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Abstract

This study aims to investigate the effect of using sustainable ferrocement mortar
and assess its efficacy compared to traditional mortar, and also to examine the effect
of using different types of mesh reinforcement (welded steel wire mesh and glass
fiber mesh) in ferrocement for retrofitted beams with full or U-shape wrapping. The
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 on the 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 mixture. Compared 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 center point loading. The remaining eight beams were
preloaded to 70% of the failure load obtained from the reference beams. In the 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 mesh). Wrapping
configuration (full and U-shape 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 beam retrofitted on full wrapping, using traditional mortar and reinforced with
welded wire mesh. For beams reinforced with glass fiber mesh, the increase was
(10.3) % compared to reference beams.

However, the ductility of beams retrofitted using sustainable mortar was higher
compared to traditional mortar by (3.6 and 5.4) %. Toughness also increased by
(11.9 and 10.6) % for full wrapping beams reinforced with welded wire and glass
fiber mesh, respectively.

The stiffness of beam retrofitting, using sustainable mortar reinforced with welded
wire mesh on full and U-shape wrapping decrease by (20.3, 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 traditional respectively.

The deflection of the beam retrofitted, using traditional mortar, for both types of
reinforcement, was lower than deflection in the references beams and beams
retrofitted, using sustainable mortar.
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Chapter One

Introduction

1.1 Introduction

Concrete is a widely used building material due to its strength
and durability. However, its performance can deteriorate over time due
to various factors. Improper design, critical loads, and environmental
conditions cause a reduction in the load-carrying capacity of reinforced
concrete structures. This issue can be addressed by strengthening
techniques, addressing material degradation, or implementing

additional safety procedures [1].

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 of reinforced concrete beams, their
performance can be improved by increasing tensile strength along the
tension face (often the soffit), enhancing ductile deformation during
bending. Among the various strengthening methods, Jacketing is the
main technique employed to augment the flexural strength of reinforced

concrete beams [3].

When choosing strengthening materials, it is important to consider their
bonding capabilities to the existing structure, as well as their strength,
durability, and cost sustainability. Currently, commonly used flexural
strengthening materials include plates of steel, ferrocement, fiber-

reinforced polymers, epoxy polymers, and textile fibers [4], [5].
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1.2 Retrofitting

Retrofitting involves improving the load-bearing capacity of

older structures that were initially designed for lower service loads than
those they currently endure. Other applications include seismic
retrofitting, alterations in building usage, modifications of codal
provisions, enhancements in overloading capacity, improving wear and
tear, and the repair of damaged structures. Severe weather conditions
can accelerate the deterioration of concrete structures over time [6].
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 retrofitting focuses on strengthening of individual footings, such
as beams, columns, and joints [7]. Retrofitting is performed using
various materials, including ferrocement, fiber reinforced polymer
(FRP) and steel [8].

1.3 Ferrocement

Ferrocement is a thin-walled reinforced concrete consisting
of cement mortar reinforced by multiple layers of continuous, relatively
small wire mesh, as shown in Figure (1.1). The mesh can be constructed
from metal or any other material [9]. Ferrocement can be used in the
construction of domes, boats, and water tanks. Ferrocement is a special
type of reinforced concrete, with some differences between them.
Unlike conventional reinforced concrete, which uses large steel bars,
ferrocement uses fine reinforcing meshes, such as woven wire meshes,
welded wire meshes, expanded metal meshes, or fine bars. These

meshes are completely immersed in the mortar matrix. Ferrocement can
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be produced with a thickness of (25 mm) and include a protective cover

to prevent the reinforcement from corrosion [10].

BE e iy Tt T

Figure (1.1): Mortar Being Applied to Wire Mesh

Ferrocement jacketing is widely used due to its many benefits,
including lesser dead load due to small thickness, high tensile strength,
less crack width, low cost, water resistance, ease of use, and long
durability. In structural repairing, different strengthening methods are
used, but the plate bonding technique is the most common. For this
method, plates made of Carbon Fiber-Reinforced Polymer (CFRP),
Glass Fiber-Reinforced Polymer (GFRP), ferrocement, and other
materials are glued to the exterior of the structural component to
improve its strength.

Recently, Ferrocement sheets gained popularity as retrofitting materials
owing due to their availability, cost-effectiveness, durability, and the
ability to mold them into various shapes without need for formwork
[11].
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1.4 Composite and Construction of Ferrocement

1.4.1 Basic Matrix 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 permeability [12].

The properties of basic matrix according to ACI 549R-18 [9] were:

Sand must pass through a No. 8 (2.36 mm) sieve.

Ordinary Portland cement is commonly used.

Water must meet potable quality standards.

Sand cementitious materials ratio ranges from 3:1 to 3:2 by weight.

The water to cementitious materials ratio (w/cm) ranges from 0.35 to

0.6, with the lower limit achievable only through admixtures.

1.4.2 Reinforcements
e Skeletal Steel
Skeletal steel is often used in ferrocement construction as
welded wire fabric or meshes of steel wires, bars, or strands [13]. If an
armature is 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 materials have also been

employed as an alternative [14].

e Steel Wire Meshes
The main part of ferrocement is the fine wire mesh
reinforcement. The number of mesh layers determines the composite
thickness and strength. The wire diameter ranged from (0.5 - 1.5) mm,

and the mesh opening size was from (6 - 25) mm [13]. The main types
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of wire meshes, include: a. welded wire mesh; b. Woven square mesh;
c. Chicken wire mesh d. Expanded metal mesh; [15] as shown in Figure
(1.2).

A. Weld Wire Mesh. B. Woven Wire Mesh. C. Chicken Mesh. D. Expanded Metal.
Figure (1.2): Types of Metallic Wire Mesh [15]

e Non-Metallic Meshes

Non-metallic meshes can be made from polypropylene mesh,
glass fiber reinforced polymer sheet (GFRP), woven or knitted aramid
fibers [9] as shown in Figure (1.3). GFRP materials are increasingly
used for retrofitting and repairing deficient infrastructures, whose
experienced significant strength and stiffness losses are due to harsh
environmental conditions, including humidity, saltwater, and alkali
solutions. GFRP exhibits a high modulus of elasticity, increased
flexural and shear strength, as well as an increased resistance to

corrosion, fatigue, and damping [16].

l-.-.-ﬂ
m',

A. Glass Fiber Mesh. B. Woven or Knitted Aramid.
Figure (1.3): Types of Non-Metallic Mesh [17]



Chapter One Introduction

1.5 Environmentally Construction Materials

Concrete is widely utilized in construction. The decreasing
amount of conventional concrete mix resources is a significant concern.
The demand for these products also increases construction costs. The
cement manufacturing process has a negative impact on the
environment due to the decline in non-renewable natural resources. The
cement manufacturing process also leads to the emission of dust and
carbon dioxide into the atmosphere, the cement production process
results in the release of approximately 0.8 ton of carbon dioxide to the
atmosphere which increases pollution rates [18]. Incorporating recycled
materials into concrete reduce resources consumption, reducing energy
consumption resulting from cement production, also reducing harmful
emissions, and reduce the amount of landfill waste. Recycled plastic,
rice husk ash, waste glass, and wood ash can be used as a sustainable
alternative to the conventional material. Among these, the disposal of
automobile tires has a significantly positive impact on the environment
[19].

1.5.1 Silica Fume

Silica fume is a byproduct of silicon metallic or ferrosilicon
alloys production consists of spherical particles approximately one-
hundredth the size of cement particles (0.1 um) as shown in Figure
(1.4). Fineness particle of silica fume was from (13000-30000) m?/kg.
It is fine particles significantly increase concrete compressive strength,
improve its durability, and reduce its permeability due to pozzolanic
reaction between silica fume and calcium hydroxide (Ca (OH),), creates

additional calcium-silicate hydrate (C-S-H) that forms in the voids
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within hardened cement paste, producing a very dense structure. Silica
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

water-reducing admixture [20].

.'Figuré-"(1.4): SilicéhFume

1.5.2 Scrap Tires/Crumb Rubber

Waste recycling is a sustainable alternative, and the civil
construction sector provides a promising opportunity to incorporate
these materials as fine or coarse aggregate [21]. Waste tire, as shown in
Figure (1.4) can be used as blocks in the formation of concrete and
mortars. Tires serve as a prime example of the abundance of waste
commonly found in both landfills and rivers. They can cause serious
problems such as soil and river pollution [22]. The performance of
rubber concrete is significantly affected by the rubber content. The use
of rubber particles improves workability, ductility, and toughness.
Crumb rubber can replace up to 50% of aggregate; however, using it
results in a reduction of strength. This is because crumb rubber has

lower strength and modulus of elasticity than natural aggregate [23].



Chapter One Introduction

Figure (1.5): Rubber Waste [24]

1.5.3 Plastic Bottle Waste
Waste plastics are utilized as fibers, aggregates, and binders in concrete

and mortar components as shown in Figure (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 characterized by high mechanical

properties and strong chemical resistance [26].

Researchers have investigated the reuse of waste plastics as
construction materials, which offers significant economic and
environmental advantages. Studies have demonstrated the feasibility of
incorporating waste plastics, such as polypropylene (PP), shredded and
recycled plastic waste [27], and polyethylene terephthalate (PET) [28],
into concrete and mortar. Based on the previous studies, the proportions
of plastic fiber that can be used ranged between 0.25% and 1.5% 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 strength [29]. In mortars, these fibers
act as uniformly distributed reinforcements, reducing crack formation

caused by plastic shrinkage [30].

2§ 4.=6 6

A. Plastic Particles [26]. B. (PET) Recycled Fibers [30].

Figure (1.6): Type of Plastic Waste

1.6 Objectives of Research

The main objectives of this study are as follows:

1. To investigate the effect of incorporating sustainable materials into
ferrocement mixes and to assess their efficacy compared to
traditional ferrocement matrices. This includes adding recycled
waste materials, such as silica fume, waste tire rubber and waste
plastic bottle fiber.

2. To study the performance of using two layers of various mesh
reinforcement, including welded wire mesh and glass fiber mesh in
ferrocement mortar for retrofitting reinforced concrete beams.

3. To examine the role of externally applied ferrocement layers (full
wrapping on four sides and U-shape wrapping on three sides) in
retrofitting damaged RC beams by evaluating the improvement in

ultimate load and deflection compared to the control beams.
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1.7 Thesis Layout

Chapter One includes a general introduction to the problems
experienced by reinforced concrete beams that lead to reducing their
resistance, along with methods for strengthening them. It also presents
a brief explanation of the strengthening method by using ferrocement
composed of traditional or sustainable materials. Additionally, this

chapter introduces the objectives of this study and the thesis layout.

Chapter Two reviews the most relevant studies related to using
ferrocement reinforced with metal wire mesh and glass fiber wire mesh
to retrofit reinforced concrete beams. It also includes studies of
sustainable ferrocement mortar. In addition, this chapter introduce the

knowledge gap.

Chapter Three presents the experimental program adopted in this
study. It includes the results of the laboratory tests on the materials
used, identifying the optimal ferrocement mixture containing
sustainable materials, and the process of specimen preparation, casting,

curing, and testing.

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

Chapter Five presents the conclusions, recommendations, and

suggestions for future work.
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Chapter Two

Literature Review

2.1 Introduction

This chapter reviews some of the most relevant studies on
using ferrocement reinforced with metal wire mesh and glass fiber mesh
to retrofit or strengthen reinforced concrete beams. It also highlights
studies of sustainable cement mortar. Additionally, this chapter

introduces the research gap that needs further investigation.

2.2 Ferrocement with Metallic Wire Mesh

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 situ, precast ferrocement
laminate A, and precast ferrocement laminate B, as shown in Figure
(2.1). Two-point load tests were carried out on ten reinforced concrete
beams. The results show that strengthening the beams with a cast in situ
ferro-mesh layer was the most effective method, while precast
ferrocement laminate B is not only simple but also promising. It helped
improve the stiffness, ductility, and load-carrying capacity. Also, Ferro-
mesh's three layers were stiffer and capable of supporting a larger load

compared to the two layers.
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Figure (2.1): Method of Application Ferrocement Laminate [31]

Alam et al. [32] studied the effect of 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 thickness), FRB2
(two layers of wire mesh with 16mm thickness), and FRB3 (three layers
of wire mesh with 20mm thickness). The beams were retrofitted on
three sides. The study 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 in Figure (2.2). 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.
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Figure (2.2): Variation of First Crack Load and Ultimate Loads [32]

Fahmy et al. [33] investigated the development of conventional (RC)
beams by casting and testing beams containing different core materials
(normal concrete, recycled concrete, and concrete brick). These beams
were made of U-shaped ferrocement. The experimental program
included thirty beams. Both expanded and welded steel mesh were
utilized with single layers and double layers. Two 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. Figure (2.3) shows the load-
deflection curve for the reinforced beam. The results showed that the
specimen with concrete core (WSC) and recycled concrete core (WSR)
reinforced with a single-layer welded wire mesh have comparable
stiffness. Both specimens reached a deflection of around 20 mm at their
ultimate load. Specimens of concrete core (ESC) and recycled concrete
core (ESR) with single-layer expanded wire mesh also showed similar
stiffness. They reached deflections of approximately 20.1 and 19.6 mm

at their ultimate loads, respectively.
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Figure (2.3): Load Versus Deflection Curves for the (RC) Beams [33]

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 and 69.8% 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 under a four-point
load. Ferrocement mix (1:1.5/0.35) with 25mm thickness was used. The
results showed that ferrocement is an efficient and cost-effective

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 (33.78x10) for the control beam and

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

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

and Ferrocement Beam [35]

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 Figure (2.5). The
experimental program consisted of seven beams, one of them represent
control beam, three beams used shear reinforced expanded wire mesh
and the last three beams used welded wire mesh. These beams were
tested under two-point 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 mesh. Adding layers of wire
meshes enhanced the ultimate load and shear capacity, also the results

exhibited an increase 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 quantity of cracks with narrower widths compared to those

strengthened with traditional steel reinforcement.
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Figure (2.5): Shear Reinforcement Using Wire Mesh Layer [36]

Miah et al. [37] investigated the effectiveness of ferrocement
technology in enhancing the performance of reinforced concrete beams
constructed with low-strength concrete. The beams were constructed,
using nontraditional concrete (burned clay bricks were used as a coarse
aggregate). The ferrocement mortar mix was 1:2/0.45 with a thickness
of 25mm. Several load configurations were utilized: (a) two-point loads
were placed at one-third of the span, (b) two-point loads were located
near the support, (c) two-point loads were located 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 ferrocement beams incorporating welded wire mesh

demonstrate augmented ultimate load capacity and improved ductility.
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Sirimontree et al. [38] investigated the flexural performance of beams
enhanced with ferrocement. Three beams were prepared 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 of these beams are illustrated in Figure (2.6).
All specimens undergo four-point bending test. The results showed that
the flexural strengths of the second and third beams exceed that of the
reference specimen by about 79%. The ductility of the specimen (BFS)
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 addition, the deflection

decreased in the specimen with shear connectors (BFS) by 26%.

