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Abstract

This study airs to investigate the effect of usirayistainable ferrocementortar

and assess its efficacy compared to traditional mamaralsdo examinehe effect

of using different types aheshreinforcemen{weldedsteelwire mesh and glass

fiber mesh)n ferrocement for retrofitted beams with full ordbape wrappingihe
experimental program consisted of three sections: The first section includes the
experimental program adapted to study the impact of using supplementary
cementitious materials such as silica fume, waste tire rubber, and waste plastic
bottles fiber onlte mechanical properties of sustainable ferrocement mortar. The
results indicated that incorporating 8% silica fume, 5% crumb rubber, and 0.75%
plastic fiber provided the optimal mixtur€ompared to the traditional mixture at

age 28 days, the compressive strength was reduced by 42.7%, flexural strength by
25.26%, and splitting tensile strength by 1.97%.

The second section covered the preloaded beams. Two beams served as reference
beams tested to failure under cemqeint loading. The remaining eight beamsre
preloaded to 70% of the failure load obtained from the reference bieatms third
section, experimental work was conducted to investigate the performance of
reinforced concrete beams retrofitted using either traditional or sustainable mortar,
reinforced with (welded steel wire mesh or glass fiber meStapping
configuration (full and Wshape wrapping).

The major results showed that using ferrocement effectively improved the ultimate
capacity and delayed the appearance of first crack in the retrofitted beams compared
to the reference beams. The highest increase in the ultimate load was (13.6) % for
the bam retrofitted on fullvrapping using traditional mortar and reinforced with
welded wire mesh. For beams reinforced with glass fiber mesh, the increase was
(10.3) %compared toeferencédbeams.

However, the ductility of beams retrofitted usisgstainablenortar was higher
compared to traditional mortar by (3.6 ahd) % Toughness also increased by
(11.9 and10.6) % for full wrapping beams reinforced with welded wire and glass
fiber mesh, respectively.

The stiffness of beam retrofittingsingsustainablenortar reinforced with welded

wire mesh orfull and U-shape wrapping decrease (9.3, 15.45) % compared to

the traditional mortar Also, the stiffness for beam reinforcement with glass fiber
mesh decreased by (18.75, 13.8) % compared to traditesyactively

The deflection of the beam retrofitteasing traditional mortar, for both types of
reinforcanent was lower than deflection in the references beams and beams
retrofitted usingsustainablenortar
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Chapter One Introduction

ChapOee

| nt roducti on

1.1 I ntroducti on

Concrete iawidely usedouilding material due to its strength
and durability However, its performance can deteriorate over time due
to various factorsimproper design, critical loads, and environmental
conditions cause a reduction in the lazrying capacity of reinforced
concrete structuresThis issue can be addressed by strengthening
techniques, addressing material degradation, orimplementing

additionalsafety procedurdgd].

Most reinforced concrete structural members experience bending forces
over their service life due to various types of sustained loads. Beam
elements often exhibit failure due to their weak flexural performance
[2]. To prevent the flexural failure @éinforced concretbeams, their
performance can be improved by increasing tensile strength along the
tension face (often the soffitgnhancingductile deformation during
bending.Among the various strengthening methods, Jackesirthe

main technique employed to augment the flexural strength of reinforced

concrete beams].

When choosing strengthening materidls important to consider their
bonding capabilities to the existing structuae well as their strength,
durability, and cost sustainabilit¢urrently, commonly used flexural
strengthening materials includaates of steel, ferrocemenrfiper-

reinforced polymers, epoxy polymers, and textile fijéfs[5]
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1.2 Retrofitting

Retrofitting involvesmproving the loaebearing capacity of

older structures that were initially designed for lower service loads than
those they currently endure. Othapplications include seismic
retrofitting, alterations in building usage, modifications of codal
provisions, enhancemenisoverloading capacity, improving wear and
tear, and the repair of damaged structures. Severe weather conditions
can accelerate thaeterioration of concrete structures over tifég
Retrofitting can be classified into two primary types: global and local.
Global retrofitting procedures are carried out by the incorporation of
shear walls, wing walls, wall thickening, bracing, and mass reduction.
Local retrofittingfocuses on strengthenid individual footings such

as beams, columns, and join{g]. Retrofitting is performed using
various materials, including ferrocement, fiber reinforced polymer
(FRP) and stedg8].

1.3 Ferrocement

Ferrocement is a thiwalled reinforced concreteonsisting
of cement mortar reinforced by multiple layers of continuous, relatively
small wire meshas shown idrigure (1.1)The mesh can be constructed
from metal or any other materif]. Ferrocementan be used in the
construction of dome&oats,and water tanks. Ferrocemesnt special
type of reinforced concrete, with some differendastween them
Unlike conventional reinforced concrete, which uses large steel bars,
ferrocement usefine reinforcing meshes, such as woven wire meshes,
welded wire meshes, expanded metal meshes, or fine Dhese

meshes are completely immersed in the mortar m&xocement can
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be produced with a thickness of (25 mm) ardudea protective cover

to prevent the reinforcement from corros[@0] .

Figure (L.1): MortarBeingAppliedto Wire Mesh

Ferrocementjackeing is widely used due to itsmany benefits,
includinglesser dead load due to small thicknésgh tensile strength,
less crack widthJow cost, water resistance, ease of use, and long
durability. In structural repairingdifferentstrengthening methodse
used, but the plate bondirigchniqueis the most commanFor this
method, plates made of Carbon FilinforcedPolymer (CFRP),
Glass FibeiReinforced Polymer (GFRP), ferrocement, and other
materials are glued to thexterior of the structural component to
improve itsstrength.

Recently, Ferrocement shegtned popularityas retrofitting materials
owing dueto their availability, coseffectiveness, durability, and the
ability to mold theminto various shapes without need for formwork
[11].
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1.4 Composite and Construction o

1.4.1 BasicMatrix Components

Ferrocement matrix consists of a mixture of cement,-well
graded sand, water, and potentially other admixtures, including silica
fume and superplasticizer. Like concrete, the matrix must possess
sufficient workability,high strength and low permeability12].
The properties of basic matraccording to ACI 549RL.8 [9] were:
TSand pnaussst t hr ou3 h man) Nesi e8 e( 2.
TOrdi Rar yd eemmedo o mmenl.y used
fTWater must meet potable quality st
TSaSndementitious materials ratio ra
TThe waoteenrent i ti ous materials ratio

0. 6, with the | ower | i mi t. achi eval

1.4.2 Reinforcements
1T Skel et al St eel
Skeletal steel is often used in ferrocement construction as
welded wire fabric omeshe®f steel wires, bars, or strands]. If an
armatureis employed, it is typically constructed from plain or
corrugated steel bars with a diameter of (6 to 10 mm). However, in
developing countries, bamboo or other natural materialsdlaobeen

employed as an alternati{#&4].

T St eel Wi re Meshes
The main part of ferrocement is the fine wire mesh
reinforcement. Th&umber of mesh layers determines the composite
thicknessand strengthThe wire diameter ranged from (G.8.5) mm,

and the mesh opening size was from ) mm[13]. Themain types
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of wire mesles include a. welded wire mesh; BVoven square mesh;
c. Chicken wire meskl. Expanded metahesh [15] as shown irFigure
(1.2).

l‘ii ]} A )\ b X
SRS Rway &
SEas t )
Saal Ft‘ft WQ»\U{(
memmeeEl 1000000
A. Weld Wire Mesh B. Woven Wire Mesh C. ChickenMesh D. Expanded Metal

Fi guRe Types of Me[tlad]l i c Wire

T NoMetall ic Meshes

Non-metallic meshes can be made frpatypropylene mesh,
glass fiber reinforced polymer sheet (GFRP), woven or knitted aramid
fibers [9] as shown irFigure (1.3).GFRP materialare increasingly
used for retrofitting and repairingdeficient infrastructureswhose
experiencedsignificant strength and stiffness lossgs dueto harsh
environmental conditions, including humidity, saltwater, and alkal
solutions. GFRPexhibits ahigh modulus of elasticityjncreased
flexural and shear strength, as well as an increased resistance to

corrosion, fatigue, and dampiftg].

'-i-.- Lr
' F",\

A. Gl ass Fi B. Wov erkKnbdtAr eaani
Figure(1.3): Types of Non-Metallic Mesh[17]



Chapter One Introduction

1.5 Environment al IMat@aensatlructi on

Concrete iswidely utilized in construction. Thealecreasing
amount of conventional concrete mix resources is a significant concern.
The demand for these products also increases construction Thsts.
cement manufacturing process has a negative impact on the
environment due to the decline in neemewable natural resources. The
cement manufacturing process also leads to the emission of dust and
carbon dioxide into the atmosphethe cement production process
results in the release of approximately 0.8 ton of carbon dioxide to the
atmospherhich increases pollution ratgs3]. Incorporatingecycled
materials into concrete reduce resou@ssumptionreducing energy
consumption resulting from cement production, also reducing harmful
emissionsandreducethe amount ofandfill waste Recycled plastic,
rice husk ash, waste glass, and wood@shbe used as a sustainable
alternative to the conventional materidmongthese the disposal of
automobile tires has a significantly positive impact on the environment
[19].

1.5.1 Silica Fume

Silica fume is ayproductof silicon metallic or ferrosilicon
alloys production consists a&phericalparticles approximately one
hundredth the size of cement partic{@sl € M as shown in Figure
(1.4). Fineness particle of silica fume was from (13@@M00) ni/kg.
It is fine particles significantly increase concrete compressive strength,
improve its durability, and reduce its permeabititye topozzolanic
reaction between silica fume and calcium hydroxide (Ca §DEfeates

additional calciumsilicate hydrate (€5-H) that forms in the voids
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within hardened cement paste, producing a very dense strusiica
fume particles have a high surface area and require more water for a
given workability than Portland cement, which can be offset by using a

waterreducing admixtur¢20].

Figure (L4): Silica Fume

1.5.2 Scrap Tires/Crumb Rubber

Waste recyclings a sustainablalternative, and the civil
construction sectoprovidesa promising opportunity tancorporate
these materialas fine or coarse aggregfte? .1Va sti eaes s hown i n
Figudeahl.be used as blocksand the
mortars. Tires serve as a prime ex
commonly found i n Dblohtethyah acdt@sé&l| sen
probl ems swnadh rdasveg QifAlhiplewu f iooomia n c e
rubber icsonscirgertifeff iebcyd etdley r ubbher usent «
of rubber particles 1 mproves wor k:
Crumb rubber can replace up to 50%
results i n a reduction of strength

| ower strength andn moatudruas| 2&p erl eagsd
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Figure (.5): Rubber Wast§4]

1.5.3 Plastic Bottle Waste
Waste plasticareutilized as fibers, aggregates, and binders in concrete

and mortacomponents as shown iigure (1.5)25].

