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ABSTRACT

Fiber reinforced polymers (FRPs) are being increasingly used nowadays as an effective
rehabilitation method to repair beams, columns, slabs caused by structural flaws that are a result
of the aging of the service life of building structures. Numerical evaluation were conducted to
evaulate the behaviour of recycled reinforced concrete (RCA) beam samples; additionally,
normal weigh aggregate (NWA) beam as control sample strengthened by carbon fiber
reinforced polymer (CFRP). Th research aims to try and predict the effect of strengthening
(RCA) reinforced beam samples with (CFRP) or without shear reinforcement on the shear
capacities, deflections and damage mode types (Shear- Moment). To conduct this research, four
numerical models were investigated, two models of (RCA) and two models of (NWA-control
samples) un-strengthened beams and strengthened beams with (CFRP-U) wrapping. The
behaviour of strengthening the reinforced concrete beam with (RCA) without shear
reinforcement is examined using three main parameters. The first parameter is type of loading,
loads ranges from 81.7-130.9 KN for static and dynamic load. The second parameter is type of
(FRP) carbon fiber, which has been used “Master Brace FIB 600/50 CFS” types. The third
parameter is the concrete strength with different strengths varies from 64.5-77.00 MPa. All
parameters mentioned above have been considered carefully in the numerical analysis of FRP
strengthened the (RCA) beam samples.

The (RCA) beam type has been modelled using two models, one with 0.75% (5D) steel fibers
in self-consolidating concrete matrix (SCC) and the other without it, but both models consist of
100 % coarse recycled aggregate (RCA), while (NWA) beam types are modelled without steel
fibres with compressive strength 70.50 MPa and loads ranges from 120.1-130.1 KN. Using
(SCC) and steel fibers are to enhance shear capacity by achieving the best performance of

structure integrity. The analytical model cross-section of the beam is 200mm in depth, 150mm



in width and 1600mm in length; three 12mm diameters rebars as bottom reinforcement. For
more additional checking, two rebars of 12mm as top reinforcement for the cross section with
all rebars having length of 1540mm. The longitudinal percentage of reinforcement was 1.45%
, has been selected to warranty the shear failure of the experimental beam samples. This means
that, no shear steel rebars have been used along the horizontal cross section of the beam, except
for three closed stirrup rebars with 10mm diameter used at support locations with 300mm

distance from each support, to prevent the concertation of stress and act as steel rebar hangers.

The research demonstrates the load path with distribution of stress/strain and deflection through
both models under different values and types of loads using (FE) software which is represented
through (ANSYS Workbench). The results show that the 3D modelling reflects some
differences in deflection values between (RCA) by and (NWA) samples when un-strengthened
or strengthened by (CFRP) laminates, and when using compression rebars as well.
Nevertheless, no differences have been detected in shear load values under diverse types of
experimental loadings. Likewise, 3D-(FE) model (ANSYS Workbench) illustrates the type and
location of failure which confirms where retrofitting is needed. The numerical analysis and
strengthening calculations are completed using (ACI 318-19& ACI 440-17) standards through
(MIDAS Gen and MIDAS design plus); these calculations are then compared to experimental
results. To close, numerical evaluations conducted via the finite element and Midas Design
software present good prediction of stress, load path, and failures especially shear failure of
(RCA) reinforced beam strengthened by external-bonded (CFRP) laminates and identical

strengthening calculations.
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NOTATIONS

Scope

-All notations used in this dissertation will be defined in this chapter.

A, = cross-sectional area of concrete in compression member, (mm?)

A_,, = area of concrete section of individual vertical wall, (mm?)

A, = cross-sectional area of effectively confined concrete section, (mm?)

Af =area of FRP external reinforcement, (mm2)

Afanchor = area of transverse FRP U-wrap for anchorage of flexural FRP reinforcement, (mm?)
Afv = area of FRP shear reinforcement with spacing s, (mm?)

Ay = gross area of concrete section, (mm?)

A, =area of the longitudinal reinforcement within a distance of wrin the compression region, (mm?)
Ay, =area of longitudinal reinforcement in the central area of the wall, (mm?)

b = width of compression face of member, in. (mm)

Cr = environmental reduction factor

d = distance from extreme compression fiber to centroid of tension reinforcement, (mm)

d' =distance from the extreme compression fiber to the center of Ase, (mm)

E . =modulus of elasticity of concrete, (MPa)

Ef =tensile modulus of elasticity of FRP, (MPa)

E =modulus of elasticity of steel, (MPa)

fc =compressive stress in concrete, (MPa)

f' c =specified compressive strength of concrete, (MPa)

fcc, =compressive strength of confined concrete, (MPa)

ff =stress in FRP reinforcement, (MPa)



fan =design stress of externally bonded FRP reinforcement, (MPa)

ffe = effective stress in the FRP; stress attained at section failure, (MPa)

ffu = design ultimate tensile strength of FRP, (MPa)

ffu* = ultimate tensile strength of the FRP material as reported by the manufacturer, (MPa)
K =ratio of depth of neutral axis to reinforcement depth measured from extreme compression fiber
K, = modification factor applied to xvto account for concrete strength

K, = modification factor applied to kvto account for wrapping scheme

Kf = stiffness per unit width per ply of the FRP reinforcement, (N/mm); ki= Erts

L, = active bond length of FRP laminate, (mm)

N = number of plies of FRP reinforcement

Ny = modular ratio of elasticity between FRP and concrete = Ef/Ec

ng = modular ratio of elasticity between steel and concrete = Es/Ec

Sy = center-to-center spacing of FRP strips, (mm)

T; = tensile force in FRP, (N)

Tg = glass-transition temperature, (°C)

TgW = wet glass-transition temperature, (°C)

Tg¢ = tensile force in Ast, (N)

Tsy = tensile force in Asw, (N)

t¢ = nominal thickness of one ply of FRP reinforcement, (mm)

t,, = thickness of the existing concrete shear wall, (mm)

V. =nominal shear strength provided by concrete with steel flexural reinforcement, (N)

Vf = nominal shear strength provided by FRP stirrups, (N)

Vi = nominal shear strength provided by steel stirrups, (N)

Vi



Wy = width of FRP reinforcing plies, (mm)

& = strain in the FRP reinforcement, (mm/mm)

&rq = debonding strain of externally bonded FRP reinforcement, (mm/mm)
Ere = effective strain in FRP reinforcement attained at failure, (mm/mm)
Efy =design rupture strain of FRP reinforcement, (mm/mm)

sfu* =ultimate rupture strain of FRP reinforcement, (mm/mm)

Eccy =ultimate axial compressive strain of confined concrete corresponding to 0.85fcc’ in a lightly confined

member (member confined to restore its concrete design compressive strength), or ultimate axial compressive

strain of confined concrete corresponding to failure in a heavily confined member

Vf = nominal shear strength provided by FRP stirrups, (N)

@ =strength reduction factor

k, = efficiency factor for FRP reinforcement in determination of fcc’ (based on geometry of cross section)
kj, = efficiency factor for FRP reinforcement in determination of &ccu (based on geometry of cross section)
k., = bond-dependent coefficient for shear

lpf =FRP strength reduction factor

vii
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CHAPTER 1

1. INTRODUCTION

1.1 Fiber Reinforced Polymer in Construction Repairing

Many problems have recently been discovered in structures, causing damage and deterioration.
In other words, deteriorations such as cracks and concrete spalling are caused by reasons such
as the end of a building's service life, unintentional impacts, corrosion of steel due to
environmental threats, and in certain circumstances, poor engineering design. It's now more
important than ever to find low-cost, quick-to-process repair options. It is now vital to identify
repair solutions that are both low-cost and quick to process. Because of its high tensile strength,
lightweight, corrosion resistance, high durability, and ease of installation, externally bonded

FRP(Cao et al., 2005) has arisen as a novel structural strengthening technology in response to the

rising demand for repair and strengthening of reinforced concrete structures. High-strength
fibers incorporated in polymer resin characterize FRP. Carbon (CFRP), aramid (AFRP), or
glass (GFRP) fibers are the most prevalent types of FRP used in the industry in different
methods varies from Full to U-wrapping, Post-Tensioned Rods, Ropes-Strips and Grids.

Externally bonded FRP composites (Abdalla Ghoneim, 2019) are used to repair beam

constructions by attaching FRP laminates to the tensile face of the beam.
The application of FRP to reinforce and repair concrete beams has garnered the greatest
attention among various forms of FRP. The research community analysed the test

methodologies for evaluating FRP-concrete bond properties(Mukhtar FM, 2018).

1.2 Recycled Concrete Aggregate
In terms of low cost, environment and sustainability aspects, the needs to use recycled concrete

aggregate (RCA)(Mohamed Ghoneim, 2020) increased. In other words, concrete waste makes up




a large amount of landfills, and many of them are unable to handle its size and volume.
Recycling these materials keeps them out of landfills and allows them to be utilised in various
ways. Recycling also helps the environment by conserving energy that would otherwise be
required to mine, process, or transport new aggregates. Despite that, the use of recycled
aggregate in structural applications has been limited due of concerns regarding the diversity of
recycled aggregate characteristics. Several studies were conducted to evaluate the
characteristics of fresh and cured concrete with various amounts of coarse recycled material

(Yehia, Crystals 2020, Silva, 2018). Moreover, studies conducting on recycled aggregate with self-

consolidated concrete and fibers (Mohamed Ghoneim, 2020), shows improvement of the

concrete's mechanical properties, flexure strength, and shear capacity, as well as helping to
resist brittleness shear failure and providing a more ductile behaviour, including post-cracking

tensile strength (Meddah, 2009, Gao et al., 2017). On the contrast, researches shows that using of

recycled aggregate will leads to pre-damaged shear failure which needs strengthening like FRP

wraps to enhance shear capacity(Mohamed Ghoneim, 2020).
1.3 Numerical Evaluation
Lately, numerical analysis is used as a preliminary method to estimate stress, straining actions,

homogeneity of mix design, crack locations, and safety for any structure(Nawal K. Banjara, 2017).

Therefore, in this study modelling of matrix of self-consolidated concrete beam containing
coarse recycled material and fibers will be simulating to estimate stress, straining actions, crack
locations, and then strengthening using FRP sheets in trying to match and comparing the lab

experiment results conducted by (Mohamed Ghoneim, 2020) with numerical results .

1.4 Research Significance
The FRP strengthening are widely used in construction specially for pre-damaged structural

members due to deterioration in order to increase structural member’s capacity like beams. The



use of FRP with self-consolidated concrete and steel fibers for structural members will enhance
not only capacity but durability and corrosion resistance and long-time service life.

The research is quite needed to understand the behaviour of strengthened RCA beam by CFRP
when no shear reinforcement is provided under different type of loading and parameters.
Moreover, comparison will be conducting between detailed model of pre-damaged beam
samples strengthened/unstrengthen by CFRP in infinite element approach with actual study

results done by (Mohamed Ghoneim, 2020) in lab on same sample, consequently; it allows the

engineer to understand the stress distribution, load path and failure type with possible damaged

areas along beam when no shear reinforced provided with CFRP laminates .

1.5 Research Challenge

In this research, the task is to develop a 3D model with boundary conditions that are consistent
with the real case study and to guarantee that the load route is accurate and identical with applied
load in the case study.

The 3D finite element model has been developed to study the behaviour of pre-damaged RCA
concrete beam with CFRP laminates and without it when no shear reinforcement exists. With
this process, it could be possible to predict the type of failure and weak points when
strengthening this type of beams, in addition to the impact of RC matrix with RCA beam in
order to enhance shear capacity of beams.

The strengthening with CFRP on reinforced concrete beams has been widely studied with
different configuration of strengthening methods in experimental works and numerically as
well, but pre-damaged recycled aggregate with self-consolidating concrete and steel fibers in
beam strengthened by CFRP modelling numerically is a significant challenge for the engineer,
and it necessitated further analysis and testing to guarantee that the shear capacity corresponded

to the experimental results and codes.



1.6 Research Objectives

The objectives of this research have been clarified as following:

1-Study the behaviour of RCA beam samples before and after strengthening with CFRP
laminates in terms of stresses and strains under different types of loadings and comparing with

experimental values.

2-Study deflections, shear values and moment as linear analysis for RAC and NWA beam

samples by using (Midas Gen) software and comparing with experimental values.

3- Study the deflection before/ after strengthening with CFRP laminates and with compression
rebars or without it under different types of loadings using (ANSYS Workbench) software and

comparing with experimental values.

4-Study the shear capacity values for RCA and NWA beam samples before/ after strengthening
with CFRP laminates and with compression rebars or without it as per ACI 40-17R using

(MIDAS Design Plus) software.

5- Study the damage and failure modes for RCA and NWA under different types of dynamic
loadings before/ after strengthening with CFRP laminates and with compression rebars or
without it under different types of loadings using (ANSYS Workbench) software and

comparing with experimental values.

6- Checking the ductility index of RCA and NWA each beam sample before/ after strengthening
with CFRP laminates and with compression rebars or without it under different types of

loadings using (ANSYS Workbench) software and comparing with experimental values.



1.7 Software Used
The analytical evaluation in this research will be used by three software, which will be clarified

as the following:

1. ANSYS Workbench Vr. 2021

The Ansys workbench is a platform works with finite element method, which used in any
analysis with three component including geometries, differential equations, and boundary
conditions. The approach begins by breaking up the geometry or issue area into a number of
little components. The nodes that link these components are where the unknowns must be
identified. The finite element equations for each element are obtained from the governing
differential equations that describe physics. A sizable collection of algebraic equations is
created from these finite element equations. The collection of algebraic equations is then

subjected to boundary conditions in order to find solutions at each node.

1.1 Ansys Workbench Analysis Systems

In this research two types of analysis systems will be used, the first one is:

1.1.1 The Static Structural Analysis System

This analysis will be used for modelling the nonlinear analysis and divided in to 6 sections as

in Figure 1.

- A

Q% sucsrs
2 @ EngineeringData  +" 4
3 B Geometry v 4
4 @ Mogel v .
5 @ Setup v 4
f Solution v 4
7 @ Results v 4

Figure 1(Static Structural Analysis System Window- ANSYS Workbench)



1-The Engineering data section verifies all material like compressive strength of concrete and

strengthening fibers, rebars and bearing pads mechanical properties used in this analysis as in

Figure 2.
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Figure 2(Engineering Data Panel Window- ANSYS Workbench)

2- Geometry

This part identifies the geometry will be used in the analysis section see.Figure 3 .

Click an object. Double-click to select an edge loop. Trile-click to select a salid

2021 R2

Figure 3(Geometry Panel Window-Static Non-Linear Analysis- ANSYS Workbench)



3-Model

This part identifies all analytical parameters like loads, meshing (Linear) and boundary

conditions and type of analysis see.Figure 4 & Figure 5.
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Figure 5(Meshing beam sample with strengthening view - ANSYS Workbench)



4- Setup, Solution and Results

These sections follow the model section see. Figure 6. The setup and solution showing in red

arrows, while results showing in the black box as following.
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[ Project*
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Figure 6(Setup, Solution and Results panels locations- ANSYS Workbench)

1.1.2 The Explicit Dynamic Analysis System
The second analysis system will be used for failure and damage modes. Furthermore, dynamic
analysis will be employed in this type of analysis system. This section is divided in to six
sections as the Static Structural Analysis system Figure 7.

v A

1

T Explicit Dynamics

P Q EngineeringData +" 4

B Geometry

: v 4
4 @ Model vy
5 @ Setup v 4
E Solution v 4
7 | @ Resuts v 4

Figure 7(Explicit Dynamic Analysis System Window- ANSYS Workbench)



All sections are the same as Static Structural platform, from Engineering Data, Model, Setup,

Solution and Results except geometry see.Figure 8 & Figure 9 .

Click an object. Double-click to select an edge loop. Trple-click to select a solid

® <
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Figure 8(Geometry Panel Window-Explicit Dynamic Analysis- ANSYS Workbench)
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2. Midas Vr.2021 platforms
These platforms are using building information technology (BIM) to model structural elements.

This section is divided in two sub-software as following:

2.1 Midas Gen Vr.2021
In this research, Midas Gen will be used for linear analysis of RCA and NWA beam samples
to get the straining actions like deflections, shear and moment values, and the graphical user

interface (GUI) shown tree menu which will be illustrated as following:

Gen 2021 - [EABURD University Master Stuxdies\ 2022 Master Dissertation Research ProposaliTechniqusl Parf\Midas WA -T0,5MPa-Strengthened] - [MIDAS/Gen]

=
Jisd
a
=
“
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o
@
z
e
fcal
=
@
@
a
a
A
=
k=il

3 Dynamic ~ [ view Point ~
= [T 7] !
p Zoom - Mamed Wiew
Redraw Initial Previous
View  View @ Pan -

=1+, Static Loads r
- [L]l Static Load Case 1 :1

Figure 11( Tree Menu View-Static Analysis- Midas Gen)
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-As we can see above, that tress menu shown a full menu as in Figure 10 and sub-divided
menus, which allow the beam samples to be modelled by using the menus pointed with red

arrows red arrows as shown in Figure 11. The mechanical properties can be defined as shown

in Figure 12 .

..... HNWA-7D. 5 |

========

9 Kfmm e 3a

3,376 +01 | kamm -2

o

Figure 12(Material Data Assign- Midas Gen)

-The cross section of the beam sample can be identified as following see. Figure 13:

\\\\\\

|] Censider Shear Defarmatian.
Offeat:  Canter-Center [ Consider Warping Effect(7th DOF)

Change Offset ...

Show Caleulation Results, .. oK Cancel

Figure 13(Section Data Assign - Midas Gen)
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Moreover, same experimental loads will be used in 6.2.2.1 Stage 1 - structural Analysis Stage Using (Midas

Gen 2021) and Appendix B .

2.2 Midas Design Plus Vr.2021

In this research, Midas Design Plus has been used for strengthening technique using CFRP
laminates (U-Wrapping) as per ACI440-2R-17 standards for RCA and NWA beam samples, to
check the shearing capacity before and after strengthening. The graphical user interface (GUI)

see. Figure 14 shown tree menu and other panels pointing in red arrows and will be illustrated

as following:
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Figure 14(Graphical User Interface (GUI)- Reinforce Panel- Midas Design Plus)

The panels used in the modelling as following:

- Section

The cross section can be identified as the following see. Figure 15
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Section | Rebar | Foree |

Material

o [0 5] ~ |mra
Main Bar as0 ~ |MFPa
Stirrup 420 ~ |raPa

Light wWeight Concrete
1

Section

NIk 150.00 mm
Height 200. 10 mm
Conver CTop) 23.00 i
Cowver (Bot) <0.00 mm

[Juse Top Cowver

Compression Rebar

() Do not Consider ) Consider
Shape

) Rectangular T Shape
Slab Thik. Q.10 mm
Effect. Width o. 50 m

[ Apply Seismic Prowvisions

SMFE IMFE orE

Get Data from RC Beam ...

Figure 15( Section Part/ Reinforce-Midas Design Plus)

2- Rebars

The rebars of the cross section used can be identified as following see.Figure 16 .

Section Rebar ]Forc\e ]

Use Different Rebar at each layer.
|:| Use Same Rebar at Top & Botbom.

Main Bar
1 2 = P12
Top. Bar
2| o = P12
2 [a] = P12
Bot. Bar
1 3 = P12
Stirrup { mm ) 2 - P10 @ | 300.00

Skin Bar

sangar [ o] -[e2 o

[] Evenly distribute at side

Spacing Limit of Main Rebar
() Do not splice

(@) 50%: Splice () 100%% Splice

Crack Condition

Diry Etc

Get Data from RC Beam ...

Figure 16(Rebars Part/Reinforce-Midas Design Plus)
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3- Forces

The forces and loads used for each sample can be identified as the following see.Figure 17 .

Section ] Rebar Force ]

Force

Load Combinatons (1) ...

Get Data from RC Beam ...

Figure 17(Force Part/Reinforce-Midas Design Plus)

- Reinforcement using CFRP Laminates

Reinforce Type, Material, Exposure Condition as the following see.Figure 18 .

Reinforce Type
Type FRP f Carbon -
Material
Material | MasterBrace FIB 600/50 CFs|
User Defined Material
Strength 3500.00 |MPa [
Elastic Modulus 230000.00 |MPz
Strain 0.02100
Thickness 0.337 {mm
Fiber Type Carbon j w
Exposure Condition
Exposure Exterior Exposure A

Figure 18(Reinforce Type and Exposure Condition Parts/Reinforce-Midas Design Plus)
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- Reinforcement Property and Shear Reinforcement as the following see.Figure 19 .

Reinforcement Property
Size ) ™~
Pos. | Apply — Pieces
(1) "3 150,00 1
(2 I 200,00 1
(3 I 120,00 1
{4 I 120,00 1
{5) r ftoo| 1
(] I 150,00 1
W
Shear Reinforcement
Type U-wraps b

Space 400.00 b

Figure 19( Reinforcement Property/Reinforce-Midas Design Plus)

Moreover, other experimental loads for other samples will be used in 6.2.2.2 Stage 2 - Aci440.2r-

17 Code Check Using (Midas Design Plus 2022) and Appendix C .
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1.8 Scope
The next chapters provide a thorough description of prior research for recycled concrete
aggregate (RCA), fiber reinforced polymer (FRP), shear strengthening and mending

approaches, and case study findings analysed using a precise finite element methodology.

Chapter (2) illustrates the literature review on recycled concrete aggregate (RCA)including

utilization forms, properties, and pros& cons.

Chapter (3) demonstrates the literature review on fiber reinforced polymer (FRP) including

types, importance, properties, and selection.

Chapter (4) demonstrates the literature review on repairing and strengthening techniques for

the shear.

Chapter (5) describe the research methodology, code provisions and data collection in this

research.

Chapter (6) illustrates the numerical evaluation results and comparing to experimental results

using specified software (ANSYS Workbench, Midas Gen and Midas Design Plus).

Chapter (7) demonstrates technical discussion of the results for the research.

Chapter (8) provides the conclusion and recommendation for the research.
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CHAPTER 2

2. RECYCLED CONCRETE AGGREGATE (RCA)

It is commonly believed that concrete trash accounts for the highest share of total construction

waste in many countries(Kim, 2021, Muluken Yeheyis, 2013).In Other words, debris from

demolition and construction, often known as (D&C) debris, is a type of waste material that is
generated in large quantities during the building, repairing, renovating, and demolishing of
different structures as part of civil engineering projects all over the world.

Recovery and utilization of demolition and construction (D&C) waste are on the rise in the
modern era due to the trash's apparent durability, ready availability, and cost-effectiveness. The
volume of construction and demolition waste has been steadily declining as a direct result of
this rising use. Every day, tons of construction and demolition waste go unused. It was estimated
that the amount of waste produced each day in inner-city regions was approximately 2.5 tons.
(D&C) waste significantly subsidizes the growing manufacture of solid waste worldwide,
particularly in developing countries, with only approximately 30 percent, and less of such debris

is only subjected to recycling(Bakri, 2011). This is particularly true in light of the fact that

recycling only accounts for a smaller portion of such debris. Because natural processes are
unable to degrade most of these materials into useable resources, the disposal of debris from
construction and demolition can be a source of numerous problems that hurt any society. These
difficulties can be caused by the construction and demolition debris. The utilization of
construction and demolition debris is an important part of the problem-solving process in
landfills, but it also has a detrimental impact on environmental concerns. Therefore, there ought
to be a process that is optimal for turning this (D&C) garbage into recycled aggregate materials
see. Figure 20 that can be utilized for producing concrete materials for a variety of uses (Ashraf

M. Wagih, 2019). This is despite the fact that the amount of waste created from construction is
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steadily rising year after year. In addition to recycling, potential disposal routes for construction
debris include the landfill, being ignored, and dumping. These choices have a detrimental effect
on the environment because they lead to an even greater depletion of natural resources and an
upset in the delicate balance of ecosystems. As a result, the recycling of waste concrete is

absolutely necessary for the continued growth of the building sector in a sustainable manner.