39 piz
4 200
. y —i
V 2DB12
a5 D RBS@120 Stirrup
L )
2DB12
RB9@120 Stirrup
- ] BR
Qo0 00
e k 1
2700
ke o
I~ |
3000
P2 P2
280
v ' —
rs = = 5 2DB12
External reinforcing steel & Ferro-cement
without shear connactor 38 D RBI@120 Stirup
L J 2DB12
20612
BF
k 900 900
e |
2700
k )
F A
000
P2 P2
260
v v e
G s =+ . B o . - Y 20B12
oL 18 RES@120 Stirup
1 5 o o= 5 c = - 5 om oc - q IDB12
2DB12
External reinforeing steel & Ferro-cement
with shear connector BFS
200 900
f——— e s |
2700
k o
F
3000

Figure (2.6): Details of Beam Specimens [38]
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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 were pre-damaged when
subjected to two-point loads at one-third of beam length and equal to
60% of the ultimate 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 welded mesh, incorporating 2 and 3 layers accordingly. A
numerical model was created with ANSYS. The beam reinforced with
3 and 2-layer welded and chicken wire mesh improved first crack and
ultimate load. Also, they exhibited an increase in both stiffness and
ductility compared to reference beams. The analytical findings agree

with the experimental investigation as shown in Figure (2.7).
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Figure (2.7): Load-Deflection Curve for Each Case [39]

Soundararajan et al. [40] investigated ten reinforced concrete beams
strengthened with ferrocement utilizing a galvanized square weld wire
mesh, volume fractions of 1.76% and 2.35% for beams (RCSFO01,
RCSFO03) respectively. Ferrocement mortar mix 1:2/0.4 was used. Slag

replacement ratios of 0% and 30% by weight of fine aggregate were
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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 respectively. The 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 (2.8): First Crack and Ultimate Load for Strengthened Beams

[40]

Zivkovic et al. [41] examined the flexural capacity of reinforced
concrete beams strengthened with glued ferrocement strips. The
research involved fifteen (RC) beams subjected to two-point loads.
Strengthening was implemented by utilizing four varieties of
ferrocement (number of layers varied from (8-14) and thickness varied
from (17-23) mm) on the tension side, each with varying wire mesh
layers and thickness. A numerical analysis was also conducted, using
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 and experimental 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 sides and
(B2) for two sides by using ferrocement as shown in Figure (2.9). The
construction of ferrocement by using wire mesh was necessary for the
implementation of strengthening system. To maintain cohesiveness
across reinforced beams, the mortar mixture was made with a ratio of
1:2.5/0.3 and styrene-butadiene rubber (SBR) replacement at 20% from
cement weight. The study found that the three-sided wrapping form is
a viable approach to improving torsional behavior. Small improvement
in stability was observed as a result of the beam's reinforcement on two
sides. Application of the U-shaped wrapping resulted in increased
stability, which was accompanied by a decrease in both the ultimate

twist and crack formation.
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Figure (2.9): Cross Sections of Control and Strengthened Beams [42]
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2.3 Ferrocement with Glass Fiber Reinforced Polymer

Shaheen et al. [43] examined the efficacy of ferrocement beams
augmented with composite materials. Several types of mesh, including
welded (WWM), expanded (ESM), polypropylene (PEM), and glass
fiber wire mesh (FGM) were utilized for the reinforcement with
different layers and different volume fraction. Twelve beams were cast
and tested under a three-point load. The results showed that the beams
that were reinforced using glass fiber had 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 metal wire mesh have a lower crack width
compared to those strengthened with non-metal wire mesh as shown in
Figure (2.10). Figure (2.10) shows the load versus deflection curves for

all the tested beams.
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Figure (2.10): Load-Deflection Curve of All Test Specimens [43]

Tilekar et al. [44] investigated the flexural behavior of reinforced
concrete beams strengthened by glass fiber polymer (GFRP) wraps. RC
beams with dimensions of (200x200x2000) mm and concrete

21



Chapter Two Literature Review

compressive strength of 30 MPa and a mixing ratio of 1:2.56:2.48/0.45
were cast and tested under center point load. The beams were reinforced
using glass fiber sheets with a thickness of 1.2 mm, which were attached
to the beams using epoxy. Three beams were tested for flexural
strength. The results showed that the utilization of (GFRP) sheets with
full and partial (half) wrapping increases the ultimate load-bearing
capability of RC beams by 34.48% and 10.35%, respectively, as
illustrated in Figure (2.11).

100
78

80
60
40

20

0
Ultimate Load (KN)

m Control Beam m50% Wrap 100% Wrap

Figure (2.11): Ultimate Load of All Tested Beams [44]

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 beams measuring (1500x200x150) mm were cast and
tested. 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 strengthened with (CFRP), beams
strengthened with (GFRP), and beams strengthened with ferrocement.
Beams reinforced with GFRP, ferrocement, and CFRP exhibited
increases in the first crack load by 33.1%, 9.4%, and 17.3%,
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respectively. The ultimate load-carrying capacities improved by 31%,
10.4%, and 19%, respectively.

Al-Rawe et al. [46] examined the rehabilitation of reinforced concrete
columns exposed to biaxial load, using 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 specimens were retrofitted using conventional
ferrocement and reinforced with steel wire mesh. In the second group,
the specimens were retrofitted with high-performance mortar 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 the preloading percentage increased, the load-
bearing capacity decreased. Furthermore, ferrocement jacketing with
conventional and high-performance mortar improves columns'

ductility, failure behavior, and fracture resistance.

2.4 Environmentally Cement Mortar

Boiny et al. [47] studied the aim of using recycled plastic bottles as
fibers to strengthen cement mortar. Fibers made of polyethylene
terephthalate (PET) plastic bottles were used with different volume
fraction and size. The 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 cement mortar. The
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impact of (PET) on cement mortar was examined through split tensile
strength, compressive strength, and Schmidt tests at 7 and 28 days. The
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 fiber. The addition of (PET)
leads to a slight reduction in density compared to the hardened cement

mortar due to the low density of (PET) as shown in Figure (2.12).
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Figure (2.12): Density of Hardened Cement Mortar [47]

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 of plastic waste can effectively serve as partial substitutes for
fine or coarse aggregate in concrete mixes. PEP diminishes workability
due to irregular shapes and may enhance the interaction among the
mixed components, causing a decrease in slump, while 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, in comparison 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 of non-reinforced high-performance mortar
(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 non-reinforced and
reinforced high-performance 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 use of NSF
resulted in an improvement in flexural strength and splitting tensile

strength, as shown in Figure (2.13).
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Figure (2.13): Strength at 90 Days for Reinforced HPM Mortar [49]

Sumanth et al. [50] examined the characteristics of the mortar mix
produced by partially substituting fine aggregate with waste rubber tires
in ferrocement. The mix proportions utilized were 1:2, 1:3, and 1:4 with

a water-to-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 aggregate. The dimensions of the specimen were
specified as (900x250x50) mm for the bending test and (100x100%100)
mm for the compression test. The results indicated that including crumb
rubber in cement mortar as partial substitute for fine aggregate in
varying volume fractions led to a decrease in flexural and compressive
strength as increase crumb rubber content. Adding crumb rubber to
ferrocement improves the ductility and energy absorption capacity and

contributes to a reduction in weight.

2.5 Research Gap

Previous studies have explored various aspects of

ferrocement use. Some focused on the effect of conventional
ferrocement materials on beam strength, while 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 strength. In addition, few studies examined the
effects of incorporating environmental components in ferrocement
mortar. However, the use of environmentally friendly materials in
retrofitting reinforced concrete beams is still under investigation. This
study examined an integrated sustainable ferrocement mixture
containing silica fume, waste tire rubber, and waste plastic bottle fiber,
unlike previous studies that examined each material separately. The

current study aims to address this gap.
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Chapter Three

Experimental Program

3.1 Introduction

This chapter consists of three sections. The first section
outlines the experimental program designed to identify an optimal
mixture incorporating sustainable materials, including silica fume (SF),
waste tire rubber (crumb rubber) (CR), and waste plastic bottle fibers
waste (PF). Various mortar mixtures were prepared using silica fume
(as a replacement ratio for the weight of cement) and waste tire rubber
(as a replacement ratio for the weight of sand). Additionally, waste
plastic bottle was incorporated as fiber into the mixture at specific

volumetric ratios.

The second section outlines the experimental program of the
preloaded beams. A total of ten reinforced concrete beams were cast,
including two control specimens tested until failure and eight preloaded
specimens tested up to 70% of the ultimate load. Also, 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 beams. The preloaded beams were retrofitted using
ferrocement. The used ferrocement consists of traditional mortar and
the optimal sustainable mortar mix found in the first section. Two types
of reinforcement were used: steel wire mesh and glass fiber mesh. In
addition, two different configurations were used: full and U-shape

wrapping. The retrofitted beams were then tested to failure.
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Materials Used

3.2 Traditional Materials

3.2.1 Cement

Ordinary Portland cement (OPC) of grade 30 MPa type |

(Sinjar) manufactured in Irag was used in this study. The chemical and

physical properties of used cement, meeting the 1QS: No. 5/2015 [51],

are listed in Table (3.1) and Table (3.2), respectively, conducted at

Environmental Engineering Laboratory and Construction Material

Laboratory, University of Mosul for chemical and physical properties

respectively, as shown in Figure (3.1).

Table (3.1): Chemical Properties of Cement

Chemical Limits of Iraqi
Result % . . q
Compounds Specification [51]
Cao 65.1 -
SiO» 19.6 -
Al,O3 5.2 -
FeyOs3 3.13 -
MgO 1.83 <5%
<2.8% if C3A< 5%
Free lime 0.86 0.66-1.02
Loss on ignition 0.17 <4%
Insoluble residue 0.84 <1.5
Solid solution 16.25 -
C,S 29.4 -
CsS 40.5 -
CsA 6.48 -
C4AF 10.68 -
LSF 88 -
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Table (3.2): Physical Properties of Cement

Properties Results Limits of Iraqi
Specification [51]
Consistency 0.295 --
Initial Setting Time 120 >45
(minutes)
Final Setting Time (hr.) 5 <10
3 days Compressive 20 > 15
Strength (MPa.)
7 days Compressive 30.6 >23
Strength (MPa.)
Fineness Sieve No. 170(%) 2.2 <10
Specific Gravity 3.15 --

A. Cement Type. B. Vicat Test for Setting Time. C. Fineness Test.
Figure (3.1): Tests of Physical Properties of Cement

3.2.2 Fine Aggregate

Locally available natural river sand from Kanhash passing
sieve No. 4 was used. Sieve analysis following the 1QS: 45/2016 [52]
was conducted at the Construction Material Laboratory, University of
Mosul, and the results are listed in Table (3.3). The physical properties
of the fine aggregate were measured following ASTM C128-22 for
specific gravity and water absorption [53], and ASTM C566-19 for
evaporable moisture content [54], 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 Properties Test Result
Specific Gravity (S.S.D) 2.6
Water Absorption % 2.46
Fineness Modulus 2.61
Unit Weight (kg/m?) 1600

3.2.3 Natural Coarse Aggregate

Locally available gravel with (0.75") maximum aggregate
size was used as a coarse aggregate. The results of sieve analysis
following the 1QS: 45/2016 [52] and the physical properties following
the American Standard ASTM C127-15 [55] for specific gravity and
water absorption and ASTM C29-17 [56] for unit weight. These tested
were conducted at the Construction Material Laboratory, University of
Mosul, and are listed in Table (3.5) and Table (3.6) respectively.