Many polyethylene terephthalate (PET) bottles utilized for beverage
containers are discarded after a single use, with the disposed bottles
being sent to landfills and burned, resulting in significant environmental
issues. PET is a transparent polymer ctier&zed by high mechanical

properties and strong chemical resista263.

Researchershave investigated thereuse of waste plastics as
construction materials, which offersignificant economic and
environmental advantagestudies have demonstrated the feasibility of
incorporating waste plastics, such as polypropylene (PP), shredded and
recycled plastic wast{7], and polyethylene terephthalate (PEA3],

into concrete and mortadased on the previous studies, the proportions
of plastic fiber that can be used ranged betweer0&id 1.56 of the

volume of the concrete mix or cement matrix in different shapes and
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sizes.Fibers made from polyethylene terephthalate bottles can improve
the mechanical properties of concrete, such as its tensile strength,
compressive strength, and flexural strerj@8]. In mortars, theefibers
act as uniformly distributed reinforcementeduaeng crack formation

caused bylastic shrinkag§30].

an-2 3§ 4. =56 6 7 8= 9 W N

A. Plastic Particlef26]. B. (PET)RecycledFibers[30].

Figure (1.6): Type of Plastic Waste

1.6 Obj ecdfi viRessear ch

The main objectives of thstudy areas follows:
1. Tonvestigfaft @crntchomf psou satt anragaedrl et b s

ferr ocneiexeannttl cassess t heomperfdgd cao
tradiftdrorncad e nceen§thi matsraidd veg ycl ed
waste matsasihdli€a fume, waste tir
pl asotcl.e fiber

2. Tot sdy the performance of usi ng
reinforcemaetl gve idrecdmgd idrsgme 5 n
ferromemtaretrofittcogclreednasf orced
3. Toxamitrhe r ol e apgpleixddckerfharfeliyoskt ment
wrapping on fsohuarp es iwdreasp panndg nlbn t h
retrodamagéudg ameviy utahtempgovement i
ul ti maatnetelf ¢ adotmpanodaont r ol beams.
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1.7 Thebkbawout

Chapter One includes a general introduction to the problems
experienced by reinforced concrete beams that lead to reducing their
resistancealong withmethoddor strengthening thenit also presents

a brief explanation of the strengthenimgthodby using ferrocement
composed oftraditional or sustainablematerials. Additionally, this

chapter introducethe objectives of this studgind the thesikyout.

Chapter Two reviews the mostrelevant studies related to using
ferrocement reinforced with metal wire mesh and glass fiber wire mesh
to retrofit reinforced concrete beami. also includesstudies of
sustainablderrocement mortain addition, this chapter introdudke

knowledge gap.

Chapter Three presents theexperimentalprogram adopted in this
study. It includesthe results othe laboratory test®n the materials
used identifying the optimal ferrocement mixture containing
sustainablenaterials, anthe process of specimen preparaticasting,

curing, and testing

Chapter Four presents test results details through providing the
necessary tables and figures, along with a discussion of the main

findings.

Chapter Five presents the conclusigngecommendations, and

suggestionsor futurework.

10
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Chapter Two

Literature Revi ew

21 Il ntroducti on

This chapter reviews some of the most relevant studies on
using ferrocement reinforced withetal wiremeshandglass fibemesh
to retrofit or strengthen reinforced concrete beams. It also highlights
studies of sustainablecement mortar. Additionally, this chapter

introduces the research gap that needs further investigation.

22 Ferrocement wi th Metallic

Khan et al.[31] studied the effectiveness of ferrocement reinforcement
technologies by changing the number of layers of wire mesh,
development length, and application method. Three different
application methods were conducted: cast in gitacast ferrocement
laminate A, and precast ferrocement laminata8shown irFigure
(2.1). Two-point load tests were carried out on ten reinforced concrete
beams. The results show tlstiiengthening the beamsth acast in situ
ferroomesh layerwas the most effective method, whil@recast
ferrocement laminate B is not only simple but also promising. It helped
improve the stiffness, ductility, and lo@drrying capacity. Alsd;errc
mesh's three layers were stifterd capable of supporting a larger load

compared to the two layers.

11
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Figure(2.1): Method of Application Ferrocemehaminate[31]

Alam et al. [32] studied the effeabf using ferrocement materials with
different numbers of wire mesh to retrofit reinforced concrete beams
(RC). A total of sixteen (RC) beams were cast and tested under a three
point bending flexural test. Four beams were designated as control
beams while the remaining twelve beams were divided into three
categories; FRB1 (one layer of wire mesh with 12mm thicRnE&B2

(two layers of wire mesh with 16mm thickness), and FRB3 (three layers
of wire mesh with 20mm thickness). The beamsewatrofitted on
three sides. Thetudy concludes that the first cracking load and ultimate
load increase with the increase of both the number of mesh layers and

the thickness as shown Figure (22). The study revealed that the

12
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deflections and crack widths of the beams retrofitted with ferrocement

were less compared to the control beams.

1l

FRB1 FRB2 FRB3
Type of Retrofitting

8
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g
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e o0
=3 =3

[=]

CB FRB1 FRB2 FRB3
Type of Retrofitting

A.First crac B.UIti mate Fai
Figure @.2): Variation ofFirst CrackLoad andJltimate Loads[32]

Fahmy et al.[33] investigated the development of conventional (RC)
beams by casting and testing beams containing different core materials
(normalconcrete, recycled concrete, and concrete hridkese beams
were made ofU-shapedferrocement. The experimental program
included thirty beams. Both expanded and welded steel mesh were
utilized with single layers and double layerswo forms of shear
connectors were used: Mechanical and adhesive bonding. The results
show that the tested beams exhibited high ultimate loads and crack
resistance compared with control beams. Figur® chows thdoad
deflection curve for the reinforced beam. The results slothat the
specimen witlconcrete cor@/ NVSC)andrecycledconcretecore(WSR)
reinforced with a singkayer welded wire mesh hawomparable
stiffness. Both specimens reached a deflection of around 20 mm at their
ultimate load. Specimens of concrete d&#8C)andrecycledconcrete

core (ESR)with singlelayer expanded wire mesiiso showed similar
stiffness. They reached deflections of approximately 20.1 and 19.6 mm

at their ultimate loads, respectively.

13
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Figure @.3): Load Versus Deflection Curves for the (RC) Bedf3}

Makki [34] studied the performance of RC beams strengthened with
ferrocement. Ten RC beams were cast and tested. This study examined
various characteristics, including shear reinforcement, different
diameters of wire mesh, and two rehabilitation techniques: repairing
and strengthening. The beams were subjected to a load of 50% and 70%
of their ultimate load. The wire mesh was attached mechanically with
bolts. The results exhibited an increase in the ultimate load by 50.94%
to 125% using the repairing technique and8é®to 175% using the
strengthening technique. Also, increasing the diameter of the wire mesh
caused an increase in the ultimate load for beams with or without shear

reinforcement.

Vijayalakshmi et al. [35] investigated the behavior of reinforced
concrete beams modified with ferrocement to improve beam strength in
flexural and shear. Three beams were cast and tested undeipaifgur
load. Ferrocement mix (1:1.5/0.35) with 25mm thickness was used. The
resuls showed that ferrocement is an efficient and -effstctive

technique for strengthening reinforced concrete beam and to support

14
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sustainable development. The results also showed that the deflection in
the ferrocement beam was less compared to the control beam. Also, the
strain in the ferrocement beams was less than the control beam. Under
16 kN load the strain value was (33.78%)1Lér the control beam and

(11x10°%) in the ferrocement beam as shown in Figure (2.4).

® Control Beam A Ferrocement Beam

40
35
30
25

Strain 1 108

20

15

10

5

0 &=
0

5 10 15 20
Load (kN)

Figure(2.4): Mid-Span Load Versus Strain Curve for Control Beam

and Ferrocement Beaj5]

El-Sayed et al[36] investigated the shear behavior of beams reinforced
with ferrocement. The primary parameters studied were stirrups (shear
reinforcement) and wire mesh. The wire mesh was replaced with
stirrups due to weight considerations as shown in Figufs. (Zhe
experimental program consisted of seven beams of them represent
control beam, three beams used shear reinforced expanded wire mesh
and the last three beams used welded wire niHstse beams were
tested under twoint loading. The results showed that the beam with
welded wire mesh exhibited an increase in shear capacity compared to
the reference beam and expanded wire madding layers of wire
meshes enhanced the ultimate load and stegaacity also the results

exhibitedanincrease in the stiffness and a decrease in the deflection of

15
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the ferrocement beams. Beams reinforced with steel meshes exhibited
a higher gquantity of cracks with narrower widths compared to those

strengthened with traditional steel reinforcement.

650mm — 7 300mm 1 650mm ——f
1 1 wire mesh layer

1600 mm

1900 men

R el

ViWENN Y &
RN ..,;',‘,n

Figure @.5): Shear Reinforcement Using Wire Mesh Laj3$]

Miah et al. [37] investigated the effectiveness of ferrocement
technology in enhancing the performance of reinforced concrete beams
constructed with lowstrength concrete. The beams were constructed
using nontraditional concrete (burned clay bricks were used as a coarse
aggregate)The ferrocement mortar mix was?/0.45 with a thickness

of 25mm. Several load configurations were utilized: (a)}pomt loads

were placed at onthird of the span, (b) twpoint loads were located
near the support, (c) twpoint loads werdocated near the midpoint of

the span, (d) one load was adjacent to the support and one load was in
the middle of the span. Experimental results showed that asymmetric
loading decreases overall strength capacity and increases deformation.
Reinforced ferroement beams incorporating welded wire mesh

demonstrate augmented ultimate load capacity and improved ductility.

16



Chapter Two Literature Review

Sirimontree et al.[38] investigated the flexural performance of beams
enhanced with ferrocement. Three beams wepared to carry out the
experiments. The initial beam serves as a reference (BR), the second
beam (BF) was reinforced with ferrocement without shear connectors,
and the third beam (BFS) was reinforced with ferrocement and shear
connectors. The details diese beams are illustrated in Figures)2.