Figure 20(Recycled aggregate materials derived from construction and demolition rubble)(Abera, 2022)

Many experts have examined the potential for recycling concrete waste during the past few
decades. Researchers have concluded that recycled aggregate (RA) concrete is inferior to that

made with natural aggregates. Workability(Anna M. Grabiec 2020), density(Haitham Al Ajmani

2019), permeability (G.L. Vieira, 2020), mechanical strength(Haitham Al Ajmani 2019), and elastic

modulus(M.Etxeberria, 2007) all decrease with increasing (RA) replacement rate, whereas

bleeding(C.S. Poon, 2007) , drying shrinkage(Huan Zhang, 2020), and creep deformation(R.V.Silva

2015) all increase. Adhered mortar in (RA) is responsible for these altered concrete

characteristics (Jeonghyun Kim, 2015, P.Saravanakumar, 2016). As a result, efforts have been

ongoing to enhance the mechanical strength and durability performance of recycled aggregate

concrete by eliminating or reinforcing the adhering mortar.
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2.1 Recycled Concrete Aggregate Utilization Forms

In concrete material and other uses, recycled aggregate (RA) and recycled concrete aggregate
(RCA) derived from construction and demolition waste may serve as suitable replacements for
fine and coarse aggregate materials, respectively. A major undertaking in the fields of building,
civil engineering, and construction engineering is the production of recycled concrete
aggregate. RCA is a sort of concrete that is produced through the recycling process for D&C
waste from waste material that was once concrete. It has an intensifying ingredient in it, which
raises the mix's capacity while also having additional potentials, such lowering the dead load.
In several civil engineering projects, recycled aggregate materials derived from mixed
construction waste and recycled concrete aggregate materials created from demolished concrete

rubble are employed(ACI-AC, 2007) . It may be utilized in bare cement concrete to replace up to

25% of the coarse aggregate and 20% of the coarse aggregate in reinforced cement concrete

(FatihOzalp, 2016). It is feasible to use recycled aggregates in lean concrete to completely replace

natural aggregate resources with 100 % as research conducted by (Mohamed Ghoneim, 2020).

2.2 Recycled Concrete Aggregate Properties

2.2.1 Surface Condition and Gradation

With recycled aggregate, almost any gradation is possible. Crushing may produce leftover dust
on aggregate surfaces. Usually this is not a problem, but there are cases when cleaning the
aggregate is necessary before it may be put to good use (ACI-AC, 2007)

2.2.2 Specific gravity

Crushed recycled aggregate has a lower specific gravity than otherwise comparable virgin
aggregate, often ranging from 2.2 to 2.5 in the saturated surface-dry (SSD) state. Specific
gravity reduces as particle size decreases. The specific gravity of recycled sand ranges between

2.0 and 2.3. (SSD)(ACI-AC, 2007).
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2.2.3 Recycled Concrete Aggregate Absorption

The absorption of recycled aggregates is substantially greater than that of otherwise equivalent
fresh aggregates due to the cement mortar bonded to the particles, approximately 2 to 6 percent
for coarse aggregate and more for tiny aggregate. Because of the high absorption, the resultant
new concrete may be less workable. To make up for it, either spray the recycled aggregate with
water before incorporating it into the concrete, or add extra water to the mixture. Because fine
aggregate produced by crushing concrete is highly angular and absorbs a lot of water, it is

usually limited to 10 to 20% of the total quantity of fine aggregate in the mixture (ACI-AC, 2007).

2.2.4 Recycled Concrete Aggregates' Durability

For recycled aggregate, abrasion loss and sulfate soundness are typically unimportant. Residual
chlorides in a mixture, such as those produced by the application of deicing salts to a pavement,
are typically below threshold levels for both fine and coarse aggregates and are thus not a
problem. However, recycled aggregates derived from salt-water-exposed concrete should be
subjected to further chemical and physical testing before being used in concrete. Concretes
containing D-cracking aggregates should be examined before being utilized as recycled
aggregates in concrete exposed to freezing and thawing. While recycled concrete may be
utilized as coarse aggregate in new concrete pavements, the Alkali Silica Reaction (ASR)
potential of the material should be assessed before usage. Several variables may assist
determine this aggregate's capacity to operate without causing detrimental ASR throughout the
pavement's life. The alkali levels of both recycled and new concrete might impact the finished
concrete's expansion. The following recycled aggregate parameters should be evaluated to
estimate ASR potential; factors such as the new concrete's alkalinity, the old concrete's

expansion, the old concrete's remaining expansion capacity, and the new concrete's starting
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alkalinity. Alkali-silica reactivity in concrete using ASR reactive recycled materials may be
reduced in many of the same methods as in concrete built with virgin aggregates.
2.3 Recycled Concrete Aggregate (Pros & Cons) In Terms of Properties

Research has been conducted by (Ashraf A.Bahrag, 2022) of up-to-date assessment of the factors

influencing RCA's longevity, including permeability, carbonation, reinforcement corrosion,
and shrinkage. The results illustrated that;

1- (RCA) is a porous concrete having a greater chloride migration propensity than natural
aggregate concrete (NAC).

2- (RCA) has a higher water absorption rate than (NAC).

3- (RCA) has about double the water permeability of (NAC).

4- The presence of (RA) in concrete has a considerable impact on shrinkage because (RA) has
a lower stiffness than (NA).

5- The presence of (RA) in concrete enhances the depth of carbonation by 1.8-2.5 times,
depending on the amount of (RA).

6- (RA) produces additional interfaces in concrete, which accelerates the steel corrosion process
and the spread of corrosion-induced cracks in the cover concrete.

Despite the weaker qualities of (RA) indicated above, a durable (RAC) may be developed with
adequate treatment of the former see Figure 21 . The treatment procedures are as follows:
1-Removal of attached mortar from (RA).

2-Strengthening of adhering mortar on (RA) using physical and/or chemical approaches.

3- Using updated mix design methods.

4-Integrating fine materials that will physically and chemically alter the (RAC).
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Enhancing the physical properties of RA

ing the weak mortar

Filling the pores on the surface of RA

Forming an outer coating on the RA’s
surface

Providing a hydrophilic behavior

During the RA
Processing
Stage

Enhancement
Mechanisms of
Treatment
Methods

Enhancing and densifying the new ITZ in RAC

Producing more C-S—-H
During the RAC

Refining the pore system
Prg;":‘;gon (filling effect action)

Providing internal curing effect

Reducing the penetration paths of chemical
species

Figure 21(Proposed treatment approach augmentation strategies in terms of durability)(Ashraf A.Bahrag, 2022)
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CHAPTER 3

3. FIBER REINFORCED POLYMER (FRP)

In past few years, the construction industry has emerged as a large prospective market for the
consumption of fiber-reinforced polymers (FRP), which are used in a variety of civil
engineering applications. Many different types of research have been carried out in order to
investigate the use of FRP composites in structures due to the fact that they are lightweight,
resistant to corrosion, nonmagnetic, have low electric and thermal conductivity for aramid and
glass fibers, have high strength and stiffness in comparison to their weight ratios, and have the

potential to last for a long time (Y.H.Mugahed Amran, 2018). Advanced polymer composites, or

FRP for short, are a type of composite material that are primarily made up of polymer matrix
resins like polyester, vinyl esters and epoxy which are then reinforced with fibers like glass,
basalt, carbon, and aramid. FRP are also known as advanced polymer composites (APC). Glass
fiber reinforced polymer, also known as (GFPP), basalt fiber reinforced polymer, also known
as (BFRP), carbon fiber reinforced polymer, also known as (CFRP), and aramid fiber reinforced
polymer are the most prevalent forms of FRP reinforcement (AFRP). The use of FRP
composites in construction applications ranges from the rehabilitation of existing structures,
which includes strengthening, retrofitting, and repairing of the structures, to the use of FRP
composites in new projects either by total use of FRP or partial use like concrete-FRP system

(Asifuz_zaman, 2013). The rehabilitation of existing structures includes strengthening,

retrofitting, and repairing of the structures. The use of FRP composites in new projects either
by total use of FRP or partial However, the elastic modulus of GFRP is four to five times lower
than structural steel, which leads to an increase in the amount of deformations in GFRP

reinforced elements (Eugenijus Gudonis, 2014). GFRP is the most popular category of FRP bars

due to its high tensile strength in comparison to steel and its relatively low cost in comparison
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to CFRP and BFRP. The tensile strength of CFRP may reach up to 3,690 MPa, making it the
FRP with the highest possible value. When compared to other types of FRP, CFRP has a high
modulus of elasticity, which helps to limit the amount of deformation that occurs in parts that

are reinforced with CFRP (Eugenijus Gudonis, 2014).

3.1 Types of Composite Fiber Reinforced Polymer Materials
When two or more elements are combined, a material is created that has unique features that

are entirely distinct from those of the individual components included (Sardasht S Weli, 2020).

Composite materials may be created by mixing two or more materials. The fiber in FRP
composite has a high elastic modulus, which contributes to the material's overall mechanical
qualities. FRP composite is designed from fibers and resins. While the resins assist in the
transmission or distribution of stresses from one fiber to another in order to protect the fibers
from damage caused by mechanical forces and the environment, it is well known that the
interface between the fibers and the matrix may safely alter the behavior of the material, which
can help reduce shrinkage and cost. In addition to improving the workability of composites,

additives may also enhance the material's physical and mechanical qualities(Eugenijus Gudonis,

2014). Carbon, glass, aramid, and basalt are the four primary materials that are employed in

order to generate fibers that are mostly used in the civil engineering sector (Ayesha Siddika, 2020,

Eugenijus Gudonis, 2014, Y.H.Mugahed Amran, 2018). These four elements combine to form CFRP,

GFRP, AFRP, and BFRP.

In contrast to steel, FRP composites are impervious to the corrosion caused by chloride because
they are inherently non-corrosive and non-metallic. This property, which has the potential to
significantly improve the corrosion resistance of structures, makes FRP composites an excellent

choice. Table 1 provides an overview of the characteristics shared by FRP materials in addition

to those of traditional steel. In contrast to conventional steel, fiber reinforced plastics (FRP)
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have a low weight yet a high strength. However, its mechanical properties may be characterized
as having linear strength. However, its mechanical properties may be characterized as having
linear strength. Despite this, its mechanical properties are linear elastic, and it does not exhibit
an evident yielding stage; as a consequence, its failure strain and elongation rates are lower. In
addition, the elastic modulus of FRP is often lower than that of steel, with the exception of some
CFRP materials, which have a high Young's modulus. The FRP composites might be applied
as reinforcing with concrete in a variety of forms, including rebar, rod, tube, sheet, beam stirrup,
plate, roving, as well as textile and mesh fabric. In particular, the FRP bars might be used as a
potential substitute for steel rebars, which are manufactured by the pultrusion process using

impregnated thermoset resin fibers (Azzam Ahmed, 2020).

3.1.1 Carbon Fiber Reinforced Polymer (CFRP)

Manufactured at a temperature of 1300 C, carbon fiber has a naturally anisotropic structure.
The main benefits of this fiber are its low density, low conductivity, high fatigue strength, high
elastic modulus, excellent creep level, resistance to chemical impacts, and lack of water
absorption Table 2. In contrast, carbon fiber's poor compressive strength and anisotropy
(reduced radial strength) are its Achilles' heels. Another drawback is the high cost of production

due to the large amount of energy needed to create carbon fiber (Eugenijus Gudonis, 2014).

3.1.2 Armid Fiber Reinforced Polymer
Aramid fiber is not the same in all directions and is usually yellow.

As Table 3 shows, Aramid fiber is often called Kevlar fiber on the market. Aramid fibers are

more expensive than glass fibers, but they are strong enough for tension applications like
tendons and cables, but not strong enough for compression. It is light, has a high tensile strength,

a high elasticity modulus, and is stiff enough.
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3.1.3 Glass Fiber Reinforced Polymer
Because of its isotropic structure, glass fiber is a widely used filament material. Glass fibers of

the E-, S-, C-, and AR varieties are among the most widely used Table 4 . Glass fiber has a high

strength-to-weight ratio, is chemical and water resistant, and is inexpensive.

Compared to other FRPs, glass fiber's cheap price makes it the material of choice for most
building projects. However, the main limitations of glass fiber are its poor long-term strength
owing to stress rupture and its relatively low elastic modulus and resistance to alkalinity. There
may be a use for this so-called AR-glass in situations where increased resistance to alkaline is

necessary (R. Sonnenschein, 2016).

3.1.4 Basalt Fiber Reinforced Polymer

The rapid cooling of molten rock, known as lava, on the surface of the earth results in the
formation of the igneous rock known as basalt fiber. The process of creating basalt fiber is quite
similar to the process of making glass fiber. The sole raw materials that are required for the
production of fiber are basalt rocks that have been crushed. The use of basalt fibers in FRP
composites and structural materials is a relatively recent development. These fibers have an
excellent tensile strength, are resistant to high temperatures in exact measure, and also have a
good durability Table 1. Having strong electromagnetic qualities and being resistant to
corrosion, acid, radiation, ultraviolet light, and vibration are two additional benefits of this
material. The use of BFRP in the area of civil construction is fairly restricted when compared
to that of FRP composites, which are formed from glass, carbon, and aramid fibers (Banibayat,

2011, Eugenijus Gudonis, 2014)
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Property ERP
CFRP GFRP AFRP BFRP Steel
Density (gm/cm?) 1.50-2.10 1.25-2.50 1.25-1.45 1.90-2.10 7.85
Tensile Strength (MPa) 600-3920 483-4580 1720-3620 600-1500 483-690
Young’s Modulus (GPa) 37-784 35-86 41-175 50-65 200
Elongation (%) 0.5-1.8 1.2-5.0 1.4-4.4 1.2-2.6 6.0-12.0
Coefficient of Linear Expansion (1075/°C) _9.0_0.0 6.0-10.0 6.0-2.0 9.0-12.0 117

Table 1(FRP Mechanical Properties )(Azzam Ahmed, 2020, Imad Shakir Abbood, 2021)

Property CFRP

Polyacrylic Nitril Carbon Pitch Carbon

High Strength High Modulus Ordinary High Modulus
Density (gm/cm?®) 1.7-1.8 1.8-2.0 1.6-1.7 19-21
Tensile Strength (MPa) 3430 2450-3920 764-980 2940-3430
Young’s Modulus (GPa) 196-235 343-637 37-39 392-784
Elongation (%) 1.3-1.8 0.4-0.8 2.1-25 0.4-15
Coefficient of Linear Expansion (1075/°C) —0.6 up to 0.2 —-1.2upto-0.1 —0.6 up to 0.2 —-1.2upto-0.1

Table 2(CFRP Mechanical Properties)(Eugenijus Gudonis, 2014, Imad Shakir Abbood, 2021)

Property AFRP

Kevlar 29 | Kevlar49 | Kevlar 149 TechnoraH | Twaron Twaron HM
Density (gm/cm3) 1.44 1.44 1.44 1.39 1.44 1.45
Tensile Strength (MPa) 2760 3620 3450 3000 3000 3000
Young’s Modulus (GPa) 62 124 175 70 80 124
Elongation (%) 4.4 2.2 14 4.4 3.3 2.0
Cl%e,glgent of Linear Expansion —2.0long. | —2.0long. | —2.0 long. —2.0 long. —2.0long. | —2.0 long. 59
( ) 59 radil | 59 radil | 50 radil 59 radil 59 radil | radil

Table 3(AFRP Mechanical Properties)(Eugenijus Gudonis, 2014, Imad Shakir Abbood, 2021)
Property GFRP
E-glass S-glass C-glass Ar-Glass

Density (gm/cm?d) 2.5 2.5 25 25
Tensile Strength (MPa) 3450 4580 3300 1800-3500
Modulus of Elasticity (GPa) 724 85.5 69 70-76
Extension to Break (%) 2.4 33 23 2.0-3.0
Coefficient of Linear Expansion (10-%/°C) 50 29 N/A N/A

Table 4(GFRP Mechanical Properties)(Eugenijus Gudonis, 2014, Imad Shakir Abbood, 2021)

3.2 Importance of Using Fiber Reinforced Polymer

Research review has been conducted by(Sallal R. Abid, 2018), illustrated that AFRP has

exceptional corrosion resistance and fatigue characteristics. However, its weak resistance to
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acids and alkalis moved attention to CFRP. In addition to its high strength-to-weight ratio,
CFRP offers superior chemical resistance, temperature resistance, and fatigue resistance in
contrast to other forms of FRPs. These qualities make CFRP the material of choice for
strengthening applications. However, CFRP has poor ductility. To make the most of the high
strength of CFRPs and the excellent ductility of GFRP, they are used as mixed layers to

reinforce structures. On other hand, (Pawet Grzegorz Kossakowski, 2022) performed a another

study on using FRP in bridges construction and illustrated that, Glass fibers have a great
resistance to corrosion and a low temperature effect on their mechanical qualities. Some of its
biggest drawbacks include a low modulus of longitudinal elasticity and a susceptibility to
moisture. Despite its high fatigue strength, aramid fibers are seldom employed in construction
because of their creep susceptibility, expensive cost, and complex manufacturing technique.
Among FRP's many desirable properties are its high corrosion resistance, increased durability,
reduced maintenance needs, superior tensile strength, high fatigue strength, low weight,
extended service life, and superior electrical insulation.

3.3 Degradation and Material Characteristics

3.3.1 Fiber Reinforced Polymer Humid Environment

Existing research (Park, 2012) reveal that when exposed to moisture, the Si—O bonds present in

FRP bars react with OH- and water molecules to form micro-cracks. As a result, several
research has attempted to replicate corrosion by immersing FRP bars in artificial solutions. The
retention rate (the ratio of the index after the long-term test to the index at the beginning of the
test) and tensile strength (the ratio of the index after the long-term test to the index at the
beginning of the test) of various FRP in different solutions are shown as shown in Figure 23
(pH, temperature). According to the findings, the rate of deterioration differs across different

types of FRP. Compared to other FRPs, CFRP maintains its superior mechanical qualities both
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immediately upon installation and after extensive use in a wide range of conditions. Although
GFRP and BFRP deteriorate very slowly in salt solutions, they disintegrate very rapidly in
neutral solutions, sea water, and alkaline solution. Also, whereas both GFRP and BFRP

disintegrate when exposed to acid solutions, the latter does so far more quickly (Viet Quoc Dang,

2021). It's important to note that the mechanical characteristics of FRP degrade at varying rates,
and that the failure modes frequently rely on the mechanical property that degrades the most.
As a result, the design of FRP must take into account the possibility of mechanical property
deterioration over time. Figure 29 shows a scatter plot of the mechanical characteristics of the
same batch of GFRP bars when exposed to an alkaline environment (pH 12.7). Since direct
comparisons of compressive strength would be flawed due to its close link with the slenderness
ratio, the strength retention rate was used instead. Mechanical characteristics of FRP degrade
differently even when exposed to the same conditions. Compressive strength is decreasing at a
faster rate than flexural, shear, and tensile strengths. This may help to shed light on why FRP

beams' failure mode changes over time.
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3.3.2 UV (Ultraviolet) Radiation

More and more construction projects are opting to employ FRP as a protective material,
wrapping it around components after they have been reinforced with FRP bars. UV light will
be shown on FRP. The deterioration of FRP bars is caused by ultraviolet light, which alters the
molecular structure of the resin used to make them. Four sheet materials (CFRP, BFRP, E-type
GFRP, and S-type GFRP) were UV-irradiated by (Jun Zhao 2017). The four FRP bars retain
81.3%, 84.7%, 76%, and 92.4% of their initial tensile strength after 90 days of exposure to UV
radiation (slight increase was probably observed in a short period of time due to shrinkage or
hardening of the resin). UV rays mostly damage the molecular structure of the resin, but have
minimal impact on the resin itself, as shown by the fact that S-type GFRP bars retain their

tensile strength at the greatest rates and E-type GFRP bars retain it at the lowest rates.
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3.3.3 Cycles of Wet and Dry
The effects of tides on marine ecosystems may be simulated by a wet-dry cycle. CFRP and

GFRP were exposed to air and a 5% NaCl solution for 12 hours by (Hongjun Liang, 2018). After

360 cycles, CFRP retains 90.6% of its initial tensile strength, while GFRP bars retain 88.95%
of theirs; nonetheless, both show little change in elongation and elasticity. Wet and dry cycling
significantly reduced the material's tensile strength but had no effect on its elongation or elastic
modulus. Furthermore, CFRP exhibits greater resilience in the face of repeated exposure to
damp and dry environments than GFRP does. The GFRP bars were subjected to a wet and dry
cycle test using various water and salt solutions, as well as a strong alkaline solution (pH =
13.6) and an alkaline solution (pH = 12.7). After 9 cycles, the bars were exposed to air at 20
degrees Celsius after being soaked in the aforementioned solutions at 60 degrees Celsius for 4
days. The percentages of tensile strength retained by GFRP bars after being immersed in four
different solutions are 84%, 86%, 73%, and 80%, respectively. This fits with what we know

about how the aforementioned remedies affect FRP bars.

3.4 Fiber Reinforced Polymer Durability

3.4.1 Environment of Humid

Shear strength of concrete beams reinforced with BFRP bars is worse than that reinforced with
steel bars after long-term immersion in marine environment, according to a study by (zhongyu

Lu, 2020), who immersed BFRP bars and steel reinforced concrete beams in seawater for 6

months and found that the failure mode of BFRP bars reinforced concrete beam was shear
compression failure. Sandblasted GFRP and spiral ribbed GFRP reinforced concrete beams

with cracks were first soaked, and then exposed to a steady load for 300 days in (Yeonho Park

2014) study. Ultimate flexural capacity of beams reinforced by sandblasted GFRP bars and
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spiral ribbed GFRP bars reduced by 0.5% and 9.1%, respectively, indicating that sandblasted

GFRP bars had greater resistance to salt solution owing to the protection of extra resin layer.

3.4.2 Dry and Wet Cycles
Natural environment, tap water, 40 C saltwater (immersion), and 40 C seawater (dry-wet cycle)

were tested on GFRP bars reinforced concrete beams for 300 days by (Yousef A. Al-Salloum,

2013), with a constant load of 23% of the ultimate load. The long-term test results showed that
the dry-wet cycle was more damaging than the soaking environment, with the mid-span
deflection being 113%, 120%, 130%, and 136% of initial deformation for the four groups (Milad

Bazli, 2020b).

3.4.3 The Cycle of Freeze-Thaw

GFRP reinforced concrete beams were subjected to freeze-thaw cycle testing by (Kader Laoubi

2006) at temperatures between 20 C and 20 C. Mid-span deflections under the same load rose
by 3.6% after 100 freeze-thaw cycles and by 0.1% after 200 such cycles. Following 360 freeze-
thaw cycles, the beam's mid-span deflection decreased by 2.5%, while the ultimate flexural
capacity of the GFRP reinforced concrete beam rose by 2.8%-5.3%. The freeze-thaw cycle had
minimal influence on concrete beams reinforced with FRP bars, however there were some

minor irregularities and shifts that may be attributed to knot mistakes.

3.4.4 Fibre Reinforced Polymer Failure Modes (Sea Sand and See Water Concrete- SSC)
Failure of FRP-SSC beams often occurs in one of three ways: bending, bending shear, or shear

compression. Existing study like (Brahim Benmokrane, 2017), shown that the failure modes of

FRP-SSC beams were defined by the FRP bars and environments, and that the addition of sea
water and sea sand had little influence on these failure modes. Figure 24 depicts the failure

modes of steel bar, GFRP bar, BFRP bar, and CFRP bar reinforced beams after being
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submerged in salt water for an extended period of time. There were no obvious variations
between the flexural failure and crushed concrete failure modes of beams reinforced with
various FRP bars in the early stages of the test. However, the difference between FRP bars
reinforced beams and steel bars reinforced beams revealed with the corrosion. For steel-
reinforced beams, the fact that concrete crushing failure modes dominated indicates that the
bonding strength between the steel and concrete rarely altered over time. In a 270-day seawater
test, the steel-ordinary concrete (OC) beam showed no signs of instability. A lengthier test is
required to validate the steel-OC beam's longevity in a maritime environment, since it was
discovered that all of the steel bars in the test beam had rusted following the test. For FRP-OC
beams, concrete crushing was the failure mechanism in the control group, but exposure to salt
water caused the FRP bars to break before the concrete could. As for FRP-SSC beams, the
failure mechanism of the control group was concrete crushing. After extensive testing in a
maritime setting, the beams' failure mechanism shifted from tension to compression failure.
Long-term tests showed that the interaction between FRP and saltwater caused the FRP bars to
deteriorate significantly and break before the concrete was crushed. In addition, it must be noted
out that the most FRP bars in FRP-OC beams damaged after long-term testing, but most of the
FRP bars in FRP-SSC were not broken, which suggested that SSC can withstand the erosion of
the marine environment better than OC owing to the high concentration of ions in SSC. After
being subjected to long-term testing, the bond strength between CFRP bars and concrete was
shown to be inferior to that of GFRP and BFRP bars. Along the stirrups, fractures in CFRP-
reinforced SSC beams narrowed and spread. So, in a corrosive environment, strengthening

concrete components using BFRP bars or GFRP bars is preferable.
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3.4.5 High Temperatures

After being subjected to extreme heat, such as in a fire, FRP composites reach a temperature
known as the glass transition temperature (Tg), at which point the resin transforms from a glassy
state to a leathery one. At a higher temperature, known as the resin decomposition temperature
(Td), the chemical bonds, modular chains of the resin, and links between the fibers are broken.
Finally, the ignition and combustion of the composite occur at greater temperatures. The
polymer matrix generally had a glass transition temperature (Tg) between 65 and 120 degrees
Celsius and a decomposition temperature (Td) between 300 and 400 degrees Celsius. When
subjected to temperatures in this range (i.e., the resin breakdown temperature Td), the chemical
bonds, modular chains of the resin, and linkages between the fibers all decompose (Rami

J.A.Hamad, 2017). According to (Y.C.Wang, 2005), the critical temperature is the point at which

the reinforcement loses about half of its strength and can no longer bear the applied stress.
Given this definition, the critical temperature (Tc), in this research, it is defined as the
temperature at which FRP composite, independent of the type and design, loses 50 percent of
its mechanical strength. The idealized link between temperature and the mechanical
characteristics of FRP composite is shown in Figure 25. Until the softening temperature, Ts, is
reached, the model assumes that the mechanical properties remain unchanged from the original
room temperature. When the temperature of the composite rises over its melting point (Tm),
the mechanical properties begin to degrade until they reach a residual value of Pre-sidual. It is
vital to note that the transition range of resin glass is the temperature range at which the rein
matrix goes from brittle to rubbery (i.e., the softening temperature). It is also important to note
that the distinction between (Tg) and (Tm) is not always clearly drawn in the reseach (Friederike

Fleischhaker, 2014). To determine the (Tg) of the resin matrix, either differential thermal analysis
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(DSC) or dynamic mechanical thermal analysis (DMTA) might be used. Beyond Tm, the

mechanical property declines progressively (E. U. Chowdhury, 2009).

