced concrete composite

The capacity of concrete to withstand the environmental stresses is crucial for either its
short- or long-term performance (Krelani et al., 2025). This segment of the study inves-

tigates the durability properties of concrete composites containing pine needle and sisal
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fibres, specifically evaluating their water absorption and corrosion resistance character-
istics, to elucidate the potential advantages of utilizing these natural fibres in concrete

applications.

4.4.1 Water absorption test

The test of conducted to evaluate the water absorption degree of NFRC 1is a critical as
the assessment mode of concrete’s durability, providing insights nto its pore structure
and susceptibility to water ingress. By quantifying the amount of water absorbed over
time, this test assists us to evaluate the concrete resistance to degradation and potential
damage to exposure, especially such concrete improved with natural fibres. The results
shown in Table 4.4 can inform the development of more durable and sustainable con-

crete mixtures.

Table 4.4 Water absorption for concrete with pine needle and sisal fibre composites

Concrete type Fibre content (%) Absorption (%)
Plain concrete 0 8.2

Sisal fibre reinforced concrete 0.5 9.5

Pine needle fibre reinforced concrete 0.5 9.0

Sisal fibre reinforced concrete 2 125

Pine needle fibre reinforced concrete 2 12.4

Pine needle and sisal fibre reinforced concrete 0.5:0.5 10.5

The findings of the water absorption examination test results portrayed the con-
sideration of natural fibres into the concrete raised its water absorption, with the rate of
absorption changing basing on the fibre type and its content. The plain concrete had the
lowest water absorption, whereas, the increment of 0.5% fibre amounts triggered a

slight rise in water absorption. This could be because of the increased porosity caused
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by the excess fibre content, leading to water flows through the concrete composite, pos-

sibly impacting into its durability.

Notably, increasing fibre content to 2% significantly increased water absorption
for both fibres to 12.5% for sisal fibre reinforced concrete and 12.4% for pine needle
fibre reinforced concrete. In contrast, a hybrid combination of 0.5% sisal and 0.5% pine
needle fibres yielded a water absorption of 10.5% which fell within the rates of individ-
ual fibres. This could be because of the synergistic impact of the two fibres, the inter-
locking of the fibres due to their difference in fibre diameter, closing up the gaps and

reducing the water percolation through the composite.

4.4.2 Pine needle and sisal fibre RC degradation test (Durability test)

Assessing the alkaline resistance of NFR concrete is important for predicting the
lifespan of reinforced concrete structures. This test examines the natural fibre concrete’s
ability to shield steel reinforcement from alkaline destructive environmental agents,
providing key insights into its durability and potential vulnerability to degradation. By
investigating the alkaline-degradation resistance of pine needle and sisal fibre reinforced
concrete, researchers can gain a deeper understanding of its performance under such
environmental conditions.

The degradation test results in Table 4.5 indicate that, the pine needle and sisal
fibre reinforced concrete, exhibit good resistance properties to alkaline caused degrada-
tion in a simulated environment (10%-concentrated sodium hydroxide solution). Only
sample surface colour slight change was observed, minor signs of stains with no degra-

dation in the internal fibres RC.
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Table 4.5 pine needle and sisal fibre reinforced concrete degradation test results

Sample Concrete covers Initial spec- Final speci-

imen obser- men obser-

vation vation
1. Plain concrete, 3-samples 15mm, 20mm, 30mm The concrete  No signifi-
2. 0.1%-Sisal fibre reinforced con- 15mm, 20mm, 30mm specimens cant visible
crete, 3-samples appeared degradation,
3. 0.1%-Pine needle fibre rein- I15mm, 20mm, 30mm normal with or cracks,
forced concrete, 3-samples no visible Slight sur-
4. 0.1% and 0.1% sisal and pine 15mm, 20mm, 30mm cracks, the face discol-
needle fibre reinforced concrete, surface was oration, In-
3-samples smooth and creased sur-
the colour face rough-

was uniform. ness

These findings suggest that the composite materials have potential for use in
structures exposed to alkaline environments, although further testing is necessary to ful-

ly understand their long-term durability.

4.5  Economic viability and environmental benefit analysis

A compressive analysis was conducted, evaluating economic aspects such as material
costs, production expenses, and potential economic and environmental savings, consid-
ering environmental factors like reduction in carbon footprint, conserving resources, and
minimizing environmental generated waste. through this investigation, the study aimed
to put more light on the potential and cost, and environmental implications of adopting
pine needle and sisal fibre reinforced concrete in comparison with steel reinforced con-
crete, ultimately triggering the contribution into the advanced-growth of eco-friendly

construction solutions and reduced environmental impact.
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A comparative cost benefit analysis (shown in Figure 4.17) of reinforcing a typi-
cal 0.3 x 0.4 x 3m span beam with traditional steel versus natural fibres (pine needle
and sisal fibres). Notably, the natural fibre reinforcement achieved 21.7% improvement
in tensile strength, prompting a calculation of equivalent steel reinforcement (T16mm
diameter) to match this performance. A comprehensive cost comparison was then con-
ducted, revealing a significant cost saving of Ugandan Shillings 55,000 when using nat-
ural fibres. The illustrates the cost comparison between the two reinforcement options,

highlighting the economic benefits of using natural fibres.