All specimens undergo foypoint bending test. The results showed that
the flexural strengths of the second and third beams exceed that of the
reference specimen by about 798ke ductility of the specimen (BFFS

with shear connectors was considerably more than that of the reference
beams. The results also showed an enhancement in the ultimate load for
beams strengthened with ferrocement without and with shear
connectors by 72.5% and 79%, respectively. In additive deflection

decreased in the specimen with shear connectors (BFS) by 26%.
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Figure @.6): Details of Beam Specimefi38]
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Pragadhish et al.[39] examined the flexural performance of pre
damaged beams with various ferrocement layouts. Total of five beams
were constructed and tested. Four beams weragraged when
subjected to twqpoint loads at on¢hird of beam length and equal to
60% of the ulimate load. Epoxy resin was applied to the surfaces of
both the laminate and the beam. The strengthening of compromised
beams was executed with ferrocement laminates composed of chicken
and weleed mesh, incorporating 2 and 3 layers accordingly. A
numericalmodel was created with ANSYS. The beam reinforced with

3 and 2layer welgedand chicken wire mesh improved first crack and
ultimate load. Alsq they exhibited an increase in both stiffness and
ductility compared to reference beams. The analyfindings agree

with the experimental investigation as shown in Figuré)(2.
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Figure @.7): Load-Deflection Curve for Each Caf29]

Soundararajan et al. [40] investigateden reinforced concretaeams
strengthened with ferrocement utilizing a galvanized square weld wire
mesh, volume fractions of 1.76% and 2.3%66 beams RCSFO01,
RCSFO03Yespectively Ferrocement mortar mix 1:2/0.4 was ussdg
replacement ratios of 0% and 30% by weight of fine aggregate were

18
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also used.Beams (RCSF02, RCSF04) were strengthening using
ferrocement with 30% steel slag and mesh volume fraction 1.76% and
2.35 respectivelyThe results showed that the first crack load and the
ultimate load were higher in reinforced concrete beams augmented with
ferrocement of a volume fraction of 2.35% (Vr) and a 30% replacement

of steel slag, as illustrated in Figure (2.8).
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Figure @.8): First Crack and Ultimate Loddr Strengthened Beams

[40]

First Crack Load (kN)
Ultimate load (kN)

o w

Gi v k etval. (41] examined the flexural capacity of reinforced
concrete beams strengthened with glued ferrocement strips. The
research involvedifteen (RC) beams subjected to twmoint loads.
Strengtheningwas implemented by utilizing four varieties of
ferrocement (number of layers varied froml@) and thickness varied
from (17-23) mm) on the tension side, each with varying wire mesh
layers andhickness A numerical analysis was also conductesing

the finite element method. According to this study, the increase in the
capacity of strengthened beams was about 21.4% compared to the
reference due to increase the number of layer and thickness. The
difference in failure load between numerical axgperimental results

was about 3.94%.
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Taha et al. [42] evaluated different wrapping forms in terms of angle
of rotation, torsional strength, and crack development. Six beams were
cast. Designed two beams as control beams (BN) while four beams
were divided into two groups, strengthening (B1) from three sidés a
(B2) for two sides by using ferrocement as shown in Figure (B@).
construction of ferrocement by using wire mesh was necessary for the
implementation of strengthening system. To maintain cohesiveness
across reinforced beams, the mortar mixture made with a ratio of
1:2.5/0.3 and styrerAeutadiene rubber (SBR) replacement at 20% from
cement weight. The study found that the thsged wrapping form is

a viable approach to improving torsional behav@mnall improvement

in stability was observed as a result of the beam's reinforcement on two
sides. Application of the idhaped wrapping resulted increased
stability, which was accompanied by a decrease in both the ultimate

twist and crack formation.
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Figure @.9): Cross Sections of Control and StrengtheBedmg42]
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23 FerrocementFivwietrh RZliansfsor ced F

Shaheen et al.[43] examined the efficacy of ferrocement beams

augmented with composite materials. Several types of mesh, including
welded (WWM), expandedESM), polypropylene(PEM), andglass
fiber wire mesh (FGM) were utilized for the reinforcementith
different layersanddifferentvolumefraction Twelve beams were cast
and tested under a thrpeint load The results showed that the beams
that were reinforced usinglass fiberhad lower values for both the
ultimate and the first cracking load. Ferrocement beams reinforced with
four layers of welded wire mesh were characterized by high
performance compared to other types of wire mesh. In addition, the
beams strengthened with raketvire mesh have a lowerack width
compared to those strengthened with-nmetal wire mesh as shown in
Figure (2.D). Figure (2.D) shows the load versus deflection curves for

all the tested beams.
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Figure @.10): Load-Deflection Curve of All Test Specimefs3]

Tilekar et al. [44] investigated the flexural behavior of reinforced
concrete beams strengthened by glass fiber polymer (GFRP) wraps. RC

beams with dimensions 0f200x200<2000 mm and concrete
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compressive strength of 30 MPa and a mixing ratio of 1:2.56:2.48/0.45
were cast and testedder center point load he beams were reinforced
using glass fiber sheets with a thickness of 1.2 mm, which were attached
to the beams using epoxyhree beams were tested for flexural
strength.The results showed that the utilization of (GFRP) sheets with
full and partial (half) wrapping increases the ultimate |dagaring
capability of RC beams by 34.48% and 10.35%, respectively, as
illustrated inFigure (2.1).
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Figure @.11): Ultimate Loadof All Tested Beam§4]

Kumar et al. [45] studied the structural performance of reinforced
concrete beams reinforced with glass fiber reinforced polymer (GFRP),
ferrocement laminates, and carbon fiber reinforced polymers (CFRP).
A total of 24 beamsgneasuring(1500<200x150) mm were cast and
testal. Ferrocement mortar was made with a mixing ratio of 1:2/0.4 and
reinforced with square wire mesh. The beams underwent load testing
for bending and shear failure modes. Each failure mode comprised four
sets of beams: control beams, beams strengthenedGHERP), beams
strengthened with (GFRP), and beams strengthened with ferrocement.
Beams reinforced with GFRHgrrocement, andCFRP exhibited
increases in the first crack load by 33.1%4%, and 17.3%,
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respectively. The ultimate loazhrrying capacities improved by 31%,

10.4%, and1%%, respectively.

Al Rawe et al.[46] examined the rehabilitation of reinforced concrete
columns exposed to biaxial loadusing improved ferrocement
jacketing. The experimental work consisted of fifteen columns with
brackets at both ends. The columns were preloaded to 65% and 85% of
the ultimate loads. The specimens were separated into three groups. In
the first group, the mecimens were retrofittedsing conventional
ferrocement and reinforced with steel wire mesh. In the second group,
the specimens were retrofitted with higarformance maar and
reinforced with steel wire mesh. In the third group, the specimens were
retrofitted with improved mortar and strengthened with fiberglass
mesh. All columns were subjected to biaxial loading until failure. The
results showed that when theeloading percentage increased, thedoad
bearing capacity decreased. Furthermtgeocement jacketingvith
conventional and high-performance mortarimproves columns'

ductility, failure behavior, and fracture resistance.

24 Ehvironm@aemaemt yMort ar

Boiny et al. [47] studied the aim of using recycled plastic bottles as
fibers to strengthen cement mortdfibers made of polyethylene
terephthalate (PET) plastic bottles were used with different volume
fraction and sizeThe plastic fibers were incorporated into the mixture
by weight percentages of 0%, 0.5%, 1.0%, 1.5%, 2.0%, and 3.0% of the
total weight. The primary objective was to examine the impact of (PET)

incorporation on the mechanical characteristics of cemertamdine
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impact of (PET) on cement mortar was examined through split tensile
strength, compressive strength, &uhmidttests at 7 and 28 daykhe
results indicated that the inclusion of plastic fibers enhances the
splitting tensile strength of the cement mixture by 18% compared to the
control sample when adding 0.5% plastic fiddre addition of (PET)
leads to a slight reduction in density compared to the hardened cement

mortar due to the lowlensity of (PET) as shown in Figure (2.1
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Figure @.12): Density of Hardened Cement Mor{éi7]

Shukur et al. [48] examined the quality of concrete utilizing
polyethylene terephthalate (PET) and polypropylene pipe (PEP) as
aggregate replacements. PET and PEP substituted up to 15% of the
aggregates in concrete compositions. This study demonstrates that two
varieties ofplastic waste can effectively serve as partial substitutes for
fine or coarseaggregaten concrete mixeREP diminishes workability

due to irregular shapes and may enhance the interaction among the
mixed components, causing a decrease in slwhpe PET improves

this material characteristic. The concrete density was lower than control
mixes by 10%. The use of recycled plastic diminished the compressive
strength, tensile strength, and flexural strength by as much as 31%,

22%, and 60%, respectively, inmparison to conventional concrete.
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Dawood et al. [49] investigated the properties of green high
performing mortar (HPM) utilized in the manufacturing of ferrocement.
The program consisted of four different phases. The initial phase
involved the analysis ohonreinforced highperformancemortar
(HPM) including 20% supplementary cementitious materials (SCM).
The second phase examined the behavior of HPM reinforced with
varying amounts of natural sisal fibers (NSF). The third phase evaluated
the performance of ferrocement made from both-reamforced and
reinforced highperformance materials under bending loads. The final
phase examined the economic viability of the research program. The
results indicated that the incorporation of 9% silica fume and 11%
metakaolin enhanced the characteristics of HPM. The ud¥Sét
resulted in an improvement in flexural strength and splitting tensile

strength, as shown in Figure (2)1
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S .

Sumanth et al. [50] examinedthe characteristicof the mortar mix

produced by partially substituting fine aggregatth waste rubber tires
in ferrocement. The mix proportions utilized were 1:2, 1:3, and 1:4 with

a waterto-cement ratio of 0.5 and reinforced with two layers of
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hexagonal wire mesh. Waste tire rubber was incorporated into the
concrete by a replacement volume ratio of 0%, 1%, 2%, 3%, 4%, 5%,
and 6% of fine aggregatdhe dimensions of the specimen were
specified as (90¢250x50) mm for the bending test and (xQ@0x100)

mm for thecompression test. The results indicated that including crumb
rubberin cement mortaras partial substitute for fine aggregate
varying volume fractions led to a decrease in flexarmlcompressive
strengthas increase crumb rubber conteAtlding crumb rubber to
ferrocement improves the ductility and energy absorption capacity and

contributes to a reduction in weight.

25 Research Gap

Previous studies have explored various aspects of
ferrocement use. Some focused on the effect of conventional
ferrocement materials on beam strengthile others investigated the
impact of different numbers of mesh layers on the initial cracking load
and deflection. Researchers also studied how the ferrocement mortar
thickness influences strengtim addition, few studies examined the
effects of incorporatinge n v i r o rcompaonénts lin ferrocement
mortar. However, the use of environmentally friendly materials in
retrofitting reinforced concretbeams is still under investigation. This
study examined an integratedustainable ferrocement mixture
containing silica fume, waste tire rubber, and waste plbstitefiber,
unlike previous studies that examined each material separatedy.

current study aims to address this gap.
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31 Il ntroducti on

This chapter consists of three sections. The first section
outlines the experimental program designed to identify an optimal
mixture incorporatingustainablenaterials, including silica fume (SF),
waste tire rubber (crumb rubber) (CR), amasteplastic bottlefibers
waste (PF). Various mortar mixtures were prepared using silica fume
(as a replacememndtio for theweight ofcement) and waste tire rubber
(as a replacementtio for the weight ofsand). Additionallywaste
plastic bottle was incorporated d#er into the mixture at specific

volumetric ratios.