In other terms, the tensile characteristics of carbon fiber reinforced plastic (CFRP) sheets,
hybrid carbon/glass fiber-reinforced polymer (C/GFRP) sheets, and hybrid carbon/basalt fiber-
reinforced polymer (C/BFRP) sheets were measured at temperatures ranging from 16 to

200°C(Shenghu Cao, 2009). The tensile strength of carbon fibers in different FRP sheets fell

significantly as temperature climbed from 16 to 55°C, and remained virtually steady at retention
67 percent when the polymer reaches its (Tg) 55°C. Furthermore, hybridization of carbon fibers
with glass or basalt fibers showed the same variation in tensile strength as CFRP sheets at

temperatures between 16 and 200°C, with lower scatter Figure 26. (Saleh Alsayed, 2012) studied

the effects of 100, 200, and 300 degrees Celsius on the strength and durability of GFRP bars
(E-glass/vinylester) and GFRP-reinforced concrete parts (1, 2 and 3 h). Exposure to higher
temperatures and longer times resulted in greater reductions in tensile strength. The residual
tensile strength of the bars that were coated with concrete was greater than that of their
uncovered counterparts, particularly after being heated to 100 degrees Celsius for 1 hour. (Wang

YC, 2007)examined the mechanical characteristics of GFRP and CFRP bars at extreme

temperatures. Once the desired temperature was reached, it was maintained for around 30
minutes. The strength test continued until the failure load was reached while the temperature
was maintained at the set point. Figure 27 displays that at high temperatures, the stress—strain
relation-ships of both GFRP and CFRP bars remained nearly linear up to failure. Carbon, glass,
and hybrid carbon-glass-reinforced epoxy composites were subjected to temperatures ranging
from 25 to 300C for 45 minutes, and their failure mechanisms were studied by (Wang YC, 2007).
In Figure 14, we can see that three distinct failure modes emerged, each correlated to a certain

temperature range and FRP laminate type. The CFRP, GFRP, and C/GFRP specimens all failed
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in the same way as the room temperature specimens, with brittle fiber ruptures at various
locations along the gauge length; the epoxy adhesives softened at temperatures between 200
and 250 degrees Celsius, and the specimens failed primarily due to partial loss of the epoxy
adhesives followed by sheet splitting; and at 300 degrees Celsius, the epoxy adhesives were
burnt. Epoxy resin's thermal resilience worsened with increasing temperature, as shown by the
varying failure modes, leading to the debonding of the FRP/matrix interface. When fibers are
exposed to temperatures over the resin's ignition point, the mechanical behavior and service life

of the fibers degrade. (Atsushi Sumida, 2008) looked into the mechanical characteristics of FRP

bars made from resol type phenolic (PH) and M type cross-linked polyester-amide (CP) resins
with the goal of creating heat-resistant FRP bars. The remaining findings demonstrated that the
FRP bar specimens with PH or CP matrix had greater heat resistance than the epoxy resin
specimens. In instance, FRP bars constructed with carbon fiber and PH matrix resin have almost

the same heat resistance as steel bars.
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Figure 25(Correlation between heat and changes in FRP mechanical qualities )(Milad Bazli, 2020a) (E. U. Chowdhury, 2011)
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3.4.6 Fiber Reinforced Polymer Fatigue

Several factors, including RC, steel, fiber reinforced polymer, loading rate, beam shape, etc.,
must be taken into account in order to fully understand the fatigue behaviour of an RC beam
enhanced with FRP. Some research, particularly those that relied heavily on experimental
investigations, found that strengthening an RC beam with FRP increased its fatigue life . Carbon
fiber-reinforced polymer (CFRP) may dramatically enhance the fatigue performance of
corroded and defective RC beams . As a result of using FRP, reinforcing steel stress is reduced,
which is the primary factor. However, the most common types of fatigue failure, such as FRP

debonding, steel fracture, and concrete crush, were also included (Jia-Xiang Lin, 2020).

Several experimental programs have investigated the effects of several variables on fatigue

performance (Cheng Chen, 2019). These variables include fatigue loading circumstances,

prestress levels, beam type, and others. Several scholars have created analytical fatigue models
to explore the impact of FRP on the fatigue performance of RC beams, complementing the

results of actual study. By examining the residual life and residual strength,(Rongwei Lin, 2008)

were able to create two techniques for forecasting the fatigue life of RC beams reinforced with

CFRP under random loading. S-N curves might be determined depending on the residual life.

3.4.6.1 FRP Fatigue Numerical Models Predictions
Deterioration in stiffness of RC beam reinforced with FRP during fatigue loading was examined

by (Miao Lu, 2007, Papakonstantinou CG, 2002).Using the plane section and perfect bond

assumptions, an analytical fatigue model was developed. The fatigue performance of RC beams

reinforced with CFRP was simulated using a model (Sherif El-Tawil, 2001), who took into

consideration the fatigue behaviour of component materials. In addition, the plane section and
perfect bond assumptions has been taken into consideration in this model. In order to foretell

the fatigue life of flawed RC reinforced with CFRP using the finite element (FE) approach,
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(Nawal KishorBanijara, 2019) created computational models. The plane section and perfect bond

assumptions were also included into the model. Although complete bond was assumed in the
aforementioned analytical fatigue models, the impact of interfacial slip between the FRP and
concrete on the reinforced beams was not taken into account. It is crucial to understand how
FRP and concrete connect at the interface. Studies of the static behaviour of RC beams
reinforced with CFRP have been conducted, and the bond behaviour of the CFRP-concrete
interface has been investigated in numerical model. By plugging in data from the bi-linear bond-

slip model of the FRP-concrete interface into equilibrium equations, (M.L.Bennegadi, 2016)

developed a model.

Flexural fracture in RC beams reinforced with FRP may be characterized by measuring the
interfacial shear stresses and normal stresses induced by the crack. Research Conducted by

(Ricardo P., 2010), who computed the interfacial shear stress and the load—displacement response

of FRP-strengthened RC beams subjected to static loading using the bilinear bond-slip

equation.(A.G.Razagpur, 2020) developed equations that account for the slide of the FRP-

concrete contact and yet satisfy the compatibility and equilibrium requirements. Under static
loading, it is also possible to measure the load-deflection relationship, the shear stress at the
FRP-concrete interface, the FRP strain, and the debonding load in RC beams that have been
retrofitted with externally bonded FRP. To investigate the performance of RC beams when

reinforced with FRP, (C.Faella, 2008) devised a mechanical model. Vertical deflection of RC

beams was found via modelling the interaction of FRP-concrete interface using a continuous
elastic layer with no thickness. . Due to the difficulty of bond behaviour of CFRP-concrete
interface and the fatigue behaviour of RC beam enhanced with FRP, analytical fatigue models
addressing the slip of CFRP-concrete interface is quite restricted. In order to investigate the

fatigue behaviour of RC beams reinforced with externally bonded FRP, (Kam Yoke M. Loo, 2012)

41



created a FE model. In spite of this, the numerical model included the fatigue behaviour of steel
and concrete, in addition to the constitutive mode of the FRP-concrete interface. (Xiaodan Teng,
2015) carried out a nonlinear finite element study. This study used the bond-slip model of the
FRP-concrete interface, and the FE model was used for the analysis of RC slabs subjected to
cyclic stress, which accounted for the degradation of concrete, FRP, and steel reinforcement..
By using the bilinear model to explain the strength degradation of the CFRP-concrete interface

during cyclic loading, (Xinyan Guo, 2019) established a FE model to investigate the fatigue

behaviour of RC beams enhanced with prestressed CFRP.

Fatigue behaviour of FRP-strengthened RC beams with bond-slip connections and intermediate

crack-induced are combined into one model by (Xinyan Guo, 2021)'s analysis, which includes

two significant failure modes see. Figure 28, rupture of steel reinforcement and central crack-
induced debonding failure. The central flexural fracture was discovered between the 1st and
500th cycles of the fatigue test. High peak load increased the shear stress at the CFRP-concrete
interface, causing the fracture to propagate and the deflection of FRP-strengthened RC beams
to steadily grow during fatigue loading. The peak load determines how likely it is that an
integrated circuit may fail due to debonding. If the associated failure modes were taken into
account, predictions of fatigue life would be more precise. Thus, taking into account the

relevant failure modes improves the accuracy of the fatigue life forecast.

Figure 28(Failure mechanisms of a CFL-reinforced RC beam are (a) reinforcement rupture and (b) Debonding of Central
Flexure Crack-CFL)
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3.5 Fiber Reinforced Polymer Systems Selection

3.5.1 Considerations for the environment

Resins and fibers of different FRP systems react differently to the elements. Some conditions,
such as alkalinity, salt water, chemicals, UV radiation, high temperatures, high humidity, and
freezing and thawing cycles, damage the mechanical characteristics (such as tensile strength,

ultimate tensile strain, and elastic modulus) of some FRP systems.

1- Alkalinity/Acidity

Matrix material and reinforcing fiber determine how well a FRP system will hold up over time
in an alkaline or acidic climate. In contrast to exposed glass fiber, which degrades over time in
alkaline and acidic environments, bare carbon fiber can withstand these conditions. However,
the fiber should be isolated from the alkaline/acidic environment and protected by a resin matrix
that has been carefully chosen and applied to prevent degradation. Carbon fiber systems are
more preferable than glass-fiber systems in environments with high alkalinity and high moisture

or relative humidity.

2-Thermal Expansion

It's possible that FRP systems' thermal expansion characteristics are different from concrete's.
The fiber and polymer components of a FRP system might also have different thermal
expansion characteristics. Glass fibers have a coefficient of thermal expansion close to concrete,
whereas carbon fibers have an almost negligible value. As a rule of thumb, the coefficient of
thermal expansion of polymers employed in FRP strengthening systems is around five times
that of concrete. Variations in fiber orientation, fiber volume percentage, and adhesive layer

thickness add complexity to strain differential calculations caused by temperature changes.
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However, previous research and experiments have shown that for moderate changes in

temperature (+/-28°C), the bond is unaffected by thermal expansion fluctuations.

3- Conductivity to electricity

Carbon FRP (CFRP) is conductive, whereas glass FRP (GFRP) and aramid FRP (AFRP) serve
as effective electrical insulators. Carbon-based FRP materials should not come into direct touch

with steel to prevent the possibility of galvanic corrosion of steel parts.

3.5.2 Loading factors

1-The impact tolerance:

The (AFRP) and (GFRP) systems is higher than that of (CFRP) systems in terms of impact

tolerance.

2- Creep rupture and fatigue

The carbon fiber reinforced plastic (CFRP) systems are very resistant to creep rupture and
fatigue. It has been shown that (GFRP) systems are more vulnerable to the combined effects of

these loads.

3.5.3 Durability factors to consider
Freezing and thawing, steel corrosion, alkali and silica aggregate reactions, water entrapment,
vapor pressures, and moisture vapor transfer are only some of the climatic factors that should

be studied in relation to any FRP system that fully encases or covers a concrete portion.

3.5.4 Selection of protective coating factors
The installed FRP system may be safeguarded against certain forms of environmental damage
with the help of a coating or insulation system. The composite repair's needs, as well as the

coating's thickness and kind, should inform the decision to protect against moisture, sea water,
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temperature extremes, fire, impact, UV rays, and other environmental hazards as well as site-
specific impacts and vandalism. To delay the loss of the FRP systems' mechanical qualities,
coatings are used. It is important to examine and maintain the coatings on a regular basis to
keep them performing as intended. Fibers may be shielded against impact and abrasion by
applying an external coating or a thicker layer of resin. It may be required to install extra
safeguards in high-traffic or high-impact locations. Plaster made of Portland cement and

polymer coatings are often used for protection against light impact and abrasion
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CHAPTER 4

4. SHEAR REPAIR AND STRENGTHENING TECHNIQUES REVIEW

4.1 Unbonded or Bonded Fiber Reinforced Polymer Wraps

Glass Fibre Carbon Fibre Aramid Fibre

Figure 29( FRB Material Types )(Izat, 2004)

Completely 3-sided 2 sides

wrapped "U-wrap”

Figure 30(FRP laminates types for shear strengthening)(ACI-440, 2017)

Many experimental researches have established the technique of shear strengthening using fiber
reinforced polymer FRP to RC beams. There are different types of FRP (GFRP, CFRP and
AFRP) see. Figure 29 and shapes of FRP shear strengthening like (U-Jackets, Full Wraps and
Side Strips) see. Figure 30, as with bonded (BF) FRP wraps. Experiments illustrated that
flexural cracks, flexural/shear cracks, or both, around the instant of maximum moment may be
the starting point of the cracking process which causes FRP de-ponding see. Figure 31. In
addition, when beams loaded, these fractures widen and provide significant local interfacial
shear stress, which triggers FRP debonding, which spreads over the shear span in the direction
of decreasing moment decreases. While the aggregate is often not affected by this failure, it

typically progresses through the thin mortar-rich layer that covers the surface of the concrete
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substrate. In places with a high shear-moment ratio, this failure mode is intensified mechanical

anchorage methods, like U-wraps ACI(ACI-318, 2019)

l FRP debonding (see (b))

[longitudinal steel > — — e BT S S lﬁ
*. - Z = l— il = 1 ~ i i .—;
cover delamination (see (<))

(a) Behavior of flexural member having bonded reinforcement on soffit

flexural inclined
crack cracks
\ N o longitudinal steel >
| \ N —————— >
\ NN S T : B B
- debonding progresses delamination progresses vevee
vvvvw through cement matrix through cement matrix FRP pulls away
FRP pulls away or along adhesive layer or along adhesive layer oot subeisate
from substrate B
(b) Debonding initiated by (c) Cover delamination initiated at
flexural and/or shear cracks curtailment of bonded FRP reinforcement

Figure 31(Delamination and Debonding of externally bonded FRP systems)(ACI-440, 2017)

As research done by J.G.Teng(Teng, 2009), reveals that bonded fibers BF and unbonded wraps
UBF means (No shear strengthening used ), effects in ductility when shear failure happened.
The FRP-wrapped beams can be controlled by FRP rapture in the direction of the hoop and can
be tested by two different tests (split-disk tests and tensile test of flat coupons) to get FRP
rapture strain &z, and strength of the hoop see. Figure 32. On the contrary, split-disk tests often
provide lower FRP rupture strains than flat coupon tests, but there is no clear correlation
between the two, and no thorough explanation for why they are different is available either. As
an assessment of FRP hoop strains using finite element analysis (FEA) in the split-disk test
done by J.F Chen (J.F. Chen 2011), presented an effort to understand why FRP rupture strain was

reduced in the test.
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(a) Flat coupon test (b) Split disk test
Figure 32(FRB Rapture Strain, Hoop strength Tests )
The FEA findings demonstrate that discontinuities of geometric at the ends of the FRP ring and
circumferential bending of the FRP ring at the gap generated by the relative moment of the two
half disks enhance local stresses in a split-disk test. Therefore, due to FRP's tendency to rupture
when subjected to a load greater than that required to cause FRP coupon rupture, flat coupon
tests provide lower apparent tensile strengths. In Other hand, UBF wrap used to estimate the
bonding effects and FRP contribution to the sides of the tested beams, it also provide somewhat
more shear strength than BF wraps(Teng, 2009). At the point of the view of strain, both types
exhibited a significant rise only after the emergence of the shear fracture spanning the FRP
wraps, prior to which the stresses were rather low. Due to dynamic debonding and FRP wrap
deformation as a result of relative displacement of the critical shear fracture, the FRP for BF
and UBF rupture strain was 11% and 29% of the reinforced beams which is much lower than
that obtained in tensile testing of flat coupons(Teng, 2009). Even if internal steel stirrups are
fully used at beam shear failure owing to FRP rupture ¢, , the concrete contribution to shear
capacity may be substantially damaged at high tensile strain &¢,* values in FRP wraps. As a
result for that, the test conducting by J.G.Teng (Teng, 2009) shows that the average values of
effective FRP Strain &, is a little bit above than recommended value which is 4000 ue as per

ACI440.2R-17(ACI-440, 2017) in order to avoid the loss of aggregate interlock.
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4.1.2. Carbon Fiber Reinforced Polymer (CFRP)

Figure 33(Beam Strengthening using CFRP Laminates-Strips )(Construction)

Carbon fiber-reinforced polymer (CFRP) see. Figure 33 is a new reinforcement in concrete
materials with numerous appealing mechanical and physical properties. CFRP has strong
compressive, flexural, and shear strengths, among other mechanical qualities, and its use
enhanced ductility and appropriateness for crack prevention. As a result, the use of CFRP in the
building sector is growing.

There are different methods for strengthening using CFRP see. Figure 34 :

1-CFRP Full Wrapping

2-CFRP U-Wrapping

3-CFRP Post-Tensioned Rods

4-CFRP Ropes and Strips

5- CFRP Grids.
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Figure 34(Different Strengthening methods and Types of CFRP)(SIKA)

4.1.1 CFRP Full Wrapping

Full wrapping may be utilized in projects prone to progressive collapse and corrosion to
reinforce structural components such as beams, columns, and slabs... and so on. In certain
circumstances, complete wrapping may be employed to strengthen particular areas of beams or
columns that fail or are on the verge of collapsing owing to increased. Experimental study done

by Piya Cho.(Piva Chotickai, 2021) to investigate columns strengthened with (CFRP Full

Wrapped) composites under axial eccentric stress of corrosion-corroded reinforced concrete
(RC), the result proved the ability of CFRP jacket to reduce columns’ confinement effect,
moreover under relatively high-eccentricity stress , the ductility and ultimate load for columns

rose dramatically for uncorroded specimens. In terms of shear damage, Yanhui said(Yanhui Liu

2021) that CFRP shown mitigation effectively to avoid brittle shear failure on circular RC
columns. In contrast, in order to maximize the strengthening system's performance, the
volumetric CFRP ratio had to be high. In badly corroded columns, the confinement effect was

recovered at a rather high volumetric CFRP ratio.
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4.1.2 CFRP U-Wrapping
U-CFRP wrapping can be used to enhance shear strengths against shear failure to RC beams. It
also may be employed to strengthen particular areas of beams like experimental study done by

Abdalla G.(Abdalla Ghoneim, 2019) on pre-damaged RC beams. Those beams with no shear

reinforcement, which led to be strengthened by bonded CFRP see. Figure 35. The research
proved that CFRP improved the shear capacity by 77% from the original value of shear capacity

with stiffness and deflection enhancement as well by 32 and 76 % respectively.

Figure 35( Pre-damaged beam with CFRP Strengthening )(Abdalla Ghoneim, 2019)

4.1.3 CFRP Post-Tensioned Rods

This repair approach may be used to repair and maintain old infrastructure such as bridges.
Cracks, deformation, and corrosion of reinforcement due to environmental and loads impacts
may cause deterioration to bridge girders, so proper repairing technique should be follow to
strength this type of structural elements. Research conducted by Clayton A.(Clayton A.

Burningham, 2015) on pre-damaged RC deep beam(Girder with diagonal cracks which

strengthened by post-tensioned CFRP rods (Unbonded) see. Figure 36. The results illustrated,
enhancements in load capacity for the girder comparing with un-repaired one. On the contrary,

deflection has no change after strengthened with CFRP post-tensioned rods.
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Figure 36(Strengthening using Post-tensioned CFRP Rods)(Clayton A. Burningham, 2015)

4.1.4 CFRP Ropes and Strips

Due to aging of structures some parts of structural elements are weak and needs to reinforced
it, so we can use carbon fibres reinforced polymer laminate (Strips) which comes in a form of
Plates (SikA) . When using FRP plates that have been externally bonded, the plates are
susceptible to FRP debonding and weathering at relatively modest stresses. Near surface
mounted (NSM) was employed as a novel strengthening technology to address the constraint
of the externally bonded technique, in which CFRP is inserted in grooves that are produced
beneath the concrete cover of reinforced concrete structures see. Figure 37. NSM The
application of NSMCFRP in reinforcing concrete structures under compression, flexure, and

shear has been researched by a large number of researchers (Hong K, 2018, Obaidat YT, 2020).

They discovered that utilizing NSM improves the flexural and shear capacity of RC structures
by taking into account numerous aspects such as the gquantity, orientation, and type of FRP,
groove dimensions, size, and position of NSM, and kind of adhesive. On the other hand, the
unique flexible NSM-CFRP material CFRP-Rope may be utilized to repair structural parts. It
consists of a bundle of unidirectional, flexible carbon fibers. Although the unit cost of CFRP
ropes is about half that of CFRP strips, the research on the use of NSM CFRP ropes for shear

strengthening of RC beams is sparse. Research conducting by Marwa s.(Marwa Saadah, 2021)

on concrete beams to evaluate the impact of NSM strips and rope see. Figure 38 in shear
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capacity. As a consequence of the research, it was discovered that NSM CFRP rope is a very
successful technology for reinforcing reinforced concrete beams. When compared to all other
configurations, the use of inclined CFRP ropes or strips has the highest load bearing capability,
with the final load capacity increasing by (150-170 %), in addition of significantly postpone

the onset of the initial crack and failure type changing from shear cracking to flexure failure.

Figure 38(CFRP strengthening using ropes and strips)(Marwa Saadah, 2021)

4.1.5 CFRP Grids
The carbon fiber reinforced plastic grid see. Figure 39, along with cementitious materials, is the
innovative approach of reinforcing RC structures that has been developed during the last decade

(Yu-Zhou Zheng 2016, Wang WW, 2015).Therefore, carbon fiber reinforced plastic (CFRP) grid is

a novel kind of fiber-reinforced plastic (FRP) composite, which is made up of high-strength
fiber infused into the resin to produce a grid pattern that has a specific degree of stiffness.
Cementitious materials, such as epoxy mortar, polymer cement mortar (PCM), and engineered
cementitious composite (ECC), are used to serve as both inorganic bonding agents and

protective layers of CFRP grid, epoxy mortar is employed to play these roles. Other
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cementitious materials, such as polymer cement mortar (PCM) and engineered cementitious

composite (ECC), are also used. Research conducted by Lianheng (Lianheng Cai 2021), approved

that CFRP grid with epoxy mortar for RC beams under shear may effectively delay the
establishment of the key diagonal fractures and improve both shear capacity and deformation
ability. As the reinforcement ratio rises, the shear contribution increases; on the contrary, the
concrete strength or the shear span ratio decreases. However, even with the premature
debonding that occurs during the loading process, the shear capacity of strengthened beams has
increased from 22.4% to 56.3%; in addition, the gain in shear capacity is primarily provided by
vertical CFRP grids, while horizontal grids inhibit cracking development and also improve

bond behaviour.

Figure 39( CFRP Grids )(Lianheng Cai 2021)
4.2 Epoxy Injection

Epoxy resin has been extensively utilized across the globe for the restoration of damaged
reinforced concrete (RC) structures. It has been widely utilized by contractors in the United
Arab Emirates to fix concrete bridges, walls, decks, beams, columns, and other concrete
constructions. Repairing fractured concrete buildings has become a standard practice in the civil
engineering sector. Epoxy injection offers the potential for durability if the broken reinforced
concrete structure is subjected to corrosion, as mentioned by many researchers that have studied
the usage of epoxy injection for different applications of RC construction, such as Ekenel and

Myers(M. Ekenel, 2007). It's because epoxy injection may raise the initial stiffness of the beam
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since the bond performance of the epoxy injection is directly connected to the strength of the
restored structure. The effects of epoxy injection on fatigue-cracked mortar and concrete have

been studied by H.C. Shin(H.C. Shin, 2011) .