2e+5
2e+5 -
Te+5

Se+d

Cost of concrete type (Ugandan shillings)

Steel-RC Pine needle and sisal RC

Figure 4.17 cost comparison between the NFRC and the steel RC

One of the critical objectives of this study was to understand the environmental
impact when natural fibres are used in comparison with the traditional steel reinforced
concrete. The analysis estimated that the application of steel reinforcement to improve
the tensile strength of a 0.3 x 0.4 x 3m beam by an equivalence of 21.7% tensile
strength improvement that was recorded in the use of fibres would result in approxi-
mately 34.4 kg of CO2 emission. Considering factors such as transportation and genera-

tor use in the fibre processing, see Figure 4.18
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Figure 4.18 carbon dioxide gas emission comparison between NFRC and the steel RC

The use of natural pine needle and sisal fibres in concrete reinforcement reduces
abiotic depletion by utilizing renewable, biodegradable waste materials, thereby mini-
mizing the surrounding effect related to the extraction and the processes of material
preparation required for steel production. The Table 4.6 bellow elaborates the environ-
mental impacts, benefits and possible applications of the pine needle and sisal fibre re-
inforced concrete composite.

Table 4.6 Environmental impact, benefits and applications

Material Environmental Potential benefits Potential applications
impact
Pine needle Low Reduced steel usage, Im- Low-cost housing, Pre-
and sisal fibre proved durability, Cost effec- cast concrete products,
reinforced tive, environmentally sus- Sustainable infrastruc-
concrete tainable. Highly renewable ture, Eco-friendly con-
resources struction

Steel rebar High High strength durability High-rise buildings,
concrete complex structures,

heavy infrastructure

The analysis suggest that the natural fibre composite material offers a promising

balance of economic viability and environmental benefits as shown in table 8 above.
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With its potential to reduce environmental impacts while maintaining competitive costs.

Further research needed to optimise its performance and sustainability.

4.6 Summary

The study revealed that addition of pine needle and sisal fibres either as individual or
hybrid fibres decreases the compressive characteristic strength of the concrete compared
to the plain or neat concrete. The optimal content of pine needle and sisal fibres for im-
proved strength properties of concrete is 0.1% (compressive strength) and 0.2% (tensile
strength) by weight. Higher fibre content beyond 0.2% leads to significant reductions in
concrete strength properties. The 0.1% and 0.2% fibre reinforced concrete samples meet
the design target for class 20 N/mm?. The water absorption test results indicate that ad-
dition of sisal fibres into concrete generally increases its water absorption up about
12.5% compared to plain concrete. The optimal fibre proportions were determined
based on the maximum strength property achievement, particularly the compressive po-
tential and also workability, which affects the concrete strength properties. All the sam-
ples showed resistance to the alkaline conditions, with minimal impact observed in the
simulated an alkaline environment, suggesting an optimal minimum concrete cover of at
least 20mm.

The findings reveal that adding sisal or pine needle fibres either as individual or hybrid
fibres to concrete improves its tensile strength at least by 21.7%. The study also re-
vealed a slight least reduction of 2.5% in flexural strength on addition of 0.1% pine
needle fibres into concrete. The use of natural fibres (pine needle and sisal fibres) in
concrete reinforcement resulted in cost saving of 55,000 Ugandan shillings compared to

traditional steel reinforcement.
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Natural fibre reinforcement yielded a significant reduction in CO> emission from 34.4
kg to 5.28 kg, contributing to environmental benefits. The utilization of renewable, bio-
degradable waste materials minimizes the environmental-surrounding impacts related
with abiotic depletion and processing raw materials for steel production, promoting sus-
tainability.

The variations in the strength impacts given by the two fibres are because of the
differences in fibre mechanical and physical related attributes, for example the breaking
elongation, tensile strength, diameter of fibres, Youngs modulus etc. Sisal fibres having
unique properties for example breaking force greater than that of pine needle this could
mean resistance to loading. Sisal fibre also has a small surface area to volume ration, at
the same time with a rough texture, this allowed effectiveness in the character of bond-
ing in between the concrete matrix and the fibre. On the other hand, the pine needle fi-
bre has larger diameters, possibly allowing larger deformations. However, it has a

smooth texture surface, possibly leading to inadequacy in bonding properties.
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS

5.1 Introduction

This chapter consolidates the core outcomes of an experimental inquiry into the behav-
iour of concrete augmented with sisal and pine needle fibres. The study examined the
interplay between fibre reinforcement and concrete strength properties, including flex-
ural strength, compressive strength, split tensile strength, water absorption, corrosion
resistance under alkaline environments. Drawing on the empirical evidence and predic-
tive model validation, the conclusion and recommendations outlined herein aim to in-
form future research trajectories and practical applications, highly adding to the ad-

vancement of the eco-friendly and sustainable resilient concrete solutions.
5.2  Conclusions

Pine needle and sisal fibres demonstrate suitability as concrete ingredients demonstrat-
ing moderately good physical and mechanical properties 1.e. breaking force, breaking
elongation, diameter, tensile strength in reference to the ASTM D3822. Sisal fibres ex-
hibit higher tensile strength (123.34 N/mm?) and elastic modulus, making them more
suitable for improving concrete strength properties. Pine needle fibres have larger diam-
eters, with lower tensile strength (15.6 N/mm?) and elastic modulus (0.716 GPa).