Table (3.5): Sieve Analysis of Coarse Aggregate

Sieve Size | % Passing Limits Iraqgi Specification [52]
1.5" 100.00 100
1" 100.00 95-100
34" 95.96 95-100
/2" 5336 | = -
3/8 " 32.84 30-60
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Table (3.6): Physical Properties of Coarse Aggregate

Physical Properties Test Result
Specific Gravity (S.S.D) 2.69
Water Absorption % 0.66
Compact unit weight (kg/m?) 1626

3.2.4 Water

Potable water was used following 1QS: N0.1703/2016 [57].

3.3 Sustainable Materials

3.3.1 Silica Fume

Micro silica (SF) is a byproduct of the manufacture of silicon

metal and ferro-silicon alloys from CONMIX Company. The physical

and chemical properties of silica fume are given in Tables (3.7) and

(3.8) according to the manufacture [58]. The pozzolanic activity index

(P.A.L) of silica fume, based on a test conducted at the Construction

Material Laboratory, University of Mosul, was 107% at 28 days, which
meets ASTM C1240-20 [59]. Figure (3.2) shows the activity index

process.
Table (3.7): Physical Properties of Silica Fume
Property Value Limit of Specification
Color Gray powder -—-
Specific Gravity 2.17 2.1t02.4
Surface Area m? 21 Minimum 15 m?/g
Particles retained on sieve 45 pm 7 Maximum 10%

Table (3.8): Chemical Composition of Silica Fume

Property Value Limit of Specification
Silicon Dioxide (Si0,) 90.65% Minimum 85%
Moisture Content (H,O) 0.68% Maximum 3%
Loss on Ignition (LOI) 2.86% Maximum 6%
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Reference Mortar Blended Mortar
Material Used: Cement, Sand, Material Used: Cement, Silica
Water Fume, Sand, Water

| |
v
—[ Mixing Ratio (1:2.75 /0.484) ]7

Reference mix ] ( (8% (SF)) Replacement
J L from weight of cement

A total of six cubes (70x70 x70) mm were cast for each
mix as shown in Figure (3.3) (b)

y

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

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

PAL- Average Compressive Strength of Silica Fume Mix

Average Compression Strength of Normal Mix

Figure (3.2): Activity Index Process

a. Silica Fume. b. Casting. c. Demolding. d. Testing the Specimens.

Figure (3.3): 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 (See Figure (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 Table (3.9), and the
fineness modulus of crumb rubber is 3.82. Table (3.9) shows that the
sieve analysis results do not meet the standard specification (IQS:
45/2016 [52]) for sieve number (30 to 100). This is because of the non-
spherical shape and low specific gravity of the crumbs rubber,
preventing them from quickly passing through the fine sieves. These

result match the results found by Sulaiman T. et. al [60].

Figure (3.4): Waste Tire Rubber

Table (3.9): Sieve Analysis of Waste Tire Rubber

Sieve Size | % passing | Limits- Zone I Iraqi Specification
No.4 100.0 90-100
No.8 81.53 60-95
No.16 29.32 30-70
No.30 6.43 15-34
No.50 0.00 5-20
No.100 0.00 0-10
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3.3.3 Waste Plastic Bottle 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 neck and base as shown

in Figure (3.5). Finally, the sheet was hand-cut into strips using scissors.

The dimensions and physical properties of (PF) are given in Table

b, c. Hand-Cut into Strips Using Scissors.

d, e. Fiber Dimension Measurement.

Figure (3.5): Process to Produce Waste Plastic Fiber and its Dimension

Table (3.10): Physical Properties of Waste Plastic Bottle Fiber

Property Description
Type Polyethylene terephthalate
Average Length (mm) 25
Average Width (mm) 5
Average Thickness (mm) 0.15
Aspect Ratio 25.588
Density (kg/m?) * 1375
Water absorption 0.0

*According to previous studies [61].
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3.4 Reinforcement Used

3.4.1 Steel Reinforcement

Deformed reinforcing steel bars were supplied from “Mass
Company”, and used to reinforce the beams. The main longitudinal bars
for tension, compression, and stirrups were (10) mm in diameter.
Samples of the three bars were tested to specify their properties of yield
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 80. The relation between stress and

strain was shown in Figure (3.7).

Table (3.11): Properties of Reinforcing Steel Bars

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 (3.6): Steel Reinforcement Specimens and Testing Machine
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Figure (3.7): Stress-Strain Relationship of Steel

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

Welded steel wire mesh with a diameter of (0.6) mm.

Glass fiber mesh with a cross-section dimension of (0.3x0.3) mm

in longitudinal direction and (0.3%1.5) mm in transverse direction.

Their specifications were experimentally tested as shown in Table
(3.12). Figure (3.8) shows type of mesh and testing process conducted
at Construction Material Laboratory, University of Mosul. The
reinforcement wire mesh ratio (p wire) 1S defined as the cross-sectional
area of one wire divided by the cross-sectional area of the ferrocement
accommodating it [46], [63]. The stress-strain relation for welded steel
wire and glass fiber mesh are shown in Figure (3.9) (A) (B).
Table (3.12): Properties of Welded Steel Wire Mesh and Glass Fiber Mesh

Properties Welded Steel Wire Mesh Glass Fiber Mesh

Opening Size (mm) 12.5 x12.5 4 x4

Size of Wire (mm) 0.6 0.3x0.3
Ultimate Load (N) 518 340

Yield Strength (MPa) 395 ---

Ultimate Strength (MPa) 610 540

p wire (Two Layer) 0.00181 0.0018
Weight (g/m?) 340 160
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5

C. Welded Wire Mesh.

D. Test of Welded Wire Mesh.

Figure (3.8): Testing for the Wire Mesh Reinforcement
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A. Welded Steel Wire Mesh.

B. Glass Fiber Mesh.

Figure (3.9): Stress — Strain Curve for Welded Steel Wire Mesh and

Glass Fiber Mesh
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Section One
Preparation of Sustainable Mortar

3.5 Research Methodology

A total of (234) specimens were cast and tested for

compressive, flexural, and splitting tensile strengths. These included
(78) cubes (70x70x70 mm), (78) prisms (40x40x160 mm), and (78)
brackets (See Figure (3.10). The experimental work consisted of three
primary phases. The first phase involved evaluating of silica fume (SF)
as a partial replacement of cement weight by (0, 8, 9, 10, 12, and 15)
%. In the second phase, waste tire rubber (crumb rubber (CR)) was
incorporated as a partial replacement of sand weight by (0, 5, 10, and
15) %. Note that the mix with (0) % crumb rubber is identical to the
mix with (0) % silica fume. In the third phase, the optimal percentages
of silica fume from Phase 1 and crumb rubber from Phase 2 were
incorporated with a volumetric ratio of waste plastic fibers (PF) at (0,
0.5, 0.75, and 1.0) % to determine the best-performing mixture. Figure
(3.11) shows the research methodology.

|

N
~
.
~
~

Figure (3.10): Dimension of Bracket
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A total of (234) specimens
(78) Cubes, (78) Prisms and (78) Brackets

[ Sustainable Mixing Ratio (1:1.906/0.47) ]

Phase (1) |e >l| Phase (2) I

Silica Fume Crumb Rubber
(0,8,9,10,12, and 15) % (0, 5, 10, and 15) %
See Table (3.13) See Table (3.14)
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 for Compression, Flexural and Splitting Tensile
Strength

A

[ Optimal Percentages of SF and CR ]

v
[ Phase (3) ]
v

Plastic Fiber (The volumetric ratios of PF were calculated based on the
samples size (0.00655 m®) and density of (1375 kg/m?®)
(0, 0.5,0.75, and 1.0) % See Table (3.15)

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

y

p
Tested at (7) and (28) Days for Compression, Flexural, and Splitting ]

Tensile Strength

v

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

.

Figure (3.11): Research Methodology
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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

SF 2 2275 9 225 4765 1175

SF3 2250 10 250 4765 1175

SF4 2200 12 300 4765 1175

SF5 2125 15 375 4765 1175

Table (3.14): Mix Proportion of Crumb Rubber (CR) Mortar

Mix Code Cement Sand | % Repl_acement 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 (3.15): Mix Proportion for Adding Plastic Fiber (PF) to Mortar

— 5

Cement Silica Sand | Tire | Water /o OT Plastic Fiber

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

g (gm) g g 9 Fiber g

Traditional Mix | 2500 0 4765 0 1175 0 0
Control Mix 2300 200 4527 | 238 1175 0 0
PF 1 2300 200 4527 | 238 1175 0.5 45
PF 2 2300 200 4527 | 238 1175 0.75 68
PF 3 2300 200 4527 | 238 1175 1 90

3.5.1 Mixing Procedure

The materials were mixed manually at Construction Material
Laboratory, University of Mosul for three minutes as shown in Figure
(3.12) (A), then water was added and mixed for another three minutes
to get a homogenous mixture according to [49] . After that, the prepared
mix was used to pour in the molds. The molds included six cubes
(70x70x70 mm) to test the compressive strength according to ASTM C
109 [64], six prisms (40x40x160 mm) to test the flexural strength

40




Chapter Three Experimental Program

ASTM C 348 [65], and six brackets to test the splitting tensile strength
based on ASTM C 260 [66], as shown in Figure (3.12) (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 bubbles. After 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 C192 [67], as shown
in Figure (3.12) (C). After curing, the specimens were tested at ages 7

and 28 days to determine the ideal sustainable mortar.

,
o | * i -
C. Demolding and Curing the Specimens.

Figure (3.12): Weighing, Casting and Curing of Specimens
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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 rate of 0.5
MPa/Sec. It is utilized to evaluate the compressive strength of the
mortar cubes according to ASTM C 109 [64], as illustrated in Figure
(3.13) (a). The compressive strength was determined as an average

strength of 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 according to ASTM C 260
[66], as shown in Figure (3.13) (b). The tensile strength was determined

as an average strength of 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 (3.13) (c). The flexural strength

was determined as an average strength of three specimens.

Figure (3.13): a. Universal Compressive Test Equipment, b. Universal
Tensile Testing Machine, c. Flexural Testing Machine
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Section Two

Preloaded Reinforced Concrete Beams

3.7 Specimen Details

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 center-point loading as shown in

Figure (3.14).

The concrete cover to the stirrups was 20 mm. The longitudinal and

transverse reinforcements were analyzed to failure in flexural mode

according to the Building Code Requirements for Structural Concrete
(ACI 318M-19) [68] as mention in appendix (A). The longitudinal

reinforcement consists of (3310 mm) bars in tension zone, (2810 mm)

bars in compression zone and (410 mm @ 100 mm c/c) stirrups, as

shown in Figure (3.14). 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.

—— @10mm @100mm c/c

- 250‘T|T

; 3010 mm
1600

1800

[
|
’ Scale 1/50

All Dimensions in mm

{50

/\\720101'1']1'1'1

. 010 @ 100mm c/c

S

I _

i
V3310 mm
Section- A

scale 1/25

Figure (3.14): Longitudinal and Cross Section Details of the Beam
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3.8 Wooden Formwork

Two formworks were built for casting specimens; each form
consists of five connected parts, as shown in Figure (3.15). The
formworks were built using plywood sheets with a thickness of (18)
mm. The internal dimensions were (150 x 250) mm (width % 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

3.9 Installation of Steel Reinforcement

The specimens were reinforced using longitudinal steel bars
(3210) mm at the tension zone, and (2@810) mm at the compression
zone. In addition, shear reinforcement (stirrups) (310 @ 100 mm c/c)
was provided. The details of reinforcement are shown in Figure (3.16).
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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Hook= 3"

Details of Reinforcement.

Figure (3.16): 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 (3.16). Three strain gauges were mounted on each beam:

e  FSI1: mounted horizontally on the longitudinal reinforcing bars at
the section of the maximum bending moment, as shown in Figure
(3.17).

e (SS2) and (SS3): mounted vertically in the middle of the second
stirrups from each side of the beam, as shown in Figure (3.17).

The process of installing gauges is shown in Figure (3.18)
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Table (3.16): Properties of Strain Gage According to Manufacturer

Type FLAB-6-11-3LJC-F
Gage Length 6 mm
Gage Factor 2.08 £1%
Gage Resistance 118.5+0.5
Transverse Sensitivity 0.4%

|
ll

H

SS2 SS3
FS1 Q
Figure (3.17): Strain Gauges Location and Orientation

el s B ~ |
X . %

s Strain Ga

Shcomer

wl JAF
C. Attaching d. Appling
Surface. Strain Gauge. Rubber Tape.

a. Strain Gauge.

Figure (3.18): Strain Gauges Installation Process
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3.11 Preparation of Specimens

3.11.1 Concrete Mixture Proportion

The concrete mix was designed according to (ACI 211.1-22)
[69] as mentioned in appendix (B) to achieve the target compressive
strength of (30) MPa. The mix proportions were (1: 1.906: 2.787/0.47).
The details of the concrete mix are provided in Table (3.17). The slump
values were between (75-130) mm measured according to ASTM
C143/C143M-20 [70].

Table (3.17): Concrete Mix Proportion

Description Quantities (kg/m?)
Cement 381
Fine aggregate 726
Coarse aggregate 1062
Water 179

3.11.2Casting of Reinforced Concrete Beams

All the specimens were prepared and cast at Construction
Material Laboratory, University of Mosul. A 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 ground in equilibrium status, cleaned,
and sealed with silicone to the outer edges. The reinforcement was
then placed inside the wood forms.