Higher temperatures caused the mode of failure to change, according to the findings of the
inquiry. Instead of mortar failing, a failure of the epoxy and the interface happened together.
Crack movement was found in epoxy-repaired concrete. Due to the epoxy's restraining action,
the movement of the fracture was reduced. Another investigation on the use of epoxy injection

to repair concrete fractures has been undertaken by C.A. Issa and P.Debs(C.A. Issa, 2007).

Concretes' compressive strengths might decrease by as much as 40.93 percent after cracking.
However, they discovered that this figure dropped to 8.23% when fractures in concrete were
fixed with epoxy.

This exemplifies its usefulness in restoring the original strength of damaged concrete. Based on
the reviewed literature, it is clear that prior research has only investigated how well epoxy
injection works for structural connections. On the other hand, Soffian and Noorsu.(Soffian Noor

Mat Saliah 2021) conducted another study for using acoustic emission (AE) technique with

epoxy injection. The study used two different beams (un-repaired reference beam and repaired
beam with epoxy injection). The research analyzes and discusses the restoration and repair of
reinforced concrete beams that have been damaged by monotonic loading. Epoxy injection
strengthened the damaged RC beam by up to 15% relative to the reinforced beam.

This finding suggests that the repaired RC beam's strength may be enhanced using the method
described. Beams exposed to three-point stress were analyzed for crack mode classification
using (AE) signal strength and load versus time. Results for the (AE) signal strength of the
reference beam are also found to be greater than that of the repaired beam. Injecting epoxy into

cracks with in an RC beam with (AE) restores the beam's structural integrity and boosts its
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strength, performance and shear, tensile cracks modes can be identified to be matched with

patterns of crack.

4.3 Prestressed Fiber Reinforced Polymer Deep Embedded Bars

Externally applied reinforcement to the shear span of a structure gave rise to the modern
practice of shear retrofitting of RC buildings. Due to their resistance to environmental factors,
fibre reinforced polymer (FRP) materials have found widespread use in retrofitting
applications. An early form of FRP shear retrofitting was the externally bonded (EB) method.
The shear span of an RC member is where the retrofitting material is bonded. Premature de-

bonding of the unanchored retrofitting material is an inherent downside (Chaallal 0, 2011, Godat,

2012) of the EB FRP shear strengthening technology, despite its well-documented

efficacy(Bousselham A, 2008) .

One relatively new shear strengthening technology is the deep embedment (DE) method (also

known as the embedded through-section (ETS) method) (Manjola Caro, 2021). Because the

retrofitting element is embedded into the RC member's core, this method, devised by P.Valerio

and T.J.1bell (P.Valerio, 2003), stands apart from the aforementioned methods. It was shown that

steel and FRP reinforcement give equal shear strength augmentation (P. Valerio, 2003), and

because the retrofitting element is internal and shielded, steel may also be used in the system
without worries about corrosion. For the DE technique, holes are drilled at an angle or straight
up from the slab's soffit. Injection of high viscosity epoxy resin followed by embedding of FRP

or steel bars see. Figure 40
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Figure 40(Deep Embedded FRP Prestressed Bars with Epoxy Injection )(Maheshwaran Bhanugoban, 2021)

The DE system's primary benefit is improved truss action inside the beam as a result of the

retrofitting bars' tying of the top chord to the bottom chord (Raicic V, 2017). Because the DE
technique uses the concrete core to transmit stresses to the retrofitting part, the resulting

confinement improves bond performance(P. Valerio, 2003). Experiments by P.Valerio (P. Valerio,

2009) demonstrated the system's effectiveness by achieving shear enhancement values close to
or equal to 100%. For buildings where access is limited to the soffit, DE is a great option. There
are other benefits, such as resistance to fire and vandalism, less epoxy usage, and less time spent

on beam surface preparation (P. Valerio, 2003). On the other hand, numerical study has been

conducted by Maheshwaran Bh.(Maheshwaran Bhanugoban, 2021) illustrated that, The prestress

used in the DE shear retrofitting method was shown to be very effective via non-linear
numerical simulations. Prestressing the normal and high-tensile concrete by 40% was shown to
increase their respective contributions to the structure. Additionally, the use of prestress reduced
the amount of undesired straining of the internal shear reinforcement. The DE system also
reduced crack propagation in the shear span and increased the beam's stiffness after breaking.

As a result, the prestress treatment also improved the beams' durability and serviceability.
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4.4 Hybrid Composite Plates

Structures made of reinforced concrete (RC) often need to be repaired and strengthened because
of shifts in the load or support conditions, degradation of the materials, or structural damage
brought on by earthquakes or other types of intense loading events. Externally bonded steel

plates(M. S. Abdel-Jaber, 2003), embedded through section (ETS) (Darby, 2009) and fiber

reinforced polymers (FRP), to name a few, are only a few of the various methods and materials
that may be used to repair or enhance RC structures.
The weight of the steel plates makes it difficult to manipulate them on the construction site,

which is one of the disadvantages of bonded steel plates externally (M. S. Abdel-Jaber, 2003) .

There are also concerns regarding durability associated with a reduction in the bond between
the surface of the steel plates and the adhesive, as well as a susceptibility to corrosion. One of
the limitations of the ETS approach is that it might be difficult to execute the holes at the optimal
angle, find the location of the longitudinal steel bars, and have sufficient room to produce the
holes through section.

Strain Hardening Cementitious Composite, also known as (SHCC), may be used as the support
material for fiber reinforced plastic (FRP) reinforcements in order to provide an efficient
strengthening solution that may be anchored to concrete structures using various types of
anchoring systems. In more recent times, SHCC has been used in the production of thin plates
with the purpose of enhancing the ability to shear of RC beams(Baghi, 2015) . A ductile shear
response, a high energy absorption capacity, stable hysteretic loops even at large drifts, and

structural integrity are all shown by the reinforced SHCC. (V. Mechtcherine, 2012).

The Hybrid Composite Plates (HCPs) method used a thin plate of strain hardening Cementitious

composite (SHCC) strengthened with Carbon Fiber Reinforced Polymer (CFRP) laminates see.

Figure 41.
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Figure 41(Shear Strengthening using HCPs)(Hadi Baghi 2017)

According to research done by Hadi B.(Hadi Baghi 2017) , when (HCPs) technique has been

applied to the beams' end faces using epoxy resin and mechanical fasteners. A certain tension
was given to the fasteners to improve concrete confinement. As a result, the (HCPs) illustrated
see. Figure 41 the ability to stop the shear failure crack from spreading while new fractures
developed in another area of the beam under loading, the reinforced beams behaved similarly

to their undamaged counterparts(Hadi Baghi 2017). The SHCC was able to maintain 50 percent

of the average shear strength for an average slip that was two times bigger than the average slip
at peak load, which demonstrates the composite material ductility when it is subjected to shear
deformations. Higher confinement of the concrete increases the load-carrying capacity and
deformability performance of these reinforced beams with increasing torque applied to the

mechanical fasteners(Hadi Baghi 2017). When compared to a beam where a bond material is

employed to guarantee perfect (no sliding between HCPs and substrate), the load bearing
capability of the beam without adhesive is around 65% of the beam where a bond material is
applied. For the purpose of this investigation Another study has been carried out by Matheus

Pi.(Matheus Pimentel Tinoco 2021), polyvinyl alcohol (PVVA), polyethylene, and steel fibers were

used, and hybrid combinations were generated by substituting steel fibers for PVA and
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polyethylene fibers. The composites were subjected to uniaxial strain tests in order to
investigate their mechanical performance, and a high-resolution picture capture approach was
used in order to investigate the fracture pattern. The findings have indicated that the
hybridization decreases the strain capacity of the composites but enhances their strength and
post-crack stiffness. In addition to this, the load-bearing capability of the beams was enhanced,
and the expansion of any pre-existing cracks was slowed down. When it came to managing the
existing cracks, the performance of the hybrid composites was on par with that of the non-
hybrid composites. Moreover, it was discovered that hybrid composites are potential materials
for increasing the performance of structural elements in serviceability limit states as well as at

low strain values.

4.5 Self-Compacting Concrete Jacketing (SCC)

Applying jackets around reinforced concrete (RC) structural parts is a typical rehabilitation
treatment for members with inadequate detailing or damage. It is common knowledge that RC
jacketing is an established and reliable upgrade option. It's common knowledge that RC jackets
improve structural performance in terms of rigidity, strength, and pliability. Despite its
drawbacks, typical RC jacketing is widely used either before or after damage to RC parts such

beams, columns, and joints (G. E. Thermou, 2007, Dritsos, 2008).

Strengthening an existing RC component with a shotcrete overlay and an exterior constructed
reinforcement cage has also been shown to be effective. Shotcrete jacketing has the potential to
produce strong bond strength and low permeability, making it an alternative to traditional cast-
in-place concrete jackets. Shotcrete is more adaptable than traditional concrete installation and
may be used in areas where using traditional concrete formwork would be time-consuming,

expensive, or impossible (Tsonos, 2010).
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Lately, thin locally applied RC jacket used to repair weakened RC beam-column connections.
Since this jacketing method very little alters the original size of the components, the building's
seismic behaviour is hardly impacted, and it may be used even in limited spaces where
traditional RC jackets cannot. This thin jacket is comprised of a premixed, non-shrink, flowable,
fast, and high-strength cement based mortar, and it is reinforced with steel bars with tiny

diameters.

SCC is a non-segregating concrete that flows easily and fills in formwork, enclosing even the

densest reinforcement without the need for mechanical vibration (A. S. Georgiadis, 2010). For the

restoration of element continuity and homogeneity after damage to concrete, SCC is the
material of choice because to its high workability, amazing filling and passing ability. In
addition, SCC flows through reinforcements without creating vacuums in the element or a break
between the old and new concrete. Because of the constraints of the jacket, SCC combinations
with high fluidity, small diameter aggregate, shrinkage offset, and high strength are often

needed.

Research undertaken by (Pourzitidis, 2012) addressed and investigated the use of a thin jacket
composed of self-compacting-concrete (SCC) for the rehabilitation of shear-damaged RC
beams see. Figure 42. As a results of using this retrofitting technique; the applied jacket capacity
improved the structural performance of the analysed beams, as is the possibility that the beams'
shear failure mode may be changed to a more ductile one. In addition, significant increase of

the loading bearing capacity of retrofitting RC beam that varied from 35% to 200%.
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Figure 42(The jacketed beams' cross-sectional size and steel reinforcing layout)(Pourzitidis, 2012)

4.6 Slurry Infiltrated Fiber Concrete (SIFCON) Jacketing

One catastrophic failure mechanism is shear failure of a reinforced concrete beam. Unlike
flexural failure, which happens gradually (if the beam is inadequately reinforced) with huge
deflections and cracks providing enough notice, shear failure may occur rapidly without prior
warning if an overloaded reinforced concrete beam is weak in shear strength. Therefore, in
order to guarantee ductile flexural failure, reinforced concrete beams need enough protection,

strengthened, in the shear zone(MSai Krishna, 2021, Rawan Al-Shamayleh, 2022).Rehabilitating

structural parts to resist shear is now the industry's biggest problem. To begin, various models
were created to determine how much shear force could be carried inside an RC beam before it
failed. In other words, the shear strength of reinforced concrete elements was improved by the

introduction of novel materials and methods (Triantafillou, 1998).

High Performance Fiber Reinforced Composites (HPFRC) are an innovative cement-based
composite that has recently emerged as a dependable and cost-effective means of modernizing
reinforced concrete buildings. The upgrading process has the potential to provide significantly

improved strengths, ductility, and durability, and it is less expensive to build than traditional
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approaches. There are now three different HPFRC varieties on the market, using Slurry

Infiltrated Fiber Concrete (SIFCON) (B.Abdollahi, 2012) as an example, using concrete is

infiltrated with a slurry is called slurry infiltrated mat concrete (SIMCON) (Neven Krstulovic,

1999) and using (SFRC) (WassimBen Chaabene, 2021) Steel Fiber Reinforced Concrete.

Composite material SIFCON consists of short steel fibers embedded in a Portland cement
matrix. It's not like traditional FRC, where steel fibers are blended with regular concrete at a
rate of 1% by volume. However, SIFCON begins with a bed of preplaced steel fibers, typically
between 8% and 12% by volume. A cementitious slurry of low viscosity is injected into the

fiber bed. Compressive strength, toughness, and ductility are all enhanced in the final composite

material. SIFCON typically has compressive strengths between 80 and 200 MPa (B.Abdollahi
2012).1dentical steel fibers as those used in regular fiber concrete are utilized in SIFCON.

Different types of deformation on the fibers help with mechanical bonding (B.Abdollahi, 2012).

The fibers also vary in length and diameter. Large stresses in the cement matrix are when fibers
really shine. The matrix's limited ability to withstand tensile strain precludes this from occurring
without the emergence of fractures. Because fibers are able to withstand tensile pressures that
the softening cement matrix can no longer handle, their inclusion should help keep fracture

widths to a minimum.

Study conducted by (Rajai Z. Al-Rousan, 2018) who used Slurry Infiltrated Fiber Concrete

(SIFCON) as shear strengthening and repair materials for reinforced concrete (RC) beams of
normal strength. The primary goal was to providing innovative and effective building materials
for reinforcing defective RC beams. According to the test findings, all of the beams reinforced
with SIFCON jackets had a good shear capability. The use of SIFCON jackets as external shear
reinforcement eliminated brittle shear failure and increased the ultimate shear strength of

strengthened beams from 37 to 53 percent; additionally, it was more effective than repaired
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beam in improving ultimate load capacity and post peak deformability due to the fiber
mechanism at early and late stages of loading. As a result, SIFCON jacket may be regarded as
a potential material for RC structure strengthening and repair. With an acceptable error of less
than 30%, an analytical model was given for forecasting the shear behavior of reinforced RC

beams with SIFCON Jackets.

4.6.1 SIFCON Jackets Effectiveness in shear Strengthening

Calculating the energy absorption ratio for each of the beams with SIFCON jackets is a more
concrete way to show the efficacy of SIFCON jackets in enhancing the ultimate load capacity
and the post-peak deformability. The energy absorption ratio is calculated by dividing the
energy absorbed by the beam with SIFCON jackets by the energy absorbed by a reference beam
without shear reinforcement. There are three processes through which the SIFCON jackets
increase the shear strength of reinforced concrete beams. At first, SIFCON jackets secure the
longitudinal bars and boost their dowel capacity. Second, the fibers' capacity to bridge and
transmit pressures across the diagonal fracture limits the cracks' expansion. As a result,
reinforced concrete beams perform better under service load circumstances, and their ultimate
strength is increased and they are able to attain their maximum flexural capacity with less

cracking(Rajai Z. Al-Rousan, 2018) .

4.7 Textile-Reinforced Mortar (TRM)

Of most cases, the results of a shear failure in a building's RC beams are catastrophic. Existing
RC beams may have varying degrees of shear insufficiency due to accidents and mistakes
during the design or construction stage, natural catastrophes, increases in applied loads, aging,

and lack of maintenance (Lindung Zalbuin Masea, 2020, Tidarut Jirawattanasomkul, 2020).

Therefore, existing shear-deficient RC beams need to be repaired and their structural

performance enhanced using a cost-effective strengthening strategy. Textile-reinforced mortar
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(TRM) is a potential strengthening technique launched in recent years to enhance existing
buildings due to its high temperature resistance, excellent compatibility with concrete
structures, worker friendliness, and little size change compared to the original structure

(Leonidas Alexandros S.Kouris, 2018). A fiber textile and an inorganic matrix made up the TRM

system. Fabric-reinforced cementitious matrix (FRCM) (Adel Younis, 2017) and textile-

reinforced concrete (TRC) (Li Yao, 2019) are other names for TRM. There have been studies in

which TRM was used to reinforce RC beams against shear (Aohan Zheng, 2021). After being

strengthened, the RC beams' shear capacity improved, and their failure mode shifted from brittle
to ductile, as shown by the findings. However, debonding between the interface of the TRM

and the concrete substrate was commonly seen (Zoi C.Tetta, 2016). This was attributed to textile

slippage in the mortar. Low textile efficiency (Rui Guo, 2019) was a direct outcome of the poor

matching performance between mortar and textile and the low elongation of mortar. There is a
correlation between the matrix's ductility and fracture toughness and the efficiency with which
textiles are used, as well as the shear strengthening efficacy of TRM, as was determined in
(XuYang, 2020). Short polyvinyl alcohol (PVA) fibers were shown to increase the toughness of

the matrix and the interface performance between the textile and the matrix (zhifang Dong, 2020).

Incorporating short PVA fibers into the TRM is a practical and widely accessible way to
improve textile performance. Most prior research focused on the material ingredients of TRM

(XuYang, 2020), structural features of RC beams (Zoi C.Tetta, 2018), strengthening forms (Zoi

C.Tetta, 2015)and end-anchorage methods (E. Tzoura, 2016). These TRM shear strengthening

studies only included beams that were neither damaged or preloaded. However, in fact, most
RC structures that need reinforcing are in a deteriorated condition. Some RC parts, nevertheless,
can't be fully de-stressed before being strengthened. The effects of initial damage and sustaining

load levels on TRM's ability to strengthen against shear have not been taken into account in
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previous investigations. Therefore, research into TRM's practical engineering use is

necessitated by the need to better understand its applicability to shear-damaged RC beams.

Research on the shear behavior of reinforced concrete (RC) beams with a U-shaped

thermoplastic resin (TRM) jacket has been undertaken by (Living Guo, 2022). The efficiency of

the TRM was enhanced by using short PVA fibers. Carbon textile reinforcement ratios, RC
beam degrees of pre-damage, and sustaining loads were the variables studied. Steel bars and
textiles were analyzed for their failure mechanism, load—deflection curve, and strain
development. As a result of this study, TRM raised the shear capacity and ultimate deflection
of undamaged beams by 53.42-67.35% and 18.37-35.54%, respectively. Increases of 18.32%-
53.78% in shear capacity and 12.24%-14.12% in ultimate deflection were seen in pre-damaged
beams after being reinforced with the TRM. The shear capacity of RC beams may be greatly
improved by using the TRM strengthening system, which can also repair any damage they may
have sustained. Increase in shear capacity of pre-damaged beams reinforced with TRM was
equivalent to that of the nondamaged strengthened beam when the pre-damaged degree was not
over the yield of the stirrups. However, the increase in shear capacity of the pre-damaged beam
reinforced with TRM was much smaller than that of the non-damaged strengthened beam when
the pre-damaged degree reached up to the shear failure. As a result of shear cracking, the beams'

internal stress was also redistributed.

4.8 Externally Bonded Steel Plates

The ultimate flexural or shear capacity, or the ability to regulate deflections and cracks, may
need to be increased in preexisting concrete structures, which may need reinforcing or
stiffening. Adhesively bonding steel plates to the concrete surface is one approach to achieving
this increased strength. In use for almost 30 years globally, and in the UK since 1975, the

method of employing externally bonded steel plates is not new. The benefits of external
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reinforcement over other techniques include a less impact on available headroom, a lower
overall cost, simplified maintenance, and the possibility to strengthen a portion of the building

while it is in use.

(R.A.Barnes, 2001) shown that bolts may be used to fasten steel plates to the sides of reinforced

concrete beams for strengthening reasons, adding to the growing body of evidence that
connecting steel plates to the side of reinforced concrete beams can increase their load capacity
in shear. Steel plates are bonded to the beam's side faces in certain plate bonding operations to

increase the beam's shear capacity; (G C Mays, 1992) document an empirical method to the design

of the steel plates.

For shear and flexural strengthening of reinforced concrete buildings, however, the externally

bonded (EB) approach utilizing steel plate has been the most prevalent and popular owing to

its superior benefits (H. M. Elsanadedy, 2014). The main drawback of this approach, however, is
that EB plates might break prematurely due to debonding, preventing the beams from reaching
their full flexural and shear strength potential. Debonding of strips at the concrete-adhesive

interface was seen for shear strengthened beams (Sinan Altin, 2005), whereas end peeling was

observed for flexural strengthened beams (H. M. Elsanadedy, 2014) and intermediate crack (IC)

induced debonding of plates (Richard Andrew Barnes, 2006b). As a result of inadequate bonded

area of plates and shear fractures, the shear strip of the reinforced beam would have deboned.
Shorter shear strips are the norm since beam depth is often lower. Furthermore, shear cracks
hasten the strain of plate and cause stress concentration around the fracture to be larger, which
might lead to the initiation of debonding of the plate. Therefore, in shear strengthening of RC

beam, debonding of EB steel plate, FRP wrap, and CFRP laminate is typical(Richard Andrew

Barnes, 2006b).
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Figure 43(Schematic depiction of the relationship between the beam's shear force and the prism's tensile force)(Md Ashraful
Alam, 2020)
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Figure 44(RC Prism Pull out Test Considering Cracking )(Md Ashraful Alam, 2020)

Researchers have developed anchor solutions for preventing debonding failure(A. Mofidi, 2012)

due to the prevalence of this problem in shear-strengthened RC beams. Since this is the case,
theoretical prediction of debonding failure is necessary for both anchor system design and shear
reinforced RC beam analysis. Debonding failure of a shear reinforced RC beam may be
predicted using existing research and algorithms. The interfacial bond strength of externally
joined plates is the primary parameter in determining the likelihood of debonding failure, as

stated by the recommendations (Md Ashraful Alam, 2016). Pull out testing of prisms provided

information on the interfacial binding strength of EB plates Figure 44 . However, as can be
shown in Figure 43, the process of shear force transmission to the EB strip of the reinforced

beam should inform the approach used for the pull out test of the externally bonded shear strip.
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The beam is now in halves due to the shear fracture. When a beam cracks in two, the two halves

may exert a pulling force on the EB shear strip seen in Figure 43.

Debonding failures of shear reinforced RC beams may be predicted with the use of bond

strength models of EB steel plates, as described by (Md Ashraful Alam, 2020) research. The

findings showed that the interfacial bond strengths of EB steel plate were drastically reduced
by the existence of fractures, and that the bond strength was also diminished due to increasing
length and breadth of EB steel plate. Debonding failure loads predicted by the suggested models
for steel plate shear reinforced RC beams differed from actual data by 3.4% and 4.7%,
respectively. However, prior studies’ models had shown far greater debonding failure loads than

those of experimental data.

In contrast to (Md Ashraful Alam, 2020) suggested adhesively EB vertical strips, which rely on

traditional internal shear linkages, a different research by (Richard Andrew Barnes, 2006a) showed
that employing continuous adhesively EB vertical steel plates was more advantageous. The
plated beams failed at higher loads than expected, shear strains, in addition to tensile and
compressive strains from bending, were detected in the plated RC beams by the use of primary
stress measurement techniques. Thus, the plates prevent cracking and catastrophic shear failure
up to the load level at which bond failure occurred in the concrete. Strain patterns close to the
shear fracture matched those anticipated by the model. Shear strength contributions of
continuously externally bonded steel plates to various concrete sections may be determined

using the equation published by (Richard Andrew Barnes, 2006c)
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CHAPTER S
5. RESEARCH METHODOLOGY
5.1 Introduction
This chapter describes the research technique, methodology, and strategy used to achieve the
study's purpose.

It illustrates a case study taken into consideration for this research by (Mohamed Ghoneim, 2020)

and provides a numerical assessment to understand how a RECYCLED CONCRETE
AGGREGATE (RCA) beam would behave when reinforced with carbon fiber reinforced
polymer (CFRP) without shear reinforcement (CFRP) and to compare the experimental method
vs the theoretical method. This kind of study aims to forecast the outcome of reinforcing an
RCA beam using CFRP without shear reinforcement using numerical evaluations. Moreover,

American standards code based check for strengthening using FRP (ACI-440, 2017) will be

conducting in this study using (MIDAS Design +) software to compare the experimental results
with numerical calculations.

5.2 Code Provision of FRP Strengthening in Accordance with ACI Standards

One of the important objectives in this research is to confirm the quality and accuracy of the
results using the American Code for (4.1 Unbonded or Bonded Fiber Reinforced Polymer Wraps)

FRP Strengthening Concrete Structural Elements (ACI-440, 2017).The steps which code follows

to calculate shear reinforcement’s shear contribution of FRP strengthening using CFRP as

below:

Step 1: Determine the design material characteristics.