Optimal fibre-proportion of 0.1-0.2% by weight yields improved split tensile strength,
but reduced compressive characteristic and flexural strength by 21.7% and 2.5% respec-
tively. However, the target concrete strength of 20N/mm? was achieved, notably a 0.1%
sisal fibre contents exhibits superior compressive strength properties compared to pine

needle fibre reinforced concrete.
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There was increased water absorption recorded due to addition of fibres into the con-
crete, the pine needle and sisal FRC material exhibits resistance to alkaline environ-

ment, no fibre degradation was observed except the colour change.

The use of pine needle and sisal fibres in concrete reinforcement resulted in cost saving
of 55,000 Ugandan shillings compared to traditional steel reinforcement based on a typ-
ical beam design of 0.3mX0.4mx3m, volume of 0.36m’ Notably, basing on the im-
proved split tensile strength comparison made. Natural fibre reinforcement yielded a
significant reduction in CO2 emission from 34.4 kg to 5.28 kg, contributing to environ-
mental benefits. The pine needle and sisal fibres show engineering viability for concrete

applications, offering a sustainable solution.

53 Recommendations

5.3.1 Engineering practice and applications guidelines

1) Use optimal fibre content (0.1-0.2% by weight) for improved strength proper-
ties.

2) Consider both fibres for applications requiring enhanced concrete tensile
strength.

3) Ensure minimum concrete cover of at least 20mm for short term durability.

5.3.2 Policy and environmental recommendations

1) Promote the applications of the natural-fibres in building and construction indus-
try through incentives and regulations.

2) Develop standards for natural fibre reinforced concrete applications.
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3) Encourage sustainable construction practices and waste reduction.

5.3.3 Recommendations for further research

1) Future research is critical to explore the effect of fibre length, orientation, and
chemical treatment of pine needle and sisal fibres on the strength properties of
concrete. Considering accessing fibres from upcountry since they are available.

2) Further research 1s recommended to assess the fire resistance and the structural
performance of the pine needle and sisal fibre concrete composite material.

3) Further research is required to investigate the effect of pine needle and sisal fibre
chemical treatment on the strength properties of the concrete.

4) Further research 1s recommended for the life cycle analysis for the pine needle

and sisal fibre reinforced concrete composite.

5.3.4 Research limitations
The time constraints limited the scope of testing and analysis
Financial constraints restricted the number of samples and testing conducted

Inadequate laboratory equipment limited the research exploration.
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Plate A.2: Pine needle tree where nee-
dles are harvested

Plate A.3: Sisal fibre plantation, where sisal |
fibres are harvested from Plate A.4: Processed sisal fibres

Plate A.5: Sorting and sizing of sisal fibres Plate A.6: Sorting and sizing of pine
needle fibres
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Plate A.7: A three pdint—ﬂexura]
strength test

Plate A.9: Casting of compressive Plate A.10: Casting of split tensile strength
strength samples samples

Plate A.11: Samples for split tensile Plate A.12: Observation of specimens and
strength test record taking
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MINISTRY OF WORKS AND TRANSPORT
MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda. Tel: 256-414-287132, Email: cml@works.qo.ug
TEST CERTIFICATE FOR AGGREGATES

PROJECT: STENGTH PROPERTIES OF CONCRETE INCOPORATING PINE NEEDLE & SISAL FIBRE

CLIENT : M/S ONYANGO JULIUS
COMPOSITES
DATE : 03 JULY 2025

Test Standards and Methods: BS 882:1992, BS 812-103.1, BS EN 1097-2:2020 and MoWT: 2005
Material Source and Description: White Gray Black Granite Rock from a stockpile in Namanve

Sample Ref

: CML:002/08/05/25
A. Grading & Shape 20mm Single Sized Aggregate

Sieve Size Percentage Passing the Specification
BS Sieve BS 882:1992
(mm) Concrete Works
(%) (%)
375 100 100
20.0 96 85-100
140 76 0-70
10.0 38 0-25
5.0 4 0-5
Flakiness Index (%) 27 35 Maximum
B. Physical and Mechanical Strength Tests
Property Unit Results Specifications BS
882:1992
Concrete Works
Aggregate Impact Value (AIV) % 9 25 maxamum
Aggregate Crushing Value (ACV) 15 D ki
Los Angeles Abrasion Value (LAAV) % 28 50 maximum
Ten Percent Fines Value (Dry (TFVDry) | kN 210 e
Sodium Sulphate Soundness (SSS) % 02 12 maximum
Water Absorption (WA) % 05 2 maximum
Specific Gravity (GS) - 260 3
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MINISTRY OF WORKS AND TRANSPORT
MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
PO Box 7174, Kampala-Uganda Tel 256-414.287132, Email clworks qo ua

TEST CERTIFICATE FOR SAND SAMPLE

CLIENT : M/S ONYANGO JULIUS
_ STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE & SISAL
PROJECT FIBRE COMPOSITES
DATE ~ 03 JULY 2025
Test Standards and Methods: BS 882:1992, BS 812-103.1, BS EN 933-8:2012 and AASHTO T21
Material Source and Description:  Light Brown White Medium Sand from a stockpile in Namanve
Sample Ref CML: 002/08/05/25
A. Grading
Sieve Size Percentage Passing the Specifications
ES Sieves BS 882:1592
(Concrete Works)
Overall Additional
(mm) (%) Limits Limits = M
(%) (%)
10.0 100 100 -
5.0 100 89-100 -
2.36 96 60-100 65100
1.18 78 30-100 45 -100
0.600 41 16-100 25-100
0.300 17 5-70 5-—48
0.150 4 0-15 -
Fineness Modulus (FM) 265
B. Other Parameters
Parameter Result Specifications
BS 882:1992
(Concrete Works)
Silt Content (%) 2 4 Maximum
Sand Equivalent (%) 6 :
Organic matter Content by colour Lighter than the Standard Lighter than the Standard reference
comparison (AMASHTO Designation: 21:00) | Reference colour colour*