The second section outlines the experimental program of the
preloaded beam@#\ total of ten reinforced concrete beams were cast,
including two control specimens tested until failure and eight preloaded
specimenstested up to 70% of the ultimate loadlso, it covers
materials used in casting, their properties, reinforced steel, strain

gauges, and wood formwork.

The third section covers the retrofitting process of the
preloaded beamsThe preloaded beams were retrofitted using
ferrocement. The used ferrocement consists of traditional mortar and
the optimakustainablenortar mix found in the first section. Two types
of reinforcement were used: steel wire mesh and glassrfiesh In
addition, two different configurations were used: full aneshApe

wrapping. The retrofitted beams were then tested to failure.
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Mat eg i bded
32 Tradi Miadoeal al s
3.2.1 Cement

Ordinary Portland cement (OPC) gfade 30 MPaype |
(Sinjar) manufactured in Iraq was used in this study.chsmicaland
physical properties of used cement, meeting the 1QS: 1015[51],
are listed inTable (3.1) and Table (3.2), respectively, conducted at
Environmental Engineering Laboratoryand Construction Material

Laboratory University of Mosulfor chemical and physical properties

respectivelyas shown in Figure (3.1).

Table B.1): Chemical Properties of Cement

Chemi ca Limts o
Re s tl t . i
Compoun( Speci flixk
Cao 65. 1 -
Si0 19. 6
A bOs 5.2
F ¢03 3.13
Mg O 1.83 O 5%
Se 2 19 O 2.53%Qi5°
02. 8%AODF5 Y
Free | in 0. 86 0.4602
Loss on i 0.17 O 4%
|l nsol ubl e 0. 84 O 1.5
Solid sol 16. 25
C.S 29. 4
CsS 40.5
CsA 6. 48
C/AF 10. 68
LSF 8 8
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Table B.2): Physical Properties of Cement

Properti¢( Resul Li mits of
Speci fi ®h]
Consisten 0.29 - -

I nitial Se 120 04 5
(mi nut es

Final Sethit) 5 010
3 days Com 20 015
Strengt h |

7 days Com 30. 6 02 3
Strengt h |

Fineness Sie 2.2 010

Speci fic 3.15 - -

A. Ce melrytp ¢ B. Vi cTeets t etftarn g< C.Finenes
Figure @.1): Tests ofPhysical Properties of Cement

3.2.2 Fine Aggregate

Locally availablenatural riversandfrom Kanhashpassing
sieve No. 4 was used. Sieve analysis following the 1QS2016/[52]
was conducted at tHeéonstruction Material Laboratorniversity of
Mosul, and the results are listed in Table (3.3). The physical properties
of the fine aggregate were measured following ASTM G228&or
specific gravity andwvater absorption[53], and ASTM C56619 for
evaporable moisture contgdbtl], as shown in Table (3.4).
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Table @3.3): Sieve Analysis of the Fine Aggregate

Sieve Size| % passing | Limits - Zone Il Iragi Specification [52]

No. 4 95.20 90-100

No. 8 87.00 75-100

No. 16 78.40 55-90

No. 30 57.90 35-59

No. 50 17.10 8-30

No. 100 3.10 0-10
Pan 0.0

Table @3.4): Physical Properties of Fine Aggregates

Physical Pr Test Re
Speci fic Gra 2. 6
Watlelrsor%%t i 2. 46
Fineness M 2.61
Uni t \Kegi Ppnh t 1600

3.2.3 Natural Coarse Aggregate

Locally available gravel withQ.75") maximum aggregate

size was used as a coarse aggregate. The results of sieve analysis

following the 1QS: 45/20152] and the physical properties following
the American StandardSTM C127%15 [55] for specific gravity and
water absorptiorand ASTM C2917 [56] for unit weight These tested

wereconducted at th€onstruction Material Laboratorigniversity of

Mosul, andare listed inTable 3.5) andTable 3.6) respectively.

Table B.5): Sieve Analysis oCoarse Aggregate

Sieve Size % Passing Limits Iragi Specification [52]
1.5" 100.00 100
1" 100.00 95-100
3/4" 95.96 95-100
1/2" 5336 | = -
3/8" 32.84 30-60
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Table @3.6): Physical Properties of Coarse Aggregate

Physical Pr Test Res|
Speci fic Gr 3 2.69
Watllrsor%%t i 0. 66
Compact u(kgh®n 1626

3.2.4 Water
Potable water was used following 1QS: No.1208/6[57].
33 Sust aiMad ey e al
3.3.1 Silica Fume

Mi cr o

silica (SF) is a
from CONMI X C
of7) sanmd ca

a C

byproduc
met al asnid ifceornr oal | oy s

chemical

ng

and

( 8).

properties
accordi t[o5.8|Mdh emaprouzizad tamn &
(P. A. 1 .) f wanilee Condiractsoe d
Material LaboratoryUniversity of Mosulwak0%at 28 dWhy s h
ASTMJ 6P 4Qur e (3.&09t isvhiotws
pr ocess.

Tab37% : ( Physi cal

of si |l i ca on

it nhd

meet s

Frruamee r t i es of

Property Val ugLi mit of S

Col or Gray p

Specific Gr 2. 17 2.1 to

Surf acné Ar e 21 Mi ni murff gl

Particles r etemi 7 Ma xi mum

Table 8.8): Chemical Composition of Silica Fume

Property Li mit of Spe

Sili con D) ¢ mum 85

mum 3%

€
5 Mi ni
g Ma x i
g

Moi st ur e »@)o 0.

u
6
8
6 mum 6 %

6
Loss on | gr 2. 8 Ma x i
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ReferenceMortar Blended Mortar
Material Used: Cemengand, Material Used: Cement, Silica
Water Fume,Sand,Water

| |
v
4[ Mixing Ratio (12.75/0.484) |7

Referencemix ] ( (8% (SF) Replacement
J L from weightof cement

A total of six cubes (7870 x70) mm were cast faach
mix as shown in Figure (3.3) (b)

y

[ Demolding as shown in Figure (3.3) (c) analing of specimens ]

Tested at (7) and (28) days for
compressioras shown in Figure (3.3) (d)

Average Compressive Str
P. A———= -
Average Compression St

Figure @.2): Activity Index Process

a Silica Fume b. Casting c. Demolding d. Testingthe Specimens

Figure B.3): Silica Fume Activity Index Process
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3.3.2 Waste Tire Rubber (Crumb Rubber)

Crumb rubber (CR) is generated from recycled tires and
processed by removing metal and fiber components, followed by
mechanical shredding of discarded vehicle tires fGgeare (3.4)).The
particle sizes of crumb rubber used in this study ranged from 0.3mm to
3.5mm.Sieve analysis of crumbs rubber is listed in Tabl®)(&nd the
fineness modulus of crumb rubber is 3.82. Tabl@)(8hows that the
sieve analysis results do not meet the standard specificdQ:
45/2016[52]) for sieve number (30 to 100). This is because of the non
spherical shape and low specific gravity of theumbs rubber,
preventing them from quickly passing through the fine sieves. These

result match the results found BylaimanT. et. al[60].

Figure @3.4): Waste Tire Rubber

Table(3.9): Sieve Analysis oWasteTire Rubber

Sieve % pasy Li miZtomeérhqgi Spe
No. 4 100. 9a 00
No. 8 81. 5] 6 M5
No. 1 29. 3 360
No. 3 6. 43 184
No. 5 0.00 52 0
No. 1( 0.00 0-10
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3.3.3 Waste PlasticBottle Fiber

The waste plastic bottle fiber (PF), which is locally available
(also known as polyethylene terephthalate), is used in this study. The
plastic bottles were first washed with water to remove dust, then each
bottle was shaped as a sheet by removing the arethase as shown
in Figure (3.5) Finally, the sheet was haiedt into strips using scissors.
The dimensions and physical properties of (PF) are givehabile
(3.10).

a. Wast e Bc b,cHandCutinto Strips Using Scissors d, e Fiber Dimension Measurement.

Figure @.5): Process to Produce Waste Plastic Fiber and its Dimension

Table 8.10): Physical Properties &Vaste Plastic Bottle Fiber

Property Descriptio
Type Polyethyl ene
Average Leng 25
Aver age Wi dt 5
Average Thic 0.15
Aspect Rat 25.588
Densit¥ (kg 1375
Water absor 0.0

*According to previous studigé1].
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34 Rei nforcement Used

3.4.1 Steel Reinforcement
Deformed reinforcing steel bar

Companyo, and used to reinforce the
for tension, compression, and stirrups were (10) mm in diameter.
Samples of the three bars were tested to specify their prapaiiesid

strength, ultimate strength, and elongation as given in Table (3.11) and

as shown in Figure (3.6). Their results conform to the specifications of

ASTM A615M-22 [62] of grade 80The relation between stress and

strain was shown in Figure (3.

Tab3llP(r operReiiensf oofci ng St eel E

Properties Value | Requirements ASTM[62]
Nominal Bar Diameter (mm)| 10
Actual Diameter (mm) 9.75
Yield Stress (MPa) 580 Min. 550 MPa
Ultimate Stress (MPa) 695 Min. 690 MPa
Elongation (%) 9.4 Min. 7%

Figure B.6): Steel Reinforcement Specimens and Testing Machine
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800
700
600
<
© 500
2 400
7
¢ 300
9 200
100
0
0.000 0.003 0.005 0008 0010 0.013 0.015
Strain

Figure B.7): StressStrain Relatioshipof Steel

3.4.2 MeshReinforcement

The two types of mesh reinforcement used in this study include,

eshiwhnt di meas 098

T Wel ded st eel Wi r e
T Gl ass fiber
in longitudinal di

Their specifications were experimentally tested as shown in Table

me s h

rect.i

W i

on

t h a

and

(3.12). Figure (38) shows type of mesh and testing processducted

at Construction Material Laboratory, University of Masulhe

reinforcement wire mesh ratig () is defined as the crosectional

area of one wire divided by the cressctional area of the ferrocement

accommodating if46], [63]. The stresstrainrelationfor weldedsteel

wire and glass fiber mesh are shown in Figur®) (@) (B).
Table B.12): Properties of Welde8teelWire Meshand Glass Fiber Mesh

di ¢
of
( 0.

