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ABSTRACT

This research presents the experimental investigations of the structural behavior of reinforced
concrete (RC) beams. The strengthening technique that was used section enlargement using Self-
Compacting Concrete (SCC) reinforced with welded wire mesh (WWM). Different mechanical
bonding between old and new concrete techniques were also investigated. Theseincluded dowels,

expansion bolts and surface roughening.

Strengthening of beamswas achieved by casting a SCC U-formed jacket that reinforced with small
diameter of WWM to increase their shear resistance and increasing the flexural strength of
concrete beams.

Four-point bending flexural tests were conducted on small-scale RC beamsin the testing program
up to failure. The test specimens were 1200 mm long with a cross section of 100 mm x 150 mm

and after section enlargement the cross section was increased to 160 mm x 200 mm.

Thetest program included eighteen beams; three out of them were used as control beams; four out
of these beams were used as monolithic control casted beams. While the other eleven beams were
tested as strengthened beams and classified into two groups based on bonding technique and
WWM properties.

The obtained results from the investigation indicated that the enlarged section using SCC
jacketing with WWM improved significantly structurd performance of beam measured in terms
of ultimate load carrying capacity, stiffness, crack width and deflection.

The strengthened beams were able to reach their full flexura capacities comparable to their
monolithic counterpart’s beams. The interlaminar shear failure was prevented in all strengthened

beams.

To understand the structure behavior of the strengthened beams, theoretical analysis was carried
out and a simplified design procedure was presented in this thesis to predict the flexural strength
and deflection at yielding and at ultimate stages. This analysis is done based on the basics of
flexural theory and its assumptions and a good agreement at ultimate stage between experiment

test results and prediction values was achieved.
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CHAPTER 1
INTRODUCTION

1.1 GENERAL BACKGROUND

A varietal strengthening techniques are used in practice for reinforced concrete (RC)
structures (Ziara, 2014). The strengthening technique becomes necessary for RC
structures during their service life if the structures cannot meet the code of practice
requirements due to different types of deterioration. A large number of structures
constructed in the past using the older design codes are structurally unsafe according to

the new design codes and hence need strengthening.

The main causes of deterioration depending on its cause can be classified into two
categories. The first one is sudden damages which include natural disasters, wars and
accidental damages, the other one is progressive damages which attributed to abuse use,
neglect particularly the historical building and harmful environmental factors (Ziara et
al., 1996).

Beams are paramount structural elements for sustaining loads, thus finding the efficient

strengthening techniques are necessary in terms of maintaining the saf ety of the structures.

The application of steel welded wire mesh (WWM) to the surface of RC members as
externa reinforcement is a promising and recent new technique for strengthening and
rehabilitating damaged concrete elements (Xing, et al, 2010).

Nowadays, it is necessary to find strengthening techniques suitable in terms of low costs
and fast processing time particularly in Gaza Strip due to the abnormal conditions caused

by the Isragli aggression which causes additional damages to RC structures.

In this research, the focus has been placed on the investigation of structural behavior of
rectangular RC beams strengthened with galvanized steel WWM embedded in Self-
Compacting Concrete (SCC) jacketing, which is recently considered a new technique for

strengthening damaged concrete elements.



1.2 STATEMENT OF THE PROBLEM

This study deals with the problem of structura strengthening of rectangular RC beams
when their conditions of use cannot be guaranteed during the service life and their fithess

and strength can no longer to sustain the applied loads.

Needs for strengthening and upgrading of RC beams may be attributed to increasing
applied load, modification of structural system, design errors, construction faults,
accidental damages and improvementsin suitability for use dueto limitation of deflections

and reduction of stressin steal reinforcement .

In this study, amethod of strengthening of beams using galvanized steel WWM and SCC

jacketing will be investigated to answer the following:

1- Isit possibleto strengthen the flexural strength of existing beams by this technique?

2- |Isthe type of bonding between concrete substrate and new one a significant factor in
strengthening process?

3- Does the WWM properties play a significant role through increasing the structural
capacity of strengthened beams?

4- s the U-jacketing of strengthening scheme can be used in rehabilitation process to
reach full structural capacity?

5- Does the strengthened beams comply with code of practice requirements especially
the Serviceability Limit State based on the crack width and deflections?

6- Does the strengthened beams will behave in a ductile manner up to failure or not?

7- Can the strengthened beams reach its full flexural capacity using the mechanical
bonding or not?

8- What would be the design model for strengthening to match the existing beamsin the

practice?

To answer al above mentioned questions this research presents an experimental
investigation and test program were prepared based on a set of beams that were subjected
to pre-loading. Then the beams were strengthened using thin reinforced jacketing in
different schemes and retested by the same flexural |oading.



1.3 ScopPeE oF WORK

The research scope focuses on strengthening method that is applied to rectangular RC
beams. The main scope of this research is to understand the behavior of beams with
the proposed different mechanically bonded methods of steel WWM embedded in SCC
jacketing that can help designers and practitioners based on comprehensive experimental

test program.
1.4 RESEARCH GOAL

The main goal of the research isto develop a more cost-effective strengthening technique

for RC beams that can be applied in repairing RC structures especially in Gaza Strip.

Also this research produced a simplified design procedure that can predict the flexural
strength of RC beams strengthened with WWM composites to reach good agreement

between experiment and predicted values that achieved.

1.5 RESEARCH OBJECTIVES

The main objective of this research is to address the effectiveness of strengthening RC
rectangular beams with WWM and SCC jacketing and to study the construction
technology involved for further development. Within the main objective, sub objectives

are:

1- To propose new method relative jacketing technique reinforced with galvanized
WWM application to strengthening RC member.

2- To study the flexura behavior of RC beams under static loading condition.

3- To examine the effect of jacketing strengthening scheme and different wire mesh
properties on the response of beam in terms of failure modes, enhancement of load
carrying capacity and load deflection behavior.

4- To investigate the methods of anchorage of the WWM in strengthened beams.

5- To study the contribution of externally WWM on the flexural behavior of RC
beams.



1.6 METHODOLOGY

To achieve the objectives of this research, the following tasks will be executed according
to Figure 1.1. The Methodology steps are briefly described as follows:

Conducting a literature review.

Identifying research specifics and testing parameters.

Design the test program and selecting materilas.

Performing the experimental works.

Recording the results.

Analysis of test results and prepare the design approach of sterengthening.

Prepare the conclusions and recommendations.

Writing of M..Sc. Thesis.

Figure 1.1 Methodology Tasks.




1.6.1. Conducting aLiterature Review

In this section previous research works related to the subject undertaken research are

reviewed to identify main concern aspects of the problem and its strengthening.

1.6.2. ldentifying Research Specifics and Testing Parameters

In this section research specifics and testing parameters has been determined based on
collected data related to testing facilities and material availability. In this stage the testing
parameters should be wisely selected since they determine the extent of the program.

1.6.3. Design the Test Program and Selecting Materials

The test program is devel oped based on full understanding of the problem. It is designed
to achieve the research problem. The details of the test program are addressed in this
step. These include testing equipment, number and size of test beams, bonding
mechanisms, selecting suitable materials which comply with American Society for
Testing and Materials (ASTM) standards, casting, jacketing, curing, etc.

1.6.4. Performing the Experimental Works

In this section full testing procedure has been carried out based on the tentative test
program. Also the experiment works comply with applicable standards.

1.6.5. Recordingthe Results

The test results are obtained and recorded using suitable devices such as take series of

photo, measurements of load, deflection, cracking etc., make movies for the process of
beams crushing and hand writing of the collected test results.



1.6.6. Analysisof the Test Resultsand Prepare Design Approach of Beams

The test results has been analyzed and discussed to achieve the targeted objectives, then
the design approach of beams has been prepared to reach good agreement between

experiment and predicted values that achieved.
1.6.7. Preparethe Conclusionsand Recommendations
Conclusions and recommendations reached based on the test results were prepared

for use by engineers in Gaza Strip to decide on an optimum and effective way for
strengthening of RC beamsin the real life application.

1.6.8. Writing of M.Sc. Thesis

M.Sc. thesis has been written during and after the experimental works as a draft copy, then
it has been revised and finalized.



1.7 THESISSTRUCTURE

The research consists of seven chapters and five appendices organized as follows:
Chapter 1 (Introduction)

This chapter gives a general background about strengthening of RC beams using SCC
with galvanized steel WWM, research problem and scope of work, objectives and
methodol ogy used to achieve the research objectives. Also it describesthe structure of the

research.
Chapter 2 (Literature Review)

This chapter reviews the necessity of strengthening of RC elements and the strengthening

techniques of RC beams particularly the concrete jacketing.

This chapter discusses previous research works related to the undertaken research to

identify main concern aspects of the problem and its strengthening.
Chapter 3 (Test Program)

This chapter illustrates the description of test program, parameters that determine the
extent of the program, structural design of tested beams according to American Concrete
Institute (ACI) 318-14, and the test program obstacles. It also presents the description for

each beam in this research.
Chapter 4 (Laboratory Works)

This chapter reviews the materials used for constructing beams such as cement,

reinforcement steel, fine aggregate, coarse aggregate etc., and concrete job mix design.

It also describes the experimental set-up, tested beams preloading stage, beam

strengthening set-up and beams flexure testing procedure.

It also includes the materials were used in tested beams strengthening like producing SCC
and their properties, mix design, and equipment used in the testing procedures. In addition
to strengthening materials such as WWM properties and welding process, expansion bolt

properties, anchoring resin, and others.



Also this chapter illustrates the test results for test program materials including the fresh
and hardened results for both concrete and SCC, reinforcement steel properties such as

yielding, elongation etc., WWM properties, and others.
Chapter 5 (Test Results and Discussions)

This chapter illustrates the test results for tested beams specimens including the
investigated structural behavior for the flexura strengths, ductility expressed by the
middle span deflection, crack development of tested beams, crack width, and visual

inspection of cracks pattern.
Chapter 6 (Theoretical Analysis of Strengthened Beams)

This chapter describes a simplified design approach to predict the flexural strength of
rectangular RC beams strengthened using WWM based on the analyzed test results of the
tested beams.

Chapter 7 (Conclusions and Recommendation)

This chapter includes the concluded remarks, main conclusions and recommendations

drawn from this research for future works.
References

Lists of reviewed references.

Appendixes

Lists the appendixes.

Appendix A Repair materials specifications

Appendix B Deflection derivation of two point loading
Appendix C SCC test methods according to EFNARC
Appendix D Shear connectors calculations

Appendix E Theoretical Analysis
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

An overview of previous studies related to severa strengthening techniques of RC beams
are presented in this chapter, with particular attention devoted to strengthening RC
beams by concrete jacketing. Also there are many different kinds of strengthening

techniques of RC beams are discussed in literature.

The sophistication of strengthening techniques ranges from simple methods of
enlargement of cross section (i.e. concrete jacketing, overlays, underlays, etc.) to
advanced methods in which strengthening is achieved using carbon fibers, external

posttensioning, steel plates and others (Ziara, 2014).

Structural engineers are frequently faced with the task of strengthening an existing
structure. Nowadays, strengthening of damaged RC buildings has become an important
issue. This research is concerned with strengthening of RC beams with jacketing.
Therefore, to guide the research, relevant literatures on beams and beam strengthening

techniques are discussed in the following sections.

2.2 NECESSITY OF STRENGTHENING RC ELEMENTS

Concrete structures need to be strengthened for any of the following reasons (Mishra G.,
2014):

1. Load increases due to higher live loads, increased wheel loads, installations of
heavy machinery, or vibrations.

2. Damage to structural parts due to aging of construction materials or fire damage,
corrosion of stedl reinforcement, and/or impact of vehicles.

3. Improvements in suitability for use due to limitation of deflections, reduction of
stressin steel reinforcement and/or reduction of crack widths.
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4. Modification of structural system due to elimination of walls/columns and/or
openings cut through slabs.
5. Errors in planning or construction due to insufficient design dimensions and/or

insufficient reinforcing steel.

2.3 DAMAGESIN BEAMSIN GAZA STRIP

Gaza strip is costal area which has 40 Km coastline on the Mediterranean Sea. This
location with the associated environmental conditions may have a considerable

influence on the deterioration of existing concrete structures (EI-Ebweini, 2009).

A survey of forty case studiesfor assessment of existing damaged structuresin Gaza Strip
showed that the main cause of defects in RC beams are as follows (Abu Hamam,
2008):

1. Reinforcement corrosion as a result of improper concrete cover, Chloride attack
and carbonation.

2. Vertica flexura cracks as a result of over loads, section deficiency and low
strength materials.

3. Diagonal shear cracks as aresult of over loads, foundation settlement and section
deficiency.

4. Damages due to accidental events such as fire and manmade destruction.

According to the study which conducted in 2008, 9.6% of the deficiencies in Gaza strip
are structural cracksin slabs and drop beams

2.4 STRENGTHENING TECHNIQUESOF RC BEAMS

In this section, most used strengthening techniques of RC beams are reviewed.

There are many common techniques for strengthening of various RC elements in use
worldwide (Ziara, 2014). Regardless the type of the strengthening techniques used, the
following considerations should be observed:
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i.  Apply additional measures to carry existing loads during strengthening.
ii.  Thenew loads are applied after strengthening.

iii.  Ensure full interaction between new and old materials (Compatibility of strains).

2.4.1. Compression Concrete Overlay

This technique can be achieved through roughening the original concrete surface then
adding a new concrete overlay reinforced with light shrinkage reinforcement as shown in
Figure 2.1, to ensure full interaction between new and old materials one of the following
method must be done (Abu Almjd, 1988):

i.  Using of shear connectors to prevent inter laminar shear
ii.  Making concrete keys for the original concrete surface and painting it with
bonding agent.
iii.  Bonding of stirrupswith original concrete through drilling holes and installing the
ends of stirrups into these holes using epoxy resin, the fixation length must be

sufficient to transfer the shear stresses.

m‘ == Mew laves
i Livgmial Bsaih
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a- Using voncrete keys (for thin svedays)

ﬂ, W laver
Omigmal beam

|
3
P i e e Wewr layer
- |. |- Opral beeaim

-t

c- Using shear conmectors
Figure 2.1 Addition of concrete overlay in compression zone (Source: Abu Almjd, 1988).

In order to accomplish force transfer between old and new concrete, roughening of the
surface of the old concreteisrequired, aswell aswelding of connecting barsto the existing

bars and new reinforcement.
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2.4.2. Strengtheningfor Flexural

2.4.2.1. Addition of Steel Reinforcement (Concrete Underlay)

RC beams can be strengthened by adding new concrete to lower face of the beam. In this
technique the beam depth increased due to strengthening of the tension zone of a beam
through concrete underlays. In order to accomplish force transfer between old and new
concrete, roughening of the surface of the old concrete is required, as well as welding of

connecting bars to the existing bars and new reinforcement.

Reinforced underlays on the lower face of the beam (Figure 2.2) can only increase its
flexural capacity. Existing reinforcement is connected to the new reinforcement by

welding.

concrete underlay / ,
| new reinf. ) 5

a- Making concrete keys in concrete cover

using of shear connectors
to transfer the shear force

b- Making of concrete kevs behind the steel reinforcement
bars { In case of removing the deteriorated concrete)

Figure 2.2 Addition of concrete underlay in tension zone (Source: Abu Almjd, 1988).

Dueto the fact that using forms and pouring the concrete from the top is not possible, the

feasible solutions are shotcrete or using SCC.
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2.4.2.2. Addition of External Steel Plates

Thetechnique of bonding steel plates to the surface of concrete has been used on a number
of structures throughout the world to enhance load carrying capacity (Rehabcon, Annex
K, 2004).With this technique, the bonded steel plates act as external reinforcement. The
effect of bonding a plate to the tension face of a RC beam is to increase the depth from
the compression face to the neutral axis and the area of effective reinforcement, thus,
increasing the moment of resistance of the section. The operation can be undertaken

without additional support to the member.

The bonding of stedl plates to concrete members has been undertaken by several methods,
using epoxy adhesives or using bolts. The choice of method being dependent upon the
particular circumstances. Figure 2.3 shows the strengthening of a bridge girder using
externally bolted steel plate.

Figure 2.3 Strengthening using externally bolted steel plate (Source: Khalaf, 2015).

2.4.2.3. Addition of Carbon Fibers

The strengthening or repair of concrete structures using externally bonded Fiber
Reinforced Polymers (FRP) provides an alternative solution to traditional methods of
strengthening such as externally bonded steel plates (Rehabcon, Annex J, 2004). FRP
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materials are currently being used for upgrading existing structures because of their
resistance to corrosion and their light weight. Different types of fiber can be used, i.e.,
glass, carbon and aramid. The FRP is applied to different RC elements such as beams,

columns, and slabs, to provide substantial increase in strength and durability.

For flexura strengthening of RC beams the FRP is bonded to the tension zones with the
fibers parallel to the principal stress direction. The effect of bonding a FRP to the tension
face of a RC beam is to increase the depth from the compression face to the neutral axis
and the area of effective reinforcement, thus, increasing the moment of resistance of the
section. Figure 2.4 shows the strengthening of a bridge girder using externally bonded
FRP.

Figure 2.4 Strengthening using bonded FRP (Source: Carbon Fiber Wrapping, n.d.).

2.4.2.4. Addition of Steel Sections (Composite Section)

The technique addition of steel sections such as (C channel, | beams, L angles and etc.) as
shownin Figure 2.5 can increase the flexural capacity, ductility and stiffness of RC beams.
These sections are bonded on the lower face of the beam for strengthening of the tension

Zone.
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a- Using I beam bonded using bols. b- Using © Chammel bonded wsing bolt=.
(Imcreased the depth & reinforcement) (Increased the reinforcement only)

Figure 2.5 Addition of steel sections (Source: Abu Almjd, 1988)
The bonding of steel sections to concrete members has been undertaken by several
methods, using epoxy adhesives, using bolts and using welding. The choice of method

being dependent upon the particular circumstances.

2.4.3. Strengthening for Shear and Torsion
2.4.3.1. Addition of External Stirrups

The technique of addition of external stirrups can be accomplished using high strength
steel bolts that distributed along the beam length at predetermined distances (represent
stirrups) connected with steel plates or stedl sections such as C- channel asshownin Figure
2.6. These bolts and steel sections must be protected against environmental condition and
from corrosion with a coating. Also the new reinforcement is encased in conventionally
placed concrete or in shotcrete if thereis no aesthetic restrictions.

External stirrups

Figure 2.6 Addition of external stirrups (Source: Ziara, 2014).
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2.4.3.2. Addition of External Steel Plates

With this technique, the bonded stedl plates act as external shear and/ or torsion
reinforcement. The effect of bonding a plate to the two side faces of a RC beam is to
increaseits shear resistance, thus, increasing the load carrying capacity of the section. This
technique have many advantages such as, speed and simplicity of installation, simple

operation, and minimal disruption during installation.

The bonding of stedl plates to concrete members has been undertaken by several methods,
using epoxy adhesives or using bolts (Figure 2.7). The choice of method being dependent

upon the particular circumstances.

The new reinforcement may be encased with concrete (ACI 546R-04, 2004), shotcrete,
mortar, plaster, waterproofing, fireproofing, or other product, or it may be left exposed

and protected from corrosion with a coating.
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Figure 2.7 Addition of external steel plates (Source: Ziara, 2014).
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2.4.3.3. Addition of Carbon Fibers

The beams can be strengthen in shear by bonding external FRP of different types, with

different forms and by different configurations as shown in the Figure 2.8 and 2.9.
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Figure 2.8 Configurations of FRP for shear (Source: Rehabcon, Annex J, 2004).
Shear strengthening of RC elements using FRP may usually be provided by bonding the
external reinforcement with the principal fibre orientation either 45° or 90° (Rehabcon,
Annex J, 2004) as shown in Figure 2.8. The strengthening will be more efficient when its

fibers are parallel to the maximum principal tensile stress.

The shear contribution of FRP to the strengthened element is influenced by many factors
such as size and geometry of the member, properties of concrete, internal shear and
flexural reinforcements, loading conditions, method of strengthening, properties of the
bond, anchorage length, type of anchorage, thickness of the FRP, rigidity of the FRP, the

fibre orientation and etc.
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Figure 2.9 Shear Strengthening by FRP (Source: SIKA Carbodur, n.d.).

2.4.4. Jacketing of Beams

RC jackets can be applied by adding new concrete to three or four sides of the beam
(Penelis and Kappos, 1997). In order to accomplish force transfer between old and new
concrete, roughening of the surface of the old concrete is required, as well as welding of

connecting bars to the existing bars and new reinforcement asillustrated in Figure 2.10.

» Old concrete

| +—> New concrete

Comnlete jacketing Three-face jacketing One-face jacke’ing

Figure 2.10 RC beam jacketing technique (Source: Ziara, 2014)
Jacketing On all four sides of the beam isthe most effective solution. The thickness of the
concrete that is added to the upper face is such that it can be accommodated within the
floor thickness (maximum: 50—70 mm). The placement of the ties is achieved through
holes, which are opened in the slab at closely spaced distances and are a so used for
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pouring the concrete. The longitudinal reinforcement bars of the jacket are welded to those

of the old concrete.

Jackets on three sides of the beam are used to increase the flexural and shear capacity of
the beam for vertical loading, but not for seismic actions, given that strengthening of the
load-bearing capacity of the section near the supportsisimpossible. The key to the success
of such an intervention is the appropriate anchorage of the stirrups at the top of the sides
of the jacket.

2.4.5. Span Shortening
Supplemental members are new columns, beams, braces, or infilled wallsthat areinstalled
to support strengthened structural members, asillustrated in Figure 2.11.The supplemental

members aretypically placed below thefailure or deflected areas to stabilize the structural

framing.

- i 6

New concrete column J

New steel column —»}

Figure 2.11 Span shortening technique (Source: Ziara, 2014).
Span shortening can be used if none of the other strengthening techniques is adequate for
repair or if the structural configuration precludes use of other techniques (ACl 546R-04,
2004). Supplemental members are quickly installed and, therefore, are suitable temporary
emergency repair solutions. Typicaly, new members are installed to support seriously
cracked and deflected flexural members. Often, the use of supplemental members may be

the most economical alternative.
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2.5DESCRIPTION OF PREVIOUS RESEARCH ON SECTION ENLARGEMENT

2.5.1. Scope

Section enlargement is one of the methods used in strengthening concrete members.
Placing additional layer of concrete surrounding an existing beam is caled section
enlargement. Jacketing by RC could improve resistance against applied loads and
enhances the durability at same time. Furthermore, section enlargement and concrete
jacketing may be easier and cheaper compared to other approaches such as stedl plate
jacketing.

2.5.2. Previous Research Related to Section Enlar gement

Diab (1998) carried out an experimental program to eval uate the effectiveness of repairing
RC beams with alayer of sprayed concrete. Nine specimens (three series) were tested in
total. The first series includes the testing of three reference beams (PR1-PR3) to failure.
In series two, three beams (PR1-PR3) were loaded, damaged and repaired by the addition
of two reinforcing steel-bar and a layer of sprayed concrete then loaded to failure;
the beams of the third series three beams (PR4-PR6) have same dimension with P1 and
tested in the same manner with series two, except that the reinforcing layer was

performed with fibrous concrete.

The experimental results indicate that jacketing using sprayed concrete to strengthen RC
beams can effectively increase their load carrying capacity or stiffness and the
strengthened beams showed high ductility before failure as shown in Figure 2.12.
Furthermore, additional metallic glass ribbon fibers in sprayed concrete improved the
crack pattern and ultimate capacity of RC beams. Adding metallic glass ribbon fibers to
RC beams improved flexural strength, enhanced cracking pattern, reduced tensile stress
and greatly increased the first cracking moment.
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Figure 2.12 Load-central deflection curve for strengthened beams (Source: Diab 1998).

Mahdy et al. (2004) conducted an experimental study to evaluate the role of adding U-
shape RC jacket in upgrading RC beams, Eleven RC beams tested under 3-PB were
experimentally evaluated. The specimens strengthened by three-faces RC jackets (U-
shape, 50mm at the bottom and 37.5 at each side of the beam) with and without additional

stirrups.

Details of strengthening technique exhibited in Figure 2.13 and Figure 2.14.
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Figure 2.13 Dimensions and reinforcement of the control (Source: Mahdy et al., 2004).
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Figure 2.14 Dimensions and reinforcement of jacketing (Source: Mahdy et al., 2004).

The test results showed that the strengthened beams of additional stirrups exhibit
typical failure with a ductile manner and with enhancement in strength reach 233%
of the control beam. While, the strengthened beam without additional stirrups fail in
brittlte manner and by separation of the added concrete layer with strength

enhancement reach 132% of the control beam.

Altun (2004) compared the mechanical properties of RC beams before and after jacketing
under bending test. Altun categorized nine 1800 mm long RC beams with 20 MPa
concrete strength, 420 MPa stedl strength in three groups based on their three different
cross sections and then loading them until full failure. The other nine beams that have the
same dimensions were strengthened with 100 mm thick RC jackets on all four sides as
shown in Figure 2.16, loaded them to full plastic yield. Typical test beam is shown in
Figure 2.15.

The results revealed that damaged RC beams would behave similar to the ordinary RC
beams of same dimensions with added RC jackets. However, the beam with highest
ductility ratio is the most efficient since the section areais relatively less as compared to
the section resisting the maximum Ultimate Load (UL). This reduces the amount of cost

of the jacketing material.
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Figure 2.15 loading configuration of the jacketed RC beam (Source: Altun, 2004).

Figure 2.16 Cross-section of beams before and after jacketing (Source: Altun, 2004).

Shehata and Shehata (2008) investigated the behavior of RC beams strengthened by
partia jacketing using expansion bolts as shear connectors. They categorized eight beams,
which were 150 mm wide, 400 mm deep and 4500 mm long, in three groups A, B and
reference group C. The three unstrengthened reference beams were in the group C and the

other five partially jacketed beams were in group A and group B.

After two initial loading cycles the beams cracked, applied two lines of expansion bolts
to the five beams on each side as shown in Figures 2.17 and 2.18. The holes were close to

the inner stirrups and just above the main longitudinal steel.