2. The concrete materials were weighted according to the mixing ratio.
Cement, sand, and gravel were saturated surface dry aggregate,
mixed manually. Then, water was added, and the mixing continued
until the concrete was homogeneous, as shown in Figure (3.19) (A).

3. Slump test equipment was prepared, as shown in Figure (3.19) (B).

47



Chapter Three Experimental Program

4. The concrete was poured into the forms and compacted using an
electrical vibrator to get minimum voids. Then, smooth the top
surface of the concrete as shown in Figure (3.19) (C).

5. Additional specimens were cast including, three cubes of concrete
(150%x150%x150) mm, three-cylinder (©150%x300) mm, and two
prisms (100x100x500) mm, as shown in Figure (3.19) (D).

6. After 24 hours, outer side of the wooden formwork was removed.
Then, the specimens were cured for (28) days using wetted jute bags

and covered with plastic sheets as shown in (3.19) (E).

R it

&

b

. uring the Specimes; |
Figure (3.19): Casting of the (RC) Beams
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3.12 Mechanical Properties of Hardened Concrete

3.12.1 Concrete Compressive Strength

The compressive test is performed for three cubes with
dimensions (150x150x150) mm, for mixture at the age of (28) days
according to B.S 1881, part 116: 1983 [71]. Figure (3.20) (a) shows the

testing machine.

3.12.2 Concrete Splitting Tensile Strength

Three standard cylinders (150x300) mm were tested at the
age of (28) days to measure the splitting tensile strength of concrete
according to ASTM C496-17 [72]. Figure (3.20) (b) shows the testing

machine.

3.12.3 Concrete Flexural Tensile Strength Test

The test was carried out on two prism specimens
(100x100%x500) mm used to measure the flexural strength (modulus of
rupture (f;)) following ASTM C293-18 [73]. Figure (3.20) (c) shows the
testing machine

©u00)

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 (3.21) was used to test the
specimens. The load was applied using hydraulic piston and transferred
by H-section column through load cells to the specimen. The capacity
of the used load cell was 100 tons. It was placed under the hydraulic
piston as shown in Figure (3.21) and attached to a data logger device to
measure the transformed load. Linear Variable Differential
Transformer (LVDT) is an electromechanical transducer capable of
converting the rectilinear motion of a structure member into a
corresponding 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 Figure (3.21). All of
the strain gauges, LVDT, and load cell were connected to the data
logger (Type: TDS-530) in order to record the required information
during the testing process as shown in Figure (3.21) and 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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1| S— 1

o Hydraulic Piston
i —

H-Section Column

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 moist curing.
The specimens were tested under center-point loading as shown in
Figure (3.21). Two specimens (CB1 and CB2) were tested to failure and
considered as a reference beams. 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 beams as shown in Figure (3.22).

Figure (3.22): Preloaded Beams

o1



Chapter Three Experimental Program

Section Three
Retrofitting Reinforced Concrete Beams

3.15 Specimen Details

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 (3.23) (A, B).

e Group 1 contains two beams, both retrofitted using traditional
mortar and reinforced with welded steel wire mesh. One of them
was retrofitted from all four sides (full wrapping), while the other
was retrofitted from three side (U-shape wrapping).

e 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 (U-shape wrapping).

e Group 3 contains two beams, both retrofitted using sustainable
mortar and reinforced with welded steel wire mesh. One of them
was retrofitted from all four sides (full wrapping), while the other
was retrofitted from three side (U-shape wrapping).

e Group 4 contains two beams, both retrofitted using sustainable
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 (U-shape wrapping).
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25 mm thickness \
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A. Longitudinal and Cross Section of Beam Shows Full Wrapping.
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25 mm thickness . -— 200

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

Bolt (95 * 40 L)mm O
Washer (@25* 1.15t)mm

scale 1/25

B. Longitudinal and Cross Section of Beam Shows U-Shape Wrapping.

Figure (3.23): Types of Wrapping Beams

The symbols that are used in this study are represented in Table (3.18).
Table (3.18): Definition of the Symbol Used in Ferrocement

Symbol

Definition

Control

Beam

Traditional mortar

Eco-friendly (sustainable) mortar

Full wrapping (four sides)

U-

shape wrapping (three sides)

Welded wire mesh

ol<c|H|m|H|w|a

Glass fiber mesh
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The variables that were studied in this research were:

1.

Mortar: Ferrocement made of sustainable mortar with (silica
fume, waste tire rubber, and waste plastic bottle fiber), as well as
traditional mortar.

Reinforcement: Welded steel wire mesh and glass fiber mesh.
Wrapping Configuration: Two different configurations were
used: Full wrapping of the beam on four sides and U-shape
wrapping on three sides.

Reinforcement Layers: All beams were reinforced with two
layers of welded steel wire mesh or glass fiber mesh with a
ferrocement thickness of 25mm.

Sustainable Mortar Optimization: Several mixtures were

conducted and tested to determine the optimum mixture.

Table (3.19) shows the details of the four specimen groups.

Table (3.19): Groups of Specimens

Specimen’s | Type of | 1YP€ | Typeof | Preloaded | No. of
Groups of . .
Code Mortar Mesh Wrapping | Percentage | Specimens
CB CB Beams without any jacketing 100% 2

BTWF T W F 1
Group 1

BTWU T W U 1

BTGF T G F All these 1
Group 2 beams were

BTGU T G U preloading 1

BEWF E W F to 70% of 1
Group 3 -

BEWU - W U the ultimate 1

load

BEGF E G F 1
Group 4

BEGU E G U 1
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3.16 Wrapping of Mesh Reinforcement

The preloaded beams were wrapped on four sides (full
wrapped) and three sides (U-shape) using two layers of two types of
mesh reinforcement: welded steel wire mesh and glass fiber mesh, as
shown in Figure (3.24). Each layer exhibits an overlap of at least two
mesh opening sizes [9] or 50 mm, as shown in Figure (3.25) (A). Two
layers of mesh, as shown in Figure (3.25) (B), with dimension of
(850%1800) mm on full wrapping, (650 x1800) mm on U-shape
wrapping and cover of (2) mm were fixed using bolts with dimension
(85x40 length) mm and washers (825x1.15 thickness) mm to prevent

debonding and achieve the maximum tensile strength of these meshes.

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

in the transverse direction.
The fixing process involves

e Cleaning: Cleaning the beam surface.

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

e Spacing: Holes were placed at (350) mm interval at the top,
bottom, and side of the beam, with two rows on each side, as
illustrated in Figure (3.23).

e Bolt insulation: Bolts were inserted into each fischer 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
Figure (3.25) (C).
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A. Welded Steel Wire Mesh. | B. Gla Fibr esh.
Figure (3.24): Wrapping of Beams with Welded Steel and Glass Fiber Mesh for

A. Overlapping the Meshes. B. Two Layers of Mesh. C. Holes, Fishers and
Figure (3.25): 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. Surface Preparation: Preparing and cleaning surfaces of the
beams from dust and dirt.

2. Material Weighing and Mixing: Measuring all the required
materials (note that sand must pass through sieve No. 8 according
to ACI 549R-18 [9]) and mix them with the ratio of (1:1.906) and
water/cement ratio of (0.47) until the mortar are homogeneous.

3. Plastering Process: The plastering process includes,
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e Filling the gaps of the mesh by mortars.
e Installing wooden rulers to maintain uniform thickness.
e Continuing the plastering process to achieve the final
appearance of the beams with a thickness of 25 mm.
Figure (3.26) shows process of retrofitting the preloaded beams using
traditional mortar reinforcement with welded steel wire mesh and glass

fiber mesh, applied to the specimens (BTWF, BTWU, BTGF, BTGU).

= fose o

A Filling the B. Fixing C. Final

Appearance of

Voids of Mesh. Wood Rule. Beams.

Figure (3.26): Process of Retrofitting Using Traditional Mortar

3.17.2 Retrofitting Beams Using Sustainable Mortar

The optimal mixture of the sustainable materials, 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 fiber (obtained from

the total volume of ferrocement used to retrofit the preloaded beams).

The optimal mixture within addition to the basic materials were used to
prepare the sustainable mortar, reinforced with either welded steel wire

mesh or glass fiber mesh. This mortar was applied on the specimens
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(BEWF, BEWU, BEGF, BEGU) following the same process in section
3.17.1 as shown in Figure (3.27).

A. Mixing B. Filling the Voids C. Fixing D. Final

. Appearance of
Materials. of Mesh. Wood Rule. Beams.

Figure (3.27): Process of Retrofitting Using Sustainable Mortar

3.18 Fixing the Strain Gauges on Ferrocement Surface

The strain gauge was used to monitor the behavior of the
specimens under applied load and measure the strain in ferrocement
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 the mortar at the midspan of the beams on
a tension face as shown in Figure (3.28). The strain gauge was covered
by a plastic sheet until finishing the preparation of the specimen to
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.

58



Chapter Three Experimental Program

Strain Gauges

< Tokyo Measuring Instruments Lab,

LJ 1ICF
A0 )

Figure (3.28): Concrete Strain Gauges and Installation Process

Table (3.20): Properties of Concrete Strain Gages

Type PFL-30-11-3LJC-F
Gage Length 30 mm
Gage Factor 2.09 £1%
Gage Resistance 120 +0.5
Transverse Sensitivity 0.1%

3.19 Curing and Painting

The specimens were covered in burlap bags to retain moisture

for 28 days, as shown in Figure (3.29) (A). The burlap was moistened
daily. After the curing period, the specimens were dried and painted
white, as shown in Figure (3.29) (B) to make the cracks visible, and

then the beam code was recorded on it.

A. Curing of Specimens. B. Paint of Specimens.

Figure (3.29): Curing and Painting the Beams
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3.20 Testing Set-Up

After the 28-day 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 in section (3.13).

3.21 Prediction of Failure L oad for Retrofitted Beams

The expected failure load of the retrofitted beams was
estimated based on ACI 549R-18 [9]. All the calculation details are
shown in Appendix C. 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): Theoretical Ultimate Load of Retrofitted Beams

Sample | DePh OJ ('\'nfr‘#)ra' Axis uﬁ?ri‘;iitffid
(kN)
CB 42.74 7478
BTWF 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
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Chapter Four

Results and Discussion

4.1 Introduction

The results obtained from the experimental program are
analyzed and discussed in this chapter to study the effect of retrofitting
reinforced concrete beams, using ferrocement with either traditional or
sustainable mortar. The beams were reinforced with either welded steel
wire mesh or glass fiber mesh on all four sides (full wrapping) or three

sides (U-shaped wrapping).

Many samples of sustainable mortar containing silica fume,
waste tire rubber, and waste 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 center-point
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 retrofitted using ferrocement and tested to

failure.

The first cracking load, ultimate load, failure modes, ductility
ratio, stiffness, and toughness were all determined from the test for all
beams. In addition, load-midspan deflection curves, load-strain curves
for the longitudinal and shear reinforcement bars, and load-strain curves

in concrete were plotted for all of the tested beams.
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4.2 Results of Traditional and Sustainable Mortar

4.2.1 Test Results of Cement Replacement by Silica Fume

Table (4.1) presents the test results 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 days, respectively. The results indicated that the use of silica fume
at various replacement ratios for cement weight leads to an increase in

compressive, flexural, and splitting tensile strength.

Figures (4.1) (A and B) show an increase in compressive strength by
using silica fume. The percent increase in compressive strength at 28
days compared to the traditional mix are listed in Table (4.1). Observed
from Table (4.1) that the greatest improvements occurred up to a 10%
replacement. Beyond this point, the improvement was minimal. A
similar behavior was observed at 7 days. The 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 fresh mortar causes 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 porosity [74], [75], [76].

A similar observation was detected in flexural strength. The greatest
improvements were found to be between 8% and 12% silica fume
replacement. Afterwards, the impacts decreased. These results are
consistent with earlier studies [77] and [78], which showed that silica

fume enhances the mortar's resistance to bending stresses.
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The splitting tensile strength also increased by using silica fume. Table
(4.1) shows the best increases in tensile strength at 28 days compared
to the traditional mix were observed at 8%, 9%, and 10% replacement;
beyond this range, the effect was smaller. These results match the
earlier research [77], [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 lumping. This is due to the high surface area of
silica fume. A trial mix with an 8% replacement was effective in

enhancing the performance of sustainable mortar.

Table (4.1): Strength of Mortar at 7 and 28 Days for Different Silica

Fume Replacement Ratios

Compressive Flexural Strength Splitting Tensile
% Rep. Strength (Mpa) (Mpa) Strength (MPa)
Index (SF) % % %
with
Cement | 7 days 28 Increase 7 28 Increase 7 28 Increase
days fcu 28 days | days fr 28 days | days ft 28
days days days
fraditional| o |3350|4348| - |865|054| - |334|354| -
SF1 8 35.64 | 46.33 6.6 8.71 | 9.89 3.66 351 | 4.28 20.9
SF2 9 35.52 | 45.22 4.0 8.70 | 9.72 1.90 345 | 414 | 16.95
SF3 10 33.93 | 44.75 2.9 8.72 | 9.65 1.20 343 | 412 | 16.38
SF4 12 33.77 | 43.75 0.6 8.69 | 9.69 1.58 341 | 3.63 2.54
SF5 15 33.69 | 43.65 0.4 8.66 | 9.56 0.25 3.36 | 3.57 0.85
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A. Strength at 7 days for Different Silica Fume
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B.Strength at 28 days for Different Silica Fume
Replacement Ratio.