Properti gWel d*tdeIr e N GI aFsisber N
Opening Si 12.5 1T 1] 4 1 4
Size of Wi 0.6 0.3 1T 0
Ultimate L 518 340
Yield Stren 395
Ul ti mate St 610 540
JwideTwWo Lay 0.00181 0.0018
Weigh® (g 340 160
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D. Test of Welded Wire Mesh

Figure @.8): Testing for the Wire Mesh Reinforcement

700 700
600 600
500 = 500
o [a
2 400 Z 400
[7)] (7]
(7] "
o o
& 300 & 300
200 200
100 100
0 0
0 0.003 0.006 0.009 0.012 0.015 0.018 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Strain Strain
A. Wel cSaeddeIr e Me s h B. Gl ass Fiber M

Figure B.9): Stresg Strain Curve for Welde&teelWire Mesh and
Glass Fiber Mesh
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Section One
Preparation of Sustainabl ¢

35 Research Methodol ogy

A total of (234) speci mens W
c ompr efslsd ywuwersamlitingt enst rengt hs. These
(78) (c7ubble7sO 1,7 0( 78n))( 4porii4sOmisl 6 G nmm)( 7 8)
brackets (1Spe.e TFheg uaxp gr3i.ment al wor k
primary phases. The fobesli paatemen}y
as a partial revepl e ANt 89f 9¢ermdnt
%. Il n the second phase, waste tire
i ncorporated as a pweeritbigal( Or,e p5l,a cleOm
15) %. Note théwtcrume mubbwrths(0de
mix with (0) % silica fume. |l n t he
of silica fume from BmasPehakeanrd we
I ncor poraatluemdtricmatiotovast e pl astic fi bel
0.5, 0. 75, and 1. @)er% otrani cdhegt ai mit ue

(31 shows the research methodol ogy.

|

N
~
.
~
~

e ——— i ——

Figure B.10): Dimension of Bracket
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A total of (234) specimens
(78) Cubes, (8) Prisms and (@) Brackets

[ SustainabléMixing Ratio (1:1.906/0.47) ]

Phase (1) |« >l| Phase (2) I

Silica Fume Crumb Rubber
©, 8,9, 10, 12, and 15) % (0,5, 10, and 15) %
See Table (3.3) See Table (34)
y
A total of (108)specimens A total of (54)specimens
(36) Cubes, (36) Prisms, (36 (18) Cubes, (18) Prisms, (18
Brackets Brackets

Tested at (7) and (28) days foompression, Flexural and Splitting Tensile
Strength

A

[ Optimal Percentages of SF and CR ]

v
[ Phase (3) ]
v

Plastic Fibe(The volumetric ratios dPFwere calculated based on the
sample size (0.0065 m®) and density of1375kg/m°)
(0, 0.5, 0.75, and 1.0) %ee Table (35)

r

A Total of (72)Specimens(24) Cubes, (24) Prisms, and (24) Bracket]

|

y

p
Tested at (7) and (28ays for Compression, Flexural, and Splitting
Tensile Strength

v

[ Modified Mortar Mix with Optimal Percentages of (SF), (CR) and (F]

.

Figure @.11): Research Met hodol
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Table 3.13): Mix Proportion of Silica Fume (SF) Mortar

Mix Code Cement % Silica Fume Silica Fume | Sand Water
(gm) Replacement (gm) (gm) (gm)

Traditional Mix 2500 0 0 4765 1175
SF1 2300 8 200 4765 1175

SF2 2275 9 225 4765 1175

SF3 2250 10 250 4765 1175

SF4 2200 12 300 4765 1175

SF5 2125 15 375 4765 1175

Table 8.14): Mix Proportion of Crumb Rubber (CR) Mortar

Mix Code Cement | Sand | % Replgcement Crumb Water
(gm) (gm) | Sand with (CR) | Rubber (gm) (gm)

Traditional Mix 2500 4765 0 0 1175
CR1 2500 4527 5 238 1175
CR2 2500 4288 10 477 1175
CR3 2500 4050 15 715 1175

Table 8.15): Mix Proportion for Adding Plastic Fiber (PF) to Mortar

— 3

Cement Silica Sand | Tire | Water % Of_ Plastic Fiber

Index (gm) Fume @m | @m | @m) Plastic Content (gm)

9 (gm) 9 9 9 Fiber 9

Traditional Mix 2500 0 4765 0 1175 0 0
Control Mix 2300 200 | 4527 | 238 | 1175 0 0
PF1 2300 200 | 4527 | 238 | 1175 0.5 45
PF 2 2300 200 | 4527 | 238 | 1175 0.75 68
PF3 2300 200 | 4527 | 238 | 1175 1 90

3.5.1 Mixing Procedure

The materials were mixadanually aiConstruction Material

Laboratory, University of Mosubor three minutes as shown in Figure

(3.12) (A), then water was added and mixed for another three minutes

to get ahomogenous mixturaccording td49] . After that, the prepared

mix was used to pouin the molds. The molds included six cubes

(70x70x70mm) to test the compressive strength according to ASTM C

109 [64], six prisms (40x40x160 mm) to test the flexural strength
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ASTM C 348[65], and six brackets to test thplitting tensile strength
based oPASTM C 260 [66], as shown in Figure (B2) (B). After
pouring all of the specimens in a single layer, they were compacted by
vibration for approximately 15 to 30 seconds, or until the surface of the
mortar was freed from air bubble&fter casting, the specimens were
left at room temperature for 24 hours, then demolded and cured by
being placed in a water tank according to ASTM C[&¥3, as shown

in Figure (3.12) (C). After curing, the specimens were tested at ages 7

and 28 days to determine the ideastainablenortar.

A. Mi xed Dry

Dem_olding aﬁd urig the Specimen:
Figure 3.12): Weighing, Casting and Curing 8pecimens

,
C.
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3.6 Equipment Used to Measure Strength of Mortar

3.6.1 Universal Compressive Test Equipment

This device has a capacity of 200 tons and a load rat& of O.
MPa/Sec. It is utilized to evaluate the compressive strength of the
mortar cubes according to ASTM C 1{84], as illustrated irFigure
(3.13) (a). The compressive strength was determined as an average

strengthof three specimens.

3.6.2 Universal Tensile Testing Equipment

It is a device with a carrying capacity of 100 tons used to test
bracket specimens for tensile strength tests accordiagiiv C 260
[66], as shown in Figure (B3) (b). The tensile strength was determined

as an averaggirengthof three specimens.

3.6.3 Flexural Testing Machine
It is a device with a carrying capacity of 30 tons with two

channels used to test the compressive strength of the cube in channel

(1) and the flexural strength of the prism in channel (2) according to
ASTM C 348[65], as shown in Figure (B3) (c). The flexural strength

was determined as an averagengthof three specimens.

Figure B.13): a. Universal Compressive Test Equipment, b. Universal
Tensile Testing Machine, c. Flexural Testing Machine
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Secti on Two

Prel oaded Roenicnrfeotrec eBdle a ms

3.7 Speci men Detail s

The reinforced concrete beams had the following dimensions:
a height of 250 mm, a width of 150 mm, and a length of 1800 mm
These beams were tested by applying cgmbant loading as shown in
Figure (314).

The concrete cover to the stirrups was 20 mm. The longitudinal and
transverseaeinforcements weranalyzedto failure in flexural mode
according to the Building Code Requirements for Structural Concrete
(ACI 318M-19) [68] as mention in appendiXAj. The longitudinal
reinforcement consists of (3@ him) bars in tension zone, (2810 mm)
bars in compression zone and (dhth @ 100 mm c/c) stirrups, as
shown in Figure (3.4). A total of ten reinforced concrete beams were
cast, including two control specimens tested to failure and the other

eight specimens were preloaded to 70% of the ultimate load.

1A\72010n1m

N
~ 15§ -
4 010 @ 100mm /e

S

—— @10mm @100mm c/c

- 250‘T|T

- M

3010 mm
1600

i

! \ |/

1800 :

I |

| | V3610 mm
Scale 1/50 Section- A

scale 1/25

All Dimensions in mm

Figure B.14): LongitudinalandCross Sectioetailsof the Beam
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38 Wooden For mwor k

Two formworks were built for casting specimens; each form
consists of five connected parts, as shown in Figur&5y3.The
formworks were built using plywood sheets with a thickness of (18)
mm. The internal dimensions were (18@50) mm (widthx height)
and (1800) mm in length. Each side of the form was secured with a nail,
and wooden clamps were placed at the top of each mold for additional
support. Before casting, all the forms were oiled to ensure easy removal

of the concrete.

Figure @3.15): Wooden Formworks

39 I nstall ation of St eel Rei nfo

The specimens were reinforced using longitudinal steel bars
(3010) mm at the tension zone, and (2810) mm at the compression
zone. In additionshear reinforcemenstirrupg (410 @ 100 mm c/q
was provided. The details of reinforcement are shown in Figuté)(3.
Concrete spacers were placed under the bottom bars and along the sides
before casting. These spacers were used to ensure the required concrete

cover for reinforcement in beams.
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Details of Reinforcement

Figure @.16): Fixing Steel Reinforcement

3.10 Installation of Strain Gauges

All beams were instrumented with strain gauges to measure
the strain in the steel reinforcement. The properties of the gauges are

listed in Table (3.6). Three strain gauges were mounted on each beam:

1T F& mounted horizontally on the |
the section of the maxi mum bendir
(3Y.

T (SS2) and ($&SBHiLcamoluntied the mid
stirrups from each side 1loyf. t he be

The process of installing gaugeshowninFi gur e (3. 18)
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Table @3.16): Properties of Strain Gageccording to Manufacturer

Type FLAB1BLJIK
Gage Leng 6 mm
Gage Fact 2.08 N1%
Gage Resi 118.5 NO.

Transverse 0. 4%

|
ll

H

SS2 SS3
FS1 Q
Figure B.17): Strain Gaugekocation and Orientation

Pl % B ~ |
% g %

o Strain Ga B\

Shcomer

a.Strain G b.Grind ¢ Attach d Appl i
Surf a St r@a wng Rubbert

Figure B.18): Strain Gauges Installation Process
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3.11 Preparation of Specimens

3.11.1Concrete Mixture Proportion

The concrete mix was designed according to (ACI 222)1
[69] as mentioned in appendiB) to achieve the target compressive
strength of (30) MPa. The mix proportions were (908.2.787 /0.47).
The details of the concrete mix are provided in TabtEA3The slump
values were betwee(i75-130) mm measured according to ASTM
C143/C143M20([70].