Table 1 illustrates how can I choose the right type of FRP based on environmental exposure

Fiber Environmental reduction
Exposure conditions type factor Ce
Carbon 0.95
Glass 0.75
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Interior exposure Aramid 0.85

Carbon 0.85

Exterior exposure (bridges, piers,and unenclosed Glass 0.65
parking garages) Aramid 0.75

Carbon 0.85

Aggressive environment (chemicalplants and wastewater Glass 0.50
treatment plants) Aramid 0.70

Table 5(Factor of environmental reduction for different FRP systems and exposure situations)(ACI-440, 2017)

-By using equations to get

[ffu = CEffu*] MPa

Equation 1(Ultimate Tensile Strength FRP)

[ery = Crep,” Jmm/mm

Equation 2(Design Rupture Strain of FRP Reinforcement)

Where:
fru = design ultimate tensile strength of FRP, (MPa)
Cr = environmental reduction factor

= ultimate tensile strength of the FRP material as

reported by the manufacturer, (MPa)
£r,, =design
(mm/mm)
&, =ultimate rupture strain of FRP reinforcement,
(mm/mm)

rupture strain of FRP reinforcement,

Step 2: Determine the effective strain level in the shear reinforcement of FRP.

-Calculate the Following

23300
e

- (nthf)o.ss ]mm

Equation 3(FRP Laminates Active Bond Length)
2
f'c)3
ky ===
! 27
Equation 4(Concrete Strength Modification Factor)

[k, = <_df” —Le )
dry

d, — 2L, _
| =" for Two Sides Bonded
dsy

for U — Wraps

Equation 5(Wrapping Scheme Modlification Factor)

— % < 0.75
v 11900&f, '

Equation 6(Coefficient of Bond Reduction)

- If members are wrapped completely
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Where:

L, = active bond length of FRP laminate, (mm)

K; = modification factor applied to kv to account for
concrete strength

K, = modification factor applied to kv to account for
wrapping scheme

k,, = bond-dependent coefficient for shear

gr, = effective strain in FRP reinforcement attained at
failure, (mm/mm)

£r,, =design rupture strain of FRP reinforcement,
(mm/mm)



[¢re = 0.004 < 0.75 &, | mm/mm

Equation 7( Effective Strain attained by failure in FRP Reinforcement-Full Wrapped )

Where:

k, = bond-dependent coefficient for shear

gr, = effective strain in FRP reinforcement attained
at failure, (mm/mm)

[gfe = Ky&p, < 0.004 ] mm/mm &r, =design rupture strain of FRP reinforcement,

-If members are Bonded face plies or Bonded U-wraps

Equation 8(Effective Strain attained by failure in FRP Reinforcement- Bonded Face Plies or U-Wraps)

Step 3: Determine the FRP reinforcement's contribution to shear strength.

-By Using the following equations:

Where:

[Afv = 2nthf ]mm2 Ay, = area of FRP shear reinforcement with spacing
s, (mm?)

Equation 9(FRP Shear Reinforcement Area- Rectangular Sections) = nominal thickness of one ply of FRP
reinforcement, (mm)
wy = width of FRP reinforcing plies, (mm)

[f fe = Ereky ] KN/mm? fre = effective stress in the FRP; stress attained at
section failure, (MPa)
Equation 10(FRP Effective Stress at Section Failure) ¢re = effective strain in FRP reinforcement attained

at failure, (mm/mm)
] E; =tensile modulus of elasticity of FRP, (MPa)
[V _ ApvFre(sinatcosa)dsy ] KN V; = nominal shear strength provided by FRP
! Sf stirrups, (N)
sy = centre-to-centre spacing of FRP strips, (mm)
N =Number of plies of FRP reinforcement

Equation 11(FRP Shear Reinforcement’s Shear Contribution)

Step 4: Sections Shear Strength Where:
V. =nominal shear strength provided by concrete
with steel flexural reinforcement, (N
[qW;l = +V+ 'l’fo] KN V; = nominal shear strength éro)vided by FRP
stirrups, (N)
V. = nominal shear strength provided by steel
stirrups, (N)

Equation 12( Section Nominal Sear Strength)

To get (¢) use the following Table 6

@r = 0.95 Completely wrapped members

@ = 0.85 Three-side and two-opposite-sides schemes
Table 6( FRP Shear Reinforcement Additional Reduction Factors)(ACI-440, 2017)

5.3 Research Approach
The state-of-the art review introduced in this research has displayed more details on RCA, FRP
and repair techniques for shear failure under different types of loadings with various types of

concrete grades and characteristics.
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The research approach concentrates on the behaviour of CFRP laminates when used to
strengthen RCA beams with (SCC) and fibers in concrete matrix without shear reinforcements

under concentrated loads, as per a case study published by (Mohamed Ghoneim, 2020).

5.4 Research Strategy

This study aims to investigate the performance of RC samples strengthened by CFRP with

concentrated applied loads to check the shear capacity before and after strengthening.

Data and information used in lab been carried out by (Mohamed Ghoneim, 2020) such like
mechanical properties of recycled aggregate, fibers, concrete type and FRP strengthening

type. All information provided from study by (Mohamed Ghoneim, 2020) interprets in to

ANSYS software to simulate a three beam models (3D Models) with the same applied loads

as per study conducted by (Mohamed Ghoneim, 2020). The models will be stated as follows;

one with normal aggregate concrete without fibers as control sample, one with (5D) steel
fibers in concrete matrix and the last RC with (5D) steel fibers. All samples consist of RA and

SCC in concrete matrix.5.5 Modeling Samples Specifications

5.5 Modelling Samples Specifications
The information presented in the case study obtained from research conducted by (Mohamed

Ghoneim, 2020, Abdalla Ghoneim, 2019), based on lab testing experiments .

All beams models’ dimensions are 150 mm in width and 200 mm in depth and 1600 mm in
length; with three bars of 12mm diameters and three stirrups spaced by each 100mm from each

support see.Figure 45 (Mohamed Ghoneim, 2020). All beam without shear reinforcement need

to evaluate the concrete contribution to the shear capacity by carrying out stress results.

Strengthening of externally bonded (EB) CFRP will be used as retrofitting for normal weight
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aggregate (NWA) sample as per study conducted by conducted by (Abdalla Ghoneim, 2019) to

overcome the absence of shear reinforcement .
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Figure 45(Beam samples with cross-sectional details )(Mohamed Ghoneim, 2020)

5.6 Modeling Procedures

The purpose of using numerical evaluation is trying to figure out all possible straining actions
and stresses of different types of beams samples with and without strengthening to study the
differences and conducting comparison between modeling software as numerical evaluations
and experimental results.

The [ANSYS] model will be used for figuring out the stresses like shear and moment on beam
models with proper meshing type and will be compared to lab results. [MIDAS GEN] software
will be used for simulating NWA & RCA beams without retrofitting as simple beams (frame
elements) with same loads taken in [ANSYS]; then check the stress results (Shear & Moment).
After that, exporting the analysis file to [MIDAS Design plus] software and details shear

capacity calculation based on ACI-318-19M code (ACI-318, 2019). For NWA sample the

strengthening calculations for shear will be carried out using same characterises of (Abdalla

Ghoneim, 2019) and results will be checked as per (ACI-440, 2017) code . To close, comparison

will be carried out between lab results see. Table 7 and numerical evaluation for shear capacity

carried out by software.
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Compressive Ultimate .
Failure Load Shear Load Has been
Beam Type Strength (f'c) Load
(KN) (KN) (KN) (KN) Strengthened
NWA(L) 120.1 120.1 60.05 No
(Normal Weight Aggregate) 70 ] 50
NWA(2) 126.27 110.92 63.14 Yes
(Normal Weight Aggregate)
(RCA)
(RECYCLED CONCRETE 64.50 81.7 65.39 40.85 No
AGGREGATE (RCA)
(RCA'SD(Fibers))
(RECYCLED CONCRETE 77.00 130.09 121.51 65.05 No
AGGREGATE (RCA)-5D(Fibers)

All beams are tested for four-point loading test using Instron servo-hydraulic load frame, with rate of 0.6
mm/min for loading in displacement control
Table 7(Lab Results for different types of RCA beams)(Mohamed Ghoneim, 2020, Abdalla Ghoneim, 2019)
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CHAPTER 6

6. RESEARCH RESULTS (MODELLING)

6.1 Introduction
This chapter outlines the numerical evaluation of pre-damaged recycled aggregate reinforced
concrete strengthened by carbon fiber reinforced polymer under the four-point loading test. The

research study has been carried out by (Mohamed Ghoneim, 2020, Abdalla Ghoneim, 2019) using

experiential lab testing at The American university in Sharjah-UAE.

On the other hand, the modelling results from 3D-Finite elements (ANSYS) and (MIDAS

Design+ ), will be compared to the experimental results and ACI1440.2R-17 (ACI-440, 2017).

As mentioned in paragraph (This study aims to investigate the performance of RC samples
strengthened by CFRP with concentrated applied loads to check the shear capacity before and after
strengthening.

Data and information used in lab been carried out by (Mohamed Ghoneim, 2020) such like
mechanical properties of recycled aggregate, fibers, concrete type and FRP strengthening type.
All information provided from study by (Mohamed Ghoneim, 2020) interprets in to ANSYS
software to simulate a three beam models (3D Models) with the same applied loads as per study
conducted by (Mohamed Ghoneim, 2020). The models will be stated as follows; one with normal
aggregate concrete without fibers as control sample, one with (5D) steel fibers in concrete
matrix and the last RC with (5D) steel fibers. All samples consist of RA and SCC in concrete
matrix.5.5 Modeling Samples Specifications) of the methodology chapter, the case study
information that will be utilized to perform this assessment are divided into two sections. The
first section will be titled "The Analysis Evaluation Part”, and it will employ (ANSY'S) to depict
stress, strains, deflection, and damage. The second section will be titled "The Strengthening

Code Evaluation Part”, and it will be executed using (Midas Design Plus) to demonstrate the
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validity and correctness of employing CFRP to strengthen the (RCA-RC) section based on the

ACIl440.2R-17 standard.

6.2 Numerical Evaluation
6.2.1 Section 1- The Analysis Evaluation (ANSY'S)
In this section ANSYS Workbench 2021/R2 will be employed to evaluate the different types of

stress, strain, deflection and expected damage to (RCA-RC) beam with CFRP laminates.

6.2.1.1 Analysis Forms
This part will include two separate forms of analysis: "Static structural with non-linear analysis"
for various strain, stress, and deflection types, and "Explicit dynamic analysis" for anticipated

damage behaviour.

6.2.1.2 Analysis data

6.2.1.2.1 Engineering Data (Mechanical Properties)-For Static Non-Linear Analysis

*Model No.1- Normal Weight Aggregate Sample (NWA).

Mechanical Properties of Normal Weight Aggregate Sample (NWA), f'c =70.50MPa

Linear Elastic Isotropic .
e P Equations Value Reference Code
Elasticity
) - ACI363R-10-(Eq.6-1)
Young’s Modulus E¢ E. = 3320/f'c + 6900 34776.14MPa For fc > 55MPa
Poisson’s Ration V¢ -- 0.2 ACI363R-10-(Sec.6.4)
Bulk Modulus -- 19320 MPa Software Calculated
Software Calculated&
Shear Modulus G 0.4 Ec(ACI1318-19) 14490 MPa ACI318-19-R6.6.3 1

Using Menetrey-Willam Base (Geomechanical Properties)

Uniaxial Compressive ACI318-19 Specified
P --- 70.5 MPa compressive strength of

Strength concrete

Uniaxial Tensile Strength £ = 0.621/f", 5.038 MPa é(él 538213%
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Biaxial Compressive f' fib-Bulletins5
Strength P feze = <1.2 - 1050) e 79.629 MPa Model Code 2010

g Section 5.1.6 Commentary
Dilatancy Angle - 30° Assumed

Using Menetrey-Willam Base (Geomechanical Properties)-Softening

. . . ’ fib-Bulletin55
Plastic Strain at Uniaxial K, —e, —tc 0.000672 Model Code 2010
Compressive Strength Ec Section 5.1.6 Commentary
Ultlma.te Effective I_:’Iastlc _ 0.01 Assumed
Strain in Compression
Relatl_ve Stress at S_tart of _ 04 Assumed
Non-linear Hardening
ReS|d_uaI Compressive __ 0.2 Assumed
Relative Stress
Plastic Strain Limit in
Tension -- 0.01 Assumed
Residual Tensile Relative B 0.2 Assumed
Stress

Fib-Bulletin,42

Strain at Peak Compression g = 0.0027 Constitutive

Modelling of HPC

Table 8(Mechanical Properties of Normal Weight Aggregate Sample (NWA), fA' ¢ =70.50MPa)

*Model No. 2- Mechanical Properties of Recycled Aggregate Concrete with Self

Consolidating Concrete Sample (RCA).

Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating

Concrete Sample (RCA), f'c =64.50MPa

Linear Elastic Isotropic

e Equations Value Reference Code
Elasticity
ACI363R-10-(Eq.6-1
Young’s Modulus Ee E, =3320/fc + 6900 | 3356355MPa | ACI303R10EA.0-)
Poisson’s Ration V¢ - 0.2 ACI363R-10-(Sec.6.4)
Bulk Modulus - 18646 MPa Software Calculated
Shear Modulus G 0.4 E; (ACI318-19) 13985 MPa Software Calculated&,

ACI318-19-R6.6.3.1

Using M

enetrey-Willam Base (Geomechanical Properties)

Uniaxial Compressive

ACI318-19 Specified

— 64.5 MPa compressive strength of
Strength P concrete ’
Uniaxial Tensile Strength £ = 0.624/f, 4.979 MPa éﬁl 538213%

78




fib-Bulletin55

Et'f‘e’;'a:hcompress“’e fize = <1.2 - 12 : 0) e | 73.24MPa Model Code 2010
g Section 5.1.6 Commentary
Dilatancy Angle - 30° Assumed

Using Menetr

ey-Willam Base (Geomechanical Properties)-Softening

. . L ' fib-Bulletin55
Plastic Strain at Uniaxial Ko = £01 — 2 0.000703 Model Code 2010
Compressive Strength cm a F .

¢ Section 5.1.6 Commentary

Ultimate Effective Plastic

Strain in Compression h 0.01 Assumed
Relative Stress at Start of _ 0.4 Assumed
Non-linear Hardening '

Residual Compressive _ 0.2 Assumed
Relative Stress '

?Lans::gnStram Limitin B 0.01 Assumed
gte;zlsdsual Tensile Relative B 0.2 Assumed

fib-Bulletin,42

Strain at Peak Compression

£, = 0.002625

Constitutive
Modelling of HPC

Table 9(Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating Concrete Sample (RCA), f' ¢

=64.50MPa)

*Model No. 3- Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating

Concrete Sample (RCA-5D).

Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating
Concrete and Fibers (RCA-5D Fibers), f'c¢ =77.0MPa

Linear Elastic Isotropic

. Equations Value Reference Code
Elasticity
) - ACI363R-10-(Eq.6-1)
Young’s Modulus E¢ E.= 33201/f ¢+ 6900 36032.88MPa For f'c > 55MPa
Poisson’s Ration V¢ -- 0.2 ACI363R-10-(Sec.6.4)
Bulk Modulus - 20018 MPa Software Calculated
Shear Modulus G 0.4 E- (ACI318-19) 15014 MPa Software Calculated&

ACI318-19-R6.6.3.1

Using Menetrey-Willam Base (Geomechanical Properties)

Uniaxial Compressive

ACI318-19 Specified

- 77.0 MPa compressive strength of
Strength P concrete ’
Uniaxial Tensile Strength £ = 0.62/f", 5.44 MPa éﬁl 338213%
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Biaxial Compressive f' fib-Bulletin55
Strength P feze = <1.2 - 1050) ' 86.471 MPa Model Code 2010
g Section 5.1.6 Commentary
Dilatancy Angle - 30° Assumed
Using Menetrey-Willam Base (Geomechanical Properties)-Softening
. . L / fib-Bulletin55
Plastic Strain at Uniaxial Ko = 01— 1 0.000593 Model Code 2010
Compressive Strength Ec Section 5.1.6 Commentary
Ultlma.te Effective I_:’Iastlc _ 0.01 Assumed
Strain in Compression
Relatl_ve Stress at S_tart of _ 04 Assumed
Non-linear Hardening
ReS|d_uaI Compressive _ 0.2 Assumed
Relative Stress
Plastic Strain Limit in
Tension - 0.01 Assumed
Residual Tensile Relative B 0.2 Assumed
Stress
Fib-Bulletin,42
Strain at Peak Compression g4 = 0.00273 Constitutive
Modelling of HPC

Table 10(Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating Concrete and Fibers (RCA-5D
Fibers), f'c =77.0MPa

6.2.1.2.2 Engineering Data (Mechanical Properties)- For Explicit Dynamic Analysis

*Model No.1- Normal Weight Aggregate Sample (NWA)- Dynamic.

Mechanical Properties of Normal Weight Aggregate Sample (NWA),
f'c =70.50MPa-Dynamic

Physical Properties Units Value Reference Code
Density MPa 25 Experimental Data
Thermal Properties
Specific Heat Constant Pressure ‘ JIKg-C ‘ 654 ‘ Assumed Value
RHT Concrete Strength Properties (Brittle/Granular)
Bulk Modulus MPa 19320 Software Calculated
Shear Modulus G MPa 14490 Software Calculated
Compressive Strength f'c MPa 70.5 Experimental Data
Tensile Strength fi/f; - 0.1 Assumed Value
Shear Strength fs/f. - 0.18 Assumed Value
Intact Failure Surface Constant A - 1.6 Assumed Value
Intact Failure Surface Constant n - 0.61 Assumed Value
Tension/Compression Meridian Ration Q2.0 -- 0.6805 Assumed Value
Brittle to Ductile Transition BQ -- 0.0105 Assumed Value
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Hardening Slope -- 2 Assumed Value
Elastic Strength/ft -- 0.7 Assumed Value
Elastic Strength/fc -- 0.53 Assumed Value
Fracture Strength Constant B - 1.6 Assumed Value
Fracture Strength Exponent m - 0.61 Assumed Value
Compression Strain Rate Exponent - 0.032 Software Calculated
Tensile Strain Rate Exponent - 0.0375 Software Calculated
Maximum Fracture Strength Ration SFMAX - 1.0E+20 Assumed Value
Damage Constant D1 - 0.04 Assumed Value
Damage Constant D2 =" 1 Assumed Value
Minimum Strain to Failure =" 0.001 Assumed Value
Residual Shear Modulus Fraction =" 0.13 Assumed Value
Plastic Strain Failure Properties
Maximum Equivalent Plastic Strain EPS ‘ -- ‘ 0.75 | Assumed Value
Tensile Pressure Failure Properties
Maximum Tensile Pressure-(Concrete Spalling) ‘ MPa ‘ 4.0 | Calculated Value
Crack Softening Failure
Flow Rule No Bulking Assumed Value
Fracture Energy Gf Jm? ‘ 100 Assumed Value

Table 11(Mechanical Properties of Normal Weight Aggregate Sample (NWA), f' ¢ =70.50MPa Explicit Dynamic )

*Model No. 2- Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating

Concrete Sample (RCA)- Dynamic.

Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating

Concrete Sample (RCA), f'c =64.50MPa-Dynamic

Physical Properties Units Value Reference Code
Density MPa 25 Experimental Data
Thermal Properties
Specific Heat Constant Pressure ‘ JIKg-C ‘ 654 ‘ Assumed Value
RHT Concrete Strength Properties (Brittle/Granular)

Bulk Modulus MPa 18646 Software Calculated
Shear Modulus G MPa 13985 Software Calculated
Compressive Strength f'c MPa 64.5 Experimental Data
Tensile Strength fi/f; - 0.1 Assumed Value
Shear Strength fs/f. - 0.18 Assumed Value
Intact Failure Surface Constant A - 1.6 Assumed Value
Intact Failure Surface Constant n - 0.61 Assumed Value
Tension/Compression Meridian Ration Q2.0 -- 0.6805 Assumed Value
Brittle to Ductile Transition BQ -- 0.0105 Assumed Value
Hardening Slope - 2 Assumed Value
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Elastic Strength/ft -- 0.7 Assumed Value
Elastic Strength/fc -- 0.53 Assumed Value
Fracture Strength Constant B -- 1.6 Assumed Value
Fracture Strength Exponent m - 0.61 Software Calculated
Compression Strain Rate Exponent - 0.032 Software Calculated
Tensile Strain Rate Exponent - 0.0375 Software Calculated
Maximum Fracture Strength Ration SFMAX - 1.0E+20 Assumed Value
Damage Constant D1 - 0.04 Assumed Value
Damage Constant D2 - 1 Assumed Value
Minimum Strain to Failure =" 0.001 Assumed Value
Residual Shear Modulus Fraction =" 0.13 Assumed Value
Plastic Strain Failure Properties
Maximum Equivalent Plastic Strain EPS ‘ -- ‘ 0.75 | Assumed Value

Tensile Pressure Failure Properties

Maximum Tensile Pressure-(Concrete Spalling) ‘ MPa ‘ 2.18 | Calculated Value
Crack Softening Failure

Flow Rule No Bulking Assumed Value

Fracture Energy Gf Jm? ‘ 100 Assumed Value

Table 12(Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating Concrete Sample (RCA), f' ¢

=64.50MPa Explicit Dynamic)

*Model No. 3- Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating

Concrete Sample (RCA-5D) Dynamic

Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating
Concrete and Fibers (RCA-5D Fibers), f'c¢ =77.0MPa-Dynamic

Physical Properties Units Value Reference Code

Density MPa 25 Experimental Data
Thermal Properties

Specific Heat Constant Pressure ’ JIKg-C ‘ 654 ’ Assumed Value

RHT Concrete Strength Properties (Brittle/Granular)

Bulk Modulus MPa 20018 Software Calculated
Shear Modulus G MPa 15014 Software Calculated
Compressive Strength f'c MPa 77.0 Experimental Data
Tensile Strength fi/f; -- 0.1 Assumed Value
Shear Strength fy/f. -- 0.18 Assumed Value
Intact Failure Surface Constant A -- 1.6 Assumed Value
Intact Failure Surface Constant n -- 0.61 Assumed Value
Tension/Compression Meridian Ration Q2.0 -- 0.6805 Assumed Value
Brittle to Ductile Transition BQ -- 0.0105 Assumed Value
Hardening Slope -- 2 Assumed Value
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Elastic Strength/ft -- 0.7 Assumed Value
Elastic Strength/fc -- 0.53 Assumed Value
Fracture Strength Constant B -- 1.6 Assumed Value
Fracture Strength Exponent m - 0.61 Assumed Value
Compression Strain Rate Exponent - 0.032 Software Calculated
Tensile Strain Rate Exponent - 0.0375 Software Calculated
Maximum Fracture Strength Ration SFMAX - 1.0E+20 Assumed Value
Damage Constant D1 - 0.04 Assumed Value
Damage Constant D2 - 1 Assumed Value
Minimum Strain to Failure -- 0.001 Assumed Value
Residual Shear Modulus Fraction -- 0.13 Assumed Value

Plastic Strain Failure Properties

Maximum Equivalent Plastic Strain EPS ‘ -- ‘ 0.75 | Assumed Value

Tensile Pressure Failure Properties

Maximum Tensile Pressure-(Concrete Spalling) ‘ MPa ‘ 4.05 | Calculated Value

Crack Softening Failure

Flow Rule

No Bulking

Assumed Value

Fracture Energy Gf

J/m?

100 Assumed Value

Table 13(Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating Concrete and Fibers (RCA-5D

Fibers), f' c =77.0MPa Explicit Dynamic )

6.2.1.2.3 Engineering Data (Mechanical Properties)- For (CFRP)

Mechanical Properties of Carbon fiber Reinforced Polymer (CFRP)-Sheets
(MasterBrace FIB 600/50 CFS)
Linear Elastlc_ C_)rthotroplc Units | Value Refences
Elasticity
Density Kg/m?® 1800
Elasticity Young’s Modulus X Dir. MPa 230000
Elasticity Young’s Modulus Y Dir. MPa 23000
Elasticity Young’s Modulus Z Dir. MPa 23000 (MasterBrace FIB 600/50 CFS)
Poisson’s Ratio XY -- 0.2
Poisson’s Ratio YZ -- 0.4
Poisson’s Ratio XZ -- 0.2
Shear Modulus XY MPa 9000
Shear Modulus YZ MPa 8214.3 Software Calculation (ANSY'S)
Shear Modulus XZ MPa 9000
Tensile Strength MPa 3500
Thickness mm 0.337
Fiber Weight MPa 600 (MasterBrace FIB 600/50 CFS)
Elongation at Break % -- 2.1
Width MPa 500

Table 14(Mechanical Properties of Carbon fiber Reinforced Polymer(CFRP)-Sheets)

6.2.1.2.4 Engineering Data (Mechanical Properties)- For Bearing Pads

Mechanical Properties of Bearing Pads

Linear Elastic Isotropic Elasticity | Units | Value | Refences
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Density Kg/m?® 7850

Young’s Modulus E¢ MPa 70 Assumed

Poisson’s Ration V¢ MPa 0.49999

Bulk Modulus MPa 23000 .