The experimental results showed that partial jacketing is an effective strengthening
method. In order to get proper anchorage, the inserted depth of the expansion bolts should
be greater than five times the bolt diameter and not less than 50 mm. Exposed part of
expansion bolts should be left without the extension. Exposed part and holes of expansion
bolts should be as close as possible to the original stirrups and original main longitudinal
steel of beams.

25



———————————— - - — - - ———— - - -~ ———-— - - - ———— . - . -

Original Beam

/ Strengthening Jacket
SECTIONA-A £

™

- A 25 expansion bolts @ | 50men each side
B SECTION A-A
DICTAIL N
Stirrugs Expansion Bolts
e x 100

Figure 2.17 Strengthening details of specimen tested (Source: Shehata and Shehata,
2008).
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Figure 2.18 Details of reinforcement in the jackets (Source: Shehata and Shehata, 2008).




AL-Kuaity (2010) conducted an experimental study on the behavior and strength of
reinforced concrete T-beams before and after strengthening by using RC jacket.
Four full-scale beams were first loaded to certain levels of ultimate capacity (O,
60%, 77%, 100% of failure load). Typica test beam is exhibited in Figure 2.19. After
formation of cracks or fallure, the beams were strengthened by 50mm RC jackets and
tested again up to failure.
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Figure 2.19 Typical jacketing of test beams (Source: AL-Kuaity, 2010).

The main objective of this study wasto recover the full capacity of the beamswhich failed
by flexure and to strengthen the cracked beams. In addition, it aimed to investigate the
effect of loading condition on beams before repair on the ultimate capacity after
repair. The main factor considered here is the effect of the level of loading percentages
(percentages of UL before repair) on the strength and behaviors of the beam after repair.
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Test results showed that the repairing by reinforced jacketing can effectively restore

more than 150% of the full flexura capacity of the original beam as showed in

Figure 2.20.

1%
160

|40

Load-P (KH)

B0

a0

40

20

f
{

~
-
la
e
-

E;f B77 before repair

BGO
BO

BY7T after repair

- - BED__* BO

- el

e B0 A rApai
= BEO-AMer repair [
BT7T- After repair
B D0=After repair |
w--- BE0-Before repair
-+ BT 7-Batars rapai
E100-Bafors rapair !

B 100 after repair

B 100 before repair

S ey

20000

AD00n B0000 BO000 100000 | 20000
Creflection: 107 {mm)

Figure 2.20 L oad-deflection curves before and after jacketing (Source: AL-Kuaity, 2010).

In addition, reinforced jacket can effectively increase the ultimate capacity of

cracked T-beam after repair up to 250%. Furthermore, the use of reinforced jackets for

the cracked or failed beams is greatly improved the serviceability, deformation

behavior, cracking behavior as well as ductility of T- beams compared to those of the

original beams. The researcher concluded that the ultimate flexura strength of T-beams

failed by flexure and repaired by RC jackets can accurately be predicted using

conventional ultimate strength method of reinforced concrete.

The investigation showed the effectiveness of jacketing method in restoring the

flexural strength of T-beams.
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2.6 DESCRIPTION OF PREVIOUS RESEARCH ON STRENGTHENING WITH
SCC

2.6.1. Scope

SCC is akind of concrete with excellent deformability and segregation resistance, was
first developed at Japan in 1980 (Panda and Bal, 2013). It is able to flow under its own
weight and can completely fill the formwork even within congested reinforcement. SCC
has favorable characteristics such as high fluidity, good segregation resistance and the
compactibility without vibration so noiseless construction. The use of SCC has gained a

wider acceptance in recent years.

2.6.2. Previous Research Related to SCC

Chaliorisand Constantin (2012) investigated the application of areinforced SCC jacket
for the structural rehabilitation of shear damaged RC beams. Five beams were constructed
and subjected to monotonic loading in order to exhibit shear failure. The damaged
specimens were restored using relatively thin reinforced jackets and retested by the same
four-point bending loading. The SCC jacket applied, encasing the bottom width and both
vertical sides of theinitially tested beams (U-formed jacketing), has a small thickness 25

mm and includes small @5 steel bars and U-formed stirrups as shown in Figure 2.21.

LR

Figure 2.21 Dimensions and reinforcement of the beams. (Source: Chalioris and
Constantin, 2013).

30



Test results indicated that the application of reinforced SCC jacketing in shear damaged
RC beams is a promising rehabilitation technique since the capacity of the retrofitted
beams was fully restored with respect to the initial specimens. All the jacketed beams
showed enhanced of the loading bearing capacity that varied from 35% to 200% for the
retrofitted beams with respect to the corresponding initial beams was observed. Further,
the overall structural performance of the jacketed beams is substantially ameliorated

regarding the initial shear-damaged specimens in most of the examined cases

2.7 DESCRIPTION OF PREVIOUS RESEARCH ON STRENGTHENING WITH
WIRE MESH

2.7.1. Scope

SWM is a type of building materials consists of closely placed, evenly distributed and
electrically welded rods to form a continuous uniformly distributed mesh. The use of Steel
Wire Mesh (SWM) has an advantages because of its relative ease of placement, bending
and handling. It has also save the time and money due to reduction of labors and waste

parts.

The application of SWM as external reinforcement is a promising and recent new
technique for strengthening and rehabilitating damaged concrete elements (Xing et al.,
2010)

2.7.2. Previous Research Related to SWM

Pansal et al. (2006) investigated the effect of wire mesh orientation on strength of beams
retrofitted using ferrocement jackets. To carry out the investigation, eight prototype
beams weretested asshown in Figure 2.22. Out of these eight beams, two were used as
control beams and tested to failure to find out the safe load carrying capacity. The other
Six beams were stressed to 75 percent of the safe load obtained from the testing of
the control beams and were then retrofitted with 25 mm thick ferrocement jackets made

with 1:2 cement sand mortar and w/cratio 0.40 as shown in Figure 2.23.
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Figure 2.23 Longitudinal and cross-section of retrofitted beams (Source: Pansal et al.,
2006).

The set of beams (two each) were divided into four categories depending upon the
orientation of wire mesh in the jacket. Retrofitted beams having welded wire mesh
oriented at O degree, 45 degrees and 60 degrees.

The results show that the percent increase in load carrying capacity for beam
retrofitted with ferrocement jackets with wire mesh at 0, 45, 60 degree angle with

longitudinal axis of beam, varies from 45.87 to 52.29 percent.

Also a considerable increase in energy absorption is observed for all orientations.
However, orientation at 45 degree shows higher percentage increase in energy absorption
followed by 60 and O degree respectively. However, the ductility ratio and energy
absorption capacity is highest in case of beams retrofitted wire mesh at 0 degree followed
by 45 degrees and 60 degrees.

The increase in ductility ratio and energy absorption of beams retrofitted using
ferrocement jacket having WWM at different orientations, as reinforcement are makesthe

retrofitted beams suitable for dynamic load applications.
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Xing et al. (2010) conducted an experimenta investigation of RC T-beams strengthened
with SWM embedded in polymer mortar overlay. Five one-third-scale simply supported
RC T-beams were tested in this study. Four-point bending flexural tests were conducted
up to failure on one control beam and on four strengthened beams with different load

histories.

For the strengthened T-beams, the SWM composites were bonded to the bottom and the
vertical sides of the web aong the full length of the beam (U-jacketing). Two steel wires
were placed at the bottom surface of each specimen for the tensile reinforcement, and
another two steel wires at aheight of 30 mm from the bottom were specified in the tension

zone. Details of strengthened beams are exhibited in Figure 2.24.
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Figure 2.24 Details of strengthened beams. (Source: Xing et a., 2010).

The test results indicated that the use of SWM composites is an effective means of
strengthening RC beams in flexure. The results demonstrate the feasibility of

rehabilitating and strengthening RC members with SWM composites and indicate that the
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ultimate strength of RC T-beams, strengthened with SWM composites, is almost the same
regardless of the load history at the time of strengthening. The researchers presented a
design procedure with aim to predict the flexural strength of T-beams strengthened with
SWM composites and a good agreement between experiment and predicted values was

achieved.

Mostos et al. (2011) investigated the shear strengthening of RC beams with high
performancejacket. The strengthening RC elements for increasing the bearing capacity
under shear actionsisan important issuein theretrofitting field. The researchers analyzed
apossibility of low thickness high performance jackets for shear strengthening purposes.

Thejackets are made with aHigh Performance Fiber Reinforced Concrete (HPFRC), with
or without an additional 2mm diameter steel-wire mesh.

The beam specimens have a length of 2.85 m and 200 x 450 mm section, as shown in
Figure 2.25.
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Figure 2.25 Beam geometry (Source: Mostos et al., 2011).

The beams were tested under a four point bending configuration, by adopting a steel
reacting frame. The beams were placed on roller steel supports with a span of 2.5 m. A
steel beam was placed between the jacket and the specimen in order to apply the load in
two points having a distance of 0.90 m. Thus the shear span ratio resulted equal to 1.90.
One beam was used as reference specimen while the other three beams were
strengthened by applying a high performance jacket . The summary of test specimensis
shownin Table2.1. Within the thickness of the jacket was placed awire mesh. Thismesh

is made of 2.05 mm diameter bent wires, assembled with a spacing of 25.4 mm.
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Table 2.1 Specimen characteristics.

Beam Cross . : Bond
Section Surface Thickness Material Properties Mesh Type
No
Lower Surface Reinforced - -
Un-reinforced | | ateral Surfaces No - -
beam Reinforced
Self .
Lower Surface 50 mm levalin No primer
J Welded
wire
Salf mesh U bent
Lateral Surfaces 50 mm . No primer
levelling
Lower Surface 50 mm Salf No primer
levelling P Welded
wire
Lateral Surfaces 50 mm thixotropic Epoxy mesh U bent
Beam D primer
Sl Welded
Lower Surface 50 mm . No primer wire
levelling
mesh U bent
toa
height of 20
aiea cm
Lateral Surfaces 30 mm thixotropic | No primer
Beam E on the
lateral
surfaces
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Test results clearly indicate that the application of the HPFRC jacket has provided an
increase of the maximum load of RC beams and an increase of its stiffness. In addition,
the proposed technique, which involves the use of self levelling and thixotropic material,

can be easily used in structural application for create the jacket.

For the beams D and B that have the same 50 mm jacket thickness the capacity increases
1.7 times, while if the jacket have a thickness of 30 mm on the lateral surfaces (beam E),

the maximum load increases 1.5 times.

Arote et al. (2014) conducted an experimental study on the effect of the use of different
types of wire mesh jacketing to the Plain Cement Concrete (PCC) beams. The
experimental work is mainly concerned with the study of flexural strength of concrete

by different types of wire mesh jacketing.

To carry out the investigation, there were two series. PCC beamswith one side wire mesh
other isthree side wire mesh PCC beams. For each series six beams (150mmx 150mm
X 700mm) in that three are of hexagonal openings and other isrectangular openings,

were cast as control specimens.

The results show that all the jacketed beams are failed in ductile manner, as the bending
stresses transmit from concrete to wire mesh which further increase aflexural strength and

improve overall behavior of concrete.

Also, the results show that flexural strength of beams that have one side of rectangular
wire mesh isincreased by 10.92% than that of beams that have one side of hexagonal wire
mesh and flexural strength of beams that have three side of rectangular wire mesh is
increased by 4.23% than beams that have three side of hexagonal wire mesh.

Qeshta et al. (2014) investigated the use of wire mesh—epoxy composite for enhancing
theflexural performance of concrete beams. A plain concrete beam was externally bonded
with wire mesh—-epoxy composite using one to five wire mesh layers. The flexural
performance of the beam specimens bonded with wire mesh layers was compared with
the beam specimens bonded with carbon fibre as well as a hybrid of wire mesh—epoxy-

carbon fibre composite.
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Concrete beam specimens with 100 mm width, 100 mm depth and 500 mm length were
used. The specimens were divided into three groups. Group A included specimenswith a
different number of wire mesh layers, group B included specimens bonded with carbon
fibre sheets of different widths and group C included specimens bonded with a hybrid of
two wire mesh layers and a carbon fibre sheet. All bonded materials had an equal length
of 270 mm.

All specimens were tested in four-point bending until failure at a span of 300 mm. Figure
2.26 shows the details of the test set-up. The two concentrated loads were applied at an
equal distance of 100 mm from the supporting rollers. The tests were carried out under
displacement control at a constant displacement rate of 0.05 mm/min. The mid-span
deflection was monitored by a Linear Variable Displacement Transducer (LVDT).
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Figure 2.26 Test set-up details (mm) (Source: Qeshta et al., 2014).

The test results show that the use of wire mesh with epoxy is an efficient way to improve
the flexural performance of concrete beam specimens. The increase in wire mesh layers
significantly enhances the flexural strength, cracking behavior and energy absorption
capability. In comparison with carbon fibre, wire mesh—epoxy composite is more efficient

in flexural strength and ductility.
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In addition, it was found that a concrete beam bonded with a hybrid wire mesh—epoxy—
carbon fibre composite has significantly more energy absorption capability compared to

specimens bonded with only carbon fibre.

Jaishankar and Prathima (2015) conducted a study about an experimental investigation
done on beam prototype made of RC overlaid by athin section of wire mesh over the main
reinforcement. Wire mesh is a form of reinforcement that differs from conventiona
reinforcement primarily by the manner in which the reinforcing elements are dispersed
and arranged. The well distributed and aligned reinforcement has made wire mesh to
behave like steel plates.

The experiment includes testing of 4 prototype beams under a static loading. The beams
were tested under the two point loading system. The maor parameters used were type of
mesh reinforcement, namely spacing and diameter of wire mesh used as an additional
reinforcement. These beams are compared with a control beam and with one another.
Three different kind of wire mesh used.

All the beams were rectangular cross section: width, depth and length of the beam were
100mm, 120mm, 200mm and 1000mm respectively.

Test resultsclearly indicatethat the use of wire mesh layersasan additional reinforcement
significantly enhances the flexural strength, cracking behavior and energy absorption

capability. Obtained results are compared with the control specimen.

Figure 2.27 shows the |oad-defl ection curves for beamstested. It can be observed that, the
ultimate strength increases up to 37% with the use of wire mesh. Compared to the control
beam, the peak load increased by 17%, 26% and 37% for beam W-1, W-2 and W-3
respectively. This shows that the beam has significant effect on spacing and diameter of
the rod. Rectangular wire mesh performed better than square type wire mesh.
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Figure 2.27 Load-deflection curve for beams. (Source: Jaishankar and Prathima, 2015).

The test results show that the use of wire mesh with closely spacing provides the
higher energy absorption capacity and flexural strength and decreases the crack width
among those concrete beam specimens. The results obtained from this work is expected
to be useful in determining the strength, energy absorption capacity and crack width.
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2.8 CONCLUDED REMARKS

Strengthening of RC structures is one of the most important tasks normally associated
with the maintenance of concrete structures. The aim of strengthening is to increase the
capacity of an existing structural element. A number of strengthening materials are
available in the market. These include normal concrete, sprayed concrete, ferrocement,
steel plate and FRP .etc.

Jacketing by RC and section enlargement may be the relatively easy and economic
strengthening method compared to attachment of an external steel, externa post-
tensioning, wrapping with FRP or externally bonded composite system. It effectively
increases the load carrying capacity, ductility and stiffness. However, the addition of
concrete and steel to repair beams increases the weight of beams. So, the lightweight

concrete may be considered as better applied when strengthening the beams.

Strengthening with concrete and steel rebar might lead to corrosion in beams. Hence,
section enlargement and concrete jacketing are limited to use in harsh environment and
the protecting corrosion is important work. The main advantages of jacketing can be
concluded as:

i.  Strengthening of RC beams by ‘jacketing’’ is a well-established and frequently

used technique. Jacketing is casting new RC shell around the damage member.

ii.  RC jacket has greatly increased the flexural capacity of beams cracked and failed
inflexura.

iii.  RC jacketing has greatly improved the cracking behavior of beams irrespective to
cracking condition before repair.

iv. Reinforced jacket increased, significantly, the flexura stiffness of the origina
beams resulting in less deflection under Service Load (SL).

v. Renforced jacket increased, significantly, shear strength by transverse fibre

reinforcement.
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vi.  Wiremeshisaform of reinforcement that differs from conventional reinforcement
primarily by the manner in which the reinforcing elements are dispersed and
arranged.

vii.  The previous studies show that the use of wire mesh with closely spacing
provides the higher energy absorption capacity and flexural strength and
decreases the crack width significantly.

viii.  There have been a few studies on the behavior of RC beams strengthened with
WWM including beam flexural and shearing tests.

iX. The main advantages of the WWM as materials and methods (Ajin and
Gokularm, 2015):

a. Higher characteristic design strength

b. Better bonding behavior

c. Better and economic crack fighting with tinny wires and nearer spacing.
d. Savings of labor, time and binding wire.

e. Flexibility of handling and placing

X.  From the literature review it is concluded that there are some disadvantages of
other strengthening techniques as follows:

a. The using of steel plates and external stirrups in external strengthening
suffered from corrosion.

b. The main obstacles of widespread of FRP are the high cost and lack of
confidence in long term durability.

c. Themain obstacles of widespread of span shortening and addition of steel
sections are the architectural restrictions such as spaces, heights and the
aesthetic view.

A few studies have been carried out on flexura strengthening of RC beams using
externally bonded WWM but still the structural performance of WWM strengthened
beams not be fully understood. The present study therefore explores the prospect of
structurally strengthening of RC beams using SCC jacketing with externaly bonded
WWM.

41



3

CHAPTER
TEST PROGRAM

42



CHAPTER 3

TEST PROGRAM

3.1 INTRODUCTION

The literature review indicated that limited research has been carried out on strengthening
of RC beams using WWM jacketing.

Very limited research has been conducted on the effects galvanized steel WWM on
flexural behavior of RC members. The use of WWM as external reinforcement is a
promising and recently developed technique for strengthening and rehabilitation projects
(Xing et al., 2010).

In particular, the cost factor isthe more important (Huang et al., 2006). WWM embedded
in mortar overlays are less expensive composites than those which are currently

considered for applicationsin civil engineering, such asfor bridge and building repairs.

This research presents the experimental investigations of the structural behavior of
RC beams. The strengthening technique that was used section enlargement using SCC
reinforced with WWM. Different mechanical bonding techniques were also investigated,
In addition, the flexural behavior of beams in general is briefly examined.

Section enlargement for reinforced concrete members can be defined as a method
of strengthening and rehabilitations for any RC member by increasing the section’s
dimensions and adding additional reinforcement, taking into consideration the adequate
type of bonding to ensure the compatibility between old and repaired sections (PM FSEL
Report, 1991).

The use of SCC facilitate this type of strengthening due its good workability, passing
ability and remarkable filling make SCC a reliable materia for the strengthening of
concrete members particularly the RC beams. Further SCC flows through congested
reinforcements without causing honeycombing or vacuums in the concrete element or any

discontinuity at the interface between concrete substrate and new concrete.
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3.2 DESCRIPTION OF TEST PROGRAM

An experimental test program consisted of designing, constructing, strengthening and
testing for flexural and shear of eighteen RC beams was carried out using SCC, which are
tested under static loading condition. The test program consist of two groups divided

according to the mesh properties based on mesh opening and nominal diameter.
3.2.1. Test Program Aim and Objectives

The aim of the undertaken research is to prove the possibility of strengthening existing
RC beams using SCC U — jacketing. An experimental test program was designed to

reach the purposed research objectives, which are:

To design and construct small scaled RC beams.
. To strengthen the RC beams using section enlargement (U-Jacketing).

a
b
c. To apply the strengthening of these beams using the SCC and WWM.
d. To usedifferent type of mechanical bonding techniques.

e. Toinvestigate the flexural behavior of the strengthened beams.

f. To comparethereal lab results with the theoretical analysis results.

To reach the best type of bonding between the strengthened beams and original beams.

> @

To investigate the bonding between the two layers.

3.2.2. Design of Original Beam Specimens Accordingto ACI 318-14

In this test program the main beam dimension are 1200 mm in length and 100 x 150 mm
in cross section of rectangular beams as shown in Figure 3.1. The beams had a shear span
to depth ratio 3.49, i.e. normal size beams, it is possible to study both the shear and the
flexural strengths of the test beams.
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Figure 3.1 Main section geometry (All dimensions arein mm).

These beams were designed according to the (ACI 318-14). A nominal bending moment
Mn=8.186 KN.m was calculated. All design limitationsto prevent shear failure according

to the code were considered using @6 mm stirrups @ 50 mm.

3.3 DESIGN OF TEST PROGRAM

The test program was carried out using eighteen beams which are tested under static
loading condition. Eleven out of them were strengthened using U-jacketing technique to
improve the structural behavior particularly the flexural strength, the beams were tested
as simply supported beams subjected to two concentrated point loading. Seven beams
were used as control beams. Three out of these six beams were acted as control beams
without jacketing have a cross section 100 x 150 mm to investigate UL in KN. The other
four control beams were casted monolithically with different WWM properties; so that
the final enlarged cross section is 160 x 200 mm. Table 3.1 illustrates the test program.

3.3.1. Main Test Parameter
The strengthened specimens are divided into two groups based on two parameters. The
first is the method of anchorage of WWM to concrete substrate which have three types

which are dowels, expansion bolts and roughed the beams without anchors. The other

parameter is the mesh properties based on mesh opening and nominal diameter.
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3.3.2. Design for Laminar Shear

Steel-to-concrete or concrete-to-concrete connections can be accomplished through the
use of severa types of anchorage systems. In this research strengthened beams have been
done using three method of anchorage, the first oneis using of an expansion boltsthat are
used as shear connectors. Holes with a specific diameter at the required spacing are to be
drilled into the beams to a depth of about 50 mm, then the WWM assembled and the
expansion bolts will be secured into the drilled holes. The second method is using of
deformed steel bars 8mm diameter as shear connectors. Holes at the required spacing are
to bedrilled into the beams to a depth of about 50 mm and hardened by epoxy resin. Then
the WWM assembled. The last method is installing the WWM on a roughed surface of

the specimen without anchors.

The laminar shear is developed between two concrete layers of the main and strengthened
beams. Laminar shear has been resisted only by roughening the surface and anchors. The
shear capacity of the anchors is calculated according to REHABCON ANNEX |
strengthening with RC specifications see Appendix D.

A certain number of required anchors made from 8 mm steel deformed bar with length of
75 mm are to be bonded using epoxy resin for the beams which bonded with anchors
distributed according to their own category. Figure 3.2 shows the distribution of anchors

along the entire interacted surface.

A certain number of required anchors made standard stud anchor — (HSA M8 35/25/-)
Hilti type for the beams which bonded with anchors distributed according to their own
category. Figure 3.3 shows the distribution of anchors along the entire interacted surface.
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Figure 3.2 Distribution of 8 mm steel deformed bar anchors.

Figure 3.3 Distribution of (HSA M8 35/25/-) Hilti type anchors.
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Table 3.1 Characteristics of the control beams and strengthened beams.

All beam specimens will be preloaded up to 30 % of Pu (UL of Control Beam)

Longitudinal

No Beam Descrintion bxh a/d Reinforcement Stirrups | Strengthening |  Bonding Mesh
"| Name P mm X mm U Bottorn @ mm Tech. Mechanism | Diameter | Open
P (mm) (mm)
1 |C.BO Control beam over reinforced in
2 | CBl | shear to examine flexural 100x 150 | 349 |2®6mm | 2010mm | P6@50 - - - -
3 |CB2 | capacity
4 | MAB1 s Monolithic
T - V“ci‘t’ﬁ‘mgclcontro' beam casted | 46 200 | 248 | 206mm | 2010mm | d6@S0 i Casting 350 | 25x25
6 | MB.B1 s Monolithic
B p— \')v"i‘;’rr]‘?:]'g'fzcon”c" beam casted | 166y 200 | 248 | 206mm | 2010mm | ®6@50 i Casing | 550 |50x50
8 | GA.B1 | Beam with U jacketing have an Expansion
9 | GA.B2 | expansion bolts (Group A) 160x 200 | 248 | 206mm | 2010mm | P6@50 % Bolts 3.50 25 x 25
10 | GA.B3 | Beam with U jacketing have =
11 | GA.B4 | dowel (Group A) 160x 200 | 2.48 |206mm | 2®10mm | P6@50 % Dowels 3.50 25x 25
12 | GA.BS | Beamwith U jacketingwith | 16 500 | 248 | 206mm | 2010mm | 06@50 O Roughening | 350 | 25x 25
13 | GA.B6 | roughened surface (Group A) ' Lcn) g g .
14 | GB.B1 ith U jacketi < i
Beam with U jacketing havean | ;¢\ 506 | 248 | 206mm | 2010mm | ©6@50 = Bxpanson | 55y | 5050
15 | GB.B2 | expansion bolts (Group B) = Bolts
2
1 B.B ' ' i =
6 | GB.B3 | Beamwith U jacketinghave | 15 50 | 248 | 206mm | 2010mm | 06@50 B Dowel 550 | 50x 50
17 | GB.B4 | dowe (Group B) E
18 | GB.B5 | BEAMWith Ujacketingwith | 155 500 | 248 | 206mm | 2010mm | d6@50 - Roughening | 550 | 50x 50
' roughened surface (Group B) ' :
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3.3.3. Description of Control Beams

There are two types of control beams the first one have original sample section which is
100 x 150 x 1200 mm in dimension, and provided with flexural and shear reinforcement.
The other type of control beam is the monolithically casted control beams that have 160
x 200 x 1200 mm in dimension and provided with flexural and shear reinforcement in
addition to WWM. The main goal of control beams is to make a comparative study of
the values obtained from the control beams with the values obtained from the

strengthened specimens.