Figure (4.1): Strength of Mortar at 7 and 28 Days for Different Silica

Fume Replacement Ratios

4.2.2 Test Results of Sand Replacement by Crumb Rubber

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

replacement on the compressive, flexural, and splitting tensile strength

of the sustainable mortar at 7 and 28 days is shown in the Table (4.2)

and Figures (4.2) (A and B).

Table (4.2): Strength of Mortar at 7

and 28 Days for Different Crumb

Rubber Replacement Ratios

Compressive Strength Flexural Strength Splitting Tensile

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

Index (C.tRh) % % %

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

Traditional| o |3359|4348| - |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 | 57.29 477 | 6.14 35.6 158 | 2.10 40.6
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Figure (4.2): Strength of Mortar at 7 and 28 Days for Different Crumb

Rubber Replacement Ratios

The compressive strength of mortar containing crumb rubber decreased
as the crumb rubber replacement percentage increased. These results
are consistent with previous studies [81], [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 reduction was listed in Table (4.2)
compared to the traditional 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 under load [83].

The flexural strength of crumb rubber mortar also decreased as the
replacement level increased. Table (4.2) shows the percent decrease in
flexural strength at 28 days, compared to the traditional mix. This
reduction was due to the weak adhesion between rubber particles and

cement paste, the non-homogeneous 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 content [84], [85].

The same pattern was observed in splitting tensile strength, which
decreased with increasing crumb rubber content. From Table (4.2)
observed the least decrease in tensile strength at 28 days was at 5%
replacement ratio. This reduction is due to the loss of bonding material.
Furthermore, the decrease in splitting tensile strength was lower than
that of the compressive strength because the rubber particles
bridge cracks and limit their progression, and the rubber particles are
flexible and can stretch slightly [84], [86].

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

confirm the results.

4.2.3 Test Result of Adding Waste Plastic Bottle Fiber
The incorporation of waste plastic bottle fibers (PF) into

sustainable mortar made with 8% silica fume as a cement replacement
and 5% crumb rubber as a sand replacement had a clear impact on
compressive, flexural, and splitting tensile strength at 7 and 28 days.
The results are presented in 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 (4.3): Strength of Mortar at 7 and 28 Days for Different Plastic
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
Tradtional | o 3359 |4348| - |865|954 | - |334|354| -
C‘,’\j}it;"' 0 2642|3252 | 252 | 682 | 745| 219 | 307|333 | 595
PF1 0.5 19.75 | 24.69 | 43.2 6.57 | 7.05 26.1 3.16 | 3.39 4.32
PF2 0.75 [20.32|2490| 427 6.62 | 7.13 25.3 3.22 | 3.47 1.98
PF3 1 19.27 | 22.89 | 47.4 6.39 | 6.80 28.8 3.10 | 3.37 4.75
50 50
43.48
40 40
33.59 3252
g% 26.42 g% 2460 2490
s = 22.89
£ 19.75 20.32 19.27 <
£20 g 2
& 10 65 82 57 62 39 ? 10 >4 45 05 13 80
.34 .07 .16 22 .10 .
0 0

0.5

Traditional Control

0.75 1
Mix Mix
Percentage of Added Plastic Fiber (PF)

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

Traditional Control 0.5
Mix Mix
Percentage of Added Plastic Fiber (PF)

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

0.75 1

A. Strength at 7 days for Different Plastic Fiber
Addition Ratio.

B. Strength at 28 days for Different Plastic
Fiber Addition Ratio.

Figure (4.3): Strength of Mortar at 7 and 28 Days for Different Plastic
Fiber Addition Ratios

Adding waste plastic fiber in the different volumetric proportions

reduced the compressive strength of the sustainable mortar. The test

results showed a reduction in the compressive strength, aligning with

the previous study [87], [88]. At 28 days, the percentage decrease in the

compressive strength of the sustainable mortar compared to the control
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mix was 24%, 23.43%, and 29.61% for 0.5, 0.75, and 1% of plastic
fiber, respectively. The lowest reduction 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
sustainable mortar [89].

The addition of waste plastic fiber to the mortar also negatively affected
flexural strength, causing a reduction compared to the control mix. At
28 days, the reduction was 5.37%, 4.29% and 8.72% for 0.5%, 0.75%,
and 1% of plastic fiber, respectively. This result is consistent with the
previous study [90]. The reduction can be attributed to the fiber length
and their random distribution in the matrix. Meddah and Bencheikh [91]
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 strength, splitting tensile strength
exhibited an improvement with an increase in fiber content. At 28 days,
the percentage increase in splitting tensile strength compared to the
control mix was 1.8%, 4.2%, and 1.2% for 0.5%, 0.75%, and 1% of
plastic fiber, respectively. These results 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 propagation of cracks within
the mortar matrix [94]. 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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4.2.4 Optimum Mixture

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 (splitting tensile strength) at 28 days. The strength of the optimal
mortar at 28 days is reduced compared to the traditional mortar by
(42.7, 25.3, and 1.97) % for compressive, flexural, and splitting tensile

strength, respectively.

425 Cost Comparison

The cost comparisons between traditional and sustainable
mortar are calculated based on volume (0.02 m?) and are shown in Table
(4.4). Table (4.4) shows that using traditional mortar is less expensive
and stronger than the sustainable mortar. The cost of sustainable mortar
increased by 10.4% compared to the traditional mortar. This disparity
Is due to the lack of specialized facilities for recycling waste materials
such as silica fume, crumb rubber, and waste plastic fiber in Irag.

Table (4.4): Cost Comparison

Estimation Cost and Quantities | Estimation Cost and Quantities
Details Unit Unith?r:c-tla_raditionaI M?’[)ttilrprice Unith?r:cSeUStainable Mg'(;izailrprice
(1.D) Amount (1.D) (LD) Amount (1.D)
Cement Ton 150000 | 0.00762 1143 150000 | 0.00762 1143
Sand m3 30000 0.0091 273 30000 0.0086 258
Silica Fume | Kg 2500 0 0 2500 0.61 1525
Wsztnge'rre Kg 1000 0 0 1000 0.726 726
P|a¥¥?sé?ber Kg | 2500 0 0 2500 | 0.206 515
Labors daily 25000 1 25000 25000 1 25000
Total Cost (1.D) 26416 Total Cost (1.D) 29167
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4.3 Results of Preloaded Specimens

43.1

Mechanical Properties of Concrete Mixture

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 Table (4.5).

Table (4.5): Mechanical Properties of Concrete Mixture

No. Mechanical Properties Value
1 Average Cube Compressive Strength (MPa) 37.0
2 Average Splitting Tensile Strength (MPa) 2.36
3 Average Flexural Strength (MPa) 5.74
4 Slump (mm) 130

4.3.2 Results of the Control and Preloaded Beams

The experimental results of control beams and all preloaded

beams, including first cracking load, ultimate load, and corresponding

deflection are presented in Table (4.6).

Table (4.6): Experimental and Theoretical Results of All Preloaded

Beams
1st Theoretical | Def. at 1st . .
Group | Code Crack | 1st Cracking | crack load L%I;::Im(iﬁ) Defbgg l(JrIT?mm)ate
load (kN) | load (kN) (mm)
CB CB 16.5 13.3 0.75 76.85 14.68
BTWF 17.3 13.5 0.6 53.8 4.4
Group 1
BTWU 16.6 135 0.65 53.8 4.52
BTGF 16.9 13.4 0.7 53.8 4.67
Group 2
BTGU 16.6 13.4 0.6 53.8 4.65
BEWF 16.2 13.3 0.67 53.8 4.17
Group 3
BEWU 17.7 13.3 0.65 53.8 4.63
BEGF 17 13.5 0.60 53.8 4.42
Group 4
BEGU 17 13.5 0.7 53.8 4.52
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4.3.3 Load-Deflection Curve of the Preloaded Beams

Two unstrengthened beams (CB1, CB2) served as control
beams and are coded as (CB). Figure (4.4) shows the load-deflection
curve for the control beams. The ultimate load was (77.9 and 75.8) kN
and the mid-span 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 Table (4.6).

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) kN. Figure (4.5)
shows the load-midspan deflection curve for all preloaded beams. As
shown in Figure (4.5), all the preloaded 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 (4.6).

Q0 r

80 _
70 } N
60 F
§, 50 CB1
g 40 CB2
30 | — — Avg.CB
20
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Figure (4.4): Load-Midspan Deflection Curves for Control Beams
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Figure (4.5): Load-Midspan Deflection Curves for Preloaded Beams

4.3.4 Load-Strain Curve of the Preloaded Beams

The strains of control and preloaded beams were measured at

three points (See Figure 3.17). Control beam (CB1) recorded a yield
strain in longitudinal steel bars (FS1) equal to (6310x10%), while (CB2)
had a yield strain equal to (6615x10°). The control beams exhibited

strain values greater than yielding strain, which equals to (2000x107°),

indicating that the longitudinal steel reached the yield strain as shown

in Figure (4.6). The average strain for control beams (CB) equal to
(6462x10%) at a yield load equal to 73.45 kN, as shown in Figure (4.6).
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Strain x10®

Figure (4.6): Load-Strain (FS1) Curves for Control Beams
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The load strain curve in the longitudinal steel bars of all preloaded
beams are shown in the Figure (4.7). Note that strain gauge in 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 beams yield
strain, which is equal to (4523x10°). It was observed that the strain in
preloaded beams reached the bar yield strain of (2000x10°°).

The strain in the stirrups of both control and preloaded beams was not

recorded due to technical issues.
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Figure (4.7): Load-Strain Curves (FS1) for Preloaded Beams

4.3.5 Mode of Failure of the Preloaded Beams

Figure (4.8) (A) shows the mode of failure and crack pattern
of the control beams. Cracking initiated at the mid-span under applied
load and then spread toward both ends. As the loads increased to the
ultimate level, two wide cracks extended from tension to the
compression zone. The control beams failed in flexural, followed by
crushing of the concrete in the compression zone at the mid-span 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.

B. Crack Pattern of All Preloaded Beams.
Figure (4.8): Failure Modes and Crack Patterns of Control and All

Preloaded Beams

4.4 Results of Retrofitted Specimens

Table (4.7) presents the experimental results of the retrofitted

beams, including first cracking load, yield load, ultimate load, and the

corresponding mid-span deflection.
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Table (4.7): Test Results for the Retrofitted Beams

At Cracking At Yielding At Ultimate
Group Beam . . . % Increase
Code Load | Deflection | Load | Deflection | Load | Deflection Ultimate
(kN) (mm) (kN) (mm) (kN) (mm) Load
CB CB 16.5 0.75 73.45 7.17 76.85 | 14.68
BTWE | 321 17 84.3 6.7 87.3 | 2053 13.6
Group 1 BTWU 29 27 78.9 6.85 82.8 19.45 7.7
BTGF 28 1.6 81 7.2 84.8 20.10 10.3
Group2 "o 1 245 19 75.1 71 81.8 | 19.00 6.4
BEWF 27 2.4 78.2 7.8 81.3 24.70 5.8
Group 3 BEWU 295 27 82.8 8.5 82.8 8.50 7.7
BEGE o 208 74 8.1 785 | 23.83 2.1
Groupd e s0 T 28 544 76.6 8.4 81.6 | 24.24 6.2

44.1 Load - Midspan Deflection Curve
Group 1 includes two beams (BTWF and BTWU). The

results show that applying ferrocement with traditional mortar enhance

the load-deflection behavior compared to the control beam as shown in
Figure (4.9) (A). These results agree with results found by [32] and [34].
Full wrapping beam (BTWF) increases the ultimate load by (13.6 and
5.4) % as compared to the control and BTWU beams, respectively. At
yield load, the deflection of the retrofitted beam (BTWF and BTWU) is
reduced by (6.6 and 4.5) %, respectively, as compared to the control
beam due to the increase in its effective depth. At ultimate load, the
deflection increased by (39.8 and 32.5) %, respectively. This is due to
the use of ferrocement, which allowed the beam to deform more before

failure and improved its ductility.

75




Chapter Four Experimental Result and Discussion

Group 2 includes two beams (BTGF and BTGU). Figure (4.9) (B)
shows the load-deflection curves of the specimens in Group 2 and
control beam. Similar behavior to specimens in group 1 was observed,
showing an increase in the ultimate load by 10.3% for BTGF and 6.4 %
for BTGU compared to the control.

Group 3 includes two beams (BEWF and BEWU). For Beam BEWF,
the ultimate load was (81.3) kN, and the maximum mid-span deflection
was (24.7) mm. For beam BEWU, the ultimate load was (82.8) kN, with
a maximum deflection of (8.5) mm. Beam BEWU exhibited a drop in
load-carrying capacity as shown in Figure (4.9) (C), indicating failure
or collapse. This behavior may be due to weak bonding between the
sustainable mortar and beam surface, which leads to partial debonding
of the ferrocement layer, resulting in sudden wide cracking in the beam
and eventual failure. The ultimate load of beams BEWF and BEWU
increased by 5.8 and 7.7 %, respectively, compared to the control. The
ultimate load of beams BEWU increased by 1.85% compared to beam
BEWF.