Shear Modulus — 02 Software Calculation (ANSYYS)

Table 15(Mechanical Properties of Bearing Pads)

6.2.1.2.5 Engineering Data (Mechanical Properties)- For Main & Stirrups Rebars

Mechanical Properties of Steel Rebars

Linear Elastic Isotropic Elasticity Units | Value References
Density Kg/m? 7850

Young’s Modulus E¢ MPa 200000 ACI318-19 Code
Poisson’s Ration V; MPa 0.3

Bulk Modulus MPa 23000 _
Shear Modulus MPa 0.2 Software Calculation (ANSYYS)
Bilinear Isotropic Elasticity (Main Bars) | Units | Value References
Yield Strength MPa 460

Tangent Modulus MPa 2100 ACI318-19 Code
Bilinear Isotropic Elasticity (Stirrups) Units | Value References
Yield Strength MPa 420

Tangent Modulus MPa 2100 ACI318-19 Code

Table 16(Mechanical Properties of Steel Rebars)

6.2.1.3 Analysis Results

6.2.1.3.1 Model Sample No.1 (NWA-1/70.5 MPa) More study cases of
NWA-1 from 1-8 can be

*The applied load is 120.1 KN which is the ultimate load see.Table 7 found in Appendix A

6.2.1.3.1.1 Static Non-Linear Analysis — Without Top Rebars and Strengthening

Deformations

Total Deformations
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Ansys

2021 R2

0.00 400.00 800.00 (mm) X
L~ SEaaa— ES—

200.00 600,00

Figure 46((NWA-1/70.5MPa — Total deflections of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The value is 3.0815 mm

Directional Deformation (Y-Direction)

000 350,00 700,00 (mim) X
[ EEa—— ES—

175.00 525.00

Figure 47(NWA-1/70.5MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

The value is 3.0815 mm.
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Elastic Strain

Ansys

2021 R2

000 35000 70000 {mm) z X
[ —EEEaa——  ESSS—

175.00 525.00

Figure 48(NWA-1/70.5MPa — Elastic strain of beam sample without strengthening and top rebars- Static Nonlinear Analysis)

Detailed Calculations in Appendix A (3-Static Non-Linear Analysis - Without Strengthening and Top Rebars)

6.2.1.3.1.2 Explicit Dynamic-Without Top Rebars & Strengthening

Deformations

Total Deformations
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200,00 600.00

Figure 49(NWA-1/70.5MPa — Total deflections of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

The value is 24.766 mm.

Directional Deformation (Y-Direction)-Concrete
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0.00 40000 800,00 (rnm)
B |

20000 600.00

Figure 50(NWA-1/70.5MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)

The value is 21.063 mm.

The Damage Pattern

0.00 400.00 800.00 (mm)
L Eaa— ESS—

200,00 600.00

Figure 51(NWA-1/70.5MPa — Damage Pattern of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks and concrete failures.

Detailed Calculations in Appendix A (4- Explicit Dynamic-Without Top Rebars & Strengthening)
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6.2.1.3.1.3 Static Non-Linear Analysis — Without Top Rebars and With Strengthening

Deformations

Total Deformations

A

Figure 52(NWA-1/70.5MPa — Total deflections of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

000 400.00 800.00 ()
L —EEEa— [ ESS—

200.00 600.00

The value is 3.050 mm.

Directional Deformation (Y-Direction)

Ansys

2021 R2

0.00 400.00 800.00 (mm)
L~ SSaa— ESSS——

20000 600.00

Figure 53(NWA-1/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Static Nonlinear Analysis)

The value is 3.050 mm.
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Elastic Strain

000 35000 700,00 rrn)
I .

17500 52500

Figure 54(NWA-1/70.5MPa — Elastic strain of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

Detailed Calculations in Appendix A (7-Static Non-Linear Analysis - Without Top Rebars and With

Strengthening)
6.2.1.3.1.4 Explicit Dynamic-Without Top Rebars & With Strengthening

Deformations

Total Deformations
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60000 (rmm)

Figure 55(NWA-1/70.5MPa — Total deflections of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

The value is 23.459 mm.

Directional Deformation (Y-Direction)-Concrete

600,00 (mm)

Figure 56(NWA-1/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Explicit Dynamic Analysis)

The value is 23.449 mm
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The Damage Pattern

L 0.091769
] 0.073415
0,055061
0.036707
0.018354
0

35000 700,00 )

175.00 525.00

Figure 57(NWA-1/70.5MPa — Damage pattern-1 of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.

Detailed Calculations in Appendix A (8- Explicit Dynamic-Without Top Rebars & Strengthening)

6.2.1.3.2 Model Sample No.2 (RCA-64.5 MPa) More study cases of RCA

from 9-16 can be found

*The applied load is 81.7 KN which is the ultimate load see.Table 7

in Appendix A

6.2.1.3.2.1 Static Non-Linear Analysis - Without Strengthening and Top Rebars

Deformations

Total Deformations
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Ansys

2021 R2

0 4000 30000 ()
B "

20000 600.00

Figure 58(RCA-64.50MPa —Total deflections of beam sample without strengthening and top rebars- Static Nonlinear Analysis)

The value is 2.008 mm.

Directional Deformation (Y-Direction)

Ansys

2021 R2

0.00 40000 800.00 (mm)
[ B IS
20000 600.00

Figure 59(RCA-64.50MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

The value is 2.008 mm.
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Elastic Strain

700,00 (mm)

Figure 60(RCA-64.5MPa — Elastic strain of beam sample without strengthening and top rebars- Static Nonlinear Analysis)

Detailed Calculations in Appendix A (11-Static Non-Linear Analysis - Without Top Rebars and With

Strengthening)
6.2.1.3.2.2 Explicit Dynamic-Without Top Rebars & Strengthening

Deformations

Total Deformations

Ansys

2021 R2

013312

000 450.00 900.00 {mm)
[ EEaaaaa— EES——
225.00 675.00

Figure 61(RCA-64.5MPa — Total deflections of beam sample without strengthening and top rebars- Explicit Dynamic Analysis)
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The value is 12.303 mm.

Directional Deformation (Y-Direction)-Concrete

0.00 45000 900.00 (mm)
[ EEaaaaa— ESSS—

225,00 675.00

Figure 62(RCA-64.5MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)

The value is 12.303 mm.

The Damage Pattern

013227
011574
0,099206
I 0.082671
0.066137
0.049603
0.033069
0.016534
0

80000 {rmm)

Figure 63(RCA-64.50MPa — Damage Pattern-1 of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

Detailed Calculations in Appendix A (12- Explicit Dynamic-Without Top Rebars & Strengthening)
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6.2.1.3.2.3 Static Non-Linear Analysis - With Strengthening and Without Top Rebars

Deformations

Total Deformations

| ocoms
041541
022359

A

Figure 64(RCA-64.5MPa — Total deflections of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

700.00 ()

525,00

The value is 1.95 mm.

Directional Deformation (Y-Direction)

Ansys

2021 R2

0.00 450.00 900.00 {rmm)
L~ —SaSaaa— ESSS—

225.00 675.00

Figure 65(RCA-64.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The value is 1.95 mm.
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Elastic Strain

A

Figure 66(RCA-645MPa — Elastic strain of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

700,00 (mm)

525.00

Detailed Calculations in Appendix A (15-Static Non-Linear Analysis - Without Top Rebars and With

Strengthening)

6.2.1.3.2.4 Explicit Dynamic-Without Top Rebars & With Strengthening

Deformations

Total Deformations

0.00 400.00 800.00 (mm) X
[~ —aaa— [ ESSS—

200.00 600,00

Figure 67(RCA-64.5MPa — Total deflections of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

The value is 12.174 mm.
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Directional Deformation (Y-Direction)-Concrete

000 400.00 80000 {rmim) X
I 20O a0

20000 600.00

Figure 68(RCA-64.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

The value is 12.174 mm.

The Damage Pattern

014536
012459
010383
0.08306
0062295
0.04153
0020765
0

600.00 (mm)

Figure 69(RCA-64.5MPa — Damage pattern-1 of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.

Detailed Calculations in Appendix A (16- Explicit Dynamic-Without Top Rebars & with Strengthening)
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More study cases of
6.2.1.3.3 Model Sample No.2 (RCA-5D Fibers-7 7.0 MPa) RCA-5D from 17-25 can
be found in Appendix

A

*The applied load is 130.09 KN which is the ultimate load see.Table 7

6.2.1.3.3.1 Static Non-Linear Analysis — Without Top Rebars and Strengthening

Deformations

Total Deformations

0.00 450.00 900.00 (mm)
— - =il

225.00 675.00

Figure 70(RCA-5Dkipers-77.0MPa — Total deflections of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The value is 4.4363 mm.

Directional Deformation (Y-Direction)

Ansys

2021 R2

A

Figure 71(RCA-5Drivers-77.0MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

0.00 450.00 900.00 (mm)
. |

225.00 675.00

The value is 4.4363 mm.
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Figure 72(RCA-5Dkipers-77.0MPa — Directional deflections (Y-Dir.) graph of beam sample without strengthening and top rebars-
Static Nonlinear Analysis)

Elastic Strain

Ansys

2021 R2

A

Figure 73(RCA-5Drivers-77.0MPa — Elastic strain of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

0.00 45000 900.00 (m)
L ———SaSaaaa— ESSS—

225.00 675.00

Detailed Calculations in Appendix A (20-Static Non-Linear Analysis - Without Top Rebars and With

Strengthening)

6.2.1.3.3.2 Explicit Dynamic-Without Top Rebars & Strengthening

Deformations

Total Deformations

Ansys

2021 R2

A

Figure 74(RCA-5Drivers-77.0MPa — Total deflections of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

800.00 (mm)
|

600.00

The value is 23.25 mm.
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Directional Deformation (Y-Direction)-Concrete

800,00 (mm)

Figure 75(RCA-5Dkipers-77.0MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and top rebars-
Explicit Dynamic Analysis)

The value is 23.262 mm.

The Damage Pattern

[ ozms
[] oasere
[ ozr

015209
017075
0,149
1 012806
I 010672
0,085373
0.064029
0.042686
0021343
0

400,00 800,00 {mm)

20000 600.00

Figure 76(RCA-5Drivers-77.0MPa — Damage Pattern-1 of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks and concrete failures.

Detailed Calculations in Appendix A (21- Explicit Dynamic-Without Top Rebars & Strengthening)
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6.2.1.3.3.3 Static Non-Linear Analysis — Without Top Rebars and With Strengthening

Deformations

Total Deformations

Ansys

plorilizr)

400,00 800.00 (mm)
. |

200.00 600.00

Figure 77(RCA-5Dripers-77.0MPa — Total deflections of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The value is 4.4088 mm.

Directional Deformation (Y-Direction)

800,00 {mm)

200.00 600.00

Figure 78(RCA-5Drivers-77.0MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Static Nonlinear Analysis)

The value is 4.4088 mm.
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Elastic Strain

Ansys

2021 R2

800.00 (mm)

Figure 79(RCA-5Drivers-77.0MPa — Elastic strain of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

Detailed Calculations in Appendix A (24-Static Non-Linear Analysis - Without Top Rebars and With

Strengthening)

6.2.1.3.3.4 Explicit Dynamic-Without Top Rebars & With Strengthening

Deformations

Total Deformations

Ansys
2021 R2

700.00 (mm)

Figure 80(RCA-5Drivers-77.0MPa — Total deflections of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)
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The value is 22.727 mm.

Directional Deformation (Y-Direction)-Concrete

A

Figure 81(RCA-5Drivers-77.0MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Explicit Dynamic Analysis)

700.00 (mm)

The value is 22.704 mm

The Damage Pattern

0083253
0055502
0.027751
0

700,00 (mm)

525.00

Figure 82(RCA-5Drivers-77.0MPa — Damage pattern-1 of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.

Detailed Calculations in Appendix A (25- Explicit Dynamic-Without Top Rebars & with Strengthening)
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6.2.1.3.4 Model Sample No.2 (NWA-2 /70.5 MPa) N\"I"V:“; Sft”dVZCZS:; of
-ZTrom B can

*The applied load is 126.27 KN which is the ultimate load see.Table 7| be foundin Appendix
A

6.2.1.3.4.1 Static Non-Linear Analysis - Without Strengthening and Top Rebars

Deformations

Total Deformations

Ansys

2021 R2

A

Figure 83(NWA-2/70.5MPa — Total deflections of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

0.00 500.00 1000.00 {mm)
— - 1
250.00 750,00

The value is 3.27 mm.

Directional Deformation (Y-Direction)

A

Figure 84(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

000 500.00 100000 {mm)
[ EEEEaaaa— |

250.00 750.00

The value is 3.27 mm.
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Elastic Strain

6.7911e-7

700.00 (mrm) X

525.00

Figure 85(NWA-2/70.5MPa — Elastic Strain of beam sample without strengthening and top rebars - Static Nonlinear
Analysis)

Detailed Calculations in Appendix A (28-Static Non-Linear Analysis - Without Top Rebars and With

Strengthening)

6.2.1.3.4.2 Explicit Dynamics-With Top Rebars & Without Strengthening

Deformations

Total Deformations

A

Figure 86(NWA-2/70.5MPa — Total deflections of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

800.00 (rrm)
=]

600.00

The value is 27.128 mm.

-Directional Deformation (Y-Direction)-Concrete
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800,00 o)

200.00 600,00

Figure 87(NWA-2/70.5MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)

The value is 23.35 mm.

The Damage Pattern

00387
0070513
L ooereso
| oosores
L] oomgen
L oo
oosi
o7
0009835
0

350,00 700,00 (rrirm) X

175.00 525.00

Figure 88(NWA-2/70.5MPa — Damage pattern-1 of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks and concrete failures.

Detailed Calculations in Appendix A (29- Explicit Dynamic-Without Top Rebars & with Strengthening)

107



6.2.1.3.4.3 Static Non-Linear Analysis — Without Top Rebars and With Strengthening

Deformations

Total Deformations

Ansys

2021 R2

0.00 50000 1000.00 (mm)

250,00 750.00

Figure 89(NWA-2/70.5MPa — Total deflections of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

The value is 3.238 mm.

Directional Deformation (Y-Direction)

Ansys

2021 R2

A

Figure 90(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Static Nonlinear Analysis)

0.00 500.00 1000.00 {mm}
L Aaa—— ESS—
250.00 750.00

The value is 3.238 mm.
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Elastic Strain

7.9731e-5
6.877e-7

0.00 350.00 700.00 (mm)
[ Saaaa— ESS——

175,00 525.00

Figure 91(NWA-2/70.5MPa — Elastic strain of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis

Detailed Calculations in Appendix A (32-Static Non-Linear Analysis - Without Top Rebars and Strengthening)

6.2.1.3.4.4 Explicit Dynamic-Without Top Rebars & With Strengthening

Deformations

Total Deformations

700,00 (mm)

175.00 525.00

Figure 92(NWA-2/70.5MPa — Total deflections of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

The value is 25.699 mm.
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Directional Deformation (Y-Direction)-Concrete

700.00 (mm)

175.00 525.00

Figure 93(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Explicit Dynamic Analysis)

The value is 25.699 mm

The Damage Pattern

018874
015728
0.12582
0.094368
0.062912
0.031456
0

700.00 {mm) X

Figure 94(NWA-2/70.5MPa — Damage pattern-1 of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.

Detailed Calculations in Appendix A (32- Explicit Dynamic-Without Top Rebars & with Strengthening)
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6.2.2 Section 2- The Structural Analysis and Code Based Evaluations Using (Midas Gen &
Midas Design Plus 2021)

This section will involve the execution of two stages. The first stage is "Structural Analysis,"”
which will be carried out by (Midas Gen 2021) in order to check reactions, deformations, shear,
and moment values for each sample (NWA, RCA and RCA-5Dsiners). The second stage is
"ACI1440 Code Check," which will be performed by (Midas Design Plus 2021) to ensure that

the strengthening using CFRP adheres to (ACI-440, 2017) standard .

6.2.2.1 Stage 1 - Structural Analysis Stage Using (Midas Gen 2021)

Case in details check

No.1in Appendix B

6.2.2.1.1 Model No.1- Normal Weight Aggregate Sample (NWA-1).

Mechanical Properties of Normal Weight Aggregate Sample (NWA-1), f'c =70.50MPa
Not Strengthened

Llnea}r _Elastlc Isotropic Equations Value Reference Code
Elasticity

ACI363R-10-(Eq.6-1)
Young’s Modulus E¢ E, = 3320+/f'c + 6900 34776.14MPa

For f'c > 55MPa

Poisson’s Ration V¢ -- 0.2 ACI363R-10-(Sec.6.4)
Density - 25 MPa Software Calculated

Table 17(Mechanical Properties of Normal Weight Aggregate Sample (NWA-1), f' c =70.50MPa, Not Strengthened -Midas
Gen)

6.2.2.1.1.1 Summarized Analysis Data (Deformations-Deflection)

Node | Load | DX DY DZ RX RY RZ
(mm) (mm) (mm) ([rad]) ([rad]) ([rad])
1 DL 0 0 0 0 0.00518 0
2 DL 0 0 |, comoon| © |0002072| 0
8 oL 0 O |os86004| © |o0o002072| ©
4 DL 0 0 0 0o |-000518| o0

Table 18(NWA-1/70.5MPa Deformations-Deflection Values-Midas Gen)
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6.2.2.1.1.2 Summarized Analysis Data (Shear-Moment)

Elem | Load Part Axial | Shear-y | Shear-z | Torsion | Moment-y | Moment-z
(kN) (kN) (kN) (KN*m) (KN*m) (KN*m)
1 DL I[1] 0 0 -60.05 0 0 0
1 DL J[2] 0 0 -60.05 0 36.03 0
2 DL I[2] 0 0 0 0 36.03 0
2 DL J[3] 0 0 0 0 36.03 0
3 DL I[3] 0 0 60.05 0 36.03 0
3 DL J[4] 0 0 60.05 0 0 0

Table 19(NWA-1/70.5MPa shear-Moment Values-Midas Gen)

Detailed Calculations Report in Appendix B (1- Normal Weight Aggregate Sample (NWA-1))

6.2.2.1.2 Model No.2- Mechanical Properties of Recycled Aggregate Concrete with Self

Consolidating Concrete Sample (RCA).

Case in details check No.2 in Appendix B

Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating
Concrete Sample (RCA), f'c =64.50MPa-Not Strengthened

Linear Elastic Isotropic Elasticity Equations Value Reference Code
ACI363R-10-(Eq.6-1)
Young’s Modulus E¢ E, = 3320+/f'c + 6900 | 33563.55MPa
For f'c > 55MPa
Poisson’s Ration V¢ - 0.2 ACI363R-10-(Sec.6.4)
Density -- 25 MPa Software Calculated

Table 20(Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating Concrete Sample (RCA), f' ¢
=64.50MPa, Not Strengthened -Midas Gen)

6.2.2.1.2.1 Summarized Analysis Data (Deformations-Deflection)

AP DX DY DZ RX RY RZ
(mm) (mm) (mm) ([rad]) ([rad]) ([rad])
1 DL 0 0 0 0 0.003651 0
2 DL 0 0 -1.811036 0 0.001461 0
3 DL 0 0 -1.811036 0 -0.001461 0
4 DL 0 0 0 0 -0.003651 0

Table 21(RCA-64.50MPa Deformations-Deflection Values-Midas Gen)
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6.2.2.1.2.2 Summarized Analysis Data (Shear- Moment)

Elem | Load Part Axial | Shear-y | Shear-z | Torsion | Moment-y | Moment-z
(kN) (kN) (kN) (KN*m) (KN*m) (KN*m)
1 DL I[1] 0 0 -40.85 0 0 0
1 DL J[2] 0 0 -40.85 0 24.51 0
2 DL 1[2] 0 0 0 0 24.51 0
2 DL J[3] 0 0 0 0 24.51 0
3 DL I[3] 0 0 40.85 0 24.51 0
3 DL J[4] 0 0 40.85 0 0 0

Table 22(RCA-64.50MPa shear-Moment Values-Midas Gen)

Detailed Calculations Report in Appendix B (2- Mechanical Properties of Recycled Aggregate Concrete with Self

Consolidating Concrete Sample (RCA))

6.2.2.1.3 Model No. 3- Mechanical Properties of Recycled Aggregate Concrete with Self

Consolidating Concrete Sample (RCA-5D). [M

Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating
Concrete and Fibers (RCA-5D Fibers), ' ¢ =77.0MPa, Not Strengthened

Linear Elastic Isotropic Elasticity Equations Value Reference Code
ACI363R-10-(Eq.6-1)
Young’s Modulus E¢ E, = 3320, /f’c + 6900 | 36032.88MPa
For f'c > 55MPa
Poisson’s Ration V¢ -- 0.2 ACI363R-10-(Sec.6.4)
Density -- 25 MPa Software Calculated

Table 23(Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating Concrete and Fibers (RCA-5D Fipers),
f'c=77.0MPa, Not Strengthened -Midas Gen)

6.2.2.1.3.1 Summarized Analysis Data (Deformations-Deflection)

ot | s DX DY DZ RX RY RZ
(mm) (mm) (mm) ([rad]) ([rad]) ([rad])

1|DL 0 0 0 0| 0.005416 0

2 | DL 0 0 | -2.686280 0| 0.002166 0

3| DL 0 0 | -2.686280 0 | -0.002166 0

4| DL 0 0 0 0 | -0.005416 0

Table 24(RCA-5D kipers- 77.0MPa Deformations-Deflection Values-Midas Gen)
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6.2.2.1.3.2 Summarized Analysis Data (Shear- Moment)

Elem | Load Part Axial | Shear-y | Shear-z | Torsion | Moment-y | Moment-z
(kN) (kN) (kN) (KN*m) (KN*m) (KN*m)
1| DL I[1] 0 0 -65.05 0 0.00 0
1| DL J[2] 0 0 -65.05 0 39.03 0
2| DL I[2] 0 0 0 0 39.03 0
2| DL J[3] 0 0 0 0 39.03 0
3| DL I[3] 0 0 65.05 0 39.03 0
3| DL J[4] 0 0 65.05 0 0.00 0

Table 25(RCA-5D fipers- 77.0MPa shear-Moment Values-Midas Gen)

Detailed Calculations Report in Appendix B (3- Mechanical Properties of Recycled Aggregate Concrete with Self

Consolidating Concrete Sample (RCA-5D))

6.2.2.1.4 Model No. 4- Normal Weight Aggregate Sample (NWA-2)- Strengthened
Case in details check No.4 in Appendix B

Mechanical Properties of Normal Weight Aggregate Sample (NWA-2), f' ¢
=70.50MPa - Strengthened

Linear Elastic Isotropic Elasticity Equations Value Reference Code

ACI363R-10-(Eq.6-1)

Young’s Modulus E¢ 34776.14MPa

E, = 3320,/f'c + 6900
¢ For f'c > 55MPa

Poisson’s Ration V¢ - 0.2 ACI363R-10-(Sec.6.4)

Density -- 25 MPa Software Calculated

Table 26(Mechanical Properties of Normal Weight Aggregate Sample (NWA-2), f' ¢ =70.50MPa-Strengthened- Midas Gen)

6.2.2.1.4.1 Summarized Analysis Data (Deformations-Deflection)

ot | s DX DY DZ RX RY RZ
(mm) (mm) (mm) ([rad]) ([rad]) ([rad])
1 DL 0 0 0 0 0.005446 0
2 DL 0 0 -2.718857 0 0.002179 0
3 DL 0 0 -2.718857 0 -0.002179 0
4 DL 0 0 0 0 -0.005446 0

Table 27(NWA-2/ 70.5MPa-Deformations-Deflection Values-Midas Gen)
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6.2.2.1.4.2 Summarized Analysis Data (Shear- Moment)

Elem | Load Part Axial | Shear-y | Shear-z | Torsion | Moment-y | Moment-z
(kN) (kN) (kN) (KN*m) (KN*m) (KN*m)
1 DL I[1] 0 0 -63.14 0 0.00 0
1 DL J[2] 0 0 -63.14 0 37.88 0
2 DL 1[2] 0 0 0 0 37.88 0
2 DL J[3] 0 0 0 0 37.88 0
3 DL I[3] 0 0 63.14 0 37.88 0
3 DL J[4] 0 0 63.14 0 0.00 0

Table 28(NWA 70.5MPa shear-Moment Values-Midas Gen)

Detailed Calculations Report in Appendix B (4-Normal Weight Aggregate Sample (NWA-2)- Strengthened)
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6.2.2.2 Stage 2 - ACI440.2R-17 Code Check Using (Midas Design Plus 2021)

6.2.2.2.1 Model No.1- Normal Weight Aggregate Sample (NWA-1).

Case 1: Strengthening the Beam Cross section with U-Wraps (3Sides), without Compression

For more details check case 1 in Appendix C

Rebars.