3.3.3.1. Original Control Beam (CBO, CB1, CB2)

Semi full-scale tests are performed on 1200 mm long beams with a depth of 150 mm and
awidth of 100 mm as shown in Figure 3.4. Three beams were casted and reinforced
with two bottom longitudinal reinforcement (®= 10 mm), two top longitudinal
reinforcement (®= 6 mm) and stirrups at the beam ends, having a diameter of 6 mm
and a spacing of 50 mm. The bars are hooked at 90 degree to insure a good bonding and
to avoid dlipping out during loading. The beams were casted with concrete having a

nominal cylinder compressive strength of 35 MPa.
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¥ a=450 150 C.B (0, 1and 2)
206
206
( ] g 9 6 @ 50mm
20 10 -
2010

: ; 100
75 | 1050 | 75

P/2 1200 P/2

Figure 3.4 CBO, CB1 and CB2 geometry (dimensions are given in mm).
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3.3.3.2. Monalithic Control Beam (MA.B1, MA.B2)

The monoalithic control beams (MA.B1 and MA.B2) cross section is 1200 mm in length and
160 x 200 mm in cross section of rectangular beams as shown in Figure 3.5. The beams
had a shear span to depth ratio 2.48, i.e. normal size beams, it is possible to study both the
shear and the flexural strengths of the test beams. Two beamswere casted and reinforced
with two bottom longitudinal reinforcement (®= 10 mm), two top longitudinal
reinforcement (®= 6 mm) and stirrups at the beam ends, having a diameter of 6 mm
and a spacing of 50 mm. Also this beams were strengthened using WWM which consist

of 3.5 mm wire diameters and 25 mm mesh opening.

The beams were casted with concrete having a nominal cylinder compressive strength of
35 MPa.

Ordinary Concrete Closed Stirrup
J 6mm@S50mm
L
T Ve N
¢ 15—
§ [ ] 2@10 (]
. .A. .
L . Galvanized Steel Welded Wire Mesh
o @3.5mm with 25 mm x 25 mm opening
e . ° °
" 0

Figure 3.5 Monolithic beams MA.B1 and MA .B2 cross section (mm).
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3.3.3.3. Monalithic Control Beam (MB.B1, MB.B2)

The monolithic control beams (MB.B1 and MB.B2) cross section is 1200 mm in length and

160 x 200 mm in cross section of rectangular beams as shown in Figure 3.6. The beams

had a shear span to depth ratio 2.48, i.e. normal size beams, it is possible to study both the

shear and the flexural strengths of the test beams. Two beamswere casted and reinforced

with two bottom longitudinal reinforcement (®= 10 mm), two top longitudina

reinforcement (®= 6 mm) and stirrups at the beam ends, having a diameter of 6 mm

and a spacing of 50 mm. Also this beams were strengthened using WWM which consist

of 5.5 mm wire diameters and 50 mm mesh opening. The beams were casted with concrete

having anominal cylinder compressive strength of 35 MPa.
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Figure 3.6 Monoalithic beams MB.B1 and MB.B2 cross section (mm).
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3.3.4. Description of First Group Beam Specimen (Group A)

After the pre-loading stage, the original specimens were strengthened using relatively thin
reinforced jacket made of SCC reinforced with WWM. Group A contained jacketing the
original beam by SCC using structural expansion anchors, steel reinforcement dowels as
shear connectors and surface roughening to improve the bond between the substrate and
the SCC. The reinforcement of the jackets consists of 3.5 mm of 25 mm opening
gavanized WWM straight and U-formed shapes.

Jackets encased the bottom width with 50 mm SCC and both vertical sides of the original
beams (U-formed jacketing) with 30 mm SCC, thus the fina cross section dimension of
jacketed beams will be 160 x 200 mm, and also all beams have the same overal length
1200mm and load arrangement.

The beams had a shear span to depth ratio 2.48, i.e. normal size beams, it is possible to

study both the shear and the flexural strengths of the test specimens.

3.3.4.1. Beams GA.B1 and GA.B2

As mentioned before the original specimens were strengthened using relatively thin
reinforced jacket made of SCC reinforced with WWM. Jackets encased the bottom width
with 50 mm SCC and both vertical sides of the original beams with 30 mm SCC. The
strengthened beams (GA.B1 and GA.B2) cross section is 1200 mm in length and 160 x

200 mm in cross section of rectangular beams as shown in Figure 3.7.

The beams (GA.B1 and GA.B2) strengthened with jackets consist of 3.5 mm of 25 mm
opening as reinforcement and Hilti structural expansion anchors to prevent inter laminar
shear between the concrete substrate and SCC jacket.

A certain number of required Hilti shear connectors has been determined as detailed in
Appendix D.
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Figure 3.7 Strengthened beams GA.B1 and GA.B2 cross section (mm).

3.3.4.2. Beams GA.B3 and GA.B4

The strengthened beams (GA.B3 and GA.B4) are the same as the beams (GA.B1 and
GA.B2) in cross section, overall length, jacketing scheme, jacketing reinforcement and
thicknesses except the adhesi on between substrate and the new concrete was ensured using

@8 mm shear connectors.

The beams (GA.B3 and GA.B4) strengthened with jackets consist of 3.5 mm of 25 mm
opening as reinforcement and deformed @8 mm steel reinforcement dowels to prevent

inter laminar shear between the concrete substrate and SCC jacket as shown in Figure 3.8.

A certain number of required 8 mm shear connectors has been determined as detailed in

Appendix D.
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Figure 3.8 Strengthened beams GA.B3 and GA .B4 cross section (mm).

3.3.4.3. Beams GA.B5 and GA.B6

The strengthened beams (GA.B5 and GA.B6) are the same as the beams (GA.B1 and

GA.B2) in cross section, overal length, jacketing scheme, jacketing reinforcement and

thicknesses except the adhesi on between substrate and the new concrete was ensured using

surface roughening as shown in Figure 3.9. The beams (GA.B5 and GA.B6) strengthened

with jackets consist of 3.5 mm of 25 mm opening as jacketing reinforcement.

The choice of surface treatment is related to the fact that, using grinding with rotating

lamella to roughen concrete, can create a highly rough surface. Also, this treatment is

mostly for economic reasons, common practice in many countries, and can be operated by

unskilled |abor.
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Figure 3.9 Strengthened beams GA .B5 and GA.B6 cross section (dimensionsin mm).

3.3.5. Description of Second Group Beam Specimen (Group B)

After the pre-loading stage, the original specimens were strengthened using relatively thin
reinforced jacket made of SCC reinforced with WWM. Group B contained jacketing the
origina beam by SCC using structura expansion anchors, steel reinforcement dowels as
shear connectors and surface roughening to improve the bond between the substrate and
the SCC. The reinforcement of the jackets consists of 5.5 mm of 50 mm opening
galvanized WWM straight and U-formed shapes.

Jackets encased the bottom width with 50 mm SCC and both vertical sides of the original
beams (U-formed jacketing) with 30 mm SCC, thus the fina cross section dimension of
jacketed beams will be 160 x 200 mm, and aso al beams have the same overal length
1200mm and load arrangement. The beams had a shear span to depth ratio 2.48, i.e. normal
size beams, it is possible to study both the shear and the flexural strengths of the test

specimens.
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3.3.5.1. Beams GB.B1 and GB.B2

The strengthened beams (GB.B1 and GB.B2) cross section is 1200 mm in length and 160
x 200 mm in cross section of rectangular beams as shown in Figure 3.10. Jackets encased
the bottom width with 50 mm SCC and both vertical sides of the original beams with 30
mm SCC.

The beams (GB.B1 and GB.B2) strengthened with jackets consist of $5.5 mm of 50 mm
opening as reinforcement and Hilti structural expansion anchors to prevent inter laminar
shear between the concrete substrate and SCC jacket.

A certain number of required Hilti shear connectors has been determined as detailed in
Appendix D.

Ordinary Concrete

SCC jacket

Closed Stirrup
& 6mm@S0mm

9.5

10—

150
S ———

Staggered & 8mm Expansion
anchors HILTT Standard stud

anchor (HSA M8 35/25/-) type

Galvanized Steel Welded Wire Mesh
35.5mm with 50 mm x 50 mm opening

50

%,

K—30 100 30—

160

Figure 3.10 Strengthened beams GB.B1 and GB.B2 cross section (mm).
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3.3.5.2. Beams GB.B3 and GB.B4

The strengthened beams (GB.B3 and GB.B4) are the same as the beams (GB.B1 and
GB.B2) in cross section, overall length, jacketing scheme, jacketing reinforcement and
thicknesses except the adhesi on between substrate and the new concrete was ensured using

@8 mm shear connectors.

The beams (GB.B3 and GB.B4) strengthened with jackets consist of 5.5 mm of 50 mm
opening as reinforcement and deformed @8 mm steel reinforcement dowels to prevent
inter laminar shear between the concrete substrate and SCC jacket as shown in Figure
3.11. A certain number of required 8 mm shear connectors has been determined as
detailed in Appendix D.
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Figure 3.11 Strengthened beams GB.B3 and GB.B4 cross section (mm).
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3.3.5.3. Beam GB.B5

The strengthened beam (GB.B5) is the same as the beams (GB.B1 and GB.B2) in cross

section, overall length, jacketing scheme, jacketing reinforcement and thicknesses except

the adhesion between substrate and the new concrete was ensured based on surface

roughening using grinding with rotating lamella as shown in Figure 3.12. The beam

(GB.B5) strengthened with jackets consists of 5.5 mm of 25 mm opening as jacketing

reinforcement.
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Figure 3.12 Strengthened beams GB.B5 cross section (mm).
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CHAPTER 4

LABORATORY WORKS

4.1 INTRODUCTION

Laboratory works are presented in this chapter. A planned experimental work was carried
out, in order to reach the research main objectives. After preparing the research’s
materials, all experimental work and testing took place at the Islamic University of Gaza
(IUG) Lab.

4.2 MATERIALSTO BE USED BEFORE JACKETING

4.2.1. Cement

Ordinary Portland cement (CEM II/AM-SVL 42.5N) grade was used in this study as
shownin Figure 4.1.

The Physical properties of cement was shown in Table 4.1.

Figure 4.1 Cement II/AM-SLV 42.5N.
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Table 4.1 Physical properties of cement.

Properties Cement ASTM Requirements
Density (Kg/m®) 2960 ASTM C188-87
Fineness (cm?/gm.) 3500 ASTM C150-95 Min. 2800
Vicat set
times(hr:min) ASTM C150-95
Initial 2:30 > 45 min
Final 5:00 <375 min

Mortar Compressive
Strength ( N/mm?)at

ASTM C150-95
2 days o5 ~10
28 days 58 >42.5
4.2.2. Water

Potable tap water with PH of 7.1 was used for the experimentation and for the curing
process.

4.2.3. Coarse Aggregate

According to the local market surveying, three types of coarse aggregate were found.

Table 4.2 illustrates the sieve analysis and the properties of these types.
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Table 4.2 Coarse aggregate types, sieves and properties.

- Type(1) Type(2) Type(3)
Sample Description Foulia Adasia Simsimia
Sieve Size (mm) % Passing % Passing % Passing
25 100.00 100.00 100.00
19 51.95 100.00 100.00
125 0.00 62.85 100.00
9.5 0.00 21.51 94.91
4.75 0.00 0.00 27.53
2.00 0.00 0.00 4.78
1.18 0.00 0.00 3.88
0.6 0.00 0.00 3.55
0.3 0.00 0.00 2.63
0.15 0.00 0.00 0.85
0.075 0.00 0.00 0.00
Pan 0.00 0.00 0.00
Dry Unit Weight (Kg/m3) 1430.20 1451.20 1597.80
Dry Specific Gravity 2461 2.539 2.501
Saturated Specific Gravity 2.552 2.607 2.593
Absorption (%) 3.693 2.696 3.697

To achieve the ASTM C33-03 standard requirements for coarse aggregate, a mix design

of these three types was prepared as shown in Table 4.3 and Figure 4.2.
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Table 4.3 Coarse aggregate sieve and analysis according to ASTM C33-03

Aggregate Type Type (1) Foulia | Type (2) Adasia | Type(3) Simsimia
% Percent 21.2121 48.4848 31.3030
Coarse ASTM C33-03
Sample Description Aggregate — :
Mix of the Minimum Maximum
threetypes
Sieve Size (mm) % Passing % Passing % Passing
25 100.0 100.0 100.0
19 90.00 90.0 100.0
125 60.78 40.0 72.0
9.5 39.19 20.0 55.0
4.75 8.342 0.0 10.0
2.00 1.448 0.0 5.0
1.18 1.176 0.0 3.0
0.60 1.076 0.0 3.0
0.3 0.797 0.0 2.0
0.15 0.258 0.0 2.0
0.075 0.0 0.0 10
Dry Unit Weight (Kg/m3) 1491.07
Dry Specific Gravity 251
Saturated Specific
Gravity 2.591
Absorption (%) 3.21
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Sieve Analysis (Coarse Aggregate)
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Figure 4.2 Coarse aggregate sieve analysis according to ASTM C33-03 limitation.

4.2.4. Fine Aggregate

According to the local market surveying, dune sand type were found, Table 4.4 illustrates

the sieve analysis and the properties of this material.

Fine Aggregate (Sieve Analysis)
120.00
100.00 \ 4 4 @
80.00
(@]
_C
2 6000
o
S
40.00
20.00 //
0.00 - ﬂ/
0.01 0.1 1 Dearedtion 10
—o— |
Sieve Size (mm) =

Figure 4.3 Fine aggregate sieve analysis.
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Table 4.4 Fine aggregate sieve and analysis

Sample Description Dune Sand
Sieve Size (mm) % Passing
4.r5 100.00
200 100.00
118 100.00
0.6 100.00
0.3 17.46
0.15 0.58
0.075 0.15
Pan 0.00
Dry Unit Weight (Kg/m3) 1634.93
Dry Specific Gravity 2.629
Saturated Specific Gravity 2.642
Absorption (%) 0.51
Fineness Modulus 1.82

4.2.5. Concrete Mix Design

A concrete mix was designed to obtain 28-day compressive strength fc’=35 MPa, 25-100
mm slump, aMaximum Size of Aggregate (MSA) of 19 mm, and w/c ratio of 0.50.

Table 4.5 illustrates the mix design proportions for each cubic meter of concrete. While
Table 4.6 reports the results of trail sample concrete cubes to check up the compression
strength results as shown in Figure 4.4.
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Table 4.5 Mix design proportion for each cubic meter of concrete.

No. | Material Type | Weight (Kg)/ m3 Notes
1 Cement 350 (CEM 1lI/AM-SVL 42.5N)
2. Water 175 Potable tap water
Coarse aggregate consist of the following
proportions according to Table 4.3:
3 | Coarse 1197.90
' Aggregate ' a. 254.10 (Kg) Typel (Foulia)
b. 580.80 (Kg) Type 2 (Adasia)
c. 363.00 (Kg) Type 3 (Simsimia)
4. Fine Aggregate 616.60 Clean dune sand

Table 4.6 Sample concrete cubes compression strength resullts.

_ _ Cylinder

Dimension (mm) Weight 28days | Cube | gress(MPa) | Slump

No. (gm) Failure | Stress
: : gm. (KN) | (MPa) (80% Cube (mm)
Length | Width | High Stress)*

1 100 101 103 2531 521.32 | 51.62 41.29
2 100 100 103 2474 457.81 | 45.78 36.62 35
3 101 101 100 2448 47854 | 47.38 37.90
Avg. | 100.33 | 100.67 102 2484.33 | 485.89 | 48.26 38.607 35

* The cylinder stress equal 80 % of the cube stress theoretically.
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Figure 4.4 IUG Lab compressive strength test machine.
4.2.6. Steel Reinforcement Bars

The steel reinforcing bars used for the construction of the beams consisted of 6
mm diameter steel bar were used for both stirrups and secondary top reinforcement. 10
mm diameter steel bar were used for main bottom reinforcement. Samples from the 10
mm reinforcing bars were tested using the standard tension test as shown in Figure
4.5, an average yielding strength of 444.70 MPa.

Ultimate strength of 689.90 MPa and 18.33 % average elongation were obtained as
illustrated in Table 4.7. Samples from the 6 mm reinforcing bars were tested using
the standard tension test, an average ultimate strength of 749.51 MPa and 18.00 %
average elongation were obtained asillustrated in Table 4.7.
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Table 4.7 Sted reinforcement bars test results.

g(;reni nal Sec(::;ioofal Qr?legs ;Jtlrti;nsate % Bendi ngo Re- bendoi ng

(mm) (er?% (MPa) | (MPa) Elongation | T€st(90) | Test (20))
10.30 83.32 440.10 | 689.90 18.50 Pass Pass
10.20 8171 | 452.00 | 689.90 20.00 Pass Pass
10.30 83.32 442.00 | 689.90 16.50 Pass Pass
5.90 27.34 - 731.24 17.50 Pass Pass
5.90 27.34 - 767.80 18.50 Pass Pass
5.90 27.34 - 749.50 18.00 Pass Pass

Figure 4.5 UG lab. standards tensile strength test machine.

4.3MATERIALSTO BE USED FOR ENLARGED SECTION (JACKETING
MATERIALS)

4.3.1. Expansion Screws (Anchor Bolts)

Steel to concrete or concrete to concrete connections can be accomplished through the use
of severa types of anchorage systems. Anchorage to concrete is well-known and has
detailed design procedures such as (ACI 318-14, Appendix D), Anchor bolts play amain
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role in reaching to fully composite action, Also to prevent the inter-laminar shear failure
between concrete substrate and SCC jacketing. The expansion screws (standard stud
anchor - HSA M8 35/25/-) Hilti type has been used in this research as shown in Figure 4.6
and For further information about these material specifications and instructions you can

see Appendix A.

Figure 4.6 Hilti standard stud anchor (HSA M8 35/25/-).

This anchor bolts provides a positive anchorage between two concrete parts, a certain

number of required anchors has been determined as detailed in Appendix D.

Any fewer than this number may permit occurrence of some sippage between the two

concrete layers.

4.3.2. Shear Connectors (@8mm)

The steel reinforcing bars used for construction were used as shear connectors consisted
of deformed 8mm diameter steel bars. Sample from 8 mm diameter reinforcing bars with
weight of 180g and length of 47.5mm was tested using the standard tension test,
yielding strength of 676.41 MPa with an ultimate strength of 835.56 MPa and 16%
elongation were obtained. A certain number of required anchors has been determined as
detailed in Appendix D. Any fewer than this number may permit occurrence of some
slippage between the two concrete layers.
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4.3.3. Chemical Adhesive (EPICHOR 1768)

EPICHOR 1768 is two component solvent free clear epoxy product, Part A (Resin) and
Part B (Hardener) as shown in Figure 4.7, can be mixed with graded sand to be used as a
fixing dowels in concrete and repairing mortar, it has quick initial setting time and has
thyrotrophic effect, thus suitable for fixing steel dowels to concrete especially to soffits
and vertical surfaces which ensures monolithic behavior with concrete. Delivered from

YASMO MISR Company of Egypt. For further information see Appendix A.

Figure 4.7 EPICHOR 1768 chemical adhesive.
4.3.4. Galvanized Steel WWM

WWM are introduced to enhance the overall performance of RC beams, it has many
advantages, such as high strength to weight ratio, crack resistance, ductility, durability and
high degree of toughness.

WWM comprises of a smooth galvanized steel wires with 3.5 mm and 5.5 mm nominal
diameter, with spacing 25x25 and 50x50 mm respectively, Spot welding was used, and
the yield strength in average 203.63 MPa and 270.72 MPa respectively. Stress strain
diagram of WWM were measured as shown in Figure 4.8 and Figure 4.9 for both wire
diameters.
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Stress-Strain Diagram ( @ 5.5mm) wire
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Figure 4.8 Stress strain curve of (5.5 mm) wires (a) 1% wire, (b) 2" wire.
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Stress-Strain Diagram (@ 3.5mm) wire
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Figure 4.9 Stress strain curve of (@3.5 mm) wires (a) 1% wire, (b) 2" wire.

Samples from the 5.5 mm wires were tested using the standard tension test, an
average ultimate strength of 421.42 MPa and 6.42 % average elongation were obtained,
in other hand as samples from the 3.5 mm wires wereaso tested using the standard
tension test, an average ultimate strength of 261.82 MPaand 8.20 % average elongation
were obtained asillustrated in Table 4.8.

Table 4.8 Galvanized steel wires test results.

Yield
Specified | Nomina Sei;osrsl | Yied | Sres @ Juitmae| | Bending
Size Size Aren | Stress offset Stress | 0(;]9_ Test
(mm) (mm) (mm?) (MPa) 0.2% (MPa) (90°)
(MPa)
5.50 5.65 25.07 262.34 300 418.63 6.00 Pass
5.50 5.65 25.07 279.10 320 424.20 6.84 Pass
Average 5.65 25.07 270.72 310 421415 | 6.42 Pass
3.50 3.50 9.62 203.63 248 276.36 457 Pass
3.50 3.50 9.62 203.63 232 24727 | 11.84 Pass
Average 3.50 9.62 203.63 240 261.815 | 820 Pass

4.3.5. Resistive Spot Welding

Wikipedia (2015) reported that Resistive Spot Welding (RSW) is a process in which
contacting metal surfaces are joined by the heat obtained from resistance to electric
current. RSW is one of the oldest of electric welding processin use by industry today. The
weld is made by a combination of heat, pressure and time.

Asthe nameresistance welding implies, it is the resistance of the material to be welded to
causes current to flow and localized heating in the part. The pressure exerted by the tongs
and electrode tips, through which the current flows, hold the partsto be welded in intimate
contact before, during and after the welding current time cycle.
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The required amount of time to current to flow in the joint is determined by material
thickness and type, the amount of current flowing and the cross-section area of thewelding
tip contact surfaces. Figure 4.10 is schematic diagram that illustratesthe principle of RSW.

|'t>'\\‘ l

Tong

Elecirle

Wekl

AC Power Supply

HMectrode

Tong

Force T

Figure 4.10 Schematic diagram of RSW. (Source: Spot Welding, 2015)
43.6. SCC

SCC is defined by European Federation of National Trade Association (EFNARC)
“concrete that is able to flow and consolidate under its own weight, completely fill the
formwork even in the presence of dense reinforcement, whilst maintaining homogeneity
and without the need for any additional compaction” (EFNARC, 2005).

Figure 4.11 shows that how far can SCC flows under its own weight and does not require

any external vibration for compaction.
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Figure 4.11 Self-Compacting Concrete. (Source: Technical Bulletin, 2005, P1)

Good workability, passing ability and remarkablefilling make SCC areliable material for
the rehabilitation of concrete members particularly the RC beams. Further SCC flows
through congested reinforcements without causing honeycombing or vacuums in the
concrete element or any discontinuity at the interface between concrete substrate and new

concrete.

To adjust these properties chemical admixtures in SCC are a synthetic high-range water
reducer (Superplasticizer) and a Viscosity Modifying Admixture (VMA) must be used.
These more admixtures commonly used together (Yang F., 2004).

Dueto the lack of spacein the jacket; the enlarged part of the specimens should have high
strength, shrinkage offset, high fluidity and small diameter aggregates which is satisfied
in SCC experimentally and practicaly.

SCC consists of these main materials: coarse aggregates, fine aggregates, cement, and
water, high-range water reducing admixture (Superplasticizer) and Stone powder (finely

crushed limestone) as mineral admixture.

4.3.6.1. Cement

Ordinary Portland cement (CEM [I/AM-SVL 42.5N) grade was used in preparation of
SCC .The physical properties of cement was shown in Table 4.1.
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4.3.6.2. Water

Potable tap water with PH of 7.1 was used for the experimentation and for the curing

process.

4.3.6.3. Fine Aggregate

According to the local market surveying, dune sand type were found, Table 4.4 illustrates

the sieve analysis and the properties of this material.

4.3.6.4. Coarse Aggregate

Aggregate is relatively inexpensive and strong making materia for concrete. It is treated
customarily as inert filler. For producing SCC, selection of very strong aggregate with
rough texture is significantly more important the crushed basalt (coarse aggregate). The
nominal size ranges from 2 to 9 mm as shown in Figure 4.12.

Figure 4.12 Coarse aggregate (crushed basalt) ranges from 2-9 mm.

The density of the aggregate, water content, absorption and unit weight are required in
mix proportions to establish weight volume relationships. Table 4.9 shows the physica
properties of basalt according to ASTM standards.
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Table 4.9 The physical properties of basalt.

Coarse Unit Weight | ynit we
oht | water :
Aggregate | SG | SG Absorption
_ (Kg/m3) (Kg/m3) Content
size (Basalt) | (Dry) (SSD) (%) (%)
(mm) (Dry) (SSD)
2-9 3.03 | 3.07 3053 3076 0.55 21

4.3.6.5. High Range Water Reducing Admixture (Sika ViscoCrete 5920)

Sika ViscoCrete -5920 is a third generation super plasticizer for concrete and mortar
(Figure 4.13). It meets the requirements for super plasticizers according to ASTM-C- 494
Types G and F and BS EN 934 part 2: 2001.

Figure 4.13 Sika Viscocrete 5920 (Superplasticizer) used in SCC preparation.

Superplasticizer is an essential component of SCC to provide the necessary workability
and improves the properties of fresh and hardened concrete. This plasticizing effect can
be used to increase the flowability (resulting in highly reduced placing and compacting
efforts), reduce energy cost for stream cured precast el ements, improve shrinkage and
creep behavior, aso it reduce the rate of carbonation of the concrete and finally improve
water impermeability. For further information about these repair material specifications
and instructions you can see Appendix A.

77



4.3.6.6. Mineral Admixture

Locally available fine crushed limestone powder (LP) is used as partial cement
replacement material as mineral admixture in SCC. Due to the specia rheological
regquirements of SCC finely stone powder crushed limestoneis used to increase the amount

of powder, the fraction less than 0.075 mm.

The Superplasticizer is necessary for producing a highly fluid concrete mix, while the
powder materials or viscosity modifying agents are required to maintain sufficient
stability/cohesion of the mix, hence reducing bleeding, segregation and settlement
(Beeralingegowda and Gundakalle, 2013). As an increase in cement content leads to a
significant rise in material cost and often has other negative effects on concrete properties
(e.g., increased thermal stress and shrinkage, etc.), the requirement for increased powder
content in SCC is usually met by the use of pozzolanic or less reactive filler materials.
These may include pulverized fuel ash, granulated ground blast Furnace slag, lime stone

powder and others. LP is produced as by-product of limestone crushers.

4.4 EXPERIMENTAL WORKS

4.4.1. Preparing of SCC

Series of tests were carried out on the concrete cubes to eval uate the fresh and hardened
properties of SCC. Thefirst step in the mix design comprises developing five trial mixes
to obtain the best mix of SCC.