Group 4 includes two beams (BEGF and BEGU). Figure (4.9) (D)
shows that the ultimate load of the beams (BEGF and BEGU) increased
by (2.1 and 6.2) %, respectively, compared to the control beams. Also,
the ultimate load of beams BEGU increased by (3.95) % compared to
beam BEGF. Additionally, the deflection at ultimate load for both
retrofitted specimens was higher compared to the control beam (See
Table (4.7)).
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Figure (4.9): Load-Midspan Deflection Curves for All Groups with
Control Beams

4.4.2 Comparison and Discussion of Load-Deflection Curves

Figure (4.10) (A) shows the load-deflection curve of the

beams in Group 1 and Group 2, along with the control beam. Figure

(4.10) (A) shows that the specimens in Group 1 (reinforced with welded

steel wire mesh) exhibited higher ultimate load and lower deflection

compared to the specimens in Group 2 (reinforced with glass fiber

mesh). The reduction in ultimate load in Group 2 compared to Group 1

was (2.86 and 1.21) % for full and U-shape wrapping, respectively.

These results agree with [43] and [95], showing that the steel wire mesh
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provided a higher ultimate load and less deflection than glass fiber

mesh.

Figure (4.10) (B) shows the load-deflection curve of beams in Group 1
and Group 3, in addition to the control beam. The ultimate load of the
beams retrofitted with ferrocement using sustainable mortar (BEWF
and BEWU) exhibited a reduction by (6.87 and 0) %, compared to the
beams retrofitted with ferrocement using traditional mortar (BTWF and
BTWU). The deflection values in sustainable mortar beams were more
than those in Group 1. This increase is due to lower stiffness and weak

bonding between the sustainable mortar and the beam surface.

Figure (4.10) (C) shows the load-deflection curves of beams in the
Group 3, Group 4, and the control beam. The ultimate load of beams
BEGF and BEGU decreased by (3.44 and 1.45) %, compared to beams
BEWF and BEWU, respectively. Additionally, the beams in Group 3
exhibited lower deflection compared to those in Group 4. This behavior
Is due to the use of welded wire mesh, which resists deformation more
than the glass fiber mesh. This difference was also observed when
testing the mesh samples, as the welded wire mesh showed less

deflection than the glass fiber mesh (see section 3.4.2).

Figure (4.10) (D) shows the load-deflection curves of beams in Group
2, Group 4, and the control beam. The ultimate load of beams BEGF
and BEGU decreased by (7.43 and 0.24) %, compared to beams BTGF
and BTGU, respectively. Additionally, beams in Group 4 exhibited
higher deflection compared to the beams in Group 2 due to the use of

sustainable mortar.
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Figure (4.10): Load-Midspan Deflection Curves of Various Groups

and Control Beams

Figure (4.11) shows the load-midspan deflection curve of all beams

retrofitted using ferrocement with either (traditional and sustainable

mortar) and reinforced with (welded steel wire or glass fiber mesh) for

full wrapping (A) and U-shaped wrapping (B) in all groups, along with

the control beam.
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Figure (4.11): Comparison of Load- Midspan Deflection Curves for
All Beams with Control Beam (A) Full Wrapping and (B) U-Shaped
Wrapping

4.4.3 Load-Strain Curves in Steel Reinforcement

In this section, load-strain curves in the longitudinal bars are
presented. Load-strain curves in the transverse reinforcement were not
recorded due to technical problems. In general, all retrofitted beams
exceed the yield strain value of (2000x10%). The yield strain values in
the retrofitted beams were higher than strain in the control beam due to
increased strength of the retrofitted beams. Table (4.8) presents the
strain value of all retrofitted beams at yield and ultimate load. The yield
load of these beams was the same yield load of load deflection curve
and was obtained according to park [96], based on the method of

reduced stiffness equivalent to an elasto-plastic yield.
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Table (4.8): Strain of Longitudinal Reinforcement at Yield and
Ultimate Loading of Retrofitted Beams

Group Specimen’s Yielding Strain at Ultimate Strain at
Code Load (kN) | Yield x10® | Load (kN) | Ultimate x10®
CB CB 73.45 6462 76.6 42467
Group 1 BTWF 84.3 9792 85.8 132100
BTWU 78.9 9500 81.2 88342
Group 2 BTGF* 81 12588 81.2 80000
BTGU
Group 3 BEWF 78.2 10131 78.5 61495
BEWU 82.8 9796 82.8 9796
Group 4 BEGF 74 13000 76.1 29411
BEGU 76.6 11000 78.6 27723

* Beam BTGU was not recorded due to technical issues.

444 Comparison and Discussion of L.oad Strain Curve

Figure (4.12) (A) shows the load-strain curves of the beams
in Group 1, Group 2, and control beam. The yield strain values (FS1)
in Group 2 were higher by 28.55%, compared to Group 1 for the fully
wrapped beam. This increase is due to the use of glass fiber mesh.
Figure (4.12) (B) shows the load-strain curve of beams in Group 1,
Group 3, and the control beam. At yield load, the strain values in the
longitudinal bars for Group 3 were higher than the strain in Group 1 by
3.46% for the fully wrapped beam and 3.1% for the U-shape wrapped
beam. This increase is attributed to the use of sustainable mortar.
Figure (4.12) (C) shows the load-strain curves of the beams in Group 3,
Group 4, and the control beam. The yield strain values (FS1) in the
beams of Group 4 were higher than that in Group 3 by 28.3% for the
fully wrapped beam and by 12.3% for the U-shaped wrapped beam.
This increase is due to the glass fiber mesh, allowing more deformation,
compared to the welded wire mesh.

Figure (4.12) (D) shows the load-strain curve of beams in Group 2,

Group 4, and the control beam. The yield strain values (FS1) in the
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longitudinal steel bars of beams in Group 4 were higher than those in

Group 2 by 3.3% for the fully wrapped beam. This increase is again

attributed to the use of sustainable mortar.
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Figure (4.12): Comparison Between Load-Strain Curves of All
Groups and Control Beam

4.45 Strain in Concrete

Strain gauges were placed at the center of the beam in the

tension zone to measure the strain in ferrocement. However, their

results were not discussed because they did not provide reliable

information about the properties of the ferrocement. The reason is the
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gauge's location at the center of the beam, which is susceptible to

detachment due to cracks.

446 Crack Pattern and Mode of Failure

The stages of crack development for the test beams, including

control beams and beams retrofitted, using traditional and sustainable
mortar reinforced with either welded steel wire mesh or glass fiber
mesh, are shown in the Figure (4.13). Crack initiation occurs when the
tensile stresses in the beam exceed the modulus of rupture, causing
hairline cracks to appear in the tension zone at mid-span of the beam.
As the load increased, cracks propagated on both sides of the beam and
continued towards the compression zone. At ultimate load, the failure
occurred through a single wide crack in the middle of the beam,

extending from the tension zone to the compression side.

Figure (4.13): Process of Propagation of Cracks in All Beams

The crack patterns and modes of failure of all beams are described as
follows.

In general, all retrofitted beams failed due to a single wide crack that
occurred within the mid-span of beams in the tension zone and
continued to the compression zone. The hairline cracks appeared on
both sides of the beam when the loads increased; some of these beams
were exposed to crushing in the compression zone at location of the
applied load. Table (4.9) shows the failure mode and crack pattern for

all beams.
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Table (4.9): Mode of Failure of All Tested Beams

Specimen’s Code Mode of Failure
gg; Flexural + Crushing
BTWF Flexural + Crushing
BTWU Flexural
BTGF Flexural + Crushing
BTGU Flexural
BEWF Flexural + Crushing
Flexural + Crushing
BEWU (Debonding in Ferrocement)
BEGF Flexural + Crushing
BEGU Flexural

Figure (4.14) (B-C) shows mode of failure and crack pattern of beams
in Groups 1 and 2. The rate of crack growth in these beams was less
than control beam. They also had fewer number of cracks with less
width as compared to the control beam. This figure also shows that the
wrapping configuration, whether full or U-shaped, did not significantly
affect the width and number of cracks in the beams. A slight difference
was noted in the number of cracks, with the U-shaped wrapping having
slightly more cracks than the full wrapping. In addition, the full

wrapping was exposed to the crushing in the compression zone.

Figure (4.14) (B-C), also shows that beams retrofitted, using
ferrocement reinforced with welded wire mesh developed fewer and
narrower cracks compared to the beams retrofitted using ferrocement
and reinforced with glass fiber mesh. This outcome is attributed to the
better capacity of welded wire mesh to control the crack width. These
results are in consistent with findings reported in [97] and [98]. Also,
weak bond between glass fiber mesh and mortar due to small opening
size of these mesh. These results are consistent with the findings in [99]
and [100].
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Figure (4.14) (D-E) shows the mode of failure and crack pattern of
beams in Groups 3 and 4. The comparison of the failure mode based on
wrapping configuration and reinforcement type is consistent with the
previous discussion. Beams in Groups 3 and 4 retrofitted using
sustainable mortar result in the formation of more hairline cracks on the
beam surface compared to the control beams and beams in Groups 1
and 2. This is likely due to improved stress distribution and a weak bond
between sustainable materials and the beam surface. The use of waste
plastic fiber caused a reduction in the crack width and enhanced tensile
strength. These fibers acted as reinforcement, preventing the formation
and propagation of cracks within the matrix. These results align with
findings reported in [101] and [102].

Rupture of the welded steel wire and glass fiber mesh was observed,
indicating that these meshes had reached their maximum tensile stress.
After each test, the mortar cover was removed to expose the mesh.

Visual check confirmed mesh rupture, as shown in Figure (4.14) (F).
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Welded Steel Wire Mesh. Glass Fiber Mesh.
F. Rupture of Mesh.

Figure (4.14): Crack Patterns and Modes of Failure for All Group
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4.4.7 Ductility

Ductility refers to the ability of the structure to sustain
applied loads after yielding without experiencing critical failure. It
indicates how much plastic deformation the structure can endure before
fracturing. The ductility index (n) is defined as the deflection ratio at
the ultimate load to the deflection at yield [96].

d
u=% ............. 4.1)
yielding

Figure (4.15) shows the ductility index for all tested beams. The average
ductility of the control beams was (2.05): Compared to the control

beam, the retrofitted beams showed the following:

Group 1: The ductility index of beam BTWF was 3.06 and for beam
BTWU was 2.84. The ductility index increased by 49.3% for the full
wrapped beam and by 38.5% for the U-shape wrapped compared to the
control beam.

Group 2: The ductility index was 2.79 for beam BTGF and 2.68 for
beam BTGU. The ductility index increased by 36.1% for the fully
wrapped beam and by 30.7% for the U-shape wrapped beam, compared
to the control beam. The ductility index of beams in Group 1 was higher
than that of beams in Group 2 by 9.7% and 5.97% for full and U-shape
wrapping, respectively. Due to the use of welded wire mesh.

Group 3: The ductility index of beam BEWF was 3.17 with an increase
of 54.63% and 3.6%, compared to the control beam and beam BTWF,
respectively. For beam BEWU, ductility index was 1.0 with a decrease
of 51.2% and 64.8%, compared to the control beam and beam BTWU,
respectively. This decrease was due to a drop in load-carrying capacity
that may caused due to weak bonding between sustainble materials, and

crushing in the compression zone of beam BEWU. In addition, internal
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debonding of ferrocement may have occurred, but it was not obvious.
This occurred as a result of using sustainable material.

Group 4: The ductility index for beam BEGF was 2.94 with an increase
of 43.4% and 5.4%, compared to the control and BTGF beams,
respectively. For beam BEGU, the ductility index increased by 41% and

7.8% compared to the control and BTGU beams, respectively.
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Figure (4.15): Ductility Index for the Tested Beams

4.4.8 Toughness
Toughness can be defined as the energy absorbed needed to

fracture the sample. Toughness can be measured by calculating the area
under the load-deflection curve up to the ultimate load [100], as shown
in the Figure (4.16). AutoCAD software was used to determine the area
under the load-deflection curve according to ASTM C1018 [103].
Figure (4.17) shows the toughness for all the tested beams and its
increase or decrease as compared to the control beam. Also, Figure
(4.17) shows that all retrofitted beam has toughness more than the
control beam due to the increase in ultimate load and deflection except
the toughness of beam BEWU was less than control beam due to drop
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in the ultimate load as a result of using sustainable material may cause

deboning of ferrocement layer.
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Figure (4.17): Toughness for the Tested Beams
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4.4.9 Stiffness

Stiffness refers to the ability of a structural member to resist
deformation within an approximately elastic range. Many factors
influence stiffness, including material properties, deflection, ductility,
and crack patterns. In this study, stiffness was determined as the slope
of the load-deflection curve at the yield load. Table (4.10) lists the
stiffness values for each beam. The results indicate that the beams
retrofitted, using traditional mortar exhibited higher stiffness values,
compared to the control beam. The increases were BTWF (22.9%),
BTWU (12.5%), BTGF (9.9%), and BTGU (3.3%). In contrast,
retrofitted beams using sustainable mortar exhibited lower stiffness,
compare to the control beam. The decreases were BEWF (2.05%),
BEWU (4.9%), BEGF (10.7%), and BEGU (10.9%). Stiffness in beams
reinforced with welded steel wire mesh was higher than glass fiber
mesh by BTWF (11.8%), BTWU (8.9%), BEWF (9.7%) and BEWU
(6.8%) compared to BTGF, BTGU, BEGF and BEGU. Full wrapping
beams has stiffness more than U-shape wrapping the increase were
BTWF (9.2%), BTGF (6.3%), BEWF (2.98%) and BEGF (0.22%),
compared to BTWU, BTGU, BEWU and BEGU respectively.