General Information

Design Code Reference Code Code Unit
ACI318M-14 ACI 440.2R-08 N, mm
Material
Concrete / Rebar
fox Ec fy fys Es A
70.50MPa 39,463MPa 460MPa 420MPa 200,000MPa
/ Carbon (Table 14)
Name L E*ts tr ¥ Fiber Type
MasterBrace FIB
600/50 CFS 3,500MPa 230,000MPa 0.337mm 0.021000 Carbon
Section
Beam
Section Slab Thickness Effective Width Cover Compression Splicing Limit
150 x 200mm 0.0mm 0.0mm 23.00/40.00mm | Not Considered 50%
FRP / Carbon
POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam (Top)
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam
FRP / Carbon ( Shear )
Wrapping Schemes Wi St
U-Wraps ( 3 Sides Bonded ) 500mm 400mm
Rebar
Top Bar Bot Bar Stirrup Skin Bar
2-P12(Not Considered) 3-P12 2-P10@300 -
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Case 1 Results:

Chedk Ttem I Value I Criteria I Ratio
Megative Moment { Before )
Strength { kN.m ) - - -
Rebar Ratio { Min ) - - -
Rebar Ratio { Max ) - - -
Rebar Space {mm ) - - -
Positive Moment { Before )
Strength { kM.m ) 36.03 19.02 | MG({1.899)
Rebar Ratio {Min) | 0.01570 | 0.00456 | OK(0.291)
Rebar Ratio { Max ) 0.01570 | 0.03629 | OK(0.433)

Rebar Space { mm ) 19.00 222 OK(D.086)
Shear Force { Before )
Strength { kM ) 50.05 46.54 | NG{1.287)
Max. Strength (kM) | &0.05 112 CK(0.538)
Rebar Space {mm ) 300 F2.05 MG{4, 169)
Skin Rebar

Rebar Space { mm ) I - | - | -
Megative Moment { After )

Limit { kMN.m ) - - -

Strength { kM.m ) - - -

Stress [ MPa ) - - -

Creep { MPa ) - - -
Pasitive Moment { After )

Limit { kM.m ) 0.000 19.02 | ok(o.000)

Strength { kiM.m ) 36.03 36.99 | OK(0.974)

Stress { MPa ) 0.000 358 CK(0.000)

Creep {MPa ) 0.000 1636 | OK(0.000)
Shear Force { After )

Strength { kM ) | so.0s | 112 | oko.s38)

Figure 95( Case 1 Results-Midas Design Plus)

Detailed Calculations Report in Appendix C (Case 1- FRP Strengthening Detailed Calculations-Midas Design Plus

2021)

Case 2: Strengthening the Beam Cross section with U-Wraps (3Sides), with Compression

Rebars. For more details check case 2 in Appendix C

General Information

Design Code Reference Code Code Unit
ACI318M-14 ACI 440.2R-08 N, mm
Material
Concrete / Rebar
fck EC fy fys Es 7\,
70.50MPa 39,463MPa 460MPa 420MPa 200,000MPa -
FRP / Carbon (Table 14)
Name 1 E*ts ts €*fu Fiber Type
MasterBrace 3,500MPa 230,000MPa 0.337mm 0.021000 Carbon

FIB 600/50 CFS
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Section

Beam
Section Slab Thickness E\f;f\fizmle Cover Compression Splicing Limit
150 x 200mm 0.0mm 0.0mm 23.00/ Considered 50%
) ) 40.00mm
FRP / Carbon
POS. Apply | Size(mm) | Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam
FRP / Carbon ( Shear )
Wrapping Schemes W St
U-Wraps ( 3 Sides Bonded ) 500mm 400mm
Rebar
Top Bar Bot Bar Stirrup Skin Bar
2-P12(Considered) 3-P12 2-P10@300 -

Case 2 Results:

Check Ttem I Value I Criterial Ratio

Megative Moment { Before )
Strength {kM.m ) - - -
Rebar Ratio { Min ) - - -
Rebar Ratio { Max ) - - -
Rebar Space { mm ) -

Positive Moment { Before )
Strength { kiMN.m ) 36.03 19.58 | MG{1.840)
Rebar Ratio (Min) | 0.01570 | 0.00456 | oK. 291)
Rebar Ratio {Max ) | 0.01570 | 0.04341 | Ok(0.352)

Rebar Space { mm ) 19.00 22z QOK(D.038)
Shear Force { Before )
Strength (kM ) 50,05 46.64 | MG{1.287)
Max. Strength (kM) | s0.05 112 oK(0.538)
Rebar Space { mm ) 300 72.05 MNG{4. 16-1)
Skin Rebar

Rebar Space { mm ) I - | - | -

Megative Moment { After )
Limit  kM.m ) - - -
Strength (kiM.m ) - - -
Stress { MFPa ) - - -
Creep { MPa ) - - -

Positive Moment { After )

Limit { kM.m ) 0.000 | 19.58 | OK(0.000)

Strength (kM.m ) 36.03 | 35.99 |OK(0.974)

Stress { MPa ) 0.000 358 | OK(0.000)

Creep {MPa ) 0.000 1635 | OK(0.000)
Shear Force { After )

Strength { kM ) | so.os | 112 | oko.538)

Figure 96(Case 2 Results-Midas Design Plus )

Detailed Calculations Report in Appendix C (Case 2- FRP Strengthening Detailed Calculations-Midas Design Plus

2021)
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6.2.2.2.2 Model No.2- Recycled Aggregate Concrete with Self Consolidating Concrete
Sample (RCA).

Case 3: Strengthening the Beam Cross section with U-Wraps (3Sides), without Compression

Rebars. For more details check case 3 in App%

General Information

Design Code Reference Code Code Unit
ACI318M-14 ACI 440.2R-08 N, mm
Material
Concrete / Rebar
fek Ec fy fys Es A
64.50MPa 37,746MPa 460MPa 420MPa 200,000MPa
FRP / Carbon (Table 14)
Name L E*ts tr €% Fiber Type
MasterBrace FIB
600/50 CFS 3,500MPa 230,000MPa 0.337mm 0.021000 Carbon
Section
Beam
Section Slab Thickness Effective Width Cover Compression Splicing Limit
150 x 200mm 0.0mm 0.0mm 23.00/40.00mm | Not Considered 50%
FRP / Carbon
POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam (Shear)
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam
FRP / Carbon ( Shear )
Wrapping Schemes Wi St
U-Wraps ( 3 Sides Bonded ) 500mm 400mm
Rebar
Top Bar Bot Bar Stirrup Skin Bar
2-P12(Not Considered) 3-P12 2-P10@300 -
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Case 3 Results:

Chedck Item I WValue I Criteria I Ratio
Megative Moment { Before )
Strenath (kM.m } - = -
Rebar Ratio { Min ) - - -
Rebar Ratio { Max ) - - -
Rebar Space {mm ) - - -
Positive Moment { Before )
Strength { kM.m ) 24,51 18.91 | MG{1.296)
Rebar Ratio {Min} | 0.01570 | 0.00435 | OK{D.278)
Rebar Ratio {Max ) | 0.01570 | 0.03320 | OK(0.473)

Rebar Space { mm ) 19.00 222 QK(D.088)
Shear Force { Before )
Strength (kM) 40.85 45.90 | OK{D.390)
Max. Strength (ki) | <0.85 108 OK(0.378)
Feebar Space { mm ) 300 F2.05 MG{4, 164)
Skin Rebar

Feebar Space { mm ) I - | - | -
Megative Moment { After )

Limit  kM.m ) - - -

Strength {kiM.m ) - - -

Stress { MPa ) - - -

Creep { MPa ) = - -
Positive Moment { After )

Limit { kM.m ) 0.000 13.91 | OK(0.000)

Strength { kM.m ) 24.51 | 40.12 | OK(D.611)

Stress { MPa ) 0.000 358 | OK(D.000)

Creep {MPa ) 0.000 1636 | OK(0.000)
Shear Force { After )

Strength (kM) | @0.85 | 108 |ok@.378)

Figure 97(Case 3 Results-Midas Design Plus)

Detailed Calculations Report in Appendix C (Case 3- FRP Strengthening Detailed Calculations-Midas Design Plus

2021)

Case 4: Strengthening the Beam Cross section with U-Wraps (3Sides), with Compression

Rebars. (For more details check case 4 in Appendix C ’
General Information
Design Code Reference Code Code Unit
ACI318M-14 ACI 440.2R-08 N, mm
Material
Concrete / Rebar
fek Ec fy fys Es A
64.50MPa 37,746MPa 460MPa 420MPa 200,000MPa -

FRP / Carbon (Table 14)
Name i E*ts te ¥ Fiber Type

MasterBrace FIB
600/50 CFS 3,500MPa 230,000MPa 0.337mm 0.021000 Carbon
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Section

Beam
Section Slab Thickness Effective Width Cover Compression Splicing Limit
150 x 200mm 0.0mm 0.0mm 23.00/ 40.00mm Considered 50%
FRP / Carbon
POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear)
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam
FRP / Carbon ( Shear )
Wrapping Schemes Wi St
U-Wraps ( 3 Sides Bonded ) 500mm 400mm
Rebar
Top Bar Bot Bar Stirrup Skin Bar
2-P12(Considered) 3-P12 2-P10@300 -

Case 4 Results:

Check Item I Value I Criteria I Ratio
Megative Moment ( Before )
Strength (kM.m ) - - -
Rebar Ratio { Min ) - - -
Rebar Ratio { Max ) - - -
Rebar Space (mm ) - - -
Positive Moment { Before )
Strength (kMN.m ) 24.51 19.30 MNG{1.270)
Rebar Ratio { Min ) 0.01570 | 0.00436 | OK(0.278)
Rebar Ratio (Max ) | 0.01570 | 0.04032 | OK{0.389)

Rebar Space (mm ) 19.00 222 OKA{0.086)
Shear Force { Before )
Strength (kM ) 40.85 45.90 QK(D.830)
Max. Strength { kM ) 40.85 103 CK(0.378)
Rebar Space (mm ) 300 72.05 | MG{4. 1649)
skin Rebar

Rebar Space {mm ) I - | - | -

Megative Moment { After )
Limnit { kM.m ) - - -
Strength (kM.m ) - - -
Stress (MPa ) - - -
Creep { MPa ) - - -

Pogitive Moment { After )

Limit { kM.m ) 0.000 | 19.30 | OK(0.000)

Strength {kMN.m ) 24.51 | 40.12 | OK(@.511)

Stress ( MPa ) 0,000 358 | OK(D.000)

Creep { MPa ) 0.000 1635 | OK(0.000)
Shear Force { After )

Strength (kN ) | 4085 | 108 [ oOK(0.378)

Figure 98(Case 4 Results-Midas Design Plus)

Detailed Calculations Report in Appendix C (Case 4- FRP Strengthening Detailed Calculations-Midas Design Plus

2021)
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6.2.2.2.3 Model No. 3- Recycled Aggregate Concrete with Self Consolidating Concrete

Sample (RCA-5D).

Case 5: Strengthening the Beam Cross section with U-Wraps (3Sides), without Compression

I For more details check case 5 in Appendix C ’

Rebars.

General Information

Design Code Reference Code Code Unit
ACI318M-14 ACI 440.2R-08 N, mm
Material
Concrete / Rebar
fek Ec fy fys Es A
77.00MPa 41,242MPa 460MPa 420MPa 200,000MPa
FRP / Carbon (Table 14)
Name L E*ts tr ¥t Fiber Type
Maserorecee'® | 3.500MPa 230,000MPa 0.337mm 0.021000 Carbon
Section
Beam
Section Slab Thickness Effective Width Cover Compression Splicing Limit
150 x 200mm 0.0mm 0.0mm 23.00/40.00mm | Not Considered 50%
FRP / Carbon
POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam
FRP / Carbon ( Shear )
Wrapping Schemes Wi St
U-Wraps ( 3 Sides Bonded ) 500mm 400mm
Rebar
Top Bar Bot Bar Stirrup Skin Bar
2-P12(Not Considered) 3-P12 2-P10@300 -
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Case 5 Results:

Chedk Item I Value I Criteria I Ratio
Megative Moment { Before )
Strength { kM.m ) - - -
Rebar Ratio { Min ) - - -
Rebar Ratio { Max ) - - -
Rebar Space {mm ) - - -
Positive Moment { Before )
Strength { kM.m ) 39.03 19.13 NG{2.041)
Rebar Ratio { Min ) 0.01570 | 000477 | OK(D. 304)
Rebar Ratio { Max ) | 0.01570 | 0.03964 | OK{D.395)

Rebar Space {mm ) 19,00 222 QK{D.085)
Shear Force { Before )
Strength { kM ) 55,05 45.64 MG{1.395)
Max. Strength (kM) | &65.05 112 oKD, 582)
Rebar Space {mm ) 300 F2.05 MG{4. 169)
Skin Rebar

Rebar Space {mm ) I - | - | -
Megative Moment { After )

Limit  kM.m } - - -

Strength { kM.m ) - - -

Stress [ MPa ) - - -

Creep { MPa ) - - -
Fositive Moment [ After )

Limit { kM.m ) 0.000 19.13 | OK(D.000)

Strength { kM.m ) 39.03 | 38.17 | NG{1.022)

Stress { MPa ) 0.000 368 | OK(0.000)

Creep (MPa ) 0.000 1636 | OK(0.000)
Shear Force { After )

Strength (kM) | s5.05 | 112 | ok@.s582)

Figure 99(Case 5 Results-Midas Design Plus)

Detailed Calculations Report in Appendix C (Case 5- FRP Strengthening Detailed Calculations-Midas Design Plus

2021)

Case 6: Strengthening the Beam Cross section with U-Wraps (3Sides), with Compression

Rebars. (For more details check case 6 in Appendix C ’
General Information
Design Code Reference Code Code Unit
ACI318M-14 ACI 440.2R-08 N, mm
Material
Concrete / Rebar
fek Ec fy fys Es A
77.00MPa 41,242MPa 460MPa 420MPa 200,000MPa -
FRP / Carbon (Table 14)
Name i E*ts te £*u Fiber Type
MasterBrace FIB | 3 goopmpa 230,000MPa 0.337mm 0.021000 Carbon
600/50 CFS ’ ' ) )
Section
Beam
| Section | Slab Thickness | Effective Width | Cover |  Compression | Splicing Limit ]
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[ 150 x 200mm | 0.0mm | 0.0mm | 23.00/40.00mm |  Considered | 50% |
FRP / Carbon

POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam
FRP / Carbon ( Shear )
Wrapping Schemes Wi St
U-Wraps ( 3 Sides Bonded ) 500mm 400mm
Rebar
Top Bar Bot Bar Stirrup Skin Bar
2-P12(Considered) 3-P12 2-P10@300 -

Case 6 Results:

Check Item I Value I Criteria I Ratio
Megative Moment { Before )
Strength { kMN.m ) - - -
Rebar Ratio { Min ) - - -
Rebar Ratio { Max ) - - -

Rebar Space { mm } - - -

Positive Moment { Before )
Strength { kM.m ) 39.03 19.86 | MG{1.955)
Febar Ratio { Min ) 0.01570 | 0.00477 | QE{0. 304)
Rebar Ratio {Max ) | 0.01570 | 0.04675 | OK{0.335)

Rebar Space { mm } 19.00 222 QK(D.086)
Shear Force ( Before )
Strength { kM) 55.05 46.64 | NG{1.395)
Max. Strength (kM )| s5.05 11 OK{0.582)
Rebar Space { mm } 300 F2.05 MG{4. 164)
Skin Rebar

Rebar Space { mm } I - - -

Megative Moment { After )
Lirmit f kM.m ) - - -
Strength { kKMN.m ) - - -
Stress ( MPa ) - - -
Creep { MPa ) - - -

Positive Moment { aAfter )

Limit { kM.m } 0.000 19.85 | OK(D.000)

Strength { kM.m ) 39.03 | 38.17 |MG{1.022)

Stress { MPa ) 0.000 368 | OK(0.000)

Creep { MPa ) 0.000 1635 | OK(0.000)
Shear Force { After )

Strength { kN ) | ss.05 | 112 | QK(D. 582)

Figure 100(Case 6 Results-Midas Design Plus)

Detailed Calculations Report in Appendix C (Case 6- FRP Strengthening Detailed Calculations-Midas Design Plus

2021)
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6.2.2.2.4 Model No. 4- Model No.2- Normal Weight Aggregate Sample (NWA-2).

Case 7: Strengthening the Beam Cross section with U-Wraps (3Sides), without Compression

I For more details check case 7 in Appendix C ’

Rebars.

General Information

Design Code Reference Code Code Unit
ACI318M-14 ACI 440.2R-08 N, mm
Material
Concrete / Rebar
fek Ec fy fys Es A
70.50MPa 39,463MPa 460MPa 420MPa 200,000MPa
FRP / Carbon (Table 14)
Name L E*ts tr ¥ Fiber Type
Maserorecee'® | 3.500MPa 230,000MPa 0.337mm 0.021000 Carbon
Section
Beam
Section Slab Thickness Effective Width Cover Compression Splicing Limit
150 x 200mm 0.0mm 0.0mm 23.00/40.00mm | Not Considered 50%
FRP / Carbon
POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam
FRP / Carbon ( Shear )
Wrapping Schemes Wi St
U-Wraps ( 3 Sides Bonded ) 500mm 400mm
Rebar
Top Bar Bot Bar Stirrup Skin Bar
2-P12(Not Considered) 3-P12 2-P10@300 -
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Case 7 Results:

Check Item I Value I Criteria I Ratio
Megative Moment { Before )
Strength { kM.m ) - - -
Rebar Ratio { Min ) - - -
Rebar Ratio { Max ) - - -
Rebar Space { mm ) - - -
Positive Moment { Before )
Strength { kM.m ) 37.88 19.02 | NG{1.991)
Rebar Ratio {Min) | 0.01570 | 0.00456 | OK{0.291)
Rebar Ratio {Max ) | 0.01570 | 0.03629 | OK{0.433)

Rebar Space { mm ) 19.00 222 OK{0.088)
Shear Force { Before )
Strength (kM ) 63,14 46.64 | MNG(1.3549)
Max. Strength (kM) 53.14 112 QK. 565)
Rebar Space { mm ) 300 F2.05 | MG{4. 164
Skin Rebar

Rebar Space { mm ) I - | - | -

Megative Moment { After )
Lirit { kM.m ) - - -
Strength { kM.m ) - - -
Stress (MPa ) - - -
Creep (MPa ) - - -

Positive Moment { After )

Limit { kM.m ) 0.000 19.02 | OK{(0.000)

Strength { kM.m ) 37.88 | 36.99 |NG{1.024)

Stress { MPa ) 0.000 358 | OK(0.000)

Creep (MPa ) 0.000 1636 | OK(D.000)
Shear Force { After )

Strength (kM ) | &3.14 | 11z | QK(D. 565)

Figure 101(Case 7 Results-Midas Design Plus)

Detailed Calculations Report in Appendix C (Case 7- FRP Strengthening Detailed Calculations-Midas Design Plus

2021)

Case 8: Strengthening the Beam Cross section with U-Wraps (3Sides), with Compression

Rebars. (For more details check case 8 in Appendix C ’
General Information
Design Code Reference Code Code Unit
ACI318M-14 ACI 440.2R-08 N, mm
Material
Concrete / Rebar
fek Ec fy fys Es A
70.50MPa 39,463MPa 460MPa 420MPa 200,000MPa
FRP / Carbon (Table 14)
Name i E*ts te ¥ Fiber Type
MasterBrace FIB | 5 ghovpa 230,000MPa 0.337mm 0.021000 Carbon
600/50 CFS ’ ' ) )
Section

126



Beam

Section Slab Thickness Effective Width Cover Compression Splicing Limit
150 x 200mm 0.0mm 0.0mm 23.00/40.00mm Considered 50%
FRP / Carbon
POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear)
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam
FRP / Carbon ( Shear )
Wrapping Schemes Wi St
U-Wraps ( 3 Sides Bonded ) 500mm 400mm
Rebar
Top Bar Bot Bar Stirrup Skin Bar
2-P12(Considered) 3-P12 2-P10@300 -

Case 8 Results:

Check Item I Value I Criteria I Ratio
Megative Moment { Before )
Strength {kM.m ) - - -
Febar Ratio { Min ) - - -
Rebar Ratio { Max ) - - -
Rebar Space { mm ) - - -
Positive Moment ( Before )
Strength { kM.m ) 37.88 19.58 | MNG{1.9349)
Rebar Ratio (Min ) | 0.01570 | 0.00455 | ok(0.291)
Rebar Ratio (Max ) | 0.01570 | 0.04341 | OK{0. 362)

Rebar Space { mm ) 19.00 222 OKA{D.088)
Shear Force { Before )
Strength (kM) 63.14 45.64 | NG{1.359)
Max. Strength (kM| 63.14 112 | OK{D.565)
Rebar Space {mm ) 300 72.05 | NG{4. 16-T)
Skin Rebar

Rebar Space { mm ) I - - | -
Megative Moment { After )

Limit { kM.m ) - - -

Strength {kM.m ) - - -

Stress (MPa ) - - -

Creep { MPa ) - = -
Positive Moment { After )

Limit { kM.m ) 0.000 | 19.58 | OK{0.000)

Strength ( kM.m ) 37.88 | 35.99 | MNG{1.024)

Stress (MPa ) 0.000 368 | OK(0D.000)

Creep { MPa ) 0.000 1636 | OK(0.000)
Shear Force { After )

Strength (kM) | 63.14 | 112 |oKk(0.565)

Figure 102(Case 8 Results-Midas Design Plus)

Detailed Calculations Report in Appendix C (Case 8- FRP Strengthening Detailed Calculations-Midas Design Plus

2021)
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6.3 Results Summarization

6.3.1 Analytical Summarization Results

6.3.1.1 Section 1- (ANSYS Workbench 2021) Results Summarization

The following comparison matrix summarizes sections 6.2.1.3.1, 6.2.1.3.2, 6.2.1.3.3 and

6.2.1.3.4.
ANSYS Workbench Analytical Values Before and After Strengthening of
(NWA, RCA, RCA-5DFkihers) Samples
Analysis Types
Non-Linear Static Analysis Explicate Dynamic
(NLA) (EX.DY) —
%) by
B S =
o > o)
3 g g o | B| B 4 : 5
= @S . £ L ©5 L E L
£ < s2 EExE | 52 |EZExE s S
@ 3 T O g 2L E 2D | T oD% E = x o
3 = [} Q0§ SO 0§ 5C s b 3 =
g‘_ = ndd = = - = = - \% = E
= L 7] %) 3 = LL
IS g o =) =) = ‘§: 5 S ©
& s S S S S - 3 a
(% = 2| £ B 5 B & 5 o =
S o 5 g D 5 g D g o g 5 n
O B~ 2] B~ (%} ‘T g g =
a) ) (o a = i
-~ 7 g £
=4 oS5l o § >
< §’ E : E : E = £l &£ 3|18
<< I e = e o O j<)]
2|3 = = =] = S5 <g = |
= 7] 7]
oo Considered | 2547 | 0.00027 | 2.52 | 0.00084 | 19.644 17.847 Shear 771 | 7.08 § §
<s | 2|8 8
= | ]| 5 3
ZR - Not 7o) —
) 3.082 | 0.00034 | 3.050 | 0.0010 | 24.777 23.459 Shear 804 | 769 | © | ©
Considered - %)
wg |~ Considered | 2.701 | 0.00029 | 2.67 | 0.00094 | 21.448 18.747 Shear o | 794 | 702 ‘f ;
<z | gl § ﬂ
= o Ll o
zR | - Not 3.27 | 0.00036 | 3238 | 00011 | 27.122 25.699 shear | < | 830 | 704 | & | B
Considered . ’ ’ ’ ’ ’ €3 : ’ o P}
- Considered | 1.631 | 0.00022 | 1.617 | 0.00050 | 10.348 9.457 Shear 634 | 585 | @ | S
< % ~ m '5‘.8 o o
[ON — |~ S
X < R o~ Not = ~ ©
© . 2.008 | 0.00023 | 1.95 | 0.00060 | 12.303 12.174 Shear 613 | 624 | @ | S
Considered N —
i Shear- ) ™
. ¢8| o o | Considered | 2738 | 000029 | 2703 | 0.00095 | 19.88 19.736 Moment | o | 726 | 730 | S| 5
< 8sS| 2| @™ S
OAS| K| @ o
or| —| ¥ Not Shear- © -' )
) 4.436 | 0.00036 | 4.409 | 0.00106 | 23.262 22.727 524 | 515 | © | @
Considered Moment S o

Table 29(ANSYS Workbench Analytical Values Before and After Strengthening of (NWA, RCA, RCA-5Dribers) Samples)
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6.3.1.2 Section 2- (Midas Gen & Midas Design Plus 2021) Results Summarization

The following comparison matrix summarizes stage 1 and stage 2 data from sections 6.3.2.1

and 6.3.2.2.
Midas Gen and Midas Design Plus Analytical VValues Before and After Strengthening of
(NWA, RCA, RCA-5Dkipers) Samples
(Midas Gen) (Midas Design Plus)
=
; Before After CFRP = 15
Pl Vi Les % Strengthening Strengthening | Contribution Value £ !
= 3 s S ©
> = o4 = = = g 2
[ . = c - c - c - .
@ g E S = g g E S = EE | g=z| 2E S = 5 =
o c 2 = XY 171 cZ = XY o Z = XY cZ = XY =
IS S X 0 L S X w S X w S X @ =
& £ g
<) - ©
o S = 2
Main Values Criteria Criteria Criteria £ e a
s w
NWA-1 Considered | 19.58 1741 65.36 89 140 | »
- [o0}
705mpa | 5003 | 6005 Not 1902 | 4664 | 3699 1 121 1797 | 6536 | 04 | 140 | 2
Considered
NWA2 Considered | 19.58 1741 65.36 89 140 | o
- —
705mpa | 0788 | 6313 Not 1902 | 4664 | 3699 1 1121 1797 | 6536 | 04 | 140 | N
Considered
RCA Considered | 19.30 20.82 62.1 107 | 135 |
—
64.5MPa 24.51 40.85 N_ot 18.91 4590 | 40.12 108 2191 621 112 135 | @
Considered
RCA- Considered 19.86 18.31 65.36 92 140 g
5Dsivers | 39.03 | 65.05 Not 46.64 | 3817 | 112 &
77.0MPa Considered 19.13 19.04 65.36 99 140 N

Table 30(Midas Gen and Midas Design Plus Analytical Values Before and After Strengthening of (NWA, RCA, RCA-5Dripers)

Samples)

6.3.2 Experimental Results

The following table shows experimental shear forces and deflection results for several types

of samples before and after strengthening.