Remarks: *<and for moriar and concrete shall be free of injurious amounts of organic impurities whose presence is
indicated by a colour darker than the standard reference colour, M-Medium.
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MINISTRY OF WORKS AND TRANSPORT

MATERIALS TESTING AND RESEARCH DIVISION
CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda. Tel: 256-414-287132, Email: cmi@works go ug

TEST CERTIFICATE FOR SAND SAMPLE
CLIENT © M/S ONYANGO JULIUS

STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL
PROJECT FIBRE COMPOSITES
DATE : 03 JULY 2025
Test Standards and Methods - BS BB2:1992, BS 812-103.1, BS EN 933-8:2012 and AASHTO T21
Material Source and Description  Light Brown White medium sand from a stockpile in Namanve
Sample Ref : CML:002/08/05/25
Evaluation of Fineness Modulus for Sand
Sieve Size Mass Retained % Mass Cumulative Fineness
(mm) (g) Retained % Retained Modulus
(%) (%) (FM)
10 0 0 0
50 2 0.18 0.18
2.36 47 423 4.41
1.18 193 17.37 21.78 2.65
0.600 409 36.81 58.59
0.300 275 24.75 83.34
0.150 143 12.87 96.21
Total 1069 96.21 264.51 »
Fineness Modulus (FM)= f Cumulati [
100
FM= 264 51=265
100
For; FineSand FM22-26
Medium Sand FM26-29
Coarsesand FM29-32
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MINISTRY OF WORKS AND TRANSPORT

MATERIALS TESTING AND RESEARCH DIVISION
CENTRAL MATERIALS LABORATORY- KIREKA

P.O. Box 7174, Kampala-Uganda. Tal: 256-414-287132, Email: cml@works qo.ug
TEST CERTIFICATE FOR CONCRETE MIX DESIGN

CLIENT MR ONYANGO JULIUS
PROJECT COMPRESSIVE STRENGTH OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL
FIBRE COMPOSITES
DATE - 03 JULY 2025
SAMPLE REF: CML:002/08/05/25
MIX DESIGN PROPORTIONS FOR CLASS C20- DoE- Concrete mix design
Class of Type of cement Cement Sand content Coarse Pine Needle Water Measured
concrete content (kg/m?) Aggregates content content slump
(kg/m?) _rm..._.._._u— ("a) (kg/m?) (mm)
o 7 822 891 0 230 95
Tororo Portland 77 822 891 0.1 230 55
c20 Cement
CEM 17326 377 822 891 0.2 230 53
377 822 891 0.5 230 49
377 822 891 15 230 a5
377 822 891 2.0 230 40
2 ATERIALS ENGINEER 2
@nﬁ O STRY UF WORKS g
..... X/ AnD TRAUSPORT g
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—. _CEmMIMALMATER

aLs ..r-u-..._.nn:..::....

110


https://v3.camscanner.com/user/download

Appendices

MINISTRY OF WORKS AND TRANSPORT
MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda. Tel: 256-414-287132. Email: cmiffworks go ug

TEST CERTIFICATE FOR CONCRETE MIX DESIGN

CLIENT MR ONYANGO JULIUS
PROJECT COMPRESSIVE STRENGTH OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL
FIBRE COMPOSITES
DATE 03 JULY 2025
SAMPLE REF; CML:002/08/05/25
MIX DESIGN PROPORTIONS FOR CLASS C20- DoE- Concrete mix design
Class of Type of cement Cement Sand content Coarse Sisal fibre Water Measured
concrete content (kg/m?) Aggregates content content slump
(kg/m?) (kg/m?) (%) (kg/m?) (mm)
377 822 891 0 230 55
Toroo Porband 377 822 891 0.1 230 54
C20 Cement 377 822 891 02 230 51
CEM 11/32.5N .
377 822 891 0.5 230 47
377 822 891 1.5 230 41
377 822 891 2.0 230 a3
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MINISTRY OF WORKS AND TRANSPORT
MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
PO Box 7174, Kampala-Uganda. Tel: 256-414-287132, Email: cm\@works. go ug