Table (4.10): Stiffness of All Tested Beams

Specimen’s Yielding Deflection at Stiffness % Increase &
Code Load (kN) | Yield load (mm) | (kN/mm) | Decrease in Stiffness
CB 73.45 7.17 10.24
BTWF 84.3 6.7 12.58 22.9
BTWU 78.9 6.85 11.52 12.5
BTGF 81 7.2 11.25 9.9
BTGU 75.1 7.1 10.58 3.3
BEWF 78.2 7.8 10.03 -2.05
BEWU 82.8 8.5 9.74 -4.9
BEGF 74 8.1 9.14 -10.7
BEGU 76.6 8.4 9.12 -10.9
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45 Effect of Key Parameters on Beam Behavior

4.5.1 Effect of Wrapping Types:
e Load-Deflection Curve

Two types of wrapping configurations were used: full and U-
shaped wrapping. Both configuration types had a positive effect by
enhancing the ultimate load, delaying the first cracking load, and
reducing deflection. However, full wrapping using ferrocement with
traditional mortar provided better confinement and improved the
ultimate load compared to U-shape wrapping, as shown in Figure
(4.18). At the corresponding load level, beams with full wrapping
exhibited less deflection compared to U-shaped wrapped beams. This
behavior is due to the increased effective depth of retrofitted beams as
well as the ability of full wrapping to prevent the debonding of the
ferrocement layer. These results are consistent with [38] and [104].
Their findings show that full wrapping results in higher ultimate load

and less deflection compared to U-shape wrapping.

When using sustainable materials, beams with full wrapping showed a
decrease in ultimate load compared to U-shaped wrapping. This is due
to the lower compressive and flexural strength of sustainable mortar, as
discussed in section (4.2.3), in addition to its weak bonding to the beam
surface. These factors may lead to increased stress distribution at the
edges, which causes early failure through cracks or debonding.

The U-shaped wrapping provides a higher ultimate load due to better
stress redistribution. The free upper surface allows natural deformation,
while other three wrapping sides enhance tensile strength. But the
deflection in the full wrapping remained less compared to the U-shaped

wrapping.
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e Strain in Steel Bars

Full wrapping configuration results in higher strain values compared to
the U-shaped wrapping configuration. This increase is due to better
confinement and load distribution provided by full wrapping, which
enhances stress transformation and increases the strain. These results
are consistent with previous research [105], [106], [107] and [108].

e Ductility

Beams with full wrapping exhibits higher ductility than U-shape
wrapped beams. This is due to full wrapping beams providing better
confinement and more plastic deformation before failure. These results
agree with the findings in [105], [107] and [109].

e Toughness

Full wrapping improved the toughness of the beams. This is because
full wrapping provided better confinement and more uniform stress
distribution, allowing the beam to sustain higher stresses before failure.
In contrary, U-shaped wrapping can cause uneven stress distribution,
leading to premature failure and lower overall toughness. These results
align with [105] and [110].

In Group 3, the toughness of the fully wrapped beam with sustainable
mortar was higher than U-shaped wrapping. This may be due to the drop
in the load carrying capacity of the U-shaped wrapped beam. In Group
4, the toughness for both types of wrapping, full and U-shaped, was
nearly the same, with a slight increase of 3.6% for U-shaped wrapping
compared to full wrapping. This is due to a higher ultimate load and
deflection for the U-shaped beam.
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e Stiffness

Fully wrapped beams retrofitted, using either traditional or sustainable
mortar exhibited higher stiffness than U-shaped wrapped beams. Full
wrapping provides more uniform stress distribution, stronger bonding

with the beams, and better confinement. These results align with the

findings in [107] and [110].

4.5.2 Effect of Mortar Types:
e Load-Deflection Curve

The use of sustainable mortar resulted in lower ultimate
loads, an increased number of cracks, reduced crack width, and greater
deflection compared to beams retrofitted with traditional mortar. On the
other hand, traditional mortar led to the delaying of the first cracking
load, an increase in the ultimate load, and reduced deflection at the
corresponding load levels. These results agree with [31] and [34].
Figure (4.18) shows that the ultimate load of beams retrofitted using
sustainable mortar was lower than traditional mortar due to the weak
bonding between sustainable materials that caused loss of strength. In
addition, the sustainable material used has a smooth surface, which can
make it difficult to adhere to the mortar itself. These results confirmed
the testing results in this study and previous studies [95], [101] and
[104]

e Strain in Steel Bars.

Beams retrofitted using sustainable mortar exhibited higher yield strain
than those retrofitted using traditional mortar. This is due to the
materials used in the sustainable mortar mix. The presence of silica
fume improved the stiffness and increased the stress and strain.

Furthermore, the presence of crumb rubber weakened the bond within
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the mortar, leading to greater deformation and strain. Additionally,
plastic fiber enhanced the tensile strength by bridging the cracks and
increased the number of cracks by improving stress distribution, which
also contributed to higher strain.

e Ductility

Sustainable mortar increased the ductility, compared to traditional
mortar. This was due to the inclusion of crumb rubber and plastic
fibers, which allowed for more deformation before failure. These
results matched the findings in [111], [112] and [113].

e Toughness

The sustainable mortar has exhibited higher toughness than traditional
mortar. This increase is due to the use of sustainable materials, such as
silica fume, which enhances the bond strength between compounds and
improves durability. Additionally, crumb rubber allows greater
deformation before failure. At the same time, plastic fibers act as
reinforcement in the material, reducing crack width and allowing a
uniform distribution of stress across the beam and increasing tensile
strength. This result is demonstrated in section (4.2.3) and aligns with
the findings in [95] and [114].

o Stiffness

Beams retrofitted using sustainable mortar exhibited lower stiffness
than traditional mortar. This behavior is due to the presence of crumb
rubber and plastic fiber, which increases voids and gaps in the mix and
reduces the cohesion between the mixture components and the beam

surface. These results are consistent with [101] and [115].
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4.5.3 Effect of Reinforcement Types:

e Load-Deflection Curve

Figure (4.18) shows that the beam retrofitted using traditional or
sustainable mortar reinforced with welded steel wire mesh exhibited a
higher ultimate load compared to the beam reinforced with glass fiber
mesh. The reason is that the welded steel wire mesh had a higher
ultimate load of 518 N, compared to 340 N for the glass fiber mesh.
These results agree with [100] and [116], who reported that metallic
mesh increases ultimate load compared to non-metallic mesh.

Beams retrofitted with traditional or sustainable mortar and reinforced
with welded steel wire mesh showed lower deflection compared to
those reinforced with glass fiber mesh. This behavior is attributed to
several factors, such as the high stiffness and young modules of welded
wire mesh and the weak bonding between mortar and glass fiber mesh
due to its small opening size. This behavior agrees with [95] and [99]

and with the results of the current study (section (3.4.2)).

e Strain in Steel Bars.

The strain in the longitudinal bars for beams retrofitted using traditional
or sustainable mortar reinforced with welded steel wire mesh was lower
than those reinforced with glass fiber mesh. This is because welded
steel wire mesh exhibits higher stiffness and lower flexibility resulting
in smaller deformation compared to the glass fiber mesh. This result is

matches the results in section (3.4.2).

e Ductility
Beams retrofitted using either traditional or sustainable mortar and
reinforced with welded steel wire mesh provided higher ductility

compared to beams reinforced with glass fiber mesh because welded
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steel wire mesh allows for gradual yielding and increases the energy
absorption, helping the beam to carry load after yielding. Unlike glass
fiber, which doesn’t have a yield point, its behavior stays linear until
failure. These results are consistent with the results in the section (3.4.2)
and the findings in [95], [100] and [117]

e Toughness

Beams reinforced with welded steel wire mesh exhibited higher
toughness than those reinforced with glass fiber mesh for both types of
mortar (traditional and sustainable). This is due to the higher ductility
of the welded steel wire mesh, which allows more plastic deformation
before failure unlike glass fiber mesh, which fracture suddenly with
minimal plastic deformation, resulting in a reduction in toughness.
These results are consistence with [95] and [100].

e Stiffness

Beams retrofitted with either traditional or sustainable mortar and
reinforced with welded steel wire mesh exhibited higher stiffness than
those reinforced with glass fiber mesh. The welded steel wire mesh
provides higher tensile strength, stronger bonding to the mortar, and
more uniform stress distribution, which reduces deformation and

increase stiffness.
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4.6 Experimental and Theoretical Calculation of

Ultimate Load

The expected failure load was calculated based on the ACI
549R-18 [9]. All calculated details are provided in Appendix C. The
predicted load values are listed in Table (3.21) in Chapter 3.

Table (4.11) shows the failure load values based on the experimental
test and predicted from the ACI 549R-18 [9]. The result shows that the
experimental and predicted loads of the retrofitted beams, using either
traditional or sustainable mortar reinforced with welded steel wire mesh
or glass fiber mesh were quite close. The ratio of test to calculate ranged
from 0.92 to 1.01. This agreement in the results is due to the use of the
actual material properties in the calculation, including the compressive
strength of both types of mortar, traditional and sustainable, and the
yield and ultimate tensile strength of reinforcing steel bars, welded steel

wire mesh, and glass fiber mesh.

Table (4.11): Comparison Between Theoretical and Experimental

Ultimate Loads

Depth of Ultimate load Pu (kN) | Pult. Exp/
Sample | neutral axis
Pult. Theo.
¢ (mm) Experimental | Theoretical
CB 42.74 75.65 74.78 1.01
BTWF 34.36 87.3 91.52 0.95
BTWU 34.54 82.8 90.10 0.92
BTGF 33.42 84.8 88.31 0.96
BTGU 33.21 81.8 87.08 0.94
BEWF 44.80 81.3 88.31 0.92
BEWU 45.00 82.8 86.54 0.96
BEGF 42.93 78.5 83.96 0.93
BEGU 42.63 81.6 82.86 0.98
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4.7 Estimating Stresses by Experimental Calculations

The stress values in the bar for each retrofitted beam were
calculated based on the strain values obtained from the strain gauge,
and according to the stress-strain curve of the steel reinforcement as
shown in Figure (3.7), the stress values associated with each strain value
were obtained.

Table (4.12) shows the experimental stress in the steel bars of the
retrofitted beams. It was observed that the stress in the bars of beams
retrofitted using sustainable mortar was higher than those retrofitted
using traditional mortar. This was due to lower strength and stiffness of
sustainable mortar in addition to weak bonding between sustainable

mortar and the beam surface.

Table (4.12): Result of Experimental Strain and Stress in Steel Bars

Grou Specimen’s | Strain at Stress
P Code | Yield x10® | (MPa)
CB CB 6462 655
BTWF 9792 680
Group 1
BTWU 9500 670
BTGF 12588 681
Group 2
BTGU
BEWF 10131 685
Group 3
BEWU 9796 680
BEGF 13000
Group 4
BEGU 11000 690
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Chapter Five

Conclusions and Recommendations

5.1 Introduction

The main objective of this study was to develop a mixture
containing sustainable materials such as silica fume, crumb rubber, and
waste plastic bottle fibers. This was accomplished by preparing,
casting, and testing samples containing varying proportions of these
materials to determine their compressive, flexural, and tensile strength
and find the optimum mixture. Then, using the optimum mixture of
sustainable mortar, in addition to traditional mortar, and reinforced with
either welded steel wire mesh or glass fiber mesh to retrofit preloaded
beams from full or U-shaped wrapping to find their effect on the

structural behavior of the beams.

In this chapter, the conclusions drawn from the experimental
results are described, and the suggestions for future works are also

presented.

1. Using 8% silica fume (SF) as a partial replacement of cement in
mortar improves its mechanical properties, compared to traditional
mortar at ages 7 and 28 days.

2. Using crumb rubber (CR) as a partial replacement of sand in cement
mortar caused a reduction in compressive, flexural, and tensile
strength. The decrease in these strength properties increases with
the increase of crumb rubber (CR) content. A 5% replacement of
crumb rubber (CR) by sand was determined to be acceptable level.

3. Implementing 0.75% plastic fiber (PF) in a mortar containing 8%

silica fume and 5% crumb rubber enhanced splitting tensile
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10.

strength, demonstrating the ability of plastic fibers (PF) to improve
the tensile properties of sustainable mortar.

The mechanical performance of sustainable mortar is optimized by
combining 8% silica fume, 5% crumb rubber, and 0.75% (PF) fiber,
especially in terms of tensile strength.

Retrofitting of the RC beams, using either traditional or sustainable
mortar, reinforced with welded steel wire mesh or glass fiber mesh
in a full or U-shape wrapping configurations, effectively increased
their ultimate load, compared to the reference beams.

Retrofitting RC beams, using either traditional or sustainable mortar
reinforcement with welded steel wire mesh showed lower deflection
than glass fiber mesh.