Table @.17): Concrete MixProportion

Descriptio QuantitPes
Cement 381

Fine aggre 726

Coarse aggr 1062
Wat er 179

3.11.2Casting of Reinforced Concrete Beams
All the specimens were prepared and csConstruction
Material Laboratory, University of MosulA total of ten reinforced
concrete beams were cast in the same period. The casting process is as
follow:
1. The forms were placed on the grou
and sealed with sil ircciomfeortme meret o
t hphaicesli de the wood for ms.

2.The concrete maw@ercioaldd ngern e weéieg m

Cement , sand, sandsgt ag adgregdie, r e
mi xed manually. Then, water was a
until the concrete was hbW¥mo(gAk)h.eou

.Sl ump test equi pment wasl®r(ekp)ar ed
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4. The concrete was poured iIinto the
el ectrical vi brator to get minim
surface of the condret(e€)as shown
5, Additi onal specimens were cast in
(1B16IA50) mmcy ItihirdeseB 0 Q) ammmd, t wo

pri s misl0(610000 mm, as sBh®whH D)n Figur

6. After 24 hour s, outer side of the
Then, the specimens were cured f ol
and covered with pl&aBtiE) sheets a

R it

o

. Curing the Specieh
Figure @3.19): Casting of the (RC) Beams
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3.12 Mechanical Properties of HardenedConcrete

3.12.1 Concrete Compressive Strength

The compressive test is performed for three cubes with
dimensions (15€150x150) mm for mixture at the age of (28) days
according to B.S 1881, part 11883[71]. Figure (320) (a) shows the

testingmachine

3.12.2 Concrete Splitting Tensile Strength

Three standard cylinders (1%6800) mmwere tested at the
age of (28) dayso measure the splitting tensile strength of concrete
according to ASTM C4947 [72]. Figure (320) (b) shows the testing

machine

3.12.3 Concrete Flexural Tensile Strength Test

The test was carried out on two prism specimens
(100x100x500) mm used to measure the flexural strength (modulus of
rupture {;)) following ASTM C29318[73]. Figure (320) (c) shows the

testing machine

©8008)]

Figure @3.20): a. Testing of Compressive Strength, b. Splitting Tensile
Machine Test, c. Flexural Tensile Strength Test
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3.13 Testing Procedure of Beams

The frame shown in Figure (321) was used to test the
specimens. The load was applied using hydraulic piston and transferred
by H-sectioncolumnthrough load cells to the specimen. The capacity
of the used load celWas 100 tons. It was placed under the hydraulic
piston as shown in Figure @) and attached to a data logger device to
measure the transformed load.inear Variable Differential
Transformer (LVDT) is an electromechanical transducer capable of
converting the rectilinear motion of a structure member into a
correspnding electrical signal that a data logger linked to it can read.
LVDT linear position sensors are readily available that can measure
displacement of structural members, as shown in Figu?d)(All of
the strain gauges, LVDT, and load cell were connected to the data
logger (Type: TDS30) in order to record the required information
during the testing process as shown in Figur2lj3and extracts it as

an excel sheet file.

| Hydraulic Jack 100 Ton |

Pump

Switching
Box

Load cell

e H-Section Column

Roller

Data
Logger

LVBL— J ki
Roller Strain Gauges Roller
Windows
pc |

Specimen

A. Measuring Tools Setup Testing
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‘ Hydraullc Piston
l I!—

H-Section Column : I -

B. Experimental Setup for the specimens.

Figure 3.21): Test Setup

3.14 Preloading of Specimens

The beam tests were carried out at 28 days after moisg.
The specimens were tested under cepbént loading as shown in
Figure (321). Two specimens (CB1 and CB2) were tested to failure and
considered as a refererfmeams The load was applied at a constant rate
of (0.1) kN/Sec. The remaining eight specimens were loaded up to (70)

% of the ultimate load of the reference beasishown in Figure (3.22)

Figure 3.22): Preloaded Beams
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Section Three
Retrofitting Reinforced Cor

3.15Speci men Detail s

Ten reinforced concrete beams were tested. Two beams
served as reference and were tested to failure without any jacketing. The
remaining eight beams were preloaded to 70% of the failure load. These
eight beams were divided into four groups, each containing two beams,
based on their retrofitting materials and wrapping method, as shown in
Figure (323) (A, B).

1 Group 1 contains two beams, both retrofitted using traditional
mortar and reinforced with weldetieelwire mesh. One of them
was retrofitted from all four sides (full wrapping), while the other
was retrofitted from three side {€hape wrapping).

1 Group 2 contains two beams, both retrofitted using traditional
mortar and reinforced with glass fiber mesh. One of them was
retrofitted from all four sides (full wrapping), while the other was
retrofitted from three side {dhape wrapping).

1 Group 3 contains two beams, both retrofitted usswgstainable
mortar and reinforced with weldatieelwire mesh. One of them
was retrofitted from all four sides (fudirapping), while the other
was retrofitted from three side {&€hape wrapping).

1 Group 4 contains two beams, both retrofitted ussgstainable
mortar and reinforced with glass fiber mesh. One of them was
retrofitted from all four sides (full wrapping), while the other was

retrofitted from three side {dhape wrapping).
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Ferrocement laminate
/ 25 mm thickness \
35

3%0 2}5 300 [

z A
Two layer of wire mesh [ T
I 1800 |
4\ f
Sec- A
Bolt (@5 * 40 L)Ymm [

Washer (@25* 1.15t)mm N scale 1/25

Longitudinal section in Beam
Scale 1/50
All dimension in mm

A.Longi tudinal aBda@r Shudt gt in

3 Ferrocement laminate
v 25 mm thickness N - 200

o o Bolt (@5 * 40 L)mm O
Longitudinal section in Beam Washer (@25* 1.15t)mm scale 1/25

Scale 1/50
All dimension in mm

B.Longitudinal and Cr ®USh aSpeec tWr
Figure @3.23): Types of Wrapping Beams

The symbols that are usedtims study are represented in Tablel@.
Table 8.18): Definition of the Symbol Used in Ferrocement

Sy mb Definition
C Contr ol
B Beam
T Traditional
E Ec-br i gnsdulsyt anonra |
F Full wrapping
U Usshape wrappin
W Wel ded wire
G Gl ass fiber
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Thevariableghat were studied in this research were:

1.

Table (319) shows the details of the four specimen groups.

Mort Berrocemenstusmadeoabbe

f u mea s

tradi ti

Rei

used:

wrapping
Rei nf or lcaeyneeinst |
| ayemws | c&dwnalr e

ferrotemekness

t e

on al

Ful |

on

mortar.
nf or Welmesadve r e
WrappCoagfiguiwoi dnfferent

me s h

wrapping of
three sides.
beams were
me s h
of 25mm.

SustaiMarbtl&ti mi z8evenal

conducted

and

tested

t o

Table @3.19): Groups ofSpecimens

and

wi t h
t 1 r ea spulbalsebrifilea da s

conf i

-shapdeeam

mi Xt ur es

det er mi

SpecitTypel TYP| Type |Prel o] No.
Grou Code|Mor t of Wr a PercelSpe
Me s PP p
CB CB Beams without 100 % 2
BTWF T W F 1
Gr ou
BT WU T W U 1
BTGF| T G F Al t 1
Gr ou beams
BTGU T G U prel o 1
G B EWF E W F to 70 1
rou
BEWU| E W U the u 1
| oad
BEGF E G F 1
Gr ou
BEGU E G U 1
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3.16 Wrapping of Mesh Reinforcement

The preloaded beams were wrapped foar sides (full
wrapped)andthree sides (kshape) using two layers of two types of
mesh reinforcementveldedsteel wire mesh and glass fiber mesh, as
shown in Figure (24). Each layer exhibits an overlap of at least two
mesh opening siz¢89] or 50 mm, as shown in Figure 25) (A). Two
layers of mesh, as shown in Figure2&. (B), with dimension of
(850x1800) mm on full wrapping,660 x1800) mm on shape
wrapping and cover of (2pm were fixed using bolts with dimension
(@5%x40 length) mm and washers (@515 thickness) mm to prevent

debonding and achieve the maximum tensile strengtheske meshes

The glass fiber mesh was placed in the longitudinal direction to achieve
reinforcement ratios approximately similar to those of the wedtisel
wire mesh and to avoid mesh overlap in mid span of beam when used

in the transverse direction.
The fixing process involves

1 Cleaning:Cleaning the beam surface.

1 Drilling the holes:Each hole measuring (8) mm, equal to the
fischer diameter.

1 Spacing:Holes were placed 48500 mm interval at the top,
bottom, and side of the beam, with two rows on each side, as
illustrated in Figure (23).

1 Bolt insulation: Bolts were inserted into eachscher with
washers placed on the mesh, and the bolts were tightened to
achieve a perfect fix of mesh on the beam's sides as shown in
Figu2pO( 3.
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A Wel ded St eel B. Glass Fiber Mesh

Figure @3.24): Wrapping of Beamwiith WeldedSteel and Glassiber Meskhor
Fully WrappedA) and U-ShapeNrapped (B)

A. Over | aphee sa B. Two Lsay e Me s. C. HoIes,Fishand
Figure @.25): Details of Fixing Wire Mesh

3.17 Application of Retrofitting Mortar

3.17.1 Retrofitting Beams Using Traditional Mortar

The process of plastering the beams includes.

1. Sur fRarceepair aPi emaring and <cl eanin
beams from dust and dirt.

2. MateWeiaghi nMi xamegas ngl | the requ
mat ef m @i sandmus gass through sieve Baccording
toACI549R18[9))and mi x t hem with the ra
wat er/ cementunrtaitli ot hoef nfoOr.td4a7r) ar e

3.Pl astPeocegygs: The plastering proc
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T Filling the gaps. of the mesh |
T I'nstalling wooden rulers to m
T Continuing the plastering prec
appearancewot ht laetheaksmess of
Figukhp 66Bows process of retrofitti
traditional mortar reinforcement wi
fiber mesh, appliedBTtWBTGE, sPEGW)mMer

AFillin B. Fixing C. Final

. Appearance of
Voids o Wood Rule Beams

Figure @.26): Process of Retrofitting UsinfraditionalMortar

3.17.2 Retrofitting Beams UsingSustainableMortar

The optimal mixture othe sustainablematerials, used in
retrofitting the beams, contains 8% silica fume as replacement ratio
from weight of cement, 5% crumb rubber replacement from weight of
sand and 0.75% volumetric ratio from waste plastic fibletained from

the total volume of ferrocemeunsed to retrofit the preloaded begms

The optimal mixture within addition to the basic materials were used to
prepare theustainablenortar, reinforced with either weldeteelwire

mesh or glass fiber meshhis mortarwas applied orihe specimens
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(BEWF,BEWU, BEGF,BEGU) followingthe same process in section
3.17.1 as shown in Figure (&7).