TEST CERTIFICATE FOR MECHANICAL PROPERTIES OF CONCRETE CYLINDERS

CLIENT M/S ONYANGO JULIUS
UNIVERSITY : KYAMBOGO UNIVERSITY, FACULTY OF ENGINEERING
PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND
SISAL FIBRE COMPOSITES
Date 03 JULY 2025
Test Standard: BS EN 12390-3: 2019, (Part 3; Compressive strength of test specimens)
Sample Ref.: CML; 002/08/05/25
Sample Age 07 Days
A. Uniaxial Compressive Test (UCS)
SNo. Sample Sample Sample | Specimen | Length | Max. Splitting | Uniaxial Water
Label Identification | Weight Diameter Force Comp. Absorption
(Kg) (mm) (mm) (kN) Strength
(MPa) (%)
 F Sample 1 4251 100 197 74.50 2.41
2. Nealt Sample 2 4316 100 200 65.40 2.08 8.2
3. Sample 3 4344 100 210 70.55 2.14
4,
Sample 1 4142 100 200 65.10 2.07
D, Sisal Fiber
0.5% Sample 2 4046 100 195 66.20 2.16 124
a .
Sample 3 3983 100 195 65.10 2.13
T
Sample 1 35948 100 210 50.05 1.52
8. Sisal Fiber
1 5% Sample 2 3664 100 200 50.05 1.59 105
9. '
Sample 3 3804 100 200 50.10 1.59
10.
Sample 1 3831 100 200 7.90 0.25
11. Sisal Fiber
2 0% Sample 2 3764 100 210 335 0.10 9.5
12. '
Sample 3 3470 100 210 11.05 0.33
13. Sample 1 4343 100 200 23.05 1.69
14. | Pine Needle Sample 2 4332 100
ek p 210 52.80 1.60 9.0
Sample 3 4267 100 | 200 53.95 1.72
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MINISTRY OF WORKS AND TRANSPORT
MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda. Tel: 256-414-287132, Email: gmifworks g0 ug
TEST CERTIFICATE FOR CONCRETE CUBES

CLIENT : M/IS ONYANGO JULIUS
PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE : 03 JULY 2025
Test standards and methods  : BS EN 12390-3;2019, (Part 3: Compressive strength of specimens)
Sample ref: : CML:002/08/05/25
Test Age : 28 days
Date made/label Date tested Dimensions Weight Density Crushing load Ultimate comp.
(mm) (Kg) (kg/m?) (kN) Strength
(Mpa)
12.03.2025 09.04.2025 150x150x150 8.2 2430 713 31.7
Neat " i 8.1 2400 786 35.0
C20 - ’ 82 2430 750 33.3
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MINISTRY OF WORKS AND TRANSPOR

MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda, Tel: 256-414-287132, Email: cmif@works go.ug

TEST CERTIFICATE FOR CONCRETE CUBES

CLIENT : M/S ONYANGO JULIUS
PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE ¢ 03 JULY 2025
Test standards and methods : BS EN 12390-3;2019, (Part 3: Compressive strength of specimens)
Sample ref: : CML:002/08/05/25
Test Age : 7 days
Date made/label Date tested Dimensions Weight Density Crushing load Ultimate comp.
(mm) (Kg) {(kg/m’) (kN) Strength
(Mpa)
12.03.2025 19.03.2025 150x150x150 8.3 2459 525 23.3
Neat 4 - 8.1 2400 575 25.5
Cz20 " " 8.0 2370 529 23.9
03.04.2025 10.04.2025 150x150x150 7.9 2341 336 149
0.2% pine needle v " 7.9 2341 325 14 .4
& 0.2% sisal . » 7.9 2341 342 15.2
C20
Iek3 1
ﬁ__._u_"..l_q-hfﬂ_ -n.__“}._h ENGINEE m
i
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MINISTRY OF WORKS AND TRANSPORT

MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda. Tel: 256-414-287132, Email; ci@works go ug

TEST CERTIFICATE FOR CONCRETE CUBES

CLIENT : MIS ONYANGO JULIUS
PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE : 03 JULY 2025
Test standards and methods  : BS EN 12390-3,2019, (Part 3: Compressive strength of specimens)
Sample ref: : CML:002/08/05/25
Test Age : 7 days
Date made/label Date tested Dimensions Weight Density Crushing load Ultimate comp.
(mm) (Kg) (kg/m?) (kN) Strength
(Mpa)
03.04.2025 10.04.2025 150x150x150 8.2 2430 412 18.3
0.1% pine needie i - 8.1 2400 437 19.4
C20 ? 8.1 2400 415 18.4
03.04.2025 10.04.2025 150x150x150 8.1 2400 410 18.2
0.2% pine needle - - 82 2430 427 18.9
C20 . ) 8.1 2400 381 17.0
CLp 1 MATUKIALS ENGINEER
JS 1K m
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MINISTRY OF WORKS AND TRANSPORT
MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Bax 7174, Kampala-Uganda. Tel: 256-414-287132, Email: cml@works go ug

TEST CERTIFICATE FOR CONCRETE CUBES
CLIENT : M/S ONYANGO JULIUS

PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE : 03 JULY 2025
Test standards and methods : BS EN 12390-3;2019, (Part 3: Compressive strength of specimens)

Sample ref: : CML:002/08/05/25
Test Age : 7 days
Date made/label Date tested Dimensions Weight Density Crushing load Ultimate comp.
(mm) (Kg) (kg/m?) (kN) Strength
(Mpa)

03.04,2025 10.04.2025 150x150x150 8.0 2370 388 17.2
0.1% sisal i 2 8.1 2400 399 17.7
C20 B - 8.0 2370 407 181
03.04.2025 10.04.2025 150x150x150 8.0 2370 398 17.7
0.2% sisal ’ i 8.1 2400 371 16.5
c20 " i 8.0 2370 413 18.4
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MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
F.O. Box 7174, Kampala-Uganda. Tel: 256-414-287132, Email: cml@works qo uq

TEST CERTIFICATE FOR CONCRETE CUBES
CLIENT : M/S ONYANGO JULIUS

PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE : 03 JULY 2025

Test standards and methods : BS EN 12390-3;2019, (Part 3;: Compressive strength of specimens)