Table 4.10 shows the mix composition for one cubic meter components of the best mix
design of SCC which satisfied (EFNARC, 2005) guidelines.
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Table 4.10 Mix proportions of SCC and the acceptance criteriaof EFNARC 2005

. . SCC EFNARC 2005
Mix Constituents Compositions Requirements”
Powder content = (Cement +LP) (Kg/m®) 550.00 380-600
Pastevolume ™ (Liter/ m®) 384.07 300-380
Free water (kg/m3)=(liter/ m®) 151.47 150-210
Basalt coarse aggregate (Kg/ m®) 868.85 750-1000
Basalt coarse aggregate (Liter/ m®) 285.70 270-360
Aggregate (% total weight of Aggregate) 48.17 48-55 %
Fine aggregate (Kg/ m®) 894.26 -

Fine aggregate (Liter/ m°) 330.22 -
(Water/Powder) by volume 0.89 0.85-1.10

* These proportions are in no way restrictive and many SCC mixes will fall outside this range for one or more
constituents.
** Paste Volume (Liter/m3) =) Volume ( Cement, water, Superplasticizer and the LP)

The mixing procedure for SCC included the following steps:

i.  Addingal quantity of Superplasticizer (100 %) to the mixing water, then mix them
manually with stedl rod.
ii.  Placing the dry materials (cement and the fine crushed limestone powder), then
mix them manually with trowel.
iii.  Placing fine aggregate with coarse aggregate in the mixer pan, and mixing for 1
minute.
iv.  Adding 35 % of water (with Superplasticizer) to the aggregate in the mixer pan,
and mixing for 2 minutes.
v. Adding the dry material (cement and mineral admixture) to the placing fine and
coarse aggregate in the mixer pan, and mixing for 2 minutes.
vi.  Adding 35 % of water (with Superplasticizer) gradually to the mixture, and mixing
for 2 minutes.
vii.  Waiting 1 minute to mix manualy using trowel in the mixer pan, then
adding the remaining water (with Superplasticizer) gradually to the mix for 1

minute.
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Fresh SCC test was conducted as per EFNARC 2005 guidelines as shown in Table 4.11.
Slump flow, T500, V-funnel and L-Box tests were conducted for al trial mix proportion
of SCC. For further information about SCC test methods according to EFNARC 2005 you
can see Appendix C. The results of the best mix design were satisfied with the EFNARC

2005 guidelines. Figures 4.14, 4.15 and 4.16 illustrate the fresh SCC tests.

Table 4.11 Fresh SCC test results of the best mix design.

- sce iFNARC 2005
Testing Metho Unit . : equirements

( Best Mix Design) M. M ax.
1 | Slump Flow Test mm 765 550 850
2 | T500 Slump Flow Sec. 2.95 2 6
3 |LBox Test H2/H1 1.00 0.80 1.00
4 | V-Funnel Test Sec 5 2 9

Figure 4.14 T500 and slump flow test.
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Figure 4.16 V-Funnel test.

The hardened concrete specimens were tested after 7 and 28 days of curing. The test
specimens were cast in steel mold without compaction and demolded after 48 hours. The
cubes specimen were cured till the day of testing under water at normal temperature and
humidity conditions. The compressive strength is measured using cube specimens. The
size of the cube specimen is 100 mm x 100 mm x 100 mm. twelve concrete cubes were
casted for each concrete mix proportions. The compressive strength of three cubes of SCC
were measured after 7, and 28 days as shown in Figure 4.17. Table 4.12 shows the
properties of hardened SCC of atrial sample.
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Table 4.12 Properties of hardened SCC of atrial sample.

Dimension (mm) Cube | Cylinder Stress
Sample Weight | Failure | Stress (MPa)
No. || cngth | wicth | Hign | @ | KN | (MPR T an0 cipe
Stress)
7 Days
1 100 101 102 2555 441.74 | 43.74 34.99
2 100 100 100 2515 41711 | 41.71 33.37
3 100 101 102 2585 43441 | 43.01 34.41
Average | 100.00 | 100.67 | 101.33 | 2551.67 | 431.09 | 42.82 34.26
28 Days
4 101 101 103 2540 585.65 | 57.41 45.93
5 101 99 101 2535 | 598.62 | 59.87 47.89
6 101 101 102 2575 586.77 | 57.52 46.02
Average | 101 | 100.33 102 2550 590.35 | 58.27 46.61

Figure 4.17 SCC compressive strength test.
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4.4.2. Beam Specimen Casting and Curing

The beam specimens have a length of 1200 mm and 100 x 150 mm section. Forms of

wood for constructing beams was prepared as seen in Figure 4.18.

Figure 4.18 Wood form and reinforcement details
The wooden molds were cast with a concrete, having an average compressive strength,
measured on 100 mm side cubes, equa to 39.24 N/mm2. Regarding the reinforcement,
the steel rebars exhibited an average yielding strength equal to 444.70 N/mm2 and an
average maximum strength equal to 689.90 N/mma2.

Figure 4.19 shows the casting process. All specimens were cured from the first day after
casting with clean water properly for 14 days and saved with temperature of 25°C. Figure
4.20 shows the cured beams.
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Figure 4.20 Curing process of RC beams.

4.4.3. Strengthening of Beam Specimens

The beam specimens were preloaded up to 30 % of UL of control beams before
strengthening process in order to represent the subjected SL in nature which is 30-60 %

of ultimate beam capacity, then the strengthening process was done as follows:

1- Theinteracted surface of the specimen was cleaned from dusts using clean water
and brush.




2-

The three beams (GA.B5, GA.B6 and GB.B5) were roughened in order to reach a
roughness of about 1 mm using rotating lamella, able to ensure a perfect bond
between the existing concrete and the applied SCC.

Thefour beams (GA.B3, GA.B4, GB.B3 and GB.B4) weredrilled with thirty holes
with 10 mm diameter and 50 mm depth. The holes distributed equally and
staggered for the three subjected surface of each beam, these holes were cleaned
with air compressor and injected with concrete-reinforcement bonding epoxy resin
that mixed with sand, then the 8 mm shear connectors of length 80mm were
installed in each hole for the beams according to their own category. Figure 4.21

illustrates the shear connector distribution.

Figure 4.21 Shear connector distribution.

The specimens were left for 24 hours to ensure that epoxy is completely dried and
reach its high strength.

The four beams (GA.B1, GA.B2, GB.B1, and GB.B2) were drilled with thirty
holes with 8 mm diameter and 50 mm depth. The holes distributed equally and
staggered for the three subjected surface of each beam, these holes were cleaned
with air compressor, then the @8 mm Hiliti shear connectors of length 80mm were
installed in each hole for the beams according to their own category. Figure 4.22
illustrates the Hiliti shear connector distribution.
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Figure 4.22 Hilti shear connector distribution.

6- Thewooden shutters were painted using mold release oil and prepared, the WWM
cage reinforcement is installed then the main specimens were placed and installed
in amanner that the lower surface of jacket was upward to facilitate the casting

process, addition to maintain the concrete cover for the other sides of jacket. Figure

Figure 4.23 Wooden molds with specimen preparation.
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7- SCC was casted until completefilling of thewooden mold. The mold was gently

stroked to ensure that air bubbles is released. Figure 4.24 shows the SCC
casting process.

Figure 4.24 SCC casting process.

8- The four monolithic control beams (MA.B1, MA.B2, MB.B1, and MB.B2) were
casted with an ordinary concrete, having an average compressive strength,
measured on 100 mm side cubes, equal to 38.274 N/mm2. The WWM cage and
the ordinary reinforcement isinstalled as shown in Figure 4.25.

Figure 4.25 Control beam MA.B1 casting process.
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9- The wooden molds were removed after 24 hours of casting, then all specimens
were cured from the first day after casting with clean water properly for 14 days
and saved with temperature of 25°C.

10- For any casting day a certain number of standards cubes of (100x100x100) mm
were prepared for each casting mix to obtain the actual compressive strength of
the beam specimen as soon as it was tested.

4.4.4. Preparing of Standard Cubesof Trial Mixes

For ordinary concrete that were used for beam specimens before strengthening three pairs
of cubes of (100x100x100) mm were prepared for each casting mix to obtain the
compressive strength of concrete after 28-days. Those cubes were prepared according to
(ASTM C109, 2004) standard test method for cubes. The cubes were immersed in water
until the time of thetest. Before the tests, the specimenswere air dried for 10 tol5 minutes
and any loose sand grains or incrustations from the faces that will be in contact with the

bearing plat of the testing machine are removed.

For SCC that used in strengthening jacketing the hardened cubes specimens were tested
after 7 and 28 days of curing. The test specimens were cast in steel mold without
compaction and demolded after 48 hours. The cubes specimen were cured till the day of
testing under water at normal temperature and humidity conditions. The size of the cube

specimen is 100 mm x 100 mm x 100 mm.

45 TESTING WORK PROCEDURES

4.5.1. Instrumentation and Flexural Testing

The Beams were loaded in the same flexural machine in Material and soil Laboratory at
IUG as shown in Figure 4.26. The hydraulic jack that ran the machine had a compressive
strength of 20 tons (= 200KN).
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The beams were al carefully positioned in the machine manually and using the man
powers. Efforts have been made to maintain manually the hydraulic jack machine in an

even constant slow speed during applying the loads.

Figure 4.26 Flexural machine at IUG and deflection dial gauge fixation.

The hydraulic pressure load was recorded manually and the mid span deflection caused
by changing of the applied load was monitored using mechanical dial gauge that was
mounted on the jack at the mid-span of each beams as seen in Figure 4.26.

Flexural testing is considered as the main test applied for the hardened strengthened
beams. Control and strengthened beams were tested under static loading condition as
simply supported beams with two concentrated loads using the flexural testing

machine, the deflection was recorded for each load increment.

The flexural testing machine can provide loading stages allowing many other
observations to be apply in parallel during the flexura loading capacity test such as
crack width observation and deflection measurement for beams during the flexural test.
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4.5.2. Preloading Stage

The beam specimens before strengthening process were preloaded up to 30 % of UL of
control in order to represent the subjected SL in nature which is 30-60 % of ultimate beam
capacity. Then the specimens are restored using relatively thin reinforced jackets and
retested by the same bending loading. The SCC concrete jacket applied, encasing both
vertical sides (U formed jackets), has a small thickness 30mm and 50 mm.

4.5.3. Main Testing Procedure

The well-studied procedure was performed to meet the research testing objectives start in
with preparation and testing of suitable and reliable mix design for ordinary concrete and
SCC to apply the strengthening for beams by section enlargement technique (U-
Jacketing), then the strengthened beams will be applied to parallel tests and measurements
which are; the flexural load capacity of beam, the serviceability measurements of crack
width and deflections and finally failure mode observation and crack pattern. This

procedure is summarized in the following:

1- Preparing a mix design for ordinary concrete and SCC including fresh and
hardened tests.
2- Apply the Strengthening for the Beams using SCC with WWM.
3- Paradlé tests and measurements that must be done for each specimen are:
i.  Theflexural and capacity of the beams.
ii.  The Serviceability measurements of crack width and deflection.

iii.  Failure mode observation and crack pattern.

4.5.4. Testing Work Procedure of Strengthened Beam Specimens

After 28-days of curing for the under-layer section of the specimens, the overal
beam specimens were tested for severa testing parameter which were discussed
previously. The specimen were tested under static |oading condition asssmply supported

beams with two concentrated loads using hydraulic flexural loading test machine in
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IUG lab facility. Deflection was measured using dial displacement gauge and the crack

width were measured using micro-crack scope. Figure 4.27 shows the [IUG’s measurement

tool instruments.

© T ® v ™

Figure 4.27 TUG’s displacement gauge and microscope meter.

Prior The Testing Process
The beam specimens were cleaned from debris and colored with white paint.
Lines were drawn on beam specimens every 50 mm on the long and the
height directions to obtain the crack devel opment during the test.
The position of support in [UG’s flexural loading machine was checked to provide
the clear span distance.
The specimen was installed on the IUG’s flexural loading machine and positioned
on its support.

Load spreader was placed in touch with the top beam surface to obtain two
concentrated loads.

Deflection gauge was attached at the mid span using magnetic clamp base.
During Testing

Increment of 2.35 KN load was applied to beam specimen.
The load was recorded.

Deflections were measured and recorded using displacement gauge at every load

increment.
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The maximum hair line crack occurrence was measured using micro-crack scope
at every load increment.

The process was repeated until the failure occurrence.

After Testing

The load spreader was released from the specimen.

Maximum crack width was measured

Crack pattern was drawn and checked.

Pack up crack pattern was checked by taking photos that illustrate the scale using

ruler.
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CHAPTERS

TEST RESULTSAND DISCUSSION

5.1 INTRODUCTION

Results and discussion are presented in this chapter. During testing, data and results were
recorded for all the samples. This discussion includes a constructed theoretical analysisto

verify the experimental works for each specimen.

5.2 TEST RESULTSOF STANDARD GROUP

5.2.1. Control Beams

CBO, (the control beam No. zero) failed in flexure with UL equal 34.31 KN. CB1, CB2
(the control beams No.1 & No.2) failed in flexure and provided UL of 44.124 KN and
38.775 KN respectively. Figures 5.1, 5.2 and 5.3 show the sample after testing and the
crack pattern for CBO, CB1 & CB2 respectively.
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Figure 5.1 Failure mode and crack pattern of CBO.
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Figure 5.3 Failure mode and crack pattern of CB2.

Figure 5.4 shows the load-deflection curves of the three control beams. Average mid-span

deflection for the three samples at the failure deflection equal 9.267 mm. Table 5.1
summarized the test results of the three control beam specimens.
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L oad Deflection Curve of (CBO,CB1 & CB2)
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Figure 5.4 Load Deflection curves of CBO, CB1 and CB2.
Table 5.1 Test results of the three control beam specimens.
Description CBO | CB1 | CB2 | Average | X@ndard
Deviation
First cracking noticed at (KN) 28.764 | 28.67 | 24.06 | 27.165 2.689
First cracking moment at (KN.m) 6.472 | 6451 | 5414 6.112 0.605
Mid-Span deflection at first cracking (mm) | 4.01 3.73 3.45 3.73 0.280
Crack thickness at first cracking (mm) 0.025 | 0.02 0.02 | 0.02167 0.003
Failureload (KN) 34.31 | 44.124 | 38.775 | 39.0697 4914
Failure moment (KN.m) 1.72 9.93 | 8.725 8.791 1.107
Total deflection at failure (mm) 9.05 | 10.10 | 8.65 9.267 0.749
Widest crack at failure (mm) 2.3 11 2.8 2.067 0.874
Ductility Ratio (Au/Ai) * 2.26 271 251 2.493 0.225
* Ductility ratio is defined here in this investigation as the ratio between the mid-span deflection at UL to that at the
first crack load.
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5.2.2. Control Beams Casted Monalithically with 3.5 mm Mesh

Specimens MA.B1 and MA.B2 were the control specimens that casted monolithically
using ordinary concrete with 3.5 mm mesh and (1200x200x160 mm) in dimension. The
mode of failure observed wasflexura failure. The crushing of concrete compression zone
for MA.B1 was observed at13.765 mm of 81.883 KN and for MA.B2 it was observed at
13.11 mm of 87.180 KN. Figures 5.5 and 5.6 show the sample after testing and the crack
pattern for the both specimens respectively.

MA.B1 |
7 20
T12 (345167 [8]9 [10]1 15[16]17]18]19]20]21[22[23 24

O/ { 15
0 :
! 5
( { / 5
22 1213 14 g
oo o mm
O“’TS28&’%@3@%8882?%%8899§ng

Figure 5.5 Failure mode and crack pattern of MA.B1.
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Figure 5.7 shows the load-deflection curves of the two beam specimens. Average mid-
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Figure 5.6 Failure mode and crack pattern of MA.B2.

span deflection for the two samples at the failure deflection equal 13.438 mm. Table 5.2

summarized the test results of the two monolithic control beam specimens.

For MA.B1, mid span deflection corresponding to Pmax Was 13.765 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 41.5 KN or 50.71% of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at |oad of 68.50 KN
or 83.71% of Pmax. The deflection at the working load which predicted at 70% of Pyex Was
4.65 mm.

For MA.B2, mid span deflection corresponding to Pmax was 13.110 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 37.20 KN or 42.67% of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at load of 67.50 KN
or 77.426% of Pmax. The deflection at the working load which predicted at 70% Of Pmax

was 5.13 mm.
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Control Beams Casted Monolithically with 3.5 mm Mesh
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Figure 5.7 Load Deflection curves of MA.B1 and MA.B2.

Table 5.2 Test results of monolithic control beam MA.B1 and MAB2.

Description MA.B1 | MA.B2 | Average [S)te\a,ri]gﬁroﬂ
First cracking noticed at (KN) 28.247 | 31.960 | 30.104 2.625
First cracking moment at (KN.m) 6.356 7.191 6.773 0.590
Mid-Span deflection at first cracking (mm) 1.820 231 2.065 0.346
Crack thickness at first cracking (mm) 0.02 0.022 0.021 0.001
Failureload (KN) 81.833 | 87.180 | 84.510 3.781
Failure moment (KN.m) 18.424 | 19.652 | 19.038 0.868
Total deflection at failure (mm) 13.765 | 13.110 | 13.438 0.463
Widest crack at failure (mm) 4.10 351 3.805 0.417
Ductility Ratio 7.56 5.68 6.51 1.329
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5.2.3. Control Beams Casted Monalithically with 5.5 mm Mesh

Specimens MB.B1 and MB.B2 were the control specimens that casted monolithically
using ordinary concrete with 5.5 mm mesh and (1200x200x160 mm) in dimension. The
mode of failure observed wasflexura failure. The crushing of concrete compression zone
for MB.B1 was observed at 13.47 mm of 110.553 KN and for MB.B2 it was observed at
12.196 mm of 103.654KN.

Figures 5.8 and 5.9 show the sample after testing and the crack pattern for the both

Specimens respectively.
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Figure 5.8 Failure mode and crack pattern of MB.B1.
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Figure 5.9 Failure mode and crack pattern of MB.B2.
Figure 5.10 shows the load-deflection curves of the two beam specimens. Average mid-
span deflection for the two samples at the failure deflection equal 12.833 mm. Table 5.3

summarized the test results of the two monolithic control beam specimens.

For MB.B1, mid span deflection corresponding to Pmax was 13.47 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 43.7 KN or 39.53% of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at load of 78.5 KN
or 71.00 % of Pmax. The deflection at the working load which predicted at 70% Of Pmex

was 5.70 mm.

For MB.B2, mid span deflection corresponding to Pmax was 12.196 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 41.00 KN or 39.55 % of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at load of 79.00 KN
or 76.22 % of Pmax. The deflection at the working load which predicted at 70% of Pmax

was 5.32 mm.

101



Control Beams Casted Monolithically with 5.5 mm Mesh
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Figure 5.10 Load Deflection curves of MB.B1 and MB.B2.
Table 5.3 Test results of monolithic control beam MB.B1 and MB.B2.
Description MB.B1 | MB.B2 | Average Star_1dz_ard
Deviation
First cracking noticed at (KN) 28.51 31.06 | 29.785 1.803
First cracking moment at (KN.m) 6.415 6.988 6.702 0.405
Mid-Span deflection at first cracking (mm) 1.62 213 1.875 0.361
Crack thickness at first cracking (mm) 0.02 0.024 0.022 0.003
Failureload (KN) 110.553 | 103.654 | 107.104 4.878
Failure moment (KN.m) 24.875 | 23.322 | 24.104 1.098
Total deflection at failure (mm) 1347 | 12.196 | 12.833 0.901
Widest crack at failure (mm) 2.31 3.6 2.955 0.912
Ductility Ratio 8.31 5.72 6.85 1.831
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5.3 TEST RESULTSOF FIRST GROUP

5.3.1. Beam with U Jacketing have an Expansion Boltswith 3.5 mm Mesh

Specimens GA.B1 and GA.B2 were the specimens that strengthened using SCC U-

jacketing with 3.5 mm mesh and (1200x200x160 mm) in dimension. To prevent inter

laminar shear between the concrete substrate and SCC jacket Hilti structural expansion

anchors have been used. The mode of failure observed was flexural failure.

The crushing of concrete compression zone for GA.B1 was observed at 12.75 mm of
79.994 KN and for GA.B2 it was observed at 14.815mm of 82.88 KN.

Figures 5.11 and 5.12 show the sample after testing and the crack pattern for the both

specimens respectively.
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Figure 5.11 Failure mode and crack pattern of GA.B1.
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Figure 5.12 Failure mode and crack pattern of GA.B2.

Figure 5.13 shows the load-deflection curves of the two beam specimens. Average mid-
span deflection for the two samples at the failure deflection equal 13.783 mm. Table 5.4

summarized the test results of the two specimens.

Beam with U Jacketing have an Expansion Boltswith 3.5 mm Mesh

50.00 —=—Beam GA.B1
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Mid-Span Deflection (mm)

Figure 5.13 Load Deflection curves of GA.B1 and GA.B2.
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For GA.B1, mid span deflection corresponding to Pmax Was 12.75 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 38.5 KN or 48.12 % of Pmax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at |oad of 68.578 KN
or 85.73 % of Pmax. The deflection at the working load which predicted at 70% Of Pmex

was 4.45 mm.

For GA.B2, mid span deflection corresponding to Pmax was 14.815 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 37.00 KN or 44.64 % of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at load of 67.5 KN
or 81.44 % of Pmax. The deflection at the working load which predicted at 70% Of Pmex

was 4.80 mm.

Table 5.4 Test results of strengthened beams GA.B1 and GA.B2.

Description GA.B1 | GA.B2 | Average St;?gﬁ (r)(rj]
First cracking noticed at (KN) 35.617 | 30.921 | 33.269 3.321
First cracking moment at (KN.m) 8.014 6.96 7.487 0.745
Mid-Span deflection at first cracking (mm) 2.69 2315 | 25015 0.265
Crack thickness at first cracking (mm) 0.018 0.02 0.019 0.001
Failureload (KN) 79.994 | 82.880 | 81.437 2.041
Failure moment (KN.m) 17.998 | 18.648 | 18.323 0.460
Total deflection at failure (mm) 12,75 | 14.815 | 13.783 1.460
Widest crack at failure (mm) 1.40 3.71 2.555 1.633
Ductility Ratio 4.74 6.40 5.51 1174
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5.3.2. Beam with U Jacketing have Dowelswith 3.5 mm Mesh

Specimens GA.B3 and GA.B4 were the specimens that strengthened using SCC U-
jacketing with 3.5 mm mesh and (1200x200%160 mm) in dimension. To prevent inter
laminar shear between the concrete substrate and SCC jacket deformed @8 mm steel

reinforcement dowels have been used. The mode of failure observed was flexural failure.

The crushing of concrete compression zone for GA.B3 was observed at 12.85 mm of
79.463 KN and for GA.B4 it was observed at 12.465 mm of 84.976 KN.

Figures 5.14 and 5.15 show the sample after testing and the crack pattern for the both

Specimens respectively.
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Figure 5.14 Failure mode and crack pattern of GA.B3.
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Figure 5.15 Failure mode and crack pattern of GA.B4.

Figure 5.16 shows the load-deflection curves of the two beam specimens. Average mid-
span deflection for the two samples at the failure deflection equal 12.66 mm. Table 5.5
summarized the test results of the two specimens.
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Figure 5.16 Load Deflection curves of GA.B3 and GA.B4.
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For GA.B3, mid span deflection corresponding to Pmax Was 12.85 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 39.5 KN or 49.71 % of Pmax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at |oad of 68.00 KN
or 85.57 % of Pmax. The deflection at the working load which predicted at 70% Of Pmex

was 4.55 mm.

For GA.B4, mid span deflection corresponding to Pmax Was 14.815 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 41.00 KN or 48.25 % of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at |oad of 72.00 KN
or 84.73 % of Pmax. The deflection at the working load which predicted at 70% Of Pmex

was 4.68 mm.

Table 5.5 Test results of strengthened beams GA.B3 and GA.B4.

Description GA.B3 | GA.B4 | Average Star_1da_1rd
Deviation

First cracking noticed at (KN) 28.529 | 30.931 | 29.73 1.698

First cracking moment at (KN.m) 6.42 6.96 6.69 0.382

Mid-Span deflection at first cracking (mm) 2.03 2.135 2.083 0.074

Crack thickness at first cracking (mm) 0.025 0.02 0.023 0.004
Failureload (KN) 79.463 | 84.976 | 82.220 3.898
Failure moment (KN.m) 17.88 19.12 18.50 0.877
Total deflection at failure (mm) 12.85 | 12.465 | 12.658 0.272
Widest crack at failure (mm) 1.80 3.22 2.51 1.004
Ductility Ratio 6.33 5.84 6.09 0.346
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5.3.3. Beam with U jacketing have a Roughened Surface with 3.5 mm Mesh

Specimens GA.B5 and GA.B6 were the specimens that strengthened using SCC U-
jacketing with 3.5 mm mesh and (1200x200%160 mm) in dimension. To prevent inter
laminar shear between the concrete substrate and SCC jacket surface roughening has been

used. The mode of failure observed was flexural failure.

The crushing of concrete compression zonefor GA.B5 was observed at 20.95 mm of 84.60
KN and for GA.B6 it was observed at 15.29 mm of 80.92 KN.

Figures 5.17 and 5.18 show the sample after testing and the crack pattern for the both
Specimens respectively.

—
N
(8 )
N
(9]
N
3
o0
Ne)
[
(=
bt

\\15 16(17|18(19|20|21 |22 |23 |24

45

%
1213 14
mm
O oo OO OO OO W oln O
OLOT\C—)LQNC\Immv O W O ON~NMNOOWOOONH O O —|— N

— v sl

Figure 5.17 Failure mode and crack pattern of GA.B5.
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Figure 5.19 shows the load-deflection curves of the two beam specimens. Average mid-
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Figure 5.18 Failure mode and crack pattern of GA.B6.

span deflection for the two samples at the failure deflection equal 18.12 mm. Table 5.6

summarized the test results of the two specimens.