AMiI xXir B.Filling C. Fixing D. Final
Appearance of
Mat esr oMesh Wood Rule Beams

Figure B.27): Process of Retrofitting Usingustainabldélortar

3.18 Fixing the Strain Gauges onFerrocementSurface

The strain gauge was used to monitor the behavior of the
specimens under applied load and measure the strd@rroctement
mortar The concrete strain gauges were used as shown in the Figure
(3.28) and its properties listed in Table (3.20).

The process of fixing a concrete strain gauge includes smoothing and
cleaning the surface from any impurities. Using a special type of glue,
the strain gauge was fixed on thertarat the midspan of the beams on

a tension facas shown in Figure (38). The strain gauge was covered

by a plastic sheet until finishing the preparation of the specimen
protect it due to its sensitivity. The strain wires were connected to a data
logger equipment with a movable ram memory for saving data and then

transporting it to the computer in excel form.
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Strain Gauges

< Tokyo Measuring Instruments Lab, ~

=

Figure B.28): Concrete Strain GaugasdInstallationProcess

Table B.20): Properties of Concrete Strain Gages

Ty pe PFi3 @l 13 L JKE
Gage Leng 30 mm
Gage FacHt 2.09 N1%
Gage Resi 120 NO. 5

Transverse 0. 1%

3.19 Curing and Painting

The specimens were covered in burlap bagstton moisture
for 28 days, as shown in FigureZ9) (A). The burlap was moistened
daily. After the curing period, the specimens were dried and painted
white, as shown in Figure (39) (B) to make the cracks visible, and

then the beam code was recorded on it.

A.Curing of. B. Paint of Specimens

Figure 3.29): Curing and Painting the Beams
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3.20 Testing SetUp

After the 28day curing period, four groups of specimens

containing eight retrofitted beams were tested under center point load
up to failure using the same test setup and following the same process

mentioned irsection (3.3B).

3.21 Prediction of Failure Load for Retrofitted Beams

The expected failure loadf the retrofitted beams was
estimated based oACI 549R-18 [9]. All the calculation details are
shown in AppendidC. Table (3.21) shows the predicted failure loads.
This process considered the number of mesh layers, beam dimensions,
and material properties. A full bond between the ferrocement layers and
the beam was assumed. The predicted values were later compared to

the test results.

Table @3.21): TheoreticalJltimate Load of Retrofitted Beams

sample| PP ‘f?’rﬁr‘:]t)ra' Axis U|Ttihn?§treeti&2d
(KN)
CcB 42.74 74.78
BTWE 34.36 91.52
BTWU 34.54 90.10
BTGF 33.42 88.31
BTGU 33.21 87.08
BEWF 44.80 88.31
BEWU 45.00 86.54
BEGF 42.93 83.96
BEGU 42.63 82.86

60



Chapter 4

ExXper i men
Resul t s &

DI SCcCUSSI
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Chapter Four

Results and Discussion

41 I ntroducti on

The results obtained from the experimental program are
analyzed and discussed in this chapter to study the effect of retrofitting
reinforced concrete beamssing ferrocement with either traditional or
sustainablenortar.The beams were reinforced with either weldeskl
wire mesh or glass fiber mesh alhfour sides (full wrappingdr three

sides (Ushaped wrapping)

Many samples of sustainable mortar containing silica fume,
waste tire rubber, anglaste plastic bottle fibers were tested to evaluate
compressive strength, flexural strength, and splitting tensile strength.
The selection of the optimum mix was based on the least reduction in
these strengths compared to the other proportions and with the

traditional mortar.

Ten reinforced concrete beams were tested under gaoiter
loading. Two reference beams were tested to failure without any
jacketing. The remaining eight beams were preloaded to 70% of the
failure load, then they were retrofitteding ferrocemerdnd tested to

failure.

The first cracking load, ultimate load, failure modes, ductility
ratio, stiffness, antbughnessvere all determined from the test for all
beams. In addition, loanhidspandeflection curves, loadtrain curves
for the longitudinal and shear reinforcement bars, andstraih curves

in concrete were plotted for all of the tested beams.
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42 Resul ts of TSruasdt i atiMmoankhalde a n d
421 Test $OeSeunheep | acleyme®itl i ca Fume

Table (4.1) presents the tessults for compressive, flexural,

and splitting tensile strength at 7 and 28 days with different percentages
of cement replaced by silica fume (SF). Figures (4.1) (A and B)
illustrate the variation of these strengths with SF replacement at 7 and
28 daysyrespectively The resultsndicatedthat the use of silica fume
atvarious replacement ratios for cement weights toanincreasean

compressive, flexural, and splitting tensile strength

Figures (4.1) (A and B) shoanincrease in compressive strendpn
usingsilica fume.The percent increase in compressive streng@28a
dayscompared tahetraditional mixare listed in Table (4.1). Observed
from Table (4.1) thathe greatest improvements occurred up to a 10%
replacementBeyond this point, themprovement was minimalA
similar behavior was observed at 7 dalse increase in strength was
due to hydration of cement creates various compounds, such as calcium
silicate hydrates (CSH) and calcium hydroxide (CH). The CSH gel is
responsible for concrete strength. Adding SF to freshtarcauses a
chemical reaction with CH, resulting in more CSH gel. The fine SF
powder operates as a micro filler, filling spaces between cement grains
and reducing porosity74], [75], [76].

A similar observation was detected in flexural strength. The greatest
improvements were found to be between 8% al Eilica fume
replacement. Afterwards, the impacts decreased. These results are
consistent with earlier studi¢g7] and[78], which showed that silica

fume enhances the mortar's resistance to bending stresses.
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The splitting tensile strength also increabgdisingsilica fume.Table

(4.1) showshe besincreasesn tensile strengtlat 28 days compared

to the traditional mixvere observed at 8%, 9%, and 1@8placement
beyondthis range, the effect wasmaller These results match the
earlier researcH77], [79], [80]. Which showed that silica fume
improves tensile strength, but the benefits gradually fall off with
increasing replacement ratios due to the increase in water content and

decrease in cement quantity.

Based on the results, the optimal silica fume content for improving

strength is between 8 and 10%. Using more than this amount offers no
additional benefit and may cause negative effects, like higher water
demand and material lumpinghis is due tahe high surface areaf

silica fume A trial mix with an 8% replacement was effective in

enhancing the performancesfstainablenortar.

Table @.1): Strengthof Mortarat 7 and 28 Days for Differeilica

Fume Replacement Ratios

Compressive Flexural Strength Splitting Tensile

% Rep. Strength (Mpa) (Mpa) Strength (MPa)

Index \(/\?t? % % %
c tl 74 28 Increase 7 28 Increase 7 28 Increase

emen ays days | fcu28 | days | days fr 28 days | days ft 28

days days days

fragional | o | 3359|4348 - | 865|954 - |334|354| -
SF1 8 35.64| 46.33| 6.6 8.71|1989| 366 | 3.51| 4.28| 20.9
SF2 9 35.52|45.22| 4.0 870 9.72| 190 | 3.45| 4.14| 16.95
SF3 10 33.93|44.75| 2.9 8721 9.65| 1.20 | 3.43| 4.12| 16.38
SH 12 33.771 43.75] 0.6 8.69|969| 158 | 3.41| 3.63| 254
S5 15 33.69| 43.65| 0.4 8.66| 9.56| 0.25 | 3.36 | 3.57| 0.85
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Figure @.1): Strength of Mortar at 7 and 28 Days for Different Silica

422 Test

Fume Replacement Ratios

$oeSsaunRde p |

ace@enmbbRubber

The effect of waste tire rubber (crumb rubber (CR))

replacement on the compressive, flexural, and splitting tensile strength

of thesustainablenortar at 7 and 28 days is shown in Trable (4.2)
andFigures (4.2) (A and B).

Table @.2): Strength oMortar at 7 and 28 Days for Different Crumb

Rubber Replacement Ratios

Compressive Strength| Flexural Strength Splitting Tensile

% Rep. (Mpa) (Mpa) Strength (MPa)

Index (CE) % % %

wi 74 28 Decrease| 7 28 Decrease| 7 28 Decrease

Sand ays days fcu 28 days | days fr 28 days | days ft 28

days days days

fradonal | o 13359 43.48) - |865|954| -— |334|354] -
CR1 5 24.10| 28.32| 34.87/ | 6.63 | 8.58 10.0 291 | 3.20 9.6
CR2 10 17.04| 22.82| 4751 | 5.75| 7.13 25.2 1.67 | 2.53 28.5
CR3 15 14.28| 18.57| 57.29 | 4.77 | 6.14 35.6 1.58 | 2.10 406
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Figure @.2): Strength of Mortar at 7 and 28 Days for Different Crumb

Rubber Replacement Ratios

The compressive strengbfimortar containing crumb rubber decreased

as the crumb rubber replacement percentage increkede results

are consistent with previous studi¢®1], [82]. At 7 days, the

compressive strength of crumb rubber mortar reduced by 28.25%,
49.24%, and 57.45% for 5%, 10%, and 15% rubber replacements,
respectively. At 28 days, the reductiavas listed in Table (4.2)

compared to th&aditional mix The strength is reduced because of the

weak bond between rubber particles and the cement matrix, which leads

to micro-cracks and accelerates crack propagation undef834d

The flexural strength of crumb

replacement level increasékhble

rubber mortar also decreased as the

(4.2) shows the percent decrease in

flexural strength a8 days, compared to theaditional mix This

reduction was due to the weak adhesion between rubber particles and

cement paste, the ndromogeneous distribution of rubber particles
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inside the mortar mixture, and the hydrophobic characteristics of rubber
particles. These factors caused more air bubbles in the mortar mixture

and increased overall air cont¢d4], [85].

The same pattern was observedspiitting tensile strength, which
decreased with increasingumb rubber contenf-rom Table (4.2)
observed the leastecreasen tensile strength at 28 daysmsat 5%
replacement ratior his reduction is dui the loss of bonding material.
Furthermore, the decrease in splitting tensile strength was lower than
that of the compressive strength because the rubber particles
bridgecracks and limit their progressipand the rubber particles are
flexible and can stretch slight[84], [86].

The optimum strength was achieved with 5% of crumb rubber
replacement in the cement morts this proportion caused the least
reduction in strengthA trial mix with this percentage was prepared to

confirm the results.

423 Test Result of ABdodiiEndeeWaste Pl as
The incorporation of waste plastic bottle fibers (PF) into

sustainablenortarmade with 8% silica fume as a cement replacement
and 5% crumb rubber as a sand replacerhadta clear impaabn
compressive, flexural, and splitting tensile strength at 7 and 28 days
The resultsare presentenh Table (4.3)and Figures (4.3) (A and B).