Sample ref: : CML:002/08/05/25
Tesl Age . T days
Date made/label Date tested Dimensions Weight Density Crushing load Ultimate comp.
(mm) (Kg) (kg/m?) (kN) Strength
(Mpa)
17.03.2025 24.03.2025 150x150x150 7.5 2222 15 0.7
2% pine needle : ) 7.5 2222 16 0.7
2 .. 7.4 2193 15 0.7
14.03.2025 21.03.2025 150x150x1350 8.1 2400 306 136
0.5% pine needle s " 8.0 2370 279 124
7 Z 8.0 2370 283 12.6
14.03.2025 21.03.2025 150x150x150 7.7 2281 43 1.9
1.5% pine needle i i 7.7 2281 41 1.8
- : 7.8 231 49 2.2
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MINISTRY OF WORKS AND TRANSPORT
MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda Tel: 256-414-287132, Email: gmi@works qoudg

TEST CERTIFICATE FOR CONCRETE CUBES
CLIENT : MIS ONYANGO JULIUS

PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE : 03 JULY 2026

Test standards and methods : BS EN 12390-3:2019, (Part 3: Compressive strength of specimens)

Sample ref: : CML:002/08/05/25
Test Age » 7 days
Date made/label | Datetested | Dimensions |  Weight |  Density Crushing load | Ultimate comp.
(mm) (Kg) (kg/m?) (kN) Strength
(Mpa)
12.03.2025 19.03.2025 150x150x150 8.0 2370 398 y [
0.5% sisal fibre . i 8.0 2370 378 16.8
C20 7 i 8.0 2370 363 16.1
14.03.2025 21.03.2025 150x150x150 Te 2133 15 5.1
1.5% sisal fibre . g 7.2 2133 113 5.0
C20 d : 7.3 2163 122 54
14.03.2025 21.03.2025 150x150x150 71 2104 98 44
2% sisal fibre 4 y 7.0 2074 87 3.9
c20 . ¥ 7.0 2074 70 3.1
Rigtd=———nr. . |
| = e RAAS ENGINEER
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allals = i I_h.f?.:...}_._.? L
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MINISTRY OF WORKS AND TRANSPORT

MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda. Te!: 256-414-287132, Email: cmii@works qo.ug
TEST CERTIFICATE FOR CONCRETE CUBES

CLIENT : MIS ONYANGO JULIUS
PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE » 03 JULY 2025
Test standards and methods : BS EN 12390-3;2019, (Part 3: Compressive strength of specimens)
Sample ref: » CML:002/08/05/25
Test Age : 7 days
Date made/label Date tested Dimensions Weight Density Crushing load Ultimate comp.
(mm) (Kg) (kg/m?) (kN) Strength
(Mpa)
17.03.2025 24.03.2025 150x150x150 7.9 2341 322 14.3
0.5% each sisal & i 2 8.0 2370 327 14.5
pine - - 8.0 2370 294 131
C20
17.03.2025 24.03.2025 150x150%150 7.1 2104 17 0.8
1.0% sisal & 0.5% i 3 7.4 2193 18 0.8
pine = = 7.3 2163 18 0.8
C20
17.03.2025 24.03.2025 150x150x150 7.5 2222 48 2.1
1% pine & 0.5% . " 7.4 2193 49 2.2
sisal g 1 7.5 2222 49 2.2
c20
: -:.__.u.ulllll_

....== I A
MINIST

l

.m?.r

mm—ﬂ-_.—.-;r-

LABDRATCRT RIRLAS L

119


https://v3.camscanner.com/user/download

Appendices

MINISTRY OF WORKS AND TRANSPORT

MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA

P.O. Box 7174, Kampala-Uganda. Tel: 266-414-287132, Email: crnl@Eworks go uig

TEST CERTIFICATE FOR CONCRETE CUBES

CLIENT : MIS ONYANGO JULIUS
PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE + 03 JULY 2025
Test standards and methods : BS EN 12390-3,2019, (Part 2: Compressive strength of specimens)
Sample ref: + CML:002/08/05/25
Test Age : T days
Date made/label Date tested Dimensions Welght Density Crushing load Ultimate comp.
(mm) (Ka) (kg/m?) (kN) Strength
(Mpa)
12.03.2025 19.03.2025 150x150x150 8.0 2370 398 17.7
0.5% sisal fibre i 3 8.0 2370 378 16.8
C20 r 8.0 2370 363 16.1
14.03.2025 21.03.2025 150x150x150 7.2 2133 115 5.1
1.5% sisal fibre - " 7.2 2133 113 5.0
C20 & . 7.3 2163 122 5.4
14.03.2025 21.03.2025 150x150x150 71 2104 98 4.4
29 sisal fibre » ; 7.0 2074 87 3.9
c20 . ‘ 70 2074 70 31
— w Mt Rt =0 . |
Il MATERIALS ENGINEER 2
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MINISTRY OF WORKS AND TRANSPORT
MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda. Tel: 256-414-287132, Emait: cmi@works go ug
TEST CERTIFICATE FOR CONCRETE CUBES

CLIENT : MIS ONYANGO JULIUS
PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE : 03 JULY 2025
Test standards and methods : BS EN 12390-3;2019, (Part 3: Compressive strength of specimens)
Sample ref: : CML:002/08/05/25
Test Age : 7 days
Date made/label Date tested Dimensions Weight Density Crushing load Ultimate comp.
(mm) (Kg) (kg/m?) (kN) Strength
(Mpa)
17.03.2025 24.03.2025 150x150x150 7.9 2341 322 14.3
0.5% each sisal & = 4 8.0 2370 27 14.5
pine g v 8.0 2370 294 13.1
C20
17.03.2025 24.03.2025 150x150x150 7.1 2104 17 0.8
1.0% sisal & 0.5% . 54 7.4 2193 18 0.8
pine . . 7.3 2163 18 0.8
C20
17.03.2025 24.03.2025 150x150x150 7.5 2222 48 2.1
1% pine & 0.5% . = 7.4 2193 49 2.2
sisal , 75 2222 49 2.2
Cc20
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MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda. Tel: 256-414-2087132, Email: cmi@®works go.ug
TEST CERTIFICATE FOR CONCRETE CUBES