Beam with U jacketing with Roughened Surface with 3.5 mm Mesh
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Figure 5.19 Load Deflection curves of GA.B5 and GA.B6.
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For GA.B5, mid span deflection corresponding to Pmax Was 20.95 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 37.1 KN or 43.85 % of Pmax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at |oad of 67.00 KN
or 79.19 % of Pmax. The deflection at the working load which predicted at 70% Of Pmex

was 5.00 mm.

For GA.B6, mid span deflection corresponding to Pmax Was 15.29 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 35.70 KN or 44.11 % of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at |oad of 62.50 KN
or 77.24 % of Pmax. The deflection at the working load which predicted at 70% Of Pmex

was 5.20 mm.

Table 5.6 Test results of strengthened beams GA.B5 and GA.B6.

Description GA.B5 | GA.B6 | Average [S)te\a/?:tail ;?]
First cracking noticed at (KN) 27.754 | 26.165 | 26.960 1.124
First cracking moment at (KN.m) 6.25 5.88 6.065 0.262
Mid-Span deflection at first cracking (mm) 1.99 1.93 1.960 0.042
Crack thickness at first cracking (mm) 0.03 0.02 0.025 0.007
Failureload (KN) 84.60 | 8092 | 82760 2.602
Failure moment (KN.m) 19.04 | 18.207 | 18.624 0.589
Total deflection at failure (mm) 20.95 1529 | 18.120 4.002
Widest crack at failure (mm) 7.08 5.60 6.34 1.047
Ductility Ratio 10.53 7.92 9.23 1.846
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5.4 TEST RESULTSOF SECOND GROUP

5.4.1. Beam with U Jacketing have an Expansion Boltswith 5.5 mm Mesh

Specimens GB.B1 and GB.B2 were the specimens that strengthened using SCC U-
jacketing with 5.5 mm mesh and (1200x200x160 mm) in dimension. To prevent inter
laminar shear between the concrete substrate and SCC jacket Hilti structural expansion
anchors have been used. The mode of failure observed was flexural failure. The crushing

of concrete compression zone for GB.B1 was observed at 15.70 mm of 99.151 KN and

for GB.B2 it was observed at 16.99 mm of 107.978 KN.

Figures 5.20 and 5.21 show the sample after testing and the crack pattern for the both

specimens respectively.
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Figure 5.20 Failure mode and crack pattern of GB.B1.
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Figure 5.21 Failure mode and crack pattern of GB.B2.

Figure 5.22 shows the load-deflection curves of the two beam specimens. Average mid-
span deflection for the two samples at the failure deflection equal 16.345 mm. Table 5.7

summarized the test results of the two specimens.
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Figure 5.22 Load Deflection curves of GB.B1 and GB.B2.
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For GB.B1, mid span deflection corresponding to Pmax Was 15.70 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 35.734 KN or 36.04 % of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at |oad of 68.82 KN
or 69.41 % of Pmax. The deflection at the working load which predicted at 70% Of Pmex

was 5.85 mm.

For GB.B2, mid span deflection corresponding to Pmax Was 16.99 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 34.50 KN or 31.95 % of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at load of 66.00 KN
or 61.12 % of Pmax. The deflection at the working load which predicted at 70% Of Pmex

was 6.60 mm.

Table 5.7 Test results of strengthened beams GB.B1 and GB.B2.

Description GB.B1 | GB.B2 | Average St;?gsgﬁ
First cracking noticed at (KN) 26.188 | 35.650 | 30.919 6.691
First cracking moment at (KN.m) 5.892 8.021 6.957 1.505
Mid-Span deflection at first cracking (mm) 2.075 2.980 2.528 0.640
Crack thickness at first cracking (mm) 0.015 0.02 0.018 0.004
Failureload (KN) 99.151 | 107.978 | 103.565 6.242
Failure moment (KN.m) 22.310 | 24.295 | 23.303 1.404
Total deflection at failure (mm) 15.700 | 16.990 | 16.345 0.912
Widest crack at failure (mm) 4.33 4.05 4.190 0.198
Ductility Ration 1.57 5.70 6.64 1.322
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5.4.2. Beam with U Jacketing have Dowelswith 5.5 mm Mesh

Specimens GB.B3 and GB.B4 were the specimens that strengthened using SCC U-
jacketing with 5.5 mm mesh and (1200x200%160 mm) in dimension. To prevent inter
laminar shear between the concrete substrate and SCC jacket deformed @8 mm steel

reinforcement dowels have been used. The mode of failure observed was flexural failure.

The crushing of concrete compression zone for GB.B3 was observed at 14.42 mm of
95.965 KN and for GB.B4 it was observed at 13.08 mm of 107.329 KN.

Figures 5.23 and 5.24 show the sample after testing and the crack pattern for the both
Specimens respectively.
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Figure 5.23 Failure mode and crack pattern of GB.B3.
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Figure 5.24 Failure mode and crack pattern of GB.BA4.
Figure 5.25 shows the load-deflection curves of the two beam specimens. Average mid-
span deflection for the two samples at the failure deflection equal 13.75 mm. Table 5.8
summarized the test results of the two specimens.

Beam with U Jacketing have a Dowelswith 5.5 mm Mesh
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Figure 5.25 Load Deflection curves of GB.B3 and GB.B4.
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For GB.B3, mid span deflection corresponding to Pmax was 14.42 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 34.00 KN or 35.43 % of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at |oad of 63.737 KN
or 66.42 % of Pmax. The deflection at the working load which predicted at 70% Of Pmex

was 6.15 mm.

For GB.B4, mid span deflection corresponding to Pmax Wwas 15.08 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 35.856 KN or 33.41 % of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at |oad of 70.947 KN
or 66.10 % of Pmax. The deflection at the working load which predicted at 70% of Prax

was 6.18 mm.

Table 5.8 Test results of strengthened beams GB.B3 and GB.B4.

Description GB.B3 | GB.B4 | Average St;?gsgﬁ
First cracking noticed at (KN) 33.840 | 33.135 | 33.488 0.499
First cracking moment at (KN.m) 7.614 7.455 7.535 0.112
Mid-Span deflection at first cracking (mm) 2.900 2.68 2.790 0.156
Crack thickness at first cracking (mm) 0.027 0.022 0.025 0.004
Failureload (KN) 95.965 | 107.329 | 101.647 8.036
Failure moment (KN.m) 21592 | 24.149 | 22871 1.808
Total deflection at failure (mm) 14.420 | 13.080 | 13.750 0.948
Widest crack at failure (mm) 2.73 231 2.520 0.297
Ductility Ratio 4.97 4.88 4.93 0.064
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5.4.3. Beam with U jacketing have a Roughened Surface with 5.5 mm Mesh

Specimen GB.B5 was the beam that strengthened using SCC U-jacketing with 5.5 mm
mesh and (1200x200x160 mm) in dimension. To prevent inter laminar shear between the
concrete substrate and SCC jacket surface roughening has been used. The mode of failure

observed was flexural failure.

The crushing of concrete compression zone for GB.B5 was observed at 13.91 mm of
103.268 KN.

Figure 5.26 shows the sample after testing and the crack pattern.
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Figure 5.26 Failure mode and crack pattern of GB.B5.

Figure 5.27 shows the | oad-deflection curves of the beam. Also Table 5.9 summarized the
test results.
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Figure 5.27 Load deflection curves of GB.B5.
For GB.B5, mid span deflection corresponding to Pmax Was 13.91 mm. The serviceability
deflection limit (L/360) of 2.92 mm was reached at load of 33.168 KN or 32.12 % of Prax.
The serviceability deflection limit (L/180) of 5.833 mm was reached at load of 67.30 KN
or 65.17 % of Pmax. The deflection at the working load which predicted at 70% of Prax

was 6.05 mm.

Table 5.9 Test results of strengthened beam GB.B5.

Description GB.B5
First cracking noticed at (KN) 40.345
First cracking moment at (KN.m) 9.078
Mid-Span deflection at first cracking (mm) 3.49
Crack thickness at first cracking (mm) 0.018
Failureload (KN) 103.268
Failure moment (KN.m) 23.235
Total deflection at failure (mm) 13.910
Widest crack at failure (mm) 4.92
Ductility Ratio 3.98
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5.5 COMPARISON BETWEEN TECHNIQUES

5.5.1. Effect of Wire Mesh Diameters and Opening

Strengthened beams using @ 3.5mm of 25 mm opening galvanized WWM show an
average increments by more than 110.24 % of its falureload capacity compared
with control beams during the flexural test asseenin Figure 5.28. Theincreasing in the
flexural capacity was due to the addition of WWM reinforcement within the jacket and
the increase in the beam effective depth. This indicates that the strengthening technique

satisfiesits aim to increase the flexural capacity of the strengthened beams.

The average defl ection of the strengthened beams was 14.60 mm and for the control beams
were 9.27 mm, which indicates that the ductility of the strengthened beamswere increased
significantly compared with control beams during the flexural test, The increasing in the
ductility was due to the addition of WWM reinforcement within the jacket, which

indicates that the strengthening process satisfiesits aim.

Regardless of the type of method of anchorage employed between old and new concrete,
all strengthened beams stiffness have increased more significantly compared to control
beam specimens this can be clearly seen from the ascending parts of 1oad deflection curves
of strengthened beams.
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Control Beams V.s Strengthened beams using @3.5 mm WWM
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Figure 5.28 Load deflection curves for each of the beams.
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Figure 5.29 Ultimate loads for beams.
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Figure 5.29 shows the ultimate failure loads for al the beam specimens. It could be
observed that al the strengthening techniques used in this study are capable of restoring
the ultimate capacity of control beams. The ultimate capacity of beams GA.B4 and GA.B5
respectively, show 117.50% and 116.54% higher UL capacities compared to the average
UL of control beams.

All the strengthened concrete beams exhibit higher cracking load compared to the control
beam, except GA.B6. The strengthened specimen GA.B1 is the highest one that show
31.12% increase in the cracking loads compared to the average cracking loads of control
beams. While the strengthened specimen GA.B6 show decrease in the cracking load by -
3.68% compared to the average cracking loads of control beams. Figure 5.30 shows the

first cracking loads of beams.
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Figure 5.30 1% Cracking loads for beams.

Figure 5.31 shows the calculated ductility ratio of strengthened beams in group A
compared to control beams. The ductility ratio for the test groups ranged from 2.26 to
10.53. Ductility ratio is defined here in this investigation as the ratio between the mid-
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spans deflections at UL to that at the first crack load (Au/Ai). All strengthened beams have
more ductility ratio compared to control beams. Beam GA.B5 have the highest ductility
ratio equal to 10.53.
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Figure 5.31 Ductility Ratio for beams.

Strengthened beams using @ 5.5mm of 50 mm opening galvanized WWM show an
average increments by more than 162.96 % of its failure load capacity compared
with control beams duringthe flexural test asseenin Figure 5.32. Theincreasing in the
flexural capacity was due to the addition of WWM reinforcement within the jacket and
the increase in the beam effective depth. This indicates that the strengthening technique

satisfies its aim to increase the flexural capacity of the strengthened beams.

The average deflection of the strengthened beamswas 14.37 mm and for the control beams
were 9.27 mm, which indicatesthat the ductility of the strengthened beamswereincreased
significantly compared with control beams during the flexura test, The increasing in the
ductility was due to the addition of WWM reinforcement within the jacket, which
indicates that the strengthening process satisfiesits aim.
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Regardless of the type of method of anchorage employed between old and new concrete,
all strengthened beams stiffness have increased more significantly compared to control
beam specimensthis can be clearly seen from the ascending parts of load deflection curves
of strengthened beams.

Control Beams V.s Strengthened beams using @5.5 mm WWM
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Figure 5.32 Load deflection curves for each of the beams.

Figure 5.33 shows the ultimate failure loads for all the beam specimens. It could be
observed that all the strengthening techniques used in this study are capable of restoring
the ultimate capacity of control beams. The ultimate capacity of beams GB.B2 and GB.B4
respectively, show 183.32% and 181.61% higher UL capacities compared to the average

UL of control beams.
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Figure 5.33 Ultimate |oads for beams.

All the strengthened concrete beams exhibit higher cracking load compared to the control
beam, except GB.B1. The strengthened specimen GB.B5 is the highest one that show
48.52% increase in the cracking loads compared to the average cracking loads of control

beams. While the strengthened specimen GB.B1 shows decrease in the cracking load by

-3.60% compared to the average cracking loads of control beams. Figure 5.34 shows the

first cracking loads of beams.
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Figure 5.34 1% Cracking loads for beams.
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Figure 5.35 shows the calculated ductility ratio of strengthened beams in group B
compared to control beams. The ductility ratio for the test groups ranged from 2.26 to
7.57. Ductility ratio is defined herein thisinvestigation as the ratio between the mid-spans
deflections at UL to that at the first crack load (Au/Ai). All strengthened beams have more
ductility ratio compared to control beams. Beam GA.B5 have the highest ductility ratio
equal to 7.57.
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Figure 5.35 Ductility Ratio for beams.

The test results showed that al beams in the two test groups achieved their full flexural
capacity and failed in a ductile manner. This is attributed to the increased confinement

provided by jacketing reinforcement with WWM.

The test results showed that in the two test groups when the diameter of the galvanized
steel WWM increases as in group B the failure load capacity and ductility significantly

will increase compared to other group.

The test results indicate that in the two test groups the opening between bars of WWM

does not play amain role in decreasing the ultimate capacity of beams.
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5.5.2. Effect of Method of Bonding between New and Old Concrete

The comparison between specimens which strengthened with different type of bonding
technique can be performed by evaluation of the percentage of the flexural load capacity

of each specimen to the flexural load capacity of monolithic control specimen.
Table 5.10 shows the restoration percentages for each bonding technique of Group A.

Table 5.10 Comparison between bonding techniques behavior of Group A.

Specimen . . Failure L oad Per centage of fle?(ural
Name Bonding Technique (KN) load to Monpllthlcally
control specimen (%)
MA.B1 Monolithically specimen 81.883 -
MA.B2 Monolithically specimen 87.180 -
Average Monolithically specimen 84.532 100.00
GA.B1 Expansion Bolts 79.994 94.63
GA.B2 Expansion Bolts 82.880 98.05
GA.B3 @ 8 mm dowels 79.463 94.00
GA.B4 @ 8 mm dowels 84.976 100.53
GA.B5 Surface Roughening 84.600 100.08
GA.B6 Surface Roughening 80.920 95.73

Figure 5.36 illustrates the comparison between bonding techniques behavior of Group A.

It isnoted that the best bonding technique is by adding @ 8 mm dowels as shear connectors
at the interacted surface to connect between old and new concrete, the strengthened
specimen GA.B4 restored 100.53% of flexura load compared to monolithically control
specimen. While the strengthened specimen GA.B6 show the lowest restoration
percentage which is 95.73%.

The restoration percentage of beams GA.B5 and GA.B6 respectively, show 100.08% and
95.73%. Ones can say that surface roughening technique either works similar to expansion

bolts or dowels bonding technique.
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Also, there are no significant change occurred due to roughening the substrate surface
compared to two other bonding technique. Moreover, during the experimental worksinter
laminar shear between the concrete substrate and SCC jacket has been prevented and there

is no bond failure was observed in these beams up to the UL.

It is noted that most of the specimens reach the 100% of the flexural load capacity of the
monolithically specimen, which indicates that the bonding technique satisfiesits aim.
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Figure 5.36 Comparison between bonding techniques behavior (Group A).

The comparison between specimens for Group B of strengthened beams using @ 5.5mm

of 50 mm opening galvanized WWM was reported in Table 5.11.
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Table 5.11 Comparison between bonding techniques behavior of Group B.

Failure Per centage of flexural
Specimen Name Bonding Technique Load load to Monalithically
(KN) control specimen (%)
MB.B1 Monolithically specimen 110.553 -
MB.B2 Monolithically specimen 103.654 -
™ A_BAi’ zaEAeA_BZ) Monolithically specimen | 107.104 100.00
GB.B1 Expansion Bolts 99.151 92.58
GB.B2 Expansion Bolts 107.978 100.82
GB.B3 @ 8 mm dowels 95.965 89.60
GB.B4 @ 8 mm dowels 107.329 100.21
GB.B5 Surface Roughening 103.268 96.42

Figure 5.37 illustrates the comparison between bonding techniques behavior of Group B.
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Figure 5.37 Comparison between bonding techniques behavior (Group B).
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Figure 5.38 Load deflection curve of strengthened beams V.s monolithic beams (Group A).
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Figure 5.39 Load deflection curve of strengthened beams V.s monolithic beams (Group B).
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Figures 5.38 and 5.39 show the load deflection curves of strengthened beams against the
monolithic control beams for the both groups.

It is noted that the best bonding technique is by adding Hilti expansion bolts as shear
connectors at the interacted surface to connect between old and new concrete, the
strengthened specimen GB.B2 restored 100.82% of flexura load compared to
monolithically control specimen. While the strengthened beam GB.B3 show the lowest
restoration percentage which is 89.60%.

The restoration percentage of beams GB.B5, shows 96.42%. Ones can say that surface
roughening technique either works similar to expansion bolts or dowels bonding
technique. Also, there are no significant change occurred due to roughening the substrate
surface compared to two other bonding technique. Moreover, during the experimental
works inter laminar shear between the concrete substrate and SCC jacket has been

prevented and there is no bond failure was observed in these beams up to the UL.

It is noted that most of the specimens reach the 100% of the flexural load capacity of the

monolithically specimen, which indicates that the bonding technique satisfiesits aim.

The experimental results clearly proved that jacketing can upgrade the structura
properties for the RC beams, which make the strengthened beams perform as monolithic

construction beams.

The test results indicated that the bonding technique by adding @ 8 mm dowels as shear
connectors can works as same as bonding technique by adding Hilti expansion bolts at the
interacted surface to connect between old and new concrete. Moreover the bonding using
expansion bolts are easier, faster and cheaper when compared with other technique. In
other hand the surface roughening bonding technique restored a significant percent of

flexural capacity in the both group.

Regardless of the type of method of bonding employed between old and new concrete and
the properties of WWM, al strengthened beams restored a significant percentage of the
monolithic control beam flexural load capacity.
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5.5.3. Stiffness and Deflection at Service L oad

The value of stiffness considered to be the slope of the line between the origin point and
the coordination of the value of 70% of the UL (which have been assumed). Tables 5.12

and 5.13 show the deflection, stiffness and increasing of stiffness over the control beam

at SL of the first and the second groups respectively.

Table 5.12 Deflection and stiffness at SL of the first group

Load @ Deflection Stiffness @ _ Stiﬁfn&s Re;torati_on over
Sample SL @SL (mm) SL increasing over monolithic
(KN) (KN/mm) | control Beam (%) | control beam (%)
CBO 24.020 3.500 6.86 - -
CB1 30.644 4.070 7.59 - -
CB2 27.150 3.700 7.34 - -
MA.B1 | 57.283 4.650 12.32 - -
MA.B2 | 61.026 5.050 12.08 - -
GA.B1 | 55.996 4.450 12.58 65.82 102.15
GA.B2 | 58.016 4.800 12.09 59.27 98.11
GA.B3 | 55.624 4.550 12.23 61.10 99.24
GA.B4 | 59.483 4.680 12.71 67.49 103.17
GA.B5 | 59.220 5.000 11.84 56.07 96.14
GA.B6 | 56.644 5.200 10.89 43.54 88.43

Table 5.13 Deflection and stiffness at SL of the second group

Load @ Deflection Stiffness @ _ Stiffness R&storati_on over

Sample SL @SL (mm) SL increasing over monolithic
(KN) (KN/mm) | control Beam (%) | control beam (%)

CBO 24.020 3.500 6.860 - -
CB1 30.644 4.070 7.59 - -
CB2 27.150 3.700 7.338 - -
MB.B1 | 77.387 5.700 13.577 - -
MB.B2 | 72.558 5.300 13.690 - -
GB.B1 | 69.410 5.850 11.865 56.35 86.67
GB.B2 | 75.585 6.600 11.452 50.91 83.65
GB.B3 | 67.176 6.150 10.923 43.94 79.79
GB.B4 75.131 6.18 12.157 60.20 88.80
GB.B5 | 72.288 6.05 11.948 57.45 87.28
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Figures 5.40 and 5.41 show the comparison between the samples on the base of stiffness
compared with control beams at the SL for the first and the second groups respectively.
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Figure 5.40 Comparative stiffness for the first group at the SL.
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Figure 5.41 Comparative stiffness for the second group at the SL.
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Figures 5.42 and 5.43 show the comparison between the samples on the base of stiffness
and restoration percentage compared with monolithic control beams at the SL for the first
and the second groups respectively.
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Figure 5.42 Stiffness and restoration percentage for the first group at the SL.
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134



In general and as shown in the figures and the tables, the following pointes can be

summarized:

Vi.

Larger values of stiffness means larger stiffness.

The strengthened beamsin group A of @3.5 mm of 25 mm opening have higher
stiffness than strengthened beams in group B of $5.5 mm of 50 mm opening
galvanized WWM when compared with the control beams.

In group A the strengthened beams in which roughening surface bonding
technique is used have the lowest specimens stiffness’s compared with other
two bonding technique.

In group A & B the strengthened beams in which the shear connector is used
either 8 mm dowelsor expansion bolts are stiffer than the strengthened beams
with roughening surface technique.

All the strengthened test beams were stiffer than the control beam and all were
ableto resist loads which exceeded the flexural capacity of the control beam.
The strengthened beams of group A restored 97.87 % in average, while group
B strengthened beams restored 85.24 % in average compared with monolithic
control beams at SL stage.

5.5.4. Stiffnessand Failure Mode at Ultimate L oad

Ductility is defined as the ability of structure to withstand deformation up to failure, this

give alerting and enough signs of failure before the critical state is reached. Tables 5.14
and 5.15 show the values of deflection and stiffness at UL and the manner by which the

samples failed for the first and the second groups respectively.

The stiffness calculated as the slope of the line between the 70% of load and the UL.

Larger values of stiffness means less ductility and vice versa. Figures 5.44 and 5.45 show

the comparison between the samples on the base of stiffness at the UL for the first and the

second groups respectively.
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In both group A & B the strengthened beams GA.B4 & GB.B4 have the highest stiffness
values at UL which mean they are the less ductile behavior.

Table 5.14 Deflection and stiffness at UL of the first group.

Load @ UL Deflection | Stiffness incrigggﬁva .
Sample @ UL @ UL Failure Mode
(KN) (mm) (KN/mm) control Beam
(%)
CBO 10.290 5.550 1.85 - Flexura Failure
CB1 13.237 6.030 2.20 - Flexural Failure
CB2 11.625 4,950 2.35 - Flexural Failure
GA.B1 23.998 8.300 2.89 23.11 Flexura Failure
GA.B2 24.864 10.015 2.48 5.71 Flexura Failure
GA.B3 23.839 8.300 2.87 22.30 Flexura Failure
GA.B4 25.493 7.785 3.27 39.44 Flexural Failure
GA.B5 25.380 15.950 1.59 -32.24 Flexura Failure
GA.B6 24.276 10.090 241 2.45 Flexura Failure

Table 5.15 Deflection and stiffness at UL of the second group.

Load @ UL Deflection | Stiffness . Stiffn% .
Sample (KN) @ UL @ UL increasing over Failure Mode
(mm) (KN/mm) | control Beam (%)
CBO 10.290 5.550 1.85 - Flexura Failure
CB1 13.238 6.030 2.20 - Flexural Failure
CB2 11.625 4,950 2.35 - Flexura Failure
GB.B1 29.741 9.85 3.02 28.57 Flexura Failure
GB.B2 32.393 10.390 3.12 32.76 Flexura Failure
GB.B3 28.79 8.27 3.48 48.23 Flexural Failure
GB.B4 32.198 6.90 4.67 98.70 Flexura Failure
GB.B5 30.98 7.86 3.94 67.83 Flexura Failure
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Figure 5.44 Comparative stiffness for the first group at the UL.
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5.5.5. Analysisof Deflection for Specimens

The average deflection of strengthened specimens in first group is 14.85 mm which is
more than the average deflection of first monolithic control specimen by 10.49%, while
the average deflection of strengthened specimens in second group is 14.82 mm which is

more than the average deflection of second monolithic control specimen by 15.48%.

The average deflection of strengthened specimens in first group is more than the average
deflection of control specimen by 60.25%, while the second group of strengthened beams
is more by 59.93%. Figure 5.46 shows the deflection of each specimen at failure of the
flexural loading tests.

Regardless of the bonding type used in both groups, the strengthened beams have
shown deflection values similar to that obtained from the monolithic controlled beams
and at the same time have shown a deflection values more than that obtained from the
controlled beams. Strengthened beam GA .B5 have the highest deflection value 20.95 mm
at failure, which may attributed to the surface roughening bonding technique at interacted

surfacesis not sufficient in the real-word application.
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Figure 5.46 Deflections of specimens at failure.
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5.5.6. Analysisof Crack Patternsfor Specimens

Before testing the beams were whitewashed for easier identification of cracks during

loading sequences. From Figures 5.1 through 5.26, the following results can be noted:

Vi.

For al specimens cracks propagated from the bottom surface of the specimen
to the center of the bearing plate.

flexural cracks located at the mid span where the maximum flexural
moment occurs that indicates jacketed beams exhibited pure flexural cracking
patterns and ductile failure mode.

The crack development for the strengthened beams shows normal flexural
failure crack pattern compared with the control beams.

Separation cracks at the common interface did not occur even upon failure
during the flexural test between the concrete substrate and the SCC jacket for
all strengthened beams in both groups, thus inter laminar has been prevented.
This indicates that the strengthened beams perform as one unit regardless the
kind bonding technique used. This may be a result for using acertain
number of shear connectors which make the strengthened beams perform
as monolithic construction beams. It is concluded that full interaction did
devel op between the jackets and the existing beam.

Strengthened beams GA.B5, GA.B6 & GB.B5 have the highest crack width
value at SL 4.248, 3.36, and 2.952 mm respectively, which attributed to the
surface roughening bonding technique at interacted surfaces is not sufficient
in the real-word application (Figure 5.47).