Retrofitting RC beams, using traditional mortar reinforced with
either welded steel wire mesh or glass fiber mesh, with full
wrapping or U-shape wrapping, resulted in increased ductility,
stiffness and toughness, compared to reference beams

Retrofitting RC beams, using sustainable mortar and reinforced
with either welded steel wire mesh or glass fiber mesh for U-shape
wrapping, gives higher resistance than full wrapping.

Deflection in the beams retrofitted using sustainable mortar and
reinforced with either welded steel wire mesh or glass fiber mesh
for full and U-shape wrapping was higher, compared to traditional
mortar.

The stiffness of the beams retrofitted using sustainable mortar
reinforced with welded steel wire mesh or glass fiber mesh was
lower than the beams retrofitted using traditional mortar and the

reference beam.
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11. The ductility and toughness of beams retrofitted using sustainable
mortar reinforced with either welded steel wire mesh or glass fiber
mesh with full and U-shaped wrapping was higher than traditional
mortar.

12. Mode of failure for all retrofitted beams was flexural failure, and
some of these beams were exposed to crushing in the compression

zone at location of the applied load.

5.2 Recommendation for Future Works

The following recommendations are proposed for future researches:

1. Studying the effect of using a glass fiber mesh with the same
dimension of the welded steel wire mesh in either traditional or
sustainable mortar to retrofit RC beams.

2. Investigating the effect of testing RC beams retrofitting using
sustainable mortar under two-point load on the ultimate strength.

3. Strengthening of RC beams using sustainable mortar.

4. Developing a sustainable mixture by adding SBR to increase the
bonding strength of the mixture components.

5. Strengthening of RC beams reinforced with glass fiber bars instead
of steel bars using traditional or sustainable mortar.

6. Developing a sustainable mortar by treatment the crumb rubber with

NaOH and increase length of plastic fiber.
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Appendix- A

Analysis of Simply Supported Beams

The beams used in this study were analyzed based on ACI 318 M-20109.
Take fy= 580 MPa, f'c = 30 MPa and cover= 20 mm. Beam cross
section were width=150 mm, height=250 mm and length= 1800 mm,

d=215 mm, d’=35 mm and reinforced as shown in Figure (A-1).

:*- 3010 mm -F B -y
| 1600 , \ l
i i \/
‘ Y ’ 3@ 10 mm
Scale 1/50 Section- A
scale 1/25

All Dimensions in mm

Figure (A-1): Details of Beam

For Flexural

As= 3x78.54=235.62mm?

U
C

pmax=0.85x1 x f— X

f m where €u20.003
y 7

when 28<f' <50 MPa

B1=0.85- —0.836

0.05(f', — 28)
7

30 0.003
X
580 0.003+0.004

Pmax=0.85%x0.836 % =0.01575

As 235.62

P od = 150:215 =7.3x107 < pmax=0.01575 .. under reinforced section
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Pt 7.3x107x580

= =0.1412
T 30
Mn x10° )
—2=03-O.59c0
f.b.d
Mn x10° 0.1412-0.59x0.1412>=Mn=26.92 kN
=V. -0.59X0. = =40. .
30x150x2152 " n
_ As] _, 235.62x580
©T 085/ b 085x30x150
a 35.73 4274
T — ﬁ—: .
““B1 " 0.836 i
d-c 215-42.74
et=— x0.003 = ———— x0.003=0.0121>0.005 .. @=0.9
c 42.74
M _ PyxL,
7y
28.32 "
Max load (Pu)= '1—6274.78 kN
For shear

JIe

V30
Ve =Y2¢ pxqd
¢=7% YT

x150%0.215=29.44 kN

By using @10mm@2100mm c/c
Av = 2xAb by using @10mm
Av=2x78.54=157.08 mm?

Axf, *d

Vs=
S
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e 15708 % 580 x 215
5 100

Vs=195.8 kN
Vnh=Vs+Vc
Vn =195.8+ 29.44=225.2 kKN

@Vn =0.75%x 225.2—168.9 kN

P, 7478
Vu= =t =-——=37.39 kN

If @Vn >Vu .. No shear failure is expected.

Av 157.08
P = =
Stirrup h x g 150x100

=0.010466

Deflection calculation.

fr =0.621 \/7 =0.62v/30=3.396 MPa

E=4700 |f'. =4700xv/30=25742.96 MPa

bh3 150 x 2503

— _ 4
lg = — = ————— = 195312500 mm
Mcrx
fe—2
Ig
3306= 2SS 306 kN
396=—————=>Mcr=5. .
195312500 " m
Es 200000
n:_

— =777
E,  25742.96
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bx ¢?
2

- (n><As><( d—c))= 0

150 ¢?
2

- (7.77% 235.62x( 215-¢))=0

c=61.26 mm

bx ¢3

Icr:T + (nx Asx(d-c)?)

150 61.26°

I, 3 +(7.77% 235.62%(215-61.26)2)
1.,=54.766 x10° mm*

P,xL, 7478x1.6
= =
4 4

Ma

Ma=29.912 kN.m > Mcr = 5.306 kKN.m .. use le

M 3
- (== I

(Ma> ]X e
[ = ( >:306 )3 X 195312500
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) 5.306 \°
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Ieff = 55.5505 x 106 mm4

M\’
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First Cracking Load of RC Beam.

£
Mcr: g
Yo

fr =0.621 \/7 =0.62v/30=3.396 MPa

Y = Distance from the neutral axis to the bottom of the specimen.

y =125 mm

| bh3 150x250° 195312500 4
—_ ﬁ g

IR 12 mm

~3.396x 195312500

=5.30625 kN.
o s 5.30625 kN.m

P, xL P, x1.6
M= — =5.30625=—"—=P,~13.267 kN

Cracking load of RC beam strengthened with ferrocement from

three side with welded wire mesh.

fx1
M= £
Yo

fr = for crack = 0.62A /f'c = 0.62v30 = 3.396 MPa
Y = Distance from the neutral axis to the bottom of the specimen.

Ay= Z a.y

[(150%250)+(25%200)+ (2x25%250)]y
=(150x250%150)+(25%200x12.5 }+(2x25%x250x150)

y =137.5 mm
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Ig=I+tAd’=

150x250° 200x25°

> +(150%250%12.5%)+ > +(200%25%x125%)+

25x2503

2x
( 12

+(25%250%x12.52))

=346786458.3 mm*

~ 3.396x 346786458.3

M., 373 =8.56 kN.m

p., * L P, x1.6
M= 1 =8.56=

=P, =21.412 kN

Cracking load of RC beam strengthened with ferrocement from
four side welded wire mesh

f.x1
M=1—F
Yo

fr = for crack = 0.62A | f'.=0.62v/30 = 3.396 MPa

Y = Distance from the neutral axis to the bottom of the specimen

Yb =150 mm

, 200x300° 6 4
Ig:I+Ad $T2450X10 mm

~ 3.396x 450x10 °

M., = =10.2 kN.m

x L

M= p°r4 =10.2=

X1

—=P_=25.5kN
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Appendix- B

Mix

Design

The target 28-day compressive strength is 30 MPa. Based on aggregate

properties in the table below, the mix was designed according to ACI

211.1-22.
Table (B.1): Properties of Aggregate
Properties Coarse Aggregate | Fine Aggregate
Specific Gravity (SSD) 2.691 2.6042
Absorption % 0.662 2.46
Surface Moisture % 1.5 1.53
Fineness Modulus 6.7 2.61
Dry rodded unit weight (Kg/m?) 1626 —
Max aggregate sizes (mm) 19 ---

Cement Specific Gravity= 3.15
Step 1 — Slump

Use slump = (75-130) mm
Step 2 — Max. Agg. Size

Use the max aggregate size available =19 mm
Step 3 — Water Content and Air Content

Use non- air-entrained concrete.
Weights of water = 205 Kg/m3

Air content = 2%

Step 4 — Water Cementitious Material

Target compressive strength = 30 MPa

w/c = 0.5387
Step 5 — Cement Content

From w/c = 0.5387 and Weights of water = 205

B-1
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205
0.5387

Step 6 — Weight of Course Aggregates.

C=

— C 380.55 Kg/m?

Use fineness modulus = 2.61 and M.A.S =19 mm,
Get: - Volume of course agg. = 0.639

Weight of course agg. = 0.639 x 1626 = 1039 Kg/m?
Step 7 — Weight of Fine Agg.

Using Volume Method: -

Vol f wat 205 =0.205m>
olume of water=-7-5=>0.205m

Volume of Cement= 38055 0.1208 m?
Sn—— N}

1039

Volume of Coarse 888 = 105075 €01 =0.3861 m?

Volume of Air=0.02 m’

Total volume =0.7319 m3

Volume of fine agg. = 1 — 0.7319=0.2681 m3

Weight of fine agg. = 0.2681x 1000 x 2.6042 = 698 Kg/m?
Correct unitto S.S.D

1- Weight of Course agg. = 1039 x 1.02162=1061.5 Kg/m?
2- Weight of Fine agg. = 698 x 1.0399=726 Kg/m’

3- Weight of water=205- (1039 x0.015)- (698x0.0153) =178.74 Kg/m?
Based on estimated concrete weight for 1 m3

Water 179 Kg/m3

Cement 381 Kg/m?®

Fine agg. wet 726 Kg/m3

Coarse agg. wet 1062 Kg/m?®

The Mix Proportions 1: 1.906: 2.787 / 0.47
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Appendix- C

Estimate the Ultimate Load by Theoretical

Calculations

Many studies utilized finite element simulation, numerical solutions,
and mathematical modeling to estimate the ultimate loads of
ferrocement structural elements. This study used a method established
by ACI 549R-18, Qutaiba et al. (2022) and Shaaban et al. (2018) to
calculate the theoretical ultimate load. The following fundamental
assumptions are employed in the computation of the ultimate load.
1. As illustrated in Figure (C-1), strains in the reinforcement and
mortar matrix are proportional to distance from the neutral axis.
2. When strain reached to 0.003 indicated that failure occurs in
ferrocement.
3. The tensile contribution of the mortar matrix is ignored at
ultimate load and the compressive contribution is equal to

(0.85fc’. a. b) as shown in the Figure (C-1).
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_db fop + 0.003 085]2” C
r:;::::: ] | __ * [ .COHCI'CK'
; ] op Em. top —
[y ! dmr L/ — m.top
ii & i dm web Lh' mp _?_ i e
li \ : ]
h db bpttom %i dm hottom 1 €m. web —T m. web
% « o o} | e Eb. bo T p bot
e - T Embe, 74'- T m. bot.
b
A. Full Wrapping
90 0.003 085/
? i .ﬁ i 1 | Sb. op i g— gcom,rm
i i dm - _T— | b.top
: : T
h db bpttom i E dm hottom —T m. web
| |
ie o o] " T bat
=== = — —T m. bot.
- b E——

B. U Shape Wrapping

Figure (C-1): Stress-Strain Distribution of Beam with Ferrocement

From Figure (C- 1) shows that the strain and internal force in the steel

bars, mesh reinforced, mortar and concrete are at equilibr

C=T
C =0.85%fc xaxb
Where a =f1xc

0.05

T:ZT+C:Cm top +Cb top+Tm.web +Tb.b0t. +Tm.b0t.

Crn top= (0 - 0.85%fc)xA) top (Compression)

Cp op= (0%A), top (Compression)

C-2

ium.

(C-1)
(C-2)
(C-3)
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T web=(0%A) . ¥No. of webs (C-8)
T bot =(0%A) 1 po. (C-9)
O top~Em™€m top = Fum (C-10)
Ob top—Eb*€b top < Fup (C-11)
Om web=Em*€mweb = Fum (C-12)
Ob bot. —Eb*&b bot. < Fup (C-13)
Om bot. “Em *€m bot. <Fum (C-14)
Where:

Amwop = Area of the welded steel wire or glass fiber mesh at top.
Ay 1op = Area of the steel bars at top of the beams.

A web = Area of the welded steel wire or glass fiber mesh at web.
Ay vot. = Area of the steel bars at bottom of the beams.

Anvot. = Area of the welded wire or glass fiber mesh at bottom.

a = Depth of the compression zone.

b = Width of the beam.

¢ = Depth of neutral axis from the top of the beam.

E, = Modulus of elasticity of the steel bars.

Em = Modulus of elasticity of the welded wire or fiber glass mesh.
Fu. b= Ultimate strength of the steel bars.

Fum = Ultimate strength of the mesh.

f.= Compressive strength of ferrocement matrix.

C = Internal forces in compression zone.

Ti= Internal forces in tension zone.

Gm tops Em top = Stress and strain of mesh at the top of the beam.

Ob tops Eb top = Stress and strain steel bars.

Gm web, Emweb = Stress and strain of mesh at the sides of the beam.
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Appendix - C Theoretical calculations

Ob bot-» Eb bot. = Stress and strain of bottom steel bars.

Om bot, €m bot= Stress and strain of mesh at the bottom of the beam.

The strain at the top, bottom and web mesh, top and bottom bars, can
be determined based on the geometry of the strain distribution as shown
in Figure (C-1). Excel sheet is used by trial and error method to
determine the location of the neutral axies (c). After that, calculation of
the ultimate moment (Mu) by taking the moment about the point of

application of the compressive force is done as follows:

My =Y. C or Tx (d;- g) (A-16)

The ultimate load (P, of beam tested under center point loading can
be determined from
Pultx L
Ty
Where L = the clear span of beam

(A-17)

P, = the ultimate load for flexure failure
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