CLIENT : MIS ONYANGO JULIUS
PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE + 03 JULY 2025
Test standards and methods  : BS EN 12390-3:2019, (Part 3. Compressive strength of specimens)
Sample ref: : CML:002/08/05/25
Test Age : 28 days
Date made/label Date tested Dimensions Weight Density Crushing load Ultimate comp.
(mm) (Kg) (kg/m?) (kN) Strength
(Mpa)
17.03.2025 14.04 2025 150x150x150 7.2 2133 29 1.3
2% pine needle ’ g 7.5 2222 34 1.5
" 7.5 2222 27 -
14.03.2025 11.04 2025 150x150x150 8.0 2370 445 19.8
0.5% pine needie g s 8.0 2370 481 214
= ’ 8.0 2370 483 215
14.03.2025 11.04.2025 150x150x150 7.8 231 129 5.7
1.5% pine needle 2 2 7.8 2 140 6.2
" . 78 2311 112 5.0
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MINISTRY OF WORKS AND TRANSPORT

MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.O. Box 7174, Kampala-Uganda. Tel: 256-414-287132, Email cmi@works go.ug

TEST CERTIFICATE FOR CONCRETE CUBES

CLIENT : M/S ONYANGO JULIUS
PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE : 03 JULY 2025
Test standards and methods  : BS EN 12390-3:2019 (Part 3: Compressive strength of specimens)
Sample ref: : CML:002/08/05/25
Test Age : 28 days
Date madeflabel Date tested Dimensions Weight Density Crushing load Ultimate comp.
(mm) (Kg) (kg/m?) (kN) Strength
(Mpa)
12.03.2025 09.04.2025 150x150x150 7.9 2341 491 218
0.5% sisal ' " 8.0 2370 575 256
C20 . g 79 2341 536 23.8
12.03.2025 09.04.2025 150x150x150 7.4 2193 222 9.9
1.5% sisal . " 7.2 2133 198 8.8
C20 . B, 7.2 2133 221 9.8
12.03.2025 09.04.2025 150x150x150 6.9 2044 141 6.3
2% sisal . - 6.9 2044 135 6.0
Cc20 . . 71 2104 152 68
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MINISTRY OF WORKS AND TRANSPORT
MATERIALS TESTING AND RESEARCH DIVISION
CENTRAL MATERIALS LABORATORY- KIREKA
PO. Box T174, Kampala-Uganda. Tel' 256-414-287132, Emall: cmi@works go ug
TEST CERTIFICATE FOR CONCRETE CUBES
CLIENT + M/S ONYANGO JULIUS

PROJECT : STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AND SISAL FIBRE COMPOSITES
DATE » 03 JULY 2025

Test standards and methods :» BS EN 12390-3;2019, (Part 3: Compressive strength of specimens)
Sample ref: : CML.002/08/05/25
Test Age : 28 days
Date made/label Date tested Dimensions Weight “Density Crushing load Ultimate comp.
(mm) (Kg) (kg/m?) (kN) Strength
(Mpa)
17.03.2025 14.04.2025 150x150x150 7.9 2341 488 21.7
0.5% each sisal & ? : 8.0 2370 519 23.1
pine - 3 8.0 2370 479 21.3
C20
17.03.2025 14.04,2025 150x150x150 7.5 2222 158 7.0
1% pine & 0.5% 5 X 7.6 2252 201 8.9
sisal " ’ 7.5 2222 172 7.7
cz20
17.03.2025 14.04.2025 150x150x150 7.2 2133 47 21
1% sisal & 0.5% i - 7.3 2163 43 1.9
pine . ; 2133 37 1.7
Cc20
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MINISTRY OF o ot
ORKS
MATERIALS TESTING AND RESe AR o s, |