Regardless of the bonding type used in both groups, the strengthened
beams have shown cracking widths and patterns similar to that obtained
from the monolithic controlled beams except the strengthened beams of
roughened surface they have crack width larger than others compared with
monolithic control beams as shown in Figure 5.47 .
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CHAPTERG

THEORETICAL ANALYSISOF STRENGTHENED BEAMS

6.1 INTRODUCTION

Structural members are to be designed to satisfy strength and serviceability requirements.
The strength requirement provides safety against possible failure, while the serviceability
requirement ensures adequate performance at SL without excessive deflection and

cracking.

A simplified design approach is presented in this chapter to predict the flexural strength
and deflection at yielding and ultimate stages of rectangular RC beams strengthened using
WWM based on the analyzed test results of the tested beams.

To understand the structure behavior of the strengthened beams, theoretical analysis was
carried out to evaluate the flexural load capacity of the beams. Thisanalysisis done based
on the basics of flexural theory and its assumptions. So that the calculation methods for
predicting the moment capacity of the strengthened beams in both group will be also

provided and show a good agreement with the experimental tested results.

In this chapter a simplified design approach has been derived for the strengthened beams
in both groups A and B.

6.2 STRUCTURAL ANALYSISOF GROUP A
As shown in Figure 6.1 the assumed internal stresses and strains in a RC beam of Group

A areillustrated in which the strengthened beams have jacketing reinforcement @ 3.5mm
of 25 mm opening galvanized steel WWM.

The moment deflection curve can be schematically divided into three straight lines (Xing,
et al, 2010). The controlling points of the moment deflection are (Acr, Mcr), (Ay, My) and
(Au, My) asseenin Figure 6.2
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Figure 6.1 Stresses and strains of beam cross section ( Group A).
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Figure 6.2 Schematic model of moment deflection curve. (Source: Xing, et al,
2010)
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Stage | (Cracking Stage): When the maximum moment increases from zero to the

cracking moment M¢r, the mid-span deflection increases from zero to Acr

M,, = 2o ACI Eq. (9-9)

Yt
Where:

Mer: Cracking bending moment that causes the stress in extreme tension fiber to reach the
modulus of rupture.

3
lg: Moment of inertia for the gross section (mm*) = %

Fer: Modulus of rupture= 0.62 \/E (MPa), ACI Eq. (9-10)

. . . . . h
Y. Distance from the section centroid to the extreme tension fiber (mm) :?e

Mid-span deflection of beams occur immediately on the application of load can be

calculated asfollows

=M (312 — 4q2) Appendix B (B-1)

T 24.gEc
Where:
a: Shear span (mm) as shown Figure 6.3.
L : Distance between supports (mm) as shown Figure 6.3.
E: Elastic concrete modulus = 4700Jf7 (MPa) ACI Section (8.5.1)
Acr: Mid-Span deflection at M (mm).
lg: Moment of inertia of gross concrete section about centroidal axis, neglecting
be.h3

reinforcement (mm?*) = =
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Figure 6.3 Beam layout and cross section geometry.

Stagell (Yielding Stage):

When the maximum moment increases from M¢ to the moment corresponding to steel
yield My, mid-span deflection increases from Acr to Ay asshown in Figure 6.2. To find the

bending moment at yielding stage use the force diagram equilibrium ( Figure 6.1).

+—>2Fx=0

0-85ﬁ’ -,81- C. be = As-fy + Aswl-fyw + Aswz-fyw + Asw3-fyw + Asw4-fyw + Asws-fyw

As- fy + fyw [Aswl + Aswz + Asw3 + Asw3 + Asw4 + Ast]
0.85f) . B;.b,

SO0 = ¢ =

The previous equation can be simplified as

5
_ Asfytfyw Yi=1Aswi
0.85f! .1.be

(6-1)
Where:

c: Depth of neutral axis (mm).

As: Cross sectional area of the steel bar in tension (mm?).

Aswi: Cross sectional area of the steel wiresin tension at depth i (mm?).

fy: Yield strength of steel bars (MPa).

fyw: Yield strength of steel wires (MPa).

fer: Standard cylinder concrete compressive strength at 28 days (M Pa).
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be: Width of section (mm).

p1=0.85 for (f; < 28 Mpa)

p1 =[085 — 2SI for (£ > 28 Mpa)

+UZM@forceC =0
My = {As.fy (d - %) + Aswl-fyw (hwl - %) + Aswz-fyw (hwz - %)

+ Asws-fyw (hW3 B ;) + A5W4'ny (h’W4 o %) + ASWS'fyw (hws - %)}

The previous equation can be simplified as

a

My = A £y (d =) + fyu- T8 Asi (i = 5) (6-2)
Where:

My: Yielding moment of beam (N.mm).

d: Effective depth of section (mm).

a: Depth of rectangular stress block, Whitney Block (mm).

hwi: Depth of steel wires at level i (mm).

gywi: Wire strain at bottom face must be equal or larger than 0.005 to be in tension control

section (i.e. to be ductile behavior).

From strain diagram we get that

€y = 0.003 €y
c B (hwl - C)
= €1 = | (hyr — ©)| 2 0.005 (6-3)

At yeilding stage the mid-span deflection can be calculated as follows
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_ My
Ay =
24.E..I,

(3L% — 4a?) Appendix B Eq. (B-1)

Where:
a: Shear span (mm).
L : Distance between supports (mm).

E: Elastic concrete modulus=4700,/f; (MPa) ACI Section (8.5.1)
Ay: Mid-span deflection at My (mm).

le: Effective moment of inertia (mm?*), given asfollows

Mcr.

I, = {(Maflg +[1— (“:4— Nler} < 1 ACI Eq. (9-10)
Where:

Mer: Cracking bending moment that causes the stress in extreme tension fiber to reach the
modulus of rupture (N.mm).

lg: Moment of inertia of gross concrete section about centroidal axis, neglecting

: be.h3
reinforcement (mm?*) = =

M a: Maximum bending moment in member at stage deflection iscomputed = My (N.mm).

ler: Moment of inertia of cracked section transformed to concrete (mm?), l¢ given as

follows when taking the moment of areas about the neutral axis as shown in Figure 6.4:

1 Eg
Icr = Ebe.C3 + E_CAS(d - C)z +

Eyw Asw1(hyy — C)z + Agwz (hyz — C)Z + Asws(hys — C)Z
Ec +Aswa (hw4 - C)Z + Asws (hWS - C)Z
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Figure 6.4 Cracked transformed Section.

The previous equation can be written as

1 Es EW
ler = 3be-¢® + 2 Ag(d = O + 2y Asi (i — )

Where:

Es: Elastic modulus of steel bars (MPa).

Ew: Elastic modulus of steel wires (MPa).

Ec: Elastic concrete modulus (MPa).

d: Effective depth of section (mm).

c: Depth of neutral axis (mm).

Aswi: Cross sectional area of the steel wiresin tension at depth i (mm?).
hwi: Depth of steel wires at level i (mm).

Stagelll (Ultimate Stage):

To find the bending moment at ultimate stage use the force diagram equilibrium

+—>2Fx=0
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085fcl -ﬁl- C. be = As-fy + Aswl-fyw + Aswz-fyw + Asw3-fyw+ Asw4-fyw + Ast-fyw

As- fy + fyw [Aswl + Aswz + Asw3 + Asw4 + Ast]
0.85f/.B;. b,

SO0 = ¢ =

The previous equation can be simplified as

_ As-fy+fyw(2?=1 Aswi)
0.85f/ .B1.be

Where:

c: Depth of neutral axis (mm)

As: Cross sectional area of the steel bar in tension (mm?).

Aswi: Cross sectional area of the steel wiresin tension at depth i (mm?).
fy: Yield strength of steel bars (MPa).

fyw: Yield strength of steel wires (MPa).

fe: Standard cylinder concrete compressive strength at 28 days (M Pa).
be: Width of section.

B1=0.85 for (f! < 28 Mpa)

p1 =[085 - 2220 for (£ > 28 Mpa)

+OZM@forceC =0

M, = A.f, (d - g) + Ag1- fuw (hm - %) + Aswz- fuw (hwz - %)
a

2

a

) + Asw4-fuw (hw4 - 2

+ Asw3- fuw (hw3
The previous equation can be simplified as

a

M, = As. f, (d - %) + fuw- i5=1 Aswi (hWi - ;)
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Where:

Mu: Ultimate moment of beam (N.mm).

d: Effective depth of section (mm).

a: Depth of rectangular stress block, Whitney Block (mm).
hwi: Depth of steel wires at level i (mm).

fu: Ultimate strength of steel bars (MPa).

fuw: Ultimate strength of steel wires (MPa)

At ultimate stage the mid-span deflection can be calculated as follows

A= —22 (312 — 4q?) Appendix B Eq. (B-1)

24.E.l,

Where:

a: Shear span (mm).

L : Distance between supports (mm).

E: Elastic concrete modulus = 4700,/f; (MPa) ACI Section (8.5.1)
Au: Mid-Span deflection at My (mm).

le: Effective moment of inertia (mm?), given asfollows

I = {21, + 1 - (";— Nler} < I ACI Eg. (9-10)

Mq
Where:

Mer: Cracking bending moment that causes the stress in extreme tension fiber to reach the
modulus of rupture (N.mm).

lg: Moment of inertia of gross concrete section about centroidal axis (mm?), neglecting

. be.h2
reinforcement = >

M a: Maximum bending moment in member at stage deflection is computed = Mu (N.mm).
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ler: Moment of inertia of cracked section transformed to concrete I (mm®), given as
follows when taking the moment of areas about the neutral axis as shown in Figure 6.4:

1 3 EW 2 2 2
Iy = §be- c” + E [Aswl (hw1 — C) + Agy2 (hwz — )"+ Aswz(hys — C)
c
+ Asw4 (hw4 - C)Z + Asw5 (hws - C)z]

The previous equation can be written as

1

Ew
I, = Ebe. 3+ E_C(ZiS:lASWi(h’Wi - C)Z) &7

the term {i—iAs(d - c)z} icreased the stiffness of the section so that it is neglected in
ultimate stage to get an accept value of mid-span deflection.

Where:

Es: Elastic modulus of steel bars (MPa).

Ew: Elastic modulus of steel wires (MPa).

Ec: Elastic concrete modulus (MPa).

d: Effective depth of section (mm).

c: Depth of neutral axis (mm).

Aswi: Cross sectional area of the steel wiresin tension at depth i (mm?).

hwi: Depth of steel wires at level i (mm).
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6.3 STRUCTURAL ANALYSISOF GROUP B

As shown in Figure 6.5 the assumed internal stresses and strainsin a RC beam of Group
B are illustreted in which the strengthend beams have jacketing reinforcement @ 5.5mm
of 50 mm opening galvanized steel WWM.

The moment deflection curve can be schematically divided into three straight lines (Xing,
et al, 2010). The controlling points of the moment deflection are (Acr, Mcr), (Ay, My) and

(Au, My) asseenin Figure 6.2.
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Figure 6.5 Stresses and strains of beam cross section ( Group B).

Stage | (Cracking Stage): When the maximum moment increases from zero to the

cracking moment M, the mid-span deflection increases from zero to Acr.

M,, = ACI Eg. (9-9)

Yt
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Where:

Mer: Cracking bending moment that causes the stress in extreme tension fiber to reach the
modulus of rupture (N.mm).

be.h]

|- Moment of inertiafor the gross section (mm?) = >

Fer: Modulus of rupture= 0.62 \/E (MPa), ACI Eq. (9-10)

. . . . h,
Y. Distance from the section centroid to the extreme tension fiber (mm) :?e

Mid-span deflection of beams occur immediately on the application of load can be

caculated asfollows

A= —2 (312 — 4a?) Appendix B Eq. (B-1)

T 2414 E,
Where:
a: Shear span (mm) as shown Figure 6.6.
L : Distance between supports (mm) as shown Figure 6.6.
E: Elastic concrete modulus = 4700Jf7 (MPa) ACI Section (8.5.1)

Acr: Mid-span deflection at Mcr (mm).

Figure 6.6 Beam layout and cross section geometry.

Stagell (Yielding Stage):

When the maximum moment increases from M to the moment corresponding to steel
yield My, the mid-span deflection increases from Acr to Ay as shownin Figure6.2. To find
the bending moment at yielding stage use the force diagram equilibrium ( Figure 6.5).
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+—>2Fx=0

0-85fc, -181- C. be = As-fy + Aswl-fyw + Aswz-fyw + Asw3-fyw

As-fy + fyw [Aswl + ASWZ + Asw3]
0.85f) . B.b,

SO = ¢ =

The previous equation can be simplified as

_ Asfyt+fyw Z?=1 Aswi
0.85f, .B1.be

(6-8)

Where:

c: Depth of neutral axis (mm)

As: Cross sectional area of the steel bar in tension (mm?).

Aswi: Cross sectional area of the steel wiresin tension at depth | (mm?).
fy: Yield strength of steel bars (MPa).

fyw: Yield strength of steel wires (MPa).

fer: Standard cylinder concrete compressive strength at 28 days (M Pa).
be: Width of section (mm).

p1=0.85 for (f; < 28 Mpa)
p1 =[085 — 22U for (£ > 28 Mpa)

+UZM@forceC =0

a
2

a

2) + Aswz fo (B = 5)

)+ Aswn- Fyw (Rt = .

My, ={M, = A;.f, (d
+ A Fyw (s =)}

The previous equation can be simplified as
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a

My = As. fy (d - %) + fyw-Zi=1 Aswi (hwi - E) (6-9)
Where:

My: Yielding moment of beam (N.mm).

d: Effective depth of section (mm).

a: Depth of rectangular stress block ,Whitney Block (mm).

hwi: Depth of steel wires at level i (mm).

gywi: Wire strain at bottom face must be equal or larger than 0.005 to be in tension control
section (i.e. to be ductile behavior).

From strain diagram we get that

€ = 0003 €y
¢ (hwl - C)
= €1 = | (hyr — ©)| 2 0.005 (6-10)

At yielding stage the mid-span deflection can be calculated as follows

M
A= 2
24.E.l,

(3L% — 4a?) Appendix B Eq. (B-1)
Where:

a: Shear span (mm).

L : The Distance between supports (mm).

E: Elastic concrete modulus = 4700\/f7 (MPa) ACI Section (8.5.1)
Ay: Mid-span deflection at My (mm).

le: Effective moment of inertia (mm?*), given asfollows

I = {2, + 1 - (1;44— Nler} < 1 ACI Eq. (9-10)

Mg
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Where:

Mer: Cracking bending moment that causes the stress in extreme tension fiber to reach the
modulus of rupture (N.mm).

lg: Moment of inertia of gross concrete section about centroidal axis, neglecting

3
reinforcement (mm?) = %
M a: Maximum bending moment in member at stage deflection is computed = My (N.mm).

ler: Moment of inertia of cracked section transformed to concrete (mm?), le given as

follows when taking the moment of areas about the neutral axis as shown in Figure 6.7:

1 Es EW
Icr = Ebe-c3 + E_CAs(d - C)Z + E_c [Aswl(hwl - C)Z + Aswz(hwz - C)Z +

Agwsz(hys — C)Z]

be

on
N = 2
B g
= | | Awz.nt'
Asn IS
‘ l Aw2.n'
‘ | Awi.n'
Figure 6.7 Cracked transformed Section.
The previous equation can be written as
Iy =zbe.c® +2A,(d — )% + 2233 Agi(hyi — €)2 6-11
cr 3 e-C +Ec S( C) +ECZL=1 SWl( wi C) ( )

Where:

Es: Elastic modulus of steel bars (MPa).
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Ew: Elastic modulus of steel wires (MPa).

Ec: The eastic concrete modulus (MPa).

d: Effective depth of section (mm).

c: Depth of neutral axis (mm).

Asni: Cross sectional area of the steel wiresin tension at depth i (mm?).
hwi: Depth of steel wires at level i (mm).

Stagelll (Ultimate Stage):

To find the bending moment at ultimate stage use the force diagram equilibrium

+—>2Fx=0

0-85fcl p1.c.b, = As-fy + Aswl-fyw + Aswz-fyw + Asw3-fyw

As-fy + fyw [Aswl + ASWZ + Asw3]
0.85f/.B;. b,

SO0 = Cc =

The previous equation can be simplified as

_ As-fy+fyw(2?=1 Aswi)
0.85f! .1.be

(6-12)

Where:

c: Depth of neutral axis (mm).

As: Cross sectional area of the steel bar in tension (mm?).

Aswi: Cross sectional area of the steel wiresin tension at depth i (mm?).
fy: Yield strength of steel bars (MPa).

fyw: Yield strength of steel wires (MPa).

fer Standard cylinder concrete compressive strength at 28 days (M Pa).
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be: Width of section (mm).

p1=0.85 for (f; < 28 Mpa)
p1 =[085 — 2SI for (£ > 28 Mpa)

+UZM@forceC =0

a a

Mu = As-fu (d - E) + Aswl-fuw (hwl - 2) + Aswz-fuw (hwz -

+ ASW3' fuw (hw3 - %)

The previous equation can be simplified as

a

My = Ao fu (@ =5) + fuw- 21 Asi (i =)
Where:

Mu: Ultimate moment of beam (N.mm).

d: Effective depth of section (mm).

a: Depth of rectangular stress block ,Whitney Block (mm).
hwi: Depth of steel wires at level i (mm).

fu: Ultimate strength of steel bars (MPa).

fuw: Ultimate strength of steel wires (MPa).

)

(6-13)

At ultimate stage the mid-span deflection can be calculated as follows

_ My 2 An2
A= 24.E.l, (3L% — 4a%)

Where:
a: Shear span (mm).

L : Distance between supports (mm).
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E: Elastic concrete modulus=4700,/f; (MPa) ACI Section (8.5.1)
Au: Mid-span deflection at My (mm).

le: Effective moment of inertia (mm®), given asfollows

Mcr.

I, = {(Ma)wg +[1— (”;— Nler} < 1 ACI Eq. (9-10)

Where:

Mer: Cracking bending moment that causes the stress in extreme tension fiber to reach the
modulus of rupture (N.mm).

lg: Moment of inertia of gross concrete section about centroidal axis (mm?), neglecting

. _ be.h?
reinforcement = >

M a: Maximum bending moment in member at stage deflection is computed = Mu (N.mm).
ler: Moment of inertia of cracked section transformed to concrete | (mm®), given as

follows when taking the moment of areas about the neutral axis as shown in Figure 6.7:

— 1 3 EW 2 2 2
Icr - §be- c” + E_ [Aswl (hwl - C) + ASWZ (hwz - C) + Asw3 (hw3 - C) ]
c

The previous equation can be written as

I, = %be- 3+ %(Z?:lAswi (hwi - C)Z) (6_14)

the term {?As(d - c)z} icreased the stiffness of the section so that it is neglected in

ultimate stage to get an accept value of mid-span deflection.
Where:

Es: Elastic modulus of steel bars (MPa).

Ew: Elastic modulus of steel wires (MPa).

Ec: Elastic concrete modulus (MPa).
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d: Effective depth of section (mm).
c: Depth of neutral axis (mm).
Asni: Cross sectional area of the steel wiresin tension at depth i (mm?).

hwi: Depth of steel wires at level i (mm).

6.4 SPECIMENS PROPERTIES

Table 6-1 illustrates the experimental results for all the specimens such as, compressive

strength of concrete and SCC, actual dimension and failure mode.

Table 6.1 Beam specimen properties.

Sample Group (I\/TllPa) (I\sza) Failure Mode
CBO 38.607 - Flexura
CB1 Control Beams 38.607 - Flexurd
CB2 38.607 - Flexura

MA.B1 39.290 - Flexura

MA.B2 Monolithic 39.290 - Flexurd

MB.B1 | Control Beams 37.258 - Flexural

MB.B2 37.258 - Flexura

GA.B1 39.472 44,501 Flexura

GA.B2 39.472 44,501 Flexural

GA.B3 39.470 44,501 Flexura

Group A

GA.B4 39.472 44,501 Flexura

GA.B5 38.607 42.589 Flexural

GA.B6 38.607 42.589 Flexural

GB.B1 39.973 42.884 Flexura

GB.B2 39.973 42.884 Flexural

GB.B3 Group B 39.973 42.884 Flexural

GB.B4 39.973 42.884 Flexural

GB.B5 38.607 42.589 Flexural

* f/1: The Standard cylinder compressive strength of original beam section.

«* f/;: The Standards cylinder compressive strength of the SCC jacket.
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6.5COMPARISON OF TEST RESULTSWITH THEORETICAL PREDICTIONS

As seen the experimental test results and theoretical results by the ssimplified analysis

model are reported in Table 6.2 of bending moment for both yielding and ultimate stages

as discussed in the previous sections.

Table 6.2 Comparison of experimental test results and analytical values.

Yielding Stage Ultimate Stage
Beam MyC* MyE** Myc/ Mye Muc8 M ue$8 Muc/ Mue
(KN.m) (KN.m) (KN.m) (KN.m)
MA.B1| 55.165 57.086 0.97 77.796 81.883 0.95
MA.B2 | 55.165 61.026 0.90 77.796 87.180 0.89
GA.B1 | 55.438 55.996 0.99 78.183 79.994 0.98
GA.B2 | 55.438 58.016 0.96 78.183 82.880 0.94
GA.B3 | 55.438 55.624 1.00 78.183 79.463 0.98
GA.B4 | 55.438 59.483 0.93 78.183 84.976 0.92
GA.B5 | 55.302 59.220 0.93 77.990 84.600 0.92
GA.B6 | 55.302 56.644 0.98 77.990 80.920 0.96
MB.B1 | 66.335 77.390 0.86 98.224 110.553 0.89
MB.B2 | 66.335 72.558 0.91 98.224 103.654 0.95
GB.B1 | 66.998 69.410 0.97 99.208 99.151 1.00
GB.B2 | 66.998 75.585 0.89 99.208 107.978 0.92
GB.B3 | 66.998 67.176 1.00 99.208 95.965 1.03
GB.B4 | 66.998 75.131 0.89 99.208 107.329 0.92
GB.B5 | 66.877 72.288 0.93 99.028 103.268 0.96

* Calculated bending moment at yielding stage.
** Experimental test result of bending moment at yielding stage.
§ Cdculated bending moment at ultimate stage.
88 Experimental test result of bending moment at ultimate stage.

It is noted that based on the previous table the testing program of this study was verified

using the test data of 11 strengthened beams, also it was verified when compared

practically with monolithic control beams, and ones can say a good agreement between

experimental results and prediction values is achieved.
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Figures 6.8 and 6.9 convert the previous table to bar chart model. Calculation table of all
strengthened beamsis available in Appendix E.
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Figure 6.8 Comparison of test results and analytical values at yielding.
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Figure 6.9 Comparison of test results and analytical values at ultimate.
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As seen the experimental test results and theoretical results by the ssimplified analysis
model are reported in Table 6.3 of mid span deflection for both yielding and ultimate

stages as discussed in the previous sections.

Table 6.3 Comparison of experimental test results and analytical values.

Ayc” Ayt™ Auc 8 Aut 88

Beam (mym) (”ym) AyC/AYE | (mm) Auc/Aut
MA.B1| 2478 4.65 0.53 16.358 13.765 1.19
MA.B2 | 2478 5.13 0.48 16.358 13.11 1.25
GA.B1 | 2404 4.45 0.54 15.865 11.25 141
GA.B2 | 2404 4.8 0.50 15.865 14.815 1.07
GA.B3 | 2404 4.55 0.53 15.865 12.85 1.23
GA.B4 | 2404 4.68 0.51 15.865 12.465 1.27
GA.B5 | 2442 5.00 0.49 16.128 20.95 0.77
GA.B6 | 2442 52 0.47 16.128 15.29 1.05
MB.B1| 3.333 5.7 0.58 18.710 13.47 1.39
MB.B2 | 3.333 532 0.63 18.710 12.196 153
GB.B1 | 3.232 5.85 0.55 18.990 15.70 121
GB.B2 | 3.232 6.6 0.49 18.990 16.99 112
GB.B3 | 3.232 6.15 0.53 18.990 14.42 132
GB.B4 | 3.232 6.18 0.52 18.990 13.08 145
GB.B5 | 3.252 6.05 0.54 18.963 13.91 1.36
* Calculated deflection at yielding stage.

** Experimental test result of deflection at yielding stage.

§ Calculated deflection at ultimate stage.

88 Experimental test result of deflection at ultimate stage.

A good agreement between experimental results and prediction values is achieved at
ultimate stage. Figures 6.10 and 6.11 convert the previous table to bar chart model.
Calculation table of all strengthened beamsis available in Appendix E.
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Comparison between experimental results and theortical
results for strengthened beams at Yeilding
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Figure 6.10 Comparison of test results and analytical values at yielding.
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CHAPTER 7

CONCLUSION AND RECOMMENDATIONS

7.1 INTRODUCTION

The load capacity, deflection and crack patterns of RC beams strengthened using
SCC jacketing with wire mesh were studied experimentally. The study intended to assess
the feasibility of strengthening RC Beams using section enlargement technique that can
be applied in strengthening RC structures. The test program of the current study has been
detailed in chapter three of this thesis. A series of four-point bending tests were carried
out on eighteen beams. Three of these beams were tested as control beams, four were
tested as monoalithic control beams while eleven of beams were tested as strengthened
beams. Also different mechanical bonding was investigated. Many types of bonding
techniques were applied to the eleven beams even by roughening the surface or by
adding shear connectors whether expansion bolts or dowel anchors with specific

distribution along the interacted surfaces of the beam.

7.2 CONCLUSIONS

Based on the observations of the experimental work and the results of the theoretical
analysis, the following conclusions are made for reinforced concrete beams

strengthened using SCC jacketing with wire mesh:

a. The experimental results clearly proved that jacketing can upgrade the structura
properties for the RC beams, which make the strengthened beams perform as
monolithic construction beams.

b. The test results indicated that the use of WWM and SCC jacketing is an effective
technique of strengthening RC beams in flexure.

c. Itisconcluded that full interaction did develop between the jackets and the existing

beam. Thus separation cracks at the common interface did not occur even upon failure
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during the flexural test between the concrete substrate and the SCC jacket for all
strengthened beams in both groups, thus inter laminar has been prevented.