Plastic fibers lead to a decrease in compressive, flexural, and tensile
strength.The percentages of decrease in these strengths at 28 days

compared to traditional mortar are shown in Table (4.3).
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Table @.3): Strength of Mortar at 7 and 28 Days for Differ@téastic
Fiber Addition Ratios

Compressive Strength|  Flexural Strength Splitting Tensile
% (Mpa) (Mpa) Strength (MPa)
Index Addition % % %
of PF 7 davs 28 Decrease 7 28 Decrease 7 28 Decrease
y days fcu 28 days | days fr 28 days | days ft 28
days days days
fradional | o |3359(4348| - | 865|954 -- |334|354| -
Cm;rm 0 26.42| 32.52| 25.2 6.82 | 7.45 21.9 3.07 | 3.33 5.95
PF1 0.5 19.75| 24.69| 43.2 6.57 | 7.05 261 3.16 | 3.39 4.32
PF2 0.75 |20.32|24.90| 42.7 6.62 | 7.13 253 3.22 | 3.47 1.98
PF3 1 19.27| 22.89| 47.4 6.39 | 6.80 288 3.10 | 3.37 4.75
50 50
43.48
40 40
33.59 3252
g% 26.42 G 2469  24.90
s < 22.89
= 19.75 20.32 19.27 <
€20 £ 20
(@] (@]
P10 65 .82 57 .62 .39 ? 10
34 .07 .16 22 10
0 0
Traditional ~ Control 0.5 0.75 1 Traditional  Control 0.5 0.75 1
Mix Mix

Percentage of Added Plastic Fiber (PF)

= Compressive Strength (Mpa)® Flexural Strength (Mpa)® Splitting Tensile Strength (MPa

Mix

Mix
Percentage of Added Plastic Fiber (PF)

= Compressive Strength (Mpajs Flexural Strength (Mpa) ® Splitting Tensile Strength (MPa

A.Strength at 7
Addi tion

days
Rat i

B.Strength
Fi ber

at 28 day
Addi ti on

Figure @.3): Strength of Mortar at 7 and 28 Days for Different Plastic
Fiber Addition Ratios

Adding waste plastic fiber irthe different volumetric proportions

reduced the compressive strength of shistainablenortar. The test

results showed a reduction in the compressive strength, aligning with

the previous studj87], [88]. At 28 days, the percentage decrease in the

compressive strength of tkastainablenortar compared to theontrol
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mix was 24%, 23.43%, and 29.61% for 0.5, 0.75, and 1% of plastic
fiber, respectivelyThe lowestreduction was observed in specimens
containing 0.75% fiber. The decrease in the strength was due to the high
void ratio of the reinforced samples exceeding that of the- non
reinforced sample and a weak interfacial bond between the fiber and the
sustainablenortar[89].

The addition of waste plastic fiber to the mortar also negatively affected
flexural strength, causing a reduction compared to the controlAnix.

28 days, the reduction was 5.37%, 4.29% and 8.72% for 0.5%, 0.75%,
and 1% of plastic fiber, respectivelihis result is consistent with the
previousstudy[90]. The reduction can be attributed to the fiber length
and their random distribution in the matrix. Meddah and Benclji@igh
reported that fiber length affects the flexural strength. The inclusion of
short fibers (30 mm) slightly reduced the flexural strength, while longer
fibers (50 and 60 mm) did not show a significant effect on the flexural
strength.

Unlike compressive and flexural strengtplitting tensile strength
exhibited an improvement with an increase in fiber conferl8 days,

the percentage increase in splitting tensile strength compared to the
control mixwas 1.8%, 4.2%, and 1.2%r 0.5%, 0.75%, and 1% of
plastic fiber, respectively. Thesesults agree with the previous studies
[92], [93]. The most significant increase occurred at 0.75% fiber
content. Plastic fibers significantly improve the mortar's resistance to
crack propagation. The mechanism involves (PF) acting as a reinforcing
material that prevents the formation and propagationaxfks within

the mortar matrix94]. This reinforcing effect is particularly significant

at the 0.75% level, exhibiting a positive connection with the tensile
strength of PF fiber.
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424 Opti Mumt ur e

The optimum mix was obtained with 8% silica fume

replacing cement, 5% crumb rubber replacing sand, and 0.75% plastic
fiber added to the mortar. The modified mortar showed mechanical
strengths of (24.9 MPa (compressive), 7.13 MPa (flexural), and 3.47
MPa (plitting tensilestrength at 28 daysThe strength of the optimal
mortar at 28 days is reduced compared to the traditional mortar by
(42.7, 253, and 1.97) % for compressive, flexural, and splitting tensile

strength, respectively.

425 Cost Compari son

The cost comparis@nbetween traditional andustainable
mortar arecalculatecbasecdn volume (0.02n°) and areshown in Table
(4.4). Table (4.4) shows that using traditional mortar is less expensive
and stronger than treeistainablenortar. The costf sustainablenortar
increasedy 10.4% compared to the traditional mortar. Thhisparity
is due to the lack of specialized facilities for recycling waste materials
such as silica fume, crumb rubber, and waste plastic fiber in Iraqg.

Table @.4): Cost Comparison

Estimation Cost and Quantities | Estimation Cost and Quantities
Details Unit Unitfg:i;:raditional MO;E)E':;I price Unitfg:icSeUStainableM?rrcEgl price
(1D) Amount (1.D) (1.D) Amount (1.D)
Cement Ton | 150000 | 0.00762] 1143 150000 | 0.00762| 1143
Sand m3 30000 | 0.0091 273 30000 | 0.00&% 258
Silica Fume | Kg 2500 0 0 2500 0.61 1525
WSELebZ'rre Kg 1000 0 0 1000 | 0.726 726
Pla\s/\t/iislt:(ieber Kg | 2500 0 0 2500 | 0206 | 515
Labors daily | 25000 1 25000 25000 1 25000
Total Cost (1.D) 26416 Total Cost (1.D) 29167
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43 Res ul
431 Mechani

t S

c al Properties

oSpPcemeaded

of Concret

The mechanical properties of the concrete mix, which is used

in this study, including compressive, flexural, splitting tensile strength,

and the slump test, are listed in Tabl&)4.

Table @.5): Mechanical Properties of Concrete Mixture

No. Mechani cal Prop| Val I

1 Average Cube Compre{ 37.

2 Average Splitting T 2.3

3 Aver age SElrexgnt &l (| 5. 7

4 Sl ump ( mm) 130
432 Ressaplft the Control and Preloaded

The experimental results of control beams and all preloaded

beams, including first cracking load, ultimate loadd corresponding

deflection are presented in Tablegy.

Table @.6): Experimentabnd TheoreticaResults of All Preloaded

Beams
1st Theoretical | Def. at 1st . .
Group Code | Crack | 1stCracking | crack load L%gén&tﬁ) Derc.):;lzrl]tqlm? te
load (kN) | load (kN) (mm)
CB CB 16.5 13.3 0.75 76.85 14.68
BTWF 17.3 135 0.6 53.8 4.4
Group 1
BTWU 16.6 13.5 0.65 53.8 4.52
BTGF 16.9 13.4 0.7 53.8 4.67
Group 2
BTGU 16.6 134 0.6 53.8 4.65
BEWF 16.2 13.3 0.67 53.8 417
Group 3
BEWU 17.7 13.3 0.65 53.8 4.63
BEGF 17 135 0.60 53.8 4.42
Group 4
BEGU 17 135 0.7 53.8 4.52
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433 Loabef |l ecti on Curve of the Prelo
Two unstrengthezd beams (CB1, CB2) served as control

beams and are coded as (CBigure (4.4) shows the loatkflection

curve for the control beam§he ultimate load wa&’7.9 and 75.8) kN

and the miespan maximum deflection were (14.15, 15.21) mm,
respectively. The average ultimate load and deflection of the control
beam (CB) was 76.85 kN, 14.68 mm. These values were used for
comparison with the other beams. The results of the control beams are
listed in Tdle (46).

The eight preloaded beams are coded with the same symbols used for
retrofitted beams. These beams were preloaded to 70% of the failure
loads of the control beams (CB), which equals (53.8)Hiblure (4.5)
shows the loagnidspandeflection curve for all preloaded beams. As
shown in Figure (4.5), all thpreloaded beams exhibited similar load
and deflection curves because of their identical material property and
load testing conditions. The results of the preloaded beams are listed in
Table (46).
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Figure @.4): Load-MidspanDeflection Curvefor Control Beams
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The strains of control and preloaded beams were measured at
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Figure @.6): Load Strain (FS1) Cungfor Control Bears
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three points (See Figurel3). Control beam (CB1) recorded a yield
strainin longitudinal steel bars (FS&jyjual to 6310x10°), while (CB2)
had a yield strain equal t®§15x10°). The control beams exhibited
strain values greater than yielding strain, which eqgies{s2 0 0 )] 1 0
indicating that the longitudinal steel reached the yield strain as shown
in Figure (4.6).The average strain for control beams (CB) equal to
(6462¢10°) atayield load equald 73.45 kN, as shown in Figure (4.6).



Chapter Four Experimental Result and Discussio

The load strain curve in the longitudinal steel bars of all preloaded
beams are shown in the Figure (4.7). Note that straigegm beam
(BTGU) did not record the strain values due to a technical problem. The
yield strain of these beams was set at 70% of the control bgalds
strain which is equal to (£23x10°9). It was observed that the strain in
preloaded beams reachide bar yield strain of2000x10).

The strain in the stirrups dwoth control and preloaddstamswvyas not

recorded due to technical issues.
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Figure @.7): LoadStrain Curve (FS1) for Preloaded Beams

435 Mode of Fail ure of the Prel oaded

Figure (4.8) (A)shows the mode of failure and crack pattern

of the control beams. Cracking initiated at the 4spdn under applied
load and then spread toward both ers the loads increased to the
ultimate level, two wide cracks extendddom tensionto the
compression zone. The control beams failed in flexural, followed by
crushing of the concrete in the compression zone at thapaia of the

beams.
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The eight beams preloaded to 70% of the failure load developed a few
hairline cracks during loading, as shown in Figure (4.8) (B). They
exhibited flexural cracks along their tension zone, which did not require

any treatment prior to strengthening.

CB1 CB2
A.Failure Mode and Breaacnks

BEWF BEWU

BEGF BEGU
B.Crack PAltlt ePmBdoadagl e d
Figure @.8): Failure Mods and Crack Pattesof Control and All

Preloaded Beams

44 Re s ulRetofittedf Speci mens

Table (47) presents the experimental results ofréteofitted

beams, including first cracking load, yield load, ultimate load, and the
corresponding migpan deflection.
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