CENTRAL MATE
RIALS .
PO. Box ?1?‘. M'm Tel: ?HLfE_gETED"EF KI HEm

TEST
CERTIFICATE FOR MECHANICAL PROPERTIES OF CONCRETE CYLINDERS

CLIENT i
UNIVERSITY . :;'ﬁﬁ“‘mneﬂ JULIUS
PROJECT i BOGO UNIVERSITY, FACULTY OF ENGINEERING "
NGTH PROPERTIES OF CONCRETE INCORPORATING PINE NEEDLE AN
Date SISAL FIBRE COMPOSITES
03 JULY 2025
TestS ; .
2 tandard: BS EN 12350-3: 2019, (Part 3: Compressive strength of lest specimens)
ample Ref.: CML: 002/08/05/25
Sample Age 07 Days
A.  Unlaxial Compressive Test (UCS) —
SNo. .E.ml:“l SQMFI. Sample EPI'EIITIEH Lﬂﬂ-ﬂ“'l Max. Eplitﬂﬂn lgl:lll Ah:'l;ﬂrl:ll;n"
Label Identification | Weight | Diameter i F:'I':' Eu'n;’t‘h
{Kag) (mm) " ) (MPa) (%)
1 Sample 1 4251 100 197 74.50 R
8.2
2. Neat Sample2 | 4316 100 200 65.40 2.08
3. Sample 3 4344 100 210 70.55 2.14
» Sample 1 4142 100 200 65.10 2.07
5. | SisalFiber 195 66.20 2.16
0.5% Sample 2 4046 100 12.4
s Sample 3 3983 100 195 65.10 213
= Sample 1 3948 100 210 50.05 1.52
§. | Semie | sewe2 3664 100 200 50.05 1.59 oy
v Sample 3 3904 100 200 50.10 1.58
10. Sample 1 3831 100 200 7.90 0.25
11. Sisal Fiber
o Sample 2 3764 100 210 3.35 0.10 98
12 Sample 3 3470 100 210 11.05 0.33
13, Sample 1 4343 100 200 53.05 1.69
14, Pr'neu i;;edle Sample 2 4332 100 210 52.80 1.60 9.0
200 53.95 1.72
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MINISTRY OF WORKS AND TRANSPORT
MATERIALS TESTING AND RESEARCH DIVISION

CENTRAL MATERIALS LABORATORY- KIREKA
P.0. Box 7174, Kampala-Uganda. Tel: 256-414-287132, Email. cmi@vorks 40 ug

TEST CERTIFICATE FOR MECHANICAL PROPERTIES OF CONCRETE CYLINDERS

CLIENT : M/S ONYANGO JULIUS
UNIVERSITY . KYAMBOGO UNIVERSITY, FACULTY OF ENGINEERING CEDLE AND
PROJECT STRENGTH PROPERTIES OF CONCRETE INCORPORATING PINE N
SISAL FIBRE COMPOSITES
DATE : 03 JULY 2025 —
Test Standard: BS EN 12390-3: 2019, (Part 3: Compressive strength of test spec
Sample Ref, : CML: 002/08/05/25
Sample Age : 07 Days
A. Uniaxial Compressive Test (UCS) I Water
SNo. Sample Sample Sample | Specimen | Length Ma:i:gﬂieﬂiﬂg ng?:f_ Absorption
Label Identification | Weight | Diameter (mm) (kN) Strength
(Kg) (mm) (MPa) (%)
16. Sample 1 4099 100 210 14.95 0.45
a0 0.47 8.2
17. | Pine Needle Sample 2 3966 100 200 Lt
1.5%
18 Sample 3 1958 100 200 14.45 0.46
i Sample1 | 4159 100 210 14.70 0.45
20. | Pine Needle Sample 2 4362 100 210 14.05 0.43 12.4
2.0%
21. Sample 3 4224 100 210 13.10 0.40
22. Sample 1 4118 100 200 27.40 0.87
23. | Composte | gample2 | 4051 100 200 28.60 R 10.5
0.5% Each
24. Sample 3 4144 100 210 27.65 0.84

126



https://v3.camscanner.com/user/download

Appendices

USITEMA
- NIVERSITY e

www.Busitema.ac.uf

— ar [

DEPARTMI;;(?TU;:YPS FENGINEERING AND TECHNOLOGY
LYMER, TEXTILE & INDUSTRIAL ENGINEERING
Sestion of Materials, Metallurgy and Textile Laboratory
Thursday 6" March, 2025

Mr. Onyango,
Kyambogo University.

RE: TEST RESULTS FOR SISAL AND PINE FIBRES

Table 1: Physical and Mechanical Properties of sisal and pine fibres

S/n Fibre parameter Equipment/Requirement Test result
5i5a]- Pine
1. Diameter (um) Scanning Electron Microscope 0.23 0.51
(TESCAN VEGA 3 SEM)
2. ' Breaking force (cN) YGOO3E Single fibre strength tester 512.47 318.68
3. | Breaking elongation (%) YGOD3E Single fibre strength tester 5.43 2.18
4. Tensile strength (MPa) Breaking force and diameter 123.34 15.6
:I 5. Elastic modulus (GPa) Tensile strength and elongation 2.97 0.716

Mr. Tumusiime Godias
Senior Technician, Materials, Metallurgy & Laboratory

Tel: +256785005982/701240292

Emails: glumusiime.eng@busilema.ac.ug
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DEPARTMI;;(?TU;:YPS FENGINEERING AND TECHNOLOGY
LYMER, TEXTILE & INDUSTRIAL ENGINEERING
Sestion of Materials, Metallurgy and Textile Laboratory
Thursday 6" March, 2025

Mr. Onyango,
Kyambogo University.

RE: TEST RESULTS FOR SISAL AND PINE FIBRES

Table 1: Physical and Mechanical Properties of sisal and pine fibres

S/n Fibre parameter Equipment/Requirement Test result
5i5a]- Pine
1. Diameter (um) Scanning Electron Microscope 0.23 0.51
(TESCAN VEGA 3 SEM)
2. ' Breaking force (cN) YGOO3E Single fibre strength tester 512.47 318.68
3. | Breaking elongation (%) YGOD3E Single fibre strength tester 5.43 2.18
4. Tensile strength (MPa) Breaking force and diameter 123.34 15.6
:I 5. Elastic modulus (GPa) Tensile strength and elongation 2.97 0.716

Mr. Tumusiime Godias
Senior Technician, Materials, Metallurgy & Laboratory

Tel: +256785005982/701240292

Emails: glumusiime.eng@busilema.ac.ug
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