. The main test parameters included the mesh properties based on mesh opening and
nomina diameter. In addition to the bonding technique employed between old and
new SCC.

. The mix proportions of SCC that used in strengthening process is satisfied with the
EFNARC 2005 limits.

The SCC shows accepted mechanica properties such as good workability, passing
ability and remarkable filling to overcome the challenges applied in strengthening of
RC beams. Further SCC flows through congested reinforcements without causing
honeycombing during the practical works.

. The flexural load capacity of the strengthened beams increased by 110.24 % of
@ 3.5mm galvanized WWM ,while increased by 162.96 % of @ 5.5mm galvanized
WWM compared with the control beams.

. Theincreasing intheflexural capacity in both groupswas dueto the addition of WWM
reinforcement within the jacket and due to the increase in the beam effective depth.
Thisindicates that the strengthening technique satisfies its aim to increase the flexural
capacity of the strengthened beams.

All strengthened beams have more ductility ratio compared to control beams.

The test results showed that in the two test groups if the diameter of the galvanized
steel WWM increasesasin group B thefailureload capacity and ductility significantly
will increase compared to other group.

. Thetest resultsindicate that in the two test groups the opening between bars of WWM
does not play amain role in decreasing the ultimate capacity of beams.

In Group A specimens bonded by anchors whether expansion boltsor @ 8.00 mm
dowelsrestore 96.80 % in average of the monolithically control specimens. While
in Group B specimens bonded by anchors whether expansion boltsor @ 8.00 mm
dowelsrestore 95.80 % in average of the monolithically control specimens.

. The best type of bonding technique is by adding @ 8 mm dowels as shear connectors
in Group A, while the best bonding technique is by adding Hilti expansion bolts as
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shear connectors at the interacted surface to connect between old and new concrete in
Group B.

. The worst bonding technique is the surface roughening based on crack width and the
stiffness at SL analysis which attributed to the surface roughening at interacted
surfacesis not sufficient in the real-word application.

. In'both Group A and B in which the mechanical bonding has been used inter laminar
has been prevented may be a result for using acertain number of shear connectors
which make the strengthened beams perform as monolithic construction beams.

. All the strengthened test beams were stiffer than the control beam and al were ableto
resist loads which exceeded the load capacity of the control beam.

. The strengthened beams in group A of 3.5 mm of 25 mm opening have higher
stiffness than strengthened beams in group B of 5.5 mm of 50 mm opening
galvanized WWM at SL stage.

Regardless of the bonding type used in both groups, the strengthened beams have
shown cracking widths and patterns similar to that obtained from the monolithic
controlled beams except the strengthened beams of roughened surfacethey have crack
width larger than others compared with monolithic control beams.

Regardless of the bonding type used in both groups, the strengthened beams have
shown deflection values similar to that obtained from the monolithic controlled
beams and at the same time have shown a deflection values more than that obtained
from the controlled beams.

It was noticed that the jacketed beams behaved in a similar manner to their monolithic
counterparts in terms of the ductility, cracking and deflection behaviors.

. To understand the structure behavior of the strengthened beams, theoretical analysis
was carried out and a simplified design procedure was presented in this thesis to
predict the flexura strength and deflection at yielding and at ultimate stages of
rectangular RC beams strengthened using SCC with WWM. This analysis is done
based on the basics of flexural theory and its assumptions and a good agreement at
ultimate stage between experiment test results and prediction values was achieved.
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7.3 RECOMMENDATIONS FOR FUTURE RESEARCH

The following recommendations are proposed for further research.

a. A Larger numbers of beam specimens may be tested for every type of bonding
techniquesto improve the standard deviation between tests results and to improve
the comparison between each type of bonding.

b. More of bonding technigues (mechanical and chemical bonding) may be tested for
the section enlargement of the beamsusing SCC to obtain the best type of
bonding between different concrete layers. In addition to obtaining the optimum
combination between mechanical and chemical bonding.

c. It is recommended to study the effect of using many WWM layers and the WWM
orientation on strength of beams.

d. More performance tests are recommended to be performed such as. measuring strain
In concrete, measuring strain in reinforcement steel and measuring strain in WWM to
study their effect on theoretical investigation.

e. Study the effect of the following factors on the behavior of strengthened beams:

i.  Dirilling holes in the beam.
ii.  Friction effect at interface in asystem composed of two concrete layers.
iii.  Beam size scale effect.

f. The theoretical analysis elaborated in this thesis could be used as an indicator of
expected values for flexura strength and deflection, namely provided by jacketing.
More experimental models with more large scal e specimens and different parameters
should be devel oped and compared with theoretical expected values.

g. It would be aso interesting to remodel the strengthening technique present in this
thesis using Finite Element Method (FEM) structura analysis software likes ALGOR,
ANSY S and others, and investigate the stresses, deflections, strains, loads and crack
patterns of the specimens.

h. It is recommended to study the bond strength between the SCC and the concrete
substrate using suitable test methods.
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i. It is recommended to study the effects of shrinkage for both SCC and the concrete
substrate.

170



REFERENCES

171



Abu Almjd, S. (1988), Repair and Strengthening of Concrete Members [onling],
Lecture Notes, 1-47, and Available at: http://www.gulfup.com/?0cUxX4 [Accessed: 30
May 2015]. (Arabic).

Abu Hamam, I. M. (2008), Rehabilitation Needs for Existing Buildings in Gaza
Strip, Master Thesis, November 2008, Palestine, Islamic University Of Gaza, and
Available at: http://library.iugaza.edu.ps/thesis/83327.pdf [Accessed: 24 May 2015].

ACI Committee 318, (2014), Building Code Requirements for Structural Concrete
and Commentary (ACI 318M-14), American Concrete Institute, P.O. Box 9094,
Farmington Hills, Michigan.

ACI Committee 546, (2004), Concrete Repair Guide (ACI 546R-04), American
Concrete Institute, Farmington Hills, Michigan.

Ajin, M., and Gokulram, H., (2015), Flexural Behavior of RC Beam with Welded M esh
as Shear Reinforcement, International Journal of Engineering Science & Research
Technology, pp.242-246.

AL-Kuaity, A. S., (2010), Strengthening of Cracked Reinforced Concrete-Beam by
Jacketing, Journa of Engineering, Vol. 16, 3, pp. 5753- 5771.

Altun F., (2004), An Experimental Study of the Jacketed Reinfor ced-concr ete Beams
under Bending, Construction and Building Materials Vol.18, pp.611-618.

Arote P.S., Dhindale G.B., Maunjkar JA. and Umbare A.S., (2014), Strengthening Of
PCC Beams by Using Different Types of Wire Mesh Jacketing, International Journal
Of Modern Engineering Research, Vol. 4, Issue 4, pp. 56-58.

Beeralingegowda B., and Gundakale V. D., (2013), The Effect of Addition of
Limestone Powder on The Properties of SCC [onling], International Journa of
Innovative Research in Science, Engineering and Technology, ISSN: 2319-8753,
Avalable  at: http://www.ijirset.com/upl oad/september/75 THE%20EFFECT .pdf
[Accessed: 07 August 2015].

172


http://www.gulfup.com/?OcUxX4
http://library.iugaza.edu.ps/thesis/83327.pdf

[Carbon Fiber Wrapping] n.d. [Image onling] and Available at:
http://3.imimg.com/data3/M P/BD/MY -75588/carbon-fiber-wrapping-500x500.jpg

[Accessed: 03 June 2015].

Chalioris, C.E. and Constantin, N.P., (2012), Rehabilitation of Shear-Damaged
Reinforced Concrete Beams Using Self-Compacting Concrete Jacketing,
International Scholarly Research Network, ISRN Civil Engineering, Article ID 816107.

Diab, Y.G., (1998), "Strengthening of RC Beams by Using Sprayed Concrete
Experimental Approach." Engineering Structures Vol. 20, pp. 631-643.

EFNARC, (2005), The European guidelines for self-compacting concrete; May 2005, pp.
1-63.

El-Ebweini, M. Sh., (2009), Structural Performance of Repaired corroded Reinforced
Concrete beams, Master Thesis, July 2009, Palestine, Islamic University of Gaza, and
Available at: http://library.iugaza.edu.ps/thesis/87289.pdf [Accessed: 26 May 2015].

Huang, X., Birman, V., Nanni, A. and Tunis, G., (2006), Properties and potential for
application of steel reinforced polymer and steel reinforced grout composites,
Composites Part B: Engineering, Vol. 36, No. 1, pp. 73-82.

Jaishankar, P., and Prathima, S., (2015), Experimental Investigation of Wired Mesh -
RC Beam, International Journal of ChemTech Research, Vol.8, No.2, pp. 815-821.

Khalaf, Q. A.(2015), Comparative Study for Strengthening Techniques of RC Beams Using
Concrete Jackets and Steel Plates, Master Thesis, February 2015, Palestine, Islamic
University Of Gaza.

Mahdy, A. S., Sdleem M. H., SdlamH.E.M., Abdin E.M. and El-Ghandour N. A., (2004),
Flexural Behavior and Mode of Failure of Jacketed RC Beams, Scientific Bulletin.,
Vol. 39, pp. 75-90.

173


http://3.imimg.com/data3/MP/BD/MY-75588/carbon-fiber-wrapping-500x500.jpg
http://library.iugaza.edu.ps/thesis/87289.pdf

Mishra, G. (2014), Strengthening of Concrete Structures [online], Available at:
http://theconstructor.org/structural -enqg/strengthening-structures/1576/  [Accessed: 22
May 2015].

Mostos, S., Meda, A., Riva, P., and Maringoni, S., (2011), Shear Strengthening of RC
Beams with High Performance Jacket, fib Symposium, Topic 3: Poster Session, pp.1-
0.

Panda K. C., and Bal P. K., (2013), Properties of Self Compacting Concrete Using
Recycled Coarse Aggregate, Science direct [onlineg], Engineering (51) 159 -164,
available from: http://www.sciencedirect.com/science/article/pii/S1877705813000246
[accessed 05 June 2015].

Pansal, P. P., Kumar, M., and Kaushik SK., (2006), Effect Of Wire Mesh Orientation
On Strength Of Beams Retrofitted Using Ferrocement Jackets, International Journal
of Engineering, Volume (2) : Issue (1), pp.8-19.

Penelis G.G., and Kappos A., (1997), Earthquake Resistant Concr ete Structures, First
edition, Oxon: Taylor & Francis Group.

PMFSEL Report (1991), Reinforced Concrete Frame Connections Rehabilitated by
jacketing, Sponsored by National Science Foundation, Grant No. ECE-8610946, 221 pp.

Qeshta, 1. M.1., Shafigh, P., Jumaat, M. Z., Abdulla, A. 1., Ibrahim, Z., and Alengaram,
U. J, (2014),The use of wire mesh—epoxy composite for enhancing the flexural
performance of concrete beams, Journa of Materials and Design , 60, pp. 250-259

Rehabcon Manua (2004), Annex | strengthening with reinforced concrete, [onling],
and Available at: http://www.cbi.se/objfiles/1/Annex| -1112262222.pdf [Accessed: 03
June 2015].

Rehabcon Manual (2004), Annex K Strengthening of concrete structures using
externally bonded stedl plates, [onling], and Available at:
http://www.cbi.se/objfiles/1/AnnexK _-935007756.PDF [Accessed: 03 June 2015].

174


http://theconstructor.org/structural-engg/strengthening-structures/1576/
http://www.cbi.se/objfiles/1/AnnexK_-935007756.PDF

Shehata, 1., and Shehata L. (2008), Strengthening of Reinforced Concrete Beams in
Flexure by Partial Jacketing, Materials and Structures Vol. 42, pp. 495-504.

[SIKA Carbodur] n.d. [Image onling] Available at:
http://www.rekocentrum.cz/data/gallery/0042.jpg [Accessed: 03 June 2015].

[Spot welding], [Image online] and Available at:
http://www.substech.com/dokuwiki/doku.php?id=resistance welding_rw [Accessed: 07
August 2015].

Wikipedia (2015) Spot welding [onling], available:
https://en.wikipedia.org/wiki/Spot_ welding [Accessed: 07 August 2015].

Xing G., Wu T., Liu B., Huang H. and Gu S. (2010) Experimental Investigation of
Reinforced Concrete T-Beams Strengthened with Steel Wire Mesh Embedded in
Polymer Mortar Overlay [onling], Advances in Structura Engineering, Volume 13
No.1, pp. 69-79, Available at: http://xingguohua.net/wp-content/uploads/2013/11/6-08-
726 _Xing.pdf [Accessed: 22 October 2014)].

Yang, F. (2004) Report #1. Self-Consolidating Concrete [onling], Available at:
http://www.ce.berkel ey.edu/~paulmont/241/Reports 04/SCC _report.pdf [Accessed: 17
May 2015].

Ziara, M., Tougan, S. and Naser, K. (1996) Evaluation of Housing Affordability and
conditions in Palestine. Special Presentation, International Conference on Affordable
Housing in Palestine, Birzeit University, Palestine.

Ziara, M. M. (2014), Strengthening of Structures L ecture Notes, ENGC 6355 Course,
IUG.

175


http://www.rekocentrum.cz/data/gallery/0042.jpg
http://www.substech.com/dokuwiki/doku.php?id=resistance_welding_rw
https://en.wikipedia.org/wiki/Spot_welding
http://xingguohua.net/wp-content/uploads/2013/11/6-08-726_Xing.pdf
http://xingguohua.net/wp-content/uploads/2013/11/6-08-726_Xing.pdf
http://www.ce.berkeley.edu/~paulmont/241/Reports_04/SCC_report.pdf

A

APPENDIX A

“Repair Materials Specifications”

176



=T

Standard stud anchor HSA

Base materials
B Concrete (uncracked)

Applications
B Wide range of fastening applications in concrete
B Fastening columns and beams

Advantages

ETA approved torquing with SIW 22-A impact wrench
and S-TB

Fast and easy anchor setting with S-TB

Excellent edge and spacing distances

High loads (optimal utilization of the concrete strength)
3 embedment depths offering maximum flexibility

Standard stud anchor HSA

Technical data

Material composition Steel, zinc-plated (min. 5 pm)

Head configuration Externally threaded

PROFIS Yes

Ordering Orabit Anchor size | Anchor length "‘““"'m ;m Socketsize | Wrench size | S9les pack

HSA M6 5/-/- B mm MS S0 mm 7 mm 5Nm 10 mm 10 men 200 2036084
HSA M6 20/10/- 6 mm ME 65 mm 7 mm 5 Nm 10 men 10 mem 200 2036085
HSA M8 5/-/- B8 mm M3 55 mm 9 mm 15 Nm 13 mm 13 mm 100 2004122
HSA M8 20/10/- 8 mm M8 70 mm amm 15 Nm 13 mm 13 mm 100 2004123
HSA M8 35/25/- 8 mm M8 85 mm a9 mm 15 Nm 13 mm 13 mem a0 2004124
HSAM10 5/-/- 10 mm M10 68 mm 12 mm 25Nm 17 mm 17 mm 50 2004127
HSA M10 20/10/- 10 mem M10 83 mm 12 mm 25 Nm 17 mm 17 mm 50 2004128
HSA M10 35/25/- 10mm M10 28 mm 12 mm 25 Nm 17 mm 17 mm 40 2004129
HSA M10 50/40/10 10 mm M10 113mm 12 mm 25 Nm 17 mm 17 mm 40 2004150
HSAM125/ -/- 12 men M12 85 mm 14 mm 50 Nm 19 mm 19 mm 25 2004154
HSA M12 20/5/- 12 mm M2 100 mm 14 mm S0 Nm 19 mm 19 mm 25 2004155
HSA M12 35/20/- 12 mm M2 115mm 14 mm 50 Nm 19 mm 19 mm 25 2004156
HSA M12 65/50/15 12 mm M2 145 mm 14 mm S50 Nm 19 mm 19 mm 25 2004157
HSA M12 95/80/45 12 mm M2 175 mm 14 mm 50 Nm 19 mm 19 mm 25 2004158
HSA M16 5/+/~ 16 mm M16 102 mm 18 mm 80 Nm 24 mm 24 mm 16 2004161
HSA M16 20/5/- 16 mm M16 117 mm 18 mm 80 Nm 24 mm 24 mm 16 2004162
HSA M16 40y25/- 16 mm Mi6 137 mm 18 mm 80 Nm 24 mm 24 mm 186 2004163
HSA M16 85/70/30 16 mm M16 182 mm 18 mn 80 Nm 24 min 24 mmn 16 2004164
HSA M16 135/120/80 | 16 mm Mi6 232 mm 18 mm B0 Nm 24 mmn 24 16 2004165
HSA M20 10/-/- 20 mm M20 125 mm 22 mm 200 Nm 30 mm 30 mem 10 2036088
HSA M20 55/30/15 20 mm M20 170 mm 22 mem 200 Nm 30 mm 30 mem 10 2036089
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HEA-RD, HEA-R (M) | 80 [ 75 | oo || 83 | 128 | w0 | 128 | 178 | =0
Shesar Vi
HEA, HEA W [ichij &8 | &8 8. 8.3 igs | iao | ma | e | ras
HSAH2 HEA-R [xN] 72 | w2 | wa || s3 | 123 | 123 | =20 | 26 | axe
Anchor szo M1z M6 Mm
Efiecthe anchomge @ (mm| | s0 | &5 | oo || 85 | 80 [ 120 | 75 | wo | 11s
depth
Tarsile Mas
HEA, HEABW ) | 470 | 265 | 350 || 265 | 381 | 500 | 32e | 505 | e2a
HEA-RD, HEA-R (M) | 17a | 285 | 350 || oms | asq | s00 | 428 | s05 | &2a
Shesar Vi,
HSA, HSABW (L] a8, 5 fei B 223 f=f vl st =] L] gaa a3.a
HEAR2 HEA-R pen) | ema | 2on | sea || so5 | 565 | 585 | ese | Gig | oee
apraoid Trovn pagjen mm pard ol T Anctat Faseing Tecknodn gy Mamol ime S echember 25014 163
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Design resistance

Anchor size ME M | MO
Checlie ancho®® pe tom | 30 | %0 | 0 | 20| 2 | 7o || 40 | 50 80
dapth
Tersile gy
HEA, HE5A-BW [kt 4 5,0 6,0 = 1] 8.5 T, F " B.S 1R 1577
HEA-FR, HEAR [} 40 5,0 6,0 ES B.S 10,7 " B.5 "o 16,7
S Vi
HEA. HSA-BW v [ 52 | 52 | 52 | 65 | &5 | a5 || 151 [ 161 | 454
HEA-FE. HEAR vy | 65 | 58 | 58 | 65 | aa | am | wmr | w81 | man
Anchor size M2 g | M
Efiective anchornge . fmm) | 50 | & | 10 | & | B0 | 12 || 75 | 10 | 115
ddepin
Tarsila Mg,
HEA, HSA-BW B | 118 | 176 | 233 | 178 | 24 | 333 | me | 387 | M5
HEA A2 HEAR it 1,9 1748 | a3 T8 | 24 113 || e | @™y | 414
Shear Veg
HE&, HEA-BW [H! JricH ) Ak FEX 40,8 4008 LB " 45,7 8] =R
HEA-RZ. HSAR il | 234 | 234 | 234 | 452 | 452 | 452 || 437 | 735 | 7as
Recommended loads
Eflectiva anchorage o fom) | 30 | 40 | 80 | = [ w0 | m || 0 | se | &0
e
Tangite M ™
HEA, HEA-BW php | 28 | 36 [ a3 [ a0 [ 61 [ 76 [ 61 | 85 | 11a
HEA-FZ. HEAH mM | 29 [ a5 | 43 [ 40 | 60 | 76 || 61 [ a5 | no
&hear W ™
HEA, HEA-BW Ml | 37 | a7 | a7 | 40 | 61 | 61 | s | ws | wa
HEA-RZ HIAS i | a0 [ a1 [ 41 | a0 | ro | 7o | 128 | wze | 12a
Anchod sz M1z M6 f M
i":!:"" CHo®® by fom) | 50 | 85 | w0 | es | e | || 75 | 10 | 115
Tengile Ny
HEA, HEA-BW BN | B85 [ 126 | w7 | 128 | m2 | 238 | 156 | M0 | @7
HSA-RZ HSAR it | 85 | vze | w7 | 126 | 72 | 238 | 156 | 20 | =7
L]
Bhesar Yige
HEA, HSA-BW ey | 168 | tee | e | @ | zeq [ 2s [ 312 | aen | a0
HEA-RZ HEAR Ml | 67 | w7 | wr | ma| sea |33 | ;2 | ses | ss

&} With ovwerad partiel salety fecior for achion = 1.4, The perial satety taciors for action depand on tha type of
koading and ahal ba taken mam naiona) mgiaticns

164 T ] patal n 4 Tachenegy Woros| ims Gezientar 054 s
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H=A Shd anchor

Materials
Mechanical properties
Anchor sizo M5 ] min M1z M1 20
Mominal HEA
preninh HEALBW [ M) il 580 Lo i B T
Etrergin HEA- B2 |
Ty Fvenn HEA-F [hrEm?] Ll 560 Ll A 500 B25
HE5A
Vaedd heagy [Wmm | a2 4654 520 B0 A0 86
Eirergin
fyesin ean.  [emm | s 445 520 a5 480 500
Elrersed A
F083- HEA-BW i ;
izl HS A HE [mme] b 368 58,0 B3 157.0 24500
LI H5A-R
HEA
fomant of HEA-BW
iR W HEARD | 12,7 32 aZd W, 2 2.5 518
HEAR
HEA -
Char. bendng peamw M 9.8 7 486 81,7 216.4 4544
ﬁlﬂm
Rix g:‘f [Mmj BE 210 L85 a0 158 &5, T
Material quality
Type Part Matoriat Caating
Baoll Carton-siaal
HEABW i A
Wb HEA corbon steal, Geabamrized (25 pm}
Cart har HEA-BW cafon sl
Hesxagon mi Siesd, sipength class 8
MAARS ol Sininlesa sieet AZ, 14301 or 14162 M - M0 comted
Sl Slaneas slead A2 14307 o 14404 -
Stainlese Sl Wiesher Sininkess sleel greds A2
Girade A2 Hexagon nui Slainkess sles grada A2 ME - M2 comtad
HEAR Bl |5I:rl-n== simal grada 648, 14300 or 1.4362 MR - M2 costad
Slag [Elainiess sieed A2, 1 43071 or 14404 .
Sininless Sleed Washar Siainless sload grada A4 -
Grads Ad Hoxpoon mul  [Sisinioss sioal grada £4 B - M coctad
ey B0l T home s e pat ol S Anchor Fadlem ey Techm kg Mlansl oam Septersba 2014 165
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H53A Shud anchor

Geometry washer

Anchor Siza me [T MiD | mi2 MIE | Mz

InFEr diamainr oy

Hak, HaA-FE A gy |mm] 5] N 13,0 17,0 1

HEA-BW dy  [mm] .4 8.4 | 10,5 13.0 7.0 22

Qubar diamatar d,

HER, HaA-HH R b |mm|| 128 | 150 200 | 40 | 360 370

HEA-BW th  [mm]| RO | A S 30,0 6,0

Thickness h

HEA HEAHI A b [mm [E: 1,6 7.4 FX] id 30

HEA-BW o [mm 1.8 2.0 248 3.0 3.0 .0

Anchor dimensions and cading

Product marking and ldentification of anchaor

Boginning of thraad: sattng dopth indicator for R, Blus ring: sailing depth indicabor for Mg, s

Pl 1 - meatnad when pon-thieaded Pl = B meachad wien e Dius
pad al the Boll 8 complaiely Dalow the Fing is oomphalely below e
conrate aLslace cangrels aurlace

N

Making ——

ad
Hi HGA .. Beand &nd Anchinr Cvpe
M12 EEGS . Anchor Sieo and Tra max. Ly of by By Tor o comesponoireg P, if Pagn 3 Pogs s

1B Thasm e s pit ol Be Archor Fadening Tacnsegy Nonisl iss Dapos mber 7014 024200
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YASMO MISR Chemicals For Construction

Epoxy EPICHOR 1768
Patch Repairing Quick Setting Epoy m

General Properties:

EPICHOR 1788 is b componant sobvant fiee, clear aposy product

Can bar mimed wilh graded sand to be used == a fixing dowes in concrebe and repainng mostar.

15 relatively insansitte (o motshuns,

Has quick tretial setting time

Has oo effect, fus soksble e fxng sheesd domels 0 conomnebs sspesaally o saifits. srd verlical surtacses.
Has high compresshe, enaike & bond sirenglh which ansdnes monoithe: belavior #ith concreta.

Uses:
= A5 an pdhedea mortar for fieeng dowals i concnals:
& AG pEich repain mormar ke oorcreda,
* Inmachinery & rail :
= Farnepairing & coaings of potabla waler tanks.

Ap%:db:ullm
Clein the holes and remove ol and greass or forsign matedals:
2, Wear glovas & oye poggies bofore working & be sune of good wenblation,
3. Add resin EPICHOR 17608 (o hardaner and mis well. Apoly EPIGHOR 1768 aa & prirr irsida e hoba
i1l hode should be Benm sidar then e sbaal bar).
4. To make the monar add resin EFICHOR 1788 1o hardener and mix well, than add the flling % the
prewicas midbung & mis sl Gl reaching B mortar with homogenous conststancy.
&, Apply EPICHOR 1768 mortar with Shix sultabie 1ool acoording to usags purposs
8, Fill 203 of the hole with i morar, irsert ha alesl bar i, Be sure thed [he bar @ mbedded with anough
suitable depi in S hole,
7. Failure should happen to =lesl before ds separation Trom hole.
8. Clean tools using sobvent ox: Thinnar.

Technical Data:
ASTM {C - 380 Method & 'Fhmlhﬂ
e Fhm.liwlmmm 43t Mimm®
Flagural Blrangth E-lm-m BT Mimm”
mﬂﬂ‘ﬁhiﬂﬂf 2320 Mimm®
Gs-En 1601-2006 LLOUT tesi :
+
Band strength | l-.gﬂ.IE-n' i Faslure happenad to steel bar
For g @ = Bmim, Lru:uﬂdndm-ﬁ'lm_ Faiiun lpad = 0,85 ton
Thie steal har used is mild sioed tost dona aflor 18 from casting dabs

by vl of bur balom pubcul

= "'I"""I.""EH'I
P :
o . T e ,_,--1 TBE mixed with grated soecial sant

vy Hhickress ahe i 3 e around slesl bar (R+H] ; fling =

e stremgih F O Hi (AfR=r 7 days) A TH W]
c stren ‘mlg‘.ﬁmr -- §ASTM {C 5T Method B)

Curing ; Aftar 34 hours of miving
Final Curing Time ! 7 days Bl ambian lemparature

H‘H“ nh.ﬂﬁ“ﬂ
Density 2.4 pm o’ for marar e
Chembcal Resistance ; Excellard rasislarcn st vandar, alkalis, and catergants, moderata against
Shell Life - 48 months i closed condainer and away rom sun ghl, hest ard hamicby.

Ennvironmant: - Bonils, rubSar glowes, dust masks, ard saaly go

- Rafer o MATERWL SAFETY DATA SHEETS ME0S)
END OF TECHMICAL DATA

For more Information please contact our technical department
tiead Office | 21 Taspeem E| &wkal — EL Sawah Sg. Cairo — ERyps
Tel | 002 /00 24535678 - 24535679 Fan 002 /02 2453B966
Wb site - weaw yasmomisr.oom E-mait !I’.-'HIJEEEJ'\I:IMIEF.-CIJI'I'

YASMO MISR Quality between your hands
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- Produet Data Shaat

\éarsion no. 01 10

Sika ViscoCrete” -5920
High Performance Superplasticiser Concrete Admixture

Gien isooOretn™ <8420 is 2 third gersrabon super plasiozer ior monomie oro
miar il et ha e Auper plasiod s sioediog 10 ASTR-C- 494
Tippeect (2 el F el 13 Uk pan 3 20

Bin VacCrens” S0P Thciilaes grinime waler BOucion, sxceien Nowsilly win
at the same time cptimal cohesion and highest e compacting behaviour.

Ba Wit SO0 B s Sor [ Relkoaing trpes of cangras

B Precast Concreis

B Ready Wi Concreln

B Concele with highest waler neduchon [Ug be 20%],

B High Strareth Conssta

B Hel WasPar Concnla

M Saf Compacing Cancres

Hagh waier reducion, excelen foeabiity, coupled with gh carly seengths, b
‘@ pomtive Fduence on (he abowe mendoned applications.

Siea WimoniCnete™ S50 an 3 powertul superisiciser acls by dfenent

mBCErienG.

Thrmegh surlace adsompbon and siencal sspaaiion sffect on B carenl pariclss,

I paralisl & P hpdealon precis, he ikeng popanies ans ohisre

B Strong ==l ompacing betericar Therelore mgiatee lor the poducion al =il
comgacing concnets

B Estrernely hgh waler reducson [resuling in high densiy and sirengihs].

B Escelend fowabiity (rosuting in highly reduced placing amd compacting effors}.

B Increasse high earty sirengths devecpmeant.

B Improvad shiinksges and oeep behavour

B Roduced rate of carbonaion of e concals,

B Impichsd Wintar Impesrmaataliy.

Sikn WispoCree® -5020 dons rol conlam shiorde gr other ingredents promiotng

camomion of sissl mirforcemant. it m dersiors suinkls v be ummd wo wy
resiricions for reinforced and présinessed concehs producion.

Construction

Aquaogs solulion of modied Polycarbouylaies

Light brownish ligued

1.08 £ 0.01 kit

n%

5 and 2 &g pois
T2 g cruma
Huk Tanks packing svalabie upon requost

lzmﬂlmﬂlnfl:mdml mlnmmununw
oo mﬂlm iy Errpschiuras belwoeon +5°C and £35°C Prolacied
frexts direc) sunigin s

Innavation & :ipid
Consistenay 1310

Hihi Veoriaed S5 1T
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B For fowing and =el compecting concrets (5,00 0.5 — 2.0% kre by weight of
ceman] degeeding on desingd worka biity and sbengin, 1B advisskie 1oy o
bl ieeas G aalatdiah he camed) diesge s regqurnad

Sika ViscoUrete™ -5S020 i added o fie gauging weler or odded with if o 1he
COnrila P

To ke advaniage of the high waber reduchon, @ wet mixng e of ol e )
BROCNGE B

T il mioises wale® in e corciabs, the final Scoaga mist B6gin mﬂiﬂﬁ
the: wet mixing me.

Canereta Plazing

Tees miandand ndes of good comcreting praciics, conoceming produchon m well ae
plecing, ane b ba Todosed,

Frush coneels must be ceesd propery ana a8 sy as posshbis

Sika ViscoCrate® -5U20 may be corwtined with the Fslowing Sika produchs;
W Sika Pump®

W Sis Fapd”

B Siss Permgand™ 501

B Seafume”

B Shs Fro -WEe

W s Aetarder”

Precirials am ecommended [ comBinations with the above producls are being
made,

I# frozan andior B Iﬂlhlhm.mm=mmﬂjhimﬂ-
after tizwing at room kemperataen and afier RSN ming.

I ol with ki, wash ol wilh soap and v,

In oaigic] with eyes oF MocouE meambrang, finae mmaditey Wil dean warm

Fieiichacsy ol mpiesial makl be femoved acosting o kAl rcuilalions, Felly oued
matgrial can be dhposed of as housshold waste undar agreemani wih tha
rasponsibie local uithorities.

Mo hazandol s

Mices-Tosdbe undar relavant health and salaly codas

TP WS okl & pElEee U FearieEeloRa lEY D i dpcEls @ sakae of
Bl e, R R I g Bl ] o0 FEAS (O W e R s oF e [eranik
whon gy el el e et osder el oemiiee. N guoies i
Gidinrs moaTmraromisre. in oF Er BN LI B e e
e B Mz wmmerdy & reapesi ol reercirri iy or of fines fo s parimsr mmaass . e ey ki
mnrry sl 2l o wgsl rewsoeTe winhi e e b v st b Bes arbererbo, 1 ke By
=it rrrrrerslderm. e o any sfer mchors chared T e o ew prmter reak el L pemdeets
awiuliey BF e kel i B Deapeaig B e (5 fighl b Dheere 9 e Drope b oF di
jpidatn The piodestisy e of Pl Eeifen duil b ODered AL St e iuarie] mideelt b e
URTPEE] DTS OF S RT ERlT LAEOT maan peedys RIS 00 b e rmosnt sese ol e el Pencl
Chetay: et Pl £ o] et o meTie]. D0 O ety i Lol e e rep s

Innovation &  since
Consiatency 1070

S YiecoTowsid 58T 20
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APPENDIX B

“Deflection Derivation of Two Point Loading
Beam”
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The deriviation of mid-span deflection of abeam subjected to two point loading as
shown in Figure B.1 has been calculated based on equation of the Elastic Curve.

y
P P
x
AT B| C D TE
a a
Pl Tp

L2 L2 |,

A Zd

Figure B.1 Beam subjected to two point loading.
Consider porion ABC only, and consider symmetry about C.
Reactionat A and B =P

Boundary conditions:[x=0, y=0], [x=a, y=y], [x=a, Z—z = Z—i’], [x=2, Z—i’ = 0]

For (0 <x<a)

2

d*y

EIE =M=P.x

d 1
Elﬁ =-P.x*+( (B.1)
Ely ==<P.x% + Cix + C, (B.2)

When[x =0,y = 0] > C, = 0

L
For(a<x<§)

d?y
Elﬁ =M=P.a

d
Elﬁ =P.a.x+Cs (B.3)
Ely ==P.a.x?+C3.x +C, (B.4)

When [x = 2,2 = 0] 5 ¢; = — = Pal
2 dx 2

@PointB—>x=a,[x=£ d—y=d—y]

2’dx  dx
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and equation 1 = equation 3 -

“P.x? 4 (. =P.a.x+Cs

1 1 1 1
1P.a?+¢ =P.a>+(-1Pal) - ¢ =(GPa?—1Pal)
@ PointB- x =a ,[x:%) y =9v]

and equation 2 = equation 4 —

1 3 1 2
ng +C1.X+C2 =§Pa,x +C3X+C4

2P.a®+ (3Pa* —3Pal)a+0=3P.a = 2Pa’L+C, - C4=(3Pd®)
6 2 2 2 2 6

So that, The Elastic Curve for Portion BD is

1
El.y =§P.a.x2 +C3.x +C,

El —1P 2 1PL +1P3
.y=5P.ax’—SPal.x+-Pa

_P 1 ) 1 L +1 5
y—EI(Za.x Za.x 6a)

L

For Deflection @ C — set x = P

_P A, Lo, 1
Ye =g galm —gali+gay
Yo = — =2 (312 — 4q?) (B.5)

24EI
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C

APPENDIX C
“SCC Test Methods According to EFNARC”
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C.1 Applied Testson Fresh SCC

EFNARC defines test methods for SCC. Thetesting for SCC consists of tests for both the
fresh and hardened concrete. The fresh concrete tests are applied to ensure the self-
compacted properties for concrete. There are many different methods of testing to
characterize the SCC fresh properties of filling abilities, passing abilities, workability and
segregation resistance. So there are no single or combination of methods that are
universally approved or achieved. At the same time there are no single method found to
characterize all relevant workability aspects so each mix design should be applied to
number of tests for different workability parameter. In this research we will focus on the
following fresh tests:

C.1.1 Slump-flow and T500 timefor SCC

The slump-flow and T500 time is a test to assess the flowability and the flow rate of SCC
in the absence of obstructions (EFNARC, 2005). It is based on the slump test to measure
two parameters the flow speed and the flow time. The result is an indication of thefilling
ability of SCC. The T500 time is aso a measure of the speed of flow and hence the
viscosity of the SCC, also thetest is not suitable when the maximum size of the aggregate
exceeds 40 mm.

The fresh concrete is poured into a cone as used for the normal slump test as shown in
Figure (C.1). When the cone is withdrawn upwards the time from commencing upward
movement of the cone to when the concrete has flowed to a diameter of 500 mm is
measured; thisis the T500 time. The largest diameter of the flow spread of the concrete
and the diameter of the spread at right angles to it are then measured and the mean is the
slump-flow.

Figure C.1 Base plate & the Abrams Cone. (Source: EFNARC, 2005)
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For detailed procedure of thistest revise to the European guidelines for SCC,
(EFNARC, 2005), but it was concluded as follows:

The first step is to use the same basic equipment of the conventional slump test method
but without using rod to stroke the concrete. Then place the cleaned base plate in a stable
leveled position, fill the cone without any agitation or rodding, and strike off surplusfrom
the top of the cone. Allow the filled cone to stand for not more than 30s; during this time
remove any spilled concrete from the base plate and ensure the base plate is damp all over
but without any surplus water. Lift the cone verticaly in one movement without
interfering with the flow of concrete. If the T500 time has been requested, start the stop
watch immediately the cone ceases to be in contact with the base plate and record the time
taken to the nearest 0,1 sfor the concrete to reach the 500 mm circle at any point. Without
disturbing the base plate or concrete, measure the largest diameter of the flow spread and
record it as dm to the nearest 10 mm. Then measure the diameter of the flow spread at
right angles to dm to the nearest 10 mm and record as dr to the nearest 10 mm as shown in
Figure (C.2).

Figure C.2 SCC flow spread measurment. (Source: EFNARC, 2005)

Check the concrete spread for segregation. The cement paste/mortar may segregate from
the coarse aggregate to give aring of paste/mortar extending several millimeters beyond
the coarse aggregate. Segregated coarse aggregate may also be observed in the central
area. Report that segregation has occurred and that the test was therefore unsatisfactory.
Then the slump-flow is the mean of dm and dr expressed to the nearest 10 mm, and the
T500 timeis reported to the nearest 0.1 s.
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C.1.2 V-Funnd Test

The V-funndl test is used to assess the viscosity and filling ability of SCC (EFNARC,
2005). A V shaped funnel see Figure (C.3) isfilled with fresh concrete and the time taken
for the concrete to flow out of the funnel is measured and recorded as the V-funnel flow
time. V-funnel, made to the dimensions (tolerance + 1 mm), fitted with a quick release,
Water tight gate at its base and supported so that the top of the funnel is horizontal. The
V-funnel shall be made from metal; the surfaces shall be smooth, and not be readily
attacked by cement paste or be liable to rusting. However container is needed to hold the
test sample and having avolume larger than the volume of the funnel and not lessthan 12
Liter.

B15%

___ hinged
T trapoooe

Figure C.3 V-Funnel apparatus, dimesnionsin mm. (Source: EFNARC,2005)
For detailed procedure of thistest revise to the European guidelines for SCC,
(EFNARC, 2005), but it was concluded as follows:

Clean the funnel and bottom gate, the dampen &l the inside surface including the gate.
Then close the gate and pour the sample of concrete into the funnel, without any agitation
or rodding, then strike off the top with the straight edge so that the concrete is flush with
the top of the funnel. Place the container under the funnel in order to retain the concrete
to be passed. After adelay of (10 + 2) sfrom filling the funnel, open the gate and measure
thetimety, to 0,1 s, from opening the gate to when it is possible to see vertically through
the funnel into the container below for the first time. ty is the V-funnel flow time.
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C.1.3 L-Box Test

\The L-box test is used to assess the passing ability of SCC to flow through tight openings
including spaces between reinforcing bars and other obstructions without segregation or
blocking (EFNARC, 2005). There are two variations; the two bar test and the three bar
test. The three bar test simulates more congested reinforcement. The main concept of this
test isto allow ameasured volume of fresh concrete to flow horizontally through the gaps
between vertical, smooth reinforcing bars and the height of the concrete beyond the
reinforcement is measured. L-box have the general arrangement as shown in Figure (C.4)

B0 TS e 10D

T =N
.

Z2or 3 112 ¢ smoolh bars
._.__.-"' Gaps betvwesen bars 59 cr 4%mm

LoLL

Figure C.4 L-Box apparatus, dimesnionsin mm. (Source: EFNARC,2005)
For detailed procedure of thistest revise to the European guidelines for SCC,
(EFNARC, 2005), but it was concluded as follows:

Support the L-box on alevel horizontal base and close the gate between the vertical and
horizontal sections. Pour the concrete from the container into the filling hopper of the L
box and allow standing for (60 + 10) s. Record any segregation and then raise the gate so
that the concrete flowsinto the horizontal section of the box. When movement has ceased,
measure the vertical distance, at the end of the horizontal section of the L-box, between
the top of the concrete and the top of the horizontal section of the box at three positions
equally spaced across the width of the box. By difference with the height of the horizontal
section of the box, these three measurements are used to calculate the mean depth of
concrete as H2 mm. The same procedure is used to calculate the depth of concrete
immediately behind the gate as H1 mm. The passing ability PA is calculated from the
following equation C.1.
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Passing Ability (PA) = it (C.y

Hy

The EFNARC Guidelines are not intended to provide specific detailed procedure but also
gives atypical range of acceptance criteriato ensure that all aspects of SCC are fulfilled
as per mentioned in table (C.1).

Table (C.1). Acceptance criteria of EFNARC for fresh properties of SCC

Typical Range of
Testing Method Characteristic Unit Values
Min. M ax.
1 | Slump Flow Test Flowability mm 550 850
Viscosity
2 | T500 Slump Flow (assessed by rate of flow) Sec. 2 6
3 | L Box Test Passing ability H2/H1 0.80 1.00
4 | V-Funnel Test Viscosity / Filling ability Sec 2 9
5 | Standards molds Comprv,e Strength MPa According to job mix
(fc) design

C.2 Applied Testson Hardened SCC

The hardened test is applied to verify the compressive strength of concrete. This test is
done according to ASTM standards to measure the compressive strength of standard cubes
of hardened concrete. Standard molds 100x100x100 mm cube specimens were prepared,
fully filled with fresh concrete at once without any compacting with standard rods after
that the molds are covered with a plastic sheets for 24 hours to prevent moisture |oss.
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APPENDIX D

“Shear Connectors Calculations”
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The laminar shear is developed in the specimen’s beams due to the non-
Homogeneity between two concrete layers of the main and strengthened layer. Laminar
shear will be resisted only by roughening the surface and anchors. The shear capacity of
the anchors is calculated according to REHABCON ANNEX | strengthening with RC
specifications.

The load bearing capacity of a dowel can according to REHABCON ANNEX | be
calculated as:

F = Q)Z\/ fee- fst (D.D)
Where:

F: Load bearing capacity of adowe (Pa).

@: Diameter of one dowel (m).

fee: Compressive strength of the concrete (Pa).
f«: Tensile strength of the steel (Pa).

However, since the force acting on the dowel shall be transferred to the substrate the load-
bearing capacity of adowel never can exceed the load-bearing capacity of the concrete:

F = 0.2 b CfCt (D2)

Where:

F: Load bearing capacity of adowel (Pa).

b: Distance between each column of dowels ,or distance to edge (m).

c: Distance between each row of dowels (m).

fc: Tensile strength of the concrete which equal to 10 % of fec of concrete (Pa).

To calculate the number of dowels of abeam the following cal culation is required.
@: Diameter of one dowel = 0.008 m.

fec: Compressive strength of the concrete (control beams) = 38.607 x 10° Pa.

f«: Tensile strength of the steel= 444.70 x 10° Pa.

b: Distance between each column of dowels =0.05m ,or distance to edge =0.06 m.

From Equation D.1 can you get

F = 02/foe for = 0.0082 x \/(38.607 x 106) x (444.70 x 106)

F =8385.84 N
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Take 30 % reduction factor of the load bearing capacity of adowel for safety.

F = 0.7 X (8385.84) = 5870.10 N

To find the distance between two dowels equalize D.1 with D.2, then:

F =5870.10N= 0.2bc f.,

10
= 5870.10 N = 0.2 (0.05) X ¢ X (m X 38.607 x 10°)

= ¢=0.152m

So that the distance between each dowelsrow is0.152 m, and it was taken 0.12 m
for each face of the original beam in this study as shown in Figure D.1.

P/2 P/2
¥ a=450 L 150 I/
1234567809 10‘1213‘]51617181920212 23 24
11 14 AT e
T (@)
[ ] [ ] [ ] ,P 12 @
75 E 1050 E75
1 1
m‘l\ ? [ ° . ° [ ® ® ® (b)

Figure D.1 Shear connector distribution at (a) both sides, (b) lower surface.
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Table E.1 Beams Charateristics.

Beam| b I a Ew e Ty ] v Taw | hwl |hw2 | hwd | hwd | hw5 LT Aswl | Asnl | Rawd | Aswd | AswS
() | | dmen ) | (oo | Ex (Spad | (vEpa) | OVipa) | Ec (STPap | D pad | lpad | Opad | (Rlpad | fmm) ((mm) | (o) | eond | deom) | (oea2) | Gmea2) | feomd) | (oem2) | fmmd) | fsmd)

T B i1 10%a | 450 2000 | TR0 | 3% T | 20AD A | 44T | G S 23 RE ] IHE 13& | I27% i TS 7 | 4% 11 1125 19.23 1925 19.25

LA HDY 18D JWF | DO%0 | 4500 | ZO0NE | TI0O0 | 19 KD | AN A0 | 4T | RS i a] ekl ] (L1 136 | 1I7% Ee T3 371 45,11 1925 | 192% | 1923 19.25

EB 1| 16D 20 | DD | 450 | ZO0INE | Z3000 | ATIRE | 2EGE AT | 4T | BER R Ji it | IHI |137.3]| 8§13 1371 T522 | SHIL1Y | HLE

Pl BN D60 | JOWF | NS 450 | 20NN | TSO00 | 17 25K | JEiEE 40 T GARR | 0 | 416 |HE 1375 BLS I5T.0 | 7522 | 5015 | .05

s 0] 60 | 2 [0S0 | 4500 | 20<0000 | TSO0K | JL9ET | 30dE 5 7| eE%S | 10 250 | IHE | 156 | 1275 ] W9 | S | BSTD | 4R ] 1925 ) 1925 | R3S | 1925

s B 060 | I 00| 450 | 2040 | ZSO0K | F1UET | IS8R | BT | 6A%e | 280 JED | OIBE § 156 | I2TS ] 99 | RS | OBETD | AHD ) 1925 | 1925 | 1935 | 1925

ja B3 60 | I | NOS0 | 450 | 0000 | T5O00 | B)TRG | S S| BT | 6899 | 28D 280 | IBF | 156 | 1275 ] 09 | TS | BFTD | AR ] 1925 | 1928 | 1925 | 1925

e ) 060 | 200 | D0S0 | 450 | 20000 | 2E000 | JLOET | 045450 | 44T | G99 | 250 Tap | IALE | 15& | IXTE ] o0 | eE | UETD | ARLL | 1925 ) 1925 | 1925 1923

l'-.*..llﬂ D0 | 2iME | D050 | 450 | D000 | TSO00 [ $0050E | 20046 TE | 4447 | e8G9 | 250 I | I6L | 15& [ 1275 ] 0 | 05 | BST0 | 4411 | 1935 | 1925 | 1925 | 1935

oh Bea 1680 JiME | 0O%0 | 4500 | k00N | TIO0O0 | 0 F9E | 2PRATE | BT | %R im 1% LHE 136 | 1I7% L 0.3 1571 4511 1925 | 192% | 1923 19.25

[iE.HI| 180 Ik | B0 | 450 | Z0A00WE | ZA30GN | B A3 | FO0R1 84 | 4T | fARS 3 qidd | IHE |[15373]| 323 [ o | T522 | SIL1Y | =0F

[HaB B2 1ED J0dF | 1O%D | 4500 | J0DiWE | IS000 | FEAT9 | FO2R1 8 | AT | RS 3 Qx| I¥D |[1373] 3215 1371 7522 | 511N | SDIS

[ilE.H3| 1& Ik 10%0 | 450 20000 | TR0 | JE AT | 0250 54 | 4T | eARR 300 4IR& | IHE [1375) H1 % E5T.0 75 23 S.1% s

GE.BA| 160 | 2 | 1050 | 4500 | 00N | TS0 | S14T9 | 00515 | 4T (RS | 30 | 4186 | HE 1375 H1§ I57.0 | 7522 | S0.1% | S8

GE.BS| 160 | 20 | 1050 | 450 | 20NN | 29000 | $059E | 29PHETH | T | 689 | 30 | 4186 | IH] [1375] ELS BE7.0 | 7522 | S0.15 | 8005
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Table E.2 Comparisons between Theoritical & Experimental Bending Moment Results.

Theoretical Calculated Experimental
Beam Mer Act My Ay My Au My Ay My Au

(KN.m) | (mm) | (KN.m) | (mm) |[(KN.m)| (mm) | (KN.m) | (mm) | (KN.m) | (mm)
MA.B1 18.420 0.137 | 55.165 2478 | 77.79 | 16.358 | 57.086 | 4.615 | 81.8834 | 13.765
MA.B2 18.420 0.137 | 55.165 2478 | 77.796 | 16.358 | 61.026 513 | 87.1803 | 13.11
MB.B1 17.941 0.137 | 66.335 3333 | 98.224 | 18.710 | 77.39 5.7 110.553 | 13.47
MB.B2 17.941 0.137 | 66.335 3.333 | 98.224 | 18.710 | 72.558 532 | 103.654 | 12.196
GA.B1 19.046 0.137 | 55.438 2404 | 78.183 | 15.865 | 55.996 4.45 79.994 | 11.25
GA.B2 19.046 0.137 | 55.438 2404 | 78.183 | 15.865 | 58.016 4.8 82.8798 | 14.815
GA.B3 19.046 0.137 | 55.438 2404 | 78.183 | 15.865 | 55.624 455 | 79.4629 | 12.85
GA.B4 19.046 0.137 | 55.438 2404 | 78.183 | 15.865 | 59.483 4.68 84.976 | 12.465
GA.B5 18.728 0.137 | 55.302 2442 | 77.990 | 16.128 | 59.22 5.00 84.6 20.95
GA.B6 18.728 0.137 | 55.302 2442 | 77.990 | 16.128 | 56.644 5.2 80.9199 | 15.29
GB.B1 18.919 0.137 | 66.998 3232 | 99.208 | 18.990 | 69.41 585 | 99.1512 | 14.7
GB.B2 18.919 0.137 | 66.998 3232 | 99.208 | 18.990 | 75.585 6.6 107.978 | 16.99
GB.B3 18.919 0.137 | 66.998 3.232 | 99.208 | 18.990 | 67.176 6.15 | 95.9646 | 14.42
GB.B4 18.919 0.137 | 66.998 3.232 | 99.208 | 18.990 | 75.131 6.18 | 107.329 | 13.08
GB.B5 18.728 0.137 | 66.877 3.252 | 99.028 | 18.963 | 72.288 6.05 | 103.268 | 13.91
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Table E.3 Comparisons between Theoritical & Experimental Bending Moment Results at Y elding and Ultimate Stages.

Yielding Stage Ultimate Stage
Beam My Thoertical My Experimental My/Mye Mu Thoertical Mu Experimental Mu/Mue
Calculated (KN.m) (KN.m) Calculated (KN.m) (KN.m)
MA.B1 55.165 57.086 0.97 77.796 81.883 0.95
MA.B2 55.165 61.026 0.90 77.796 87.180 0.89
GA.B1 55.438 55.996 0.99 78.183 79.994 0.98
GA.B2 55.438 58.016 0.96 78.183 82.880 0.94
GA.B3 55.438 55.624 1.00 78.183 79.463 0.98
GA.B4 55.438 59.483 0.93 78.183 84.976 0.92
GA.B5 55.302 59.220 0.93 77.990 84.600 0.92
GA.B6 55.302 56.644 0.98 77.990 80.920 0.96
MB.B1 66.335 77.390 0.86 08.224 110.553 0.89
MB.B2 66.335 72.558 0.91 08.224 103.654 0.95
GB.B1 66.998 69.410 0.97 99.208 99.151 1.00
GB.B2 66.998 75.585 0.89 99.208 107.978 0.92
GB.B3 66.998 67.176 1.00 99.208 95.965 1.03
GB.B4 66.998 75.131 0.89 99.208 107.329 0.92
GB.B5 66.877 72.288 0.93 99.028 103.268 0.96
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