Experimental Results
Before Strengthening | After Strengthening
Deflection Deflection ® Ductility
S_"I"_mp;e Shear Ay | Amax Shear e Improcoement Index References
yp Amax/
KN mm KN mm Ay
NWA-1 .
70.5MPa 60.05 | 6.58 | 11.79 -- -- -- 1.79 (Mohamed Ghoneim, 2020)
NWA-2 .
70.5MPa - - - 63.14 14.93 76 -- (Abdalla Ghoneim, 2019)
RCA
64.5MPa 40.85 | 7.08 | 9.22 -- - - 1.3 (Mohamed Ghoneim, 2020)
RCA-
5Dfibers 65.05 | 4.96 | 14.43 - - - 2.91 (Mohamed Ghoneim, 2020)
77.0MPa

Table 31(Experimental Values of (NWA, RCA, RCA-5Driners) Samples, Before and After Strengthening)
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6.3.3 Results Comparison of (Experimental and Analytical)

The following table shows experimental and analytical shear forces and deflection results for

several types of samples before and after strengthening.

Shear and Deflection Comparison (Experimental and Analytical) (A y)
Differences and Changes
Deflection Shear Deflection
Shear
A ypx.) # (A yan-)
mm KN % %
— : : Ansys Midas
< Analytical Analytical
o = n v (NLA) Gen
n _8 § ) A (%) %)
[<5) D = - @ 5+
S o 8 % 5 S 2 >
= = X S > = 4]
) L2 w <= @ §
= 3 S| 8
= et c S 8
(=] _
o] o —_— — 2| o© ~
2] = i 3 gl E @
o A NLA (= — a8 g a) >
&) (A yex) ( ) g < 2 o z = g @ Q &
= | = s £l 2|c|c| g g =2
5| Z =2 5| € O = < = S
c| 8| 2| | 2 Sl 5l e o<
<) < Q| @ je = o 2
(O] | %) (O] = = E a
1) c %) D 5| 2| @ a)
= o = o < < o] i= c| o | S
ERER =R £ |2 2| 8|5|8]|°2
5l 2|8 | £ =558
o | 2 s |2 Sl13 %8
S 3] S 3] 5| & m
2| % |3 | % 8| &
n | <
~ o
Considered & )
NWA-1 o “lglgl8| 83|y 9 R
70.5MPa ~|[8|g|8 g~ 518|°°
Not ) 3 ? |9
Considered S S N 3
— o
Considered R o
NWA-2 D I = T B I (- ol o
70.5MPa S 8| = el ¢ | =
Not N & ©
Considered P S
I ]
Considered 3 b2
RCA Tl T lg|8l8]|8 |8 519 oo
64.5MPa ot o s [ |% %% |27 |e]g]F|F
) —
Considered S 2 9| d
[o0] [s2]
Considered 2 S
ReA- Yl Y lg|s8lg| 8|3 2|3
5Driers © 5 S ) %) I % °| e
77.0MPa Not © gl g |~ |°|¢|°|T E I T
Considered < 3 3 b Y I

Table 32(Shear and Deflection Comparison (Experimental and Analytical)- (A y))
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Shear and Deflection Comparison (Experimental and Analytical) (A max)
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Table 33(Shear and Deflection Comparison (Experimental and Analytical)-(A max) )
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Comparison of Ductility Index Results (Experimental and Analytical)

Experimental

Ductility Index

Differences and Changes

[<5]
= (Before
2 Strengthening . (A max/A y) %
- & Compression
= . Rebars
% WI'[hOU.t ZEDE AT Streli;{ﬁgiing Streli;{ﬁgiing
n compression Strengthening | Strengthening (Difference) (Increase)
Rebars)
NWA-1 179 Considered 7.71 7.08 124.63 330.7
70.5MPa Not Considered 8.04 7.69 127.16 349.16
NWA-2 Considered 7.94 7.02
70.5MPa Not Considered 8.30 7.93
RCA Considered 6.34 5.85 131.93 387.7
64.5MP 1.30
~Mra Not Considered 6.13 6.24 130.01 3715
RCA- Considered 7.26 7.30 85.54 149.5
5Dfibers 291
77.0MPa Not Considered 5.24 5.15 57.18 80.07

Table 34(Comparison of Ductility Index Results (Experimental and Analytical) )
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CHAPTER 7

7. DISCUSSION OF RESULTS

7.1 Introduction

This section discusses the outcomes presented in CHAPTER 6 of this research. The discussion
focuses on the behaviour of the research finite element model of various types of pre-damaged
beams with different characteristics (NWA, RCA, RCAsq Finers), before and after strengthening
in terms of shear capacity forces and deflections under various types of loading, including four-
point loading test simulation, compared to those of previous experiments done by (Mohamed

Ghoneim, 2020, Abdalla Ghoneim, 2019) .

7.2 Results Related to Deflection

7.2.1 The Deflections Resulted from Nonlinear Static Loading (a y)

The values behaviour of deflection has been examined in this section by applied the specified
load for each sample using [Ansys workbench] and [Midas Gen] softwares and applied non-
linear static analysis using (Menetrey-Willam Base with softening) as (Geo-Mechanical
Properties). The results have been displayed related to strengthening with CFRP laminates and
compression rebars. The results illustrated, that samples deflection values without
strengthening and compression rebars decreased by 53.16% ,71.64%, 10.56% and differed by
72.40% ,111.6%, 11.15% for NWA-1, RCA, RCA sp Fribers Samples respectively when used
[ANSYS workbench] software. On the other side, the deflection values decreased by
60.70%,74.42%, 45.85% and differed by 87.15%, 118.52, 59.48% when used [Midas Gen]

software compared to experimental results as shown in Table 32 & Figure 103 . On the contrary,

when compression rebars are considered in the analysis model, we notice that deflection values

have been decreased, because compression rebars from analysis process shown an effectiveness
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resisting and decreasing the deflection values as shown in Table 32 . In addition, when CFRP
laminates employed in the analysis model as strengthening techniques, it also decreases the
deflection values with small changes, as cleared in Table 32. On the other hand, near values of
deflection have been resulted between [ANSYS Workbench] and [Midas gen] softwares, when

compression rebars are considered and before-after strengthening.

Deflection Ay(mm)

7.08

5 4.436

= 719 2.686
2.008 1g99

NWA-1 (70.5 MPA) NWA-2 (70.5 MPA) RCA (64.5 MPA) RCA-5D FIBERS (77.0
MPA)

W Deflection Ay(mm) Experimental Results (Before Strengthening) @ Deflection Ay(mm) ANSYS Analytical ( NLA )

@ Deflection Ay(mm) Midas Gen

Figure 103(Deflection Comparison (Experimental and Analytical)- (A y) graph)

7.2.2 The Deflections Resulted from Explicit Dynamic Loading (A max)

The behaviour of deflection has been examined in this section by applied the specified
equivalent pressure load for each sample using [Ansys workbench] software and applied
explicit dynamic analysis using (RHT Concrete Strength Properties-Brittle/Granular) with three
types of failures technique which are (Plastic Strain Failure, Tensile Pressure Failure and Crack
Softening Failure) properties as (Geo-Mechanical Properties). The results have been displayed
related to strengthening with CFRP laminates and compression rebars. The results illustrated,
that samples deflection values without strengthening and compression rebars increased by

110.15% ,33.44%, 61.20% and differed by 71.0%, 28.6%, 46.86 % for NWA-1, RCA, RCAsp
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Fibers SaMples respectively when used [ANSYS workbench] software. On the other hand, the
deflection values decreased by 78.06%, 80.36%, 81.39% and differed by 128.05%, 134.33%,

137.23 when used [Midas Gen] software compared to experimental results as shown in

Table 33, Figure 104 .On the other hand, deflection values with strengthening and without

compression rebars increased by 72.13% and differed by 53.01% for NWA-2 sample when used
[ANSY'S workbench] software; while, the deflection values decreased by 81.80% and differed
by 138.38% when used [Midas Gen] software compared to experimental results as shown in

Table 33.

On the other side, when compression rebars are considered in the analysis model, we notice that
deflection values have been decreased, because compression rebars from analysis process
shown an effectiveness resisting and decreasing the deflection values as shown in Table 33. In
addition, when CFRP laminates employed in the analysis model as strengthening techniques, it

also decreases the deflection values with small changes, as cleared in Table 33.

Deflection Amax(mm)

30
27.122

24.777
25 23.262

20

14.93 14.43
15 -

11.79 12.303
9.22
10
5 86 719 l 811 2.686
)

RCA-5D FIBERS (77.0
MPA)

NWA-1 (70.5 MPA) NWA-2 (70.5 MPA) RCA (64.5 MPA

B Experimental Results (Before Strengthening) M Experimental Results (After Strengthening) [ ANSYS Analytical ( Ex.DY ) [ Midas Gen

Figure 104(Deflection Comparison (Experimental and Analytical)- (A max) graph)
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7.3 Results Related to Shear

7.3.1 Shear Loads resulted from Nonlinear Static and Explicit Dynamic Analysis (ANSYS
Workbench)

The shear values from both analysis types non-linear static loading and explicit dynamic in
terms of CFRP strengthening (with or without) and compression rebars, resulted as follow
60.05KN, 63.13KN, 40.85KN, 65.05 KN for NWA-1, NWA-2, RCA, RCA sp Fibers Samples
respectively when used [ANSYS workbench] software. On the hand, the shear values from both
analysis types illustrated identical values with the experimental results as shown in Table 32 &

Table 33.

7.3.3 Shear Capacity Resulted From (Midas Gen & Midas Design Plus) with Linear Analysis

The shear values from linear analysis, resulted as follow 60.05KN, 63.13KN, 40.85KN, 65.05
KN for NWA-1, NWA-2, RCA, RCA sp Fribers Samples respectively when used [Midas Gen]
software, so the shear values illustrated identical values with the experimental results as shown

in Table 32 & Table 33. On the other side, shear rebars are not used in this analysis, so the shear

capacity has failed as shown in section 6.2.2.2 stage 2 - ACI440.2R-17 Code Check Using (Midas Design Plus 2021) T e
used of [Midas design plus] software, shear capacity values varied before CFRP laminates as
strengthening used with section capacity values of 46.64 KN for NWA-1, NWA-2, RCA 5p Fibers
& 45.90KN for RCA, on the contrary, when used CFRP laminates as strengthening, the section
capacity values will increased by 140% for NWA-1, NWA-2, RCA 5p ribers & 135% for RCA
so, the values will be 112 KN for NWA-1, NWA-2, RCA sp Fibers & 108KN for RCA as shown
in Table 30, which fulfilled the required shear values see. Figure 105. In addition, the CFRP
contribution values has been resulted by 65.36 KN for NWA-1, NWA-2, RCA sp Fibers & 62.1

KN for RCA, which illustrate the importance of using CFRP if shear reinforcement no exists.
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Shear Capacities ( KN)

120

12 112 112
100
80
65.05 65.045 65.045
60,05 6314 60.05 63135 60.05 63135
60
46.64 46.64 459 46.64
5 .85 40.85
40
20
EXPERIMENTAL RESULTS ANSYS ANALYTICAL ( NLA ) MIDAS GEN MIDAS DESIGN PLUS (SHEAR  MIDAS DESIGN PLUS ( SHEAR
(BEFORE STRENGTHENING) CAPACITY ),BEFORE CAPACITY ), AFTER
STRENGTHENING STRENGTHENING

ENWA-1(70.5 MPa) EINWA-2 (70.5MPa)  EIRCA (64.5MPa)  EIRCA-5D fibers (77.0 MPa)

Figure 105( Shear Capacities (KN) Comparison (Experimental and Analytical))

7.4 Results Related to Ductility Index

The non-linear static loading and explicit dynamic analysis has conducted a results of yielding
load (A y) and ultimate load (A max) deflections respectively. Therefore, the ratio between two
types of deflection based on two types of analysis has been defined as [the ductility
index], (A max/A y). As per analytical solution with [ANSYS Workbench] considered no
strengthening and compression rebars, the ductility index increased by 349.16 %, 371.5%,
80.07% and differed by 127.16%, 130.01%, 57.18% for NWA-1, RCA, RCAspribers Samples

compared to experimental results as shown in Table 34 .

Ductility Index (Amax/Ay)

9
8
g 6.13
6 5.24
5
4 2)
3
2
1
0
NWA-1 (70.5 MPA) RCA (64.5 MPA) RCA-5D FIBERS (77.0 MPA)

M Ductility Index (Amax/Ay) Experimental Results (Before Strengthening)& without compression Rebars

H Ductility Index (Amax/Ay) ANSYS Analytical ( ANSYS Workbench)

Figure 106(Ductility Index (Amax/Ay) Comparison (Experimental and Analytical)
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CHAPTER 8

8. CONCLUSIONS AND RECOMMENDATION

8.1 Conclusions

The research presents a numerical evaluations using [ANSYS workbench, Midas Gen and
Midas Design Plus] software of pre-damaged recycled concrete beam with self-consolidating
concrete matrix for un-strengthened and strengthened in shear samples using CFRP-U wrapping
laminates including normal weight aggregate sample as control specimen. All samples have

been compared to experimental results conducted by(Mohamed Ghoneim, 2020, Abdalla Ghoneim,

2019) as clarified in section 6.3 Results Summarization, the conclusions can be summarised as

follows:

1- The analytical models using [ANSYS Workbench] and [Midas gen] software with different
types of analysis (Linear, Non-linear and Explicit Dynamic) has proved good matching with
experimental results of samples in terms of shear capacity values as discussed in section 7.3.1
Shear Loads resulted from Nonlinear Static and Explicit Dynamic Analysis (ANSYS

Workbench).

The [Midas Design Plus] has been used to calculating shear capacities before and after CFRP

strengthening as per (ACI-440, 2017) recommendations and the results shown variety in shear

capacities after and before strengthening as per section 7.3.3 Shear Capacity Resulted From
(Midas Gen & Midas Design Plus) with Linear Analysis. The experimental results have
recorded shear load values from 40.85 to 65.05 KN of samples due to different applied loads
see. Table 7 , therefore when CFRP used the shear capacity increased by 135% to 140 % to let
the section to carry shear loads until 108 to 112 KN which proves the effectiveness of

strengthening technique system to shear loads see. Table 30 .
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2-The non-linear static loading analysis by [ANSYS Workbench] for deflections, have
experienced decrease values by 53.16% ,71.64%, 10.56% , while the explicit dynamic loading
analysis by [ANSYS Workbench] has recorded an increase values by 110.15% ,33.44%,

61.20% for NWA-1, RCA, RCA sp Fivers Samples respectively,

3- Compression rebars have influenced deflection when used, which reduce the deflection
values. The non-linear static loading and explicit dynamic loading analysis when employed by
[ANSYS Workbench] for NWA-1, RCA, RCA sp ribers Samples with compression rebars and
simulated as finite element models, the outcomes show that models deflections with
compression rebars are less than models without compression rebars see.Table 29. On the other
hand, CFRP strengthening laminates have has a slight effect that hardly effects on deflection
values when applied (Non-linear Static Loading Analysis & Explicit Dynamic Loading

Analysis), by [ANSYS Workbench] see.Table 29.

4- The ratio between two types of deflections (Ductility Index) based numerical analysis (Non-
linear Static Loading & Explicit Dynamic Loading) by [ANSYS Workbench] has experienced
significantly rise values by 349.16 %, 371.5%, 80.07% for NWA-1, RCA, RCAspribers Samples

compared to experimental results as shown in Table 34 .

5- The failure modes simulated by [ANSYS workbench] under explicit dynamic analysis, has
predicted failure modes for different types of samples under different types of loadings see

Appendix A.

8.2 Recommendation
According to the results of the analytical evaluation, there are significant discrepancies in the
deflection values between the numerical analysis and the experimental results. As a result, |

would suggest conducting additional and extensive numerical analysis in order to investigate

139



the differences in the deflection values. In addition, I would suggest using a variety of software
programs that utilized the finite element method (FEM) or the distinct element method (DEM)

in conjunction with a variety of strengthening techniques in order to predict the shear behaviour

and capacity, failure modes and locations, and deflections.
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Appendix A

1-Static Non-Linear Analysis - Without Strengthening and with Top Rebars

Geometry and loads

Ansys

2021 R2

000 400.00 800.00 {rairm)
| E—— ES—

20000 600.00

Figure 107(NWA-1/70.5MPa - Geometry and loads without strengthening and with top rebars - Static Nonlinear Analysis)

The ultimate load has been divided in to loads which is 120.1/2 =60.05KN.

Ansys

2021 R2

000 40000 800.00 (rim)
| Eaaa—— [ ESSS—

200,00 600,00

Figure 108(NWA-1/70.5MPa - Rebars view without strengthening - Static Nonlinear Analysis)
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Deformations

-Total Deformations

80000 ()

200.00 600,00

Figure 109(NWA-1/70.5MPa - Total deflections of beam sample without strengthening and with top rebars- Static Nonlinear
Analysis)

The value is 2.5471 mm.

Directional Deformation (Y-Direction)

000 400,00 800.00 (mm) X
L E—— ES—

20000 600.00

Figure 110(NWA-1/70.5MPa - Directional deflections (Y-Dir.) of beam sample without strengthening and with top rebars -
Static Nonlinear Analysis)

The value is 2.5471 mm.

149



NWA-1/70.5MPa-Directional Deflection-With Top Rebars & Without
Strengthening
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Deflection (mm)

Figure 111(NWA-1/70.5MPa - Directional deflections graph of beam sample without strengthening and with top rebars - Static
Nonlinear Analysis)

Normal Stress (Concrete)

Ansys

2021 R2

0.00 400.00 800.00 (mm) X
B S
20000 600.00

Figure 112(NWA-1/70.5MPa — Normal Stress (Concrete) of beam sample without strengthening and with top rebars - Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 37.862

MPa, whereas the red zones indicate to tension.

150



Normal Stress (Rebars)

Ansys

2021 R2

00 00 80000 () Z %
| . |

200.00 600,00

Figure 113(NWA-1/70.5MPa — Normal Stress (Rebars) of beam sample without strengthening and with top rebars - Static
Nonlinear Analysis)

The red zones show that the rebars is yielding by 131.92 MPa, in the middle span due to tension.

Shear Stress

Ansys
2021 R2

70000 )

Figure 114(NWA-1/70.5MPa — Shear Stress of beam sample without strengthening and with top rebars - Static Nonlinear
Analysis)

Elastic Strain
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Figure 115(NWA-1/70.5MPa — Elastic Strain of beam sample without strengthening and with top rebars - Static Nonlinear
Analysis)

NWA-1/70.5MPa-Stress-Strain Curve With Top Rebars & Without
Strengthening
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Strain (mm/mm)

Figure 116(NWA-1/70.5MPa — Stress and Strain graph of beam sample without strengthening and with top rebars - Static
Nonlinear Analysis)
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2-Explicit Dynamics-With Top Rebars & Without Strengthening

Geometry and loads

000 40000 800.00 {mrm) X
L EEaaa—— ES—
20000 600.00

Figure 117(NWA-1/70.5MPa — Geometry & Loads of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.0 MPa as shown

above with rate loading 0.6mm/min.

Ansys

2021 R2

0.00 400,00 80000 (mim) X
[ aa— ES—
200,00 600.00

Figure 118(NWA-1/70.5MPa — Rebars of beam sample without strengthening - Explicit Dynamic Analysis)

Deformations
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Total Deformations

Ansys
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200.00 600.00

Figure 119(NWA-1/70.5MPa — Total deflections of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

The value is 19.644 mm.
Directional Deformation (Y-Direction)-Concrete

Ansys

2021 R2

000 40000 300,00 () X
I 0 0 e

200.00 600.00

Figure 120(NWA-1/70.5MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and with top rebars-
Explicit Dynamic Analysis)

The value is 19.644 mm.

Directional Deformation (Y-Direction)- Rebars
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Figure 121(NWA-1/70.5MPa — Directional deflections (Y-Dir.) of beam rebars without strengthening- Explicit Dynamic

Analysis)
Normal strain

Ansys

2021 R2

Figure 122(NWA-1/70.5MPa — Normal strain of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

Shear Stress
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Figure 123(NWA-1/70.5MPa — Shear stress of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

Total shape strain

Ansys

2021 R2

Figure 124(NWA-1/70.5MPa — Total strain of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

Maximum Stress
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Figure 125(NWA-1/70.5MPa — Maximum stress of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

The Damage Pattern
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Figure 126(NWA-1/70.5MPa — Damage pattern of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks and concrete failures.

157



Damage-Time Graph
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Figure 127(NWA-1/70.5MPa — Damage pattern graph of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

3-Static Non-Linear Analysis — Without Top Rebars and Strengthening

Geometry and loads

Ansys

2021 R2

00 4000 80000 ()
[ |
20000 60000

Figure 128(NWA-1/70.5MPa — Geometry & loads of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The ultimate load has been divided in to loads which is 120.1/2 =60.05KN.
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Figure 129(NWA-1/70.5MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)

Deformations

Total Deformations

Ansys
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Figure 130((NWA-1/70.5MPa — Total deflections of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The value is 3.0815 mm.

Directional Deformation (Y-Direction)
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175.00 525.00

Figure 131(NWA-1/70.5MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

The value is 3.0815 mm.

NWA-1/70.5MPa-Directional Deflection-Without Top Rebars &
Strengthening
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Figure 132(NWA-1/70.5MPa — Directional deflections (Y-Dir.) graph of beam sample without strengthening and top rebars-
Static Nonlinear Analysis)

Normal Stress (Concrete)
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Figure 133(NWA-1/70.5MPa — Normal stress (concrete) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 44.71 MPa,
whereas the red zones indicate to tension.
Normal Stress (Rebars)

Ansys
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Figure 134(NWA-1/70.5MPa — Normal stress (Rebars) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)
The red zones show that the rebars is yielding by 143.2MPa, in the middle span due to tension.

Shear Stress
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Figure 135(NWA-1/70.5MPa — Shear stress of beam sample without strengthening and top rebars- Static Nonlinear Analysis)

Elastic Strain

Ansys

2021 R2

01607e-5
68iT1eS
461555
23305
66l61e-7

70000 (mrm) X

175.00 525,00

Figure 136(NWA-1/70.5MPa — Elastic strain of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)
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NWA-1/70.5MPa-Stress-Strain Curve Without Top Rebars &
Strengthening
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Figure 137(NWA-1/70.5MPa — Stress & Strain graph of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

4-Explicit Dynamic-Without Top Rebars & Strengthening

Geometry and loads
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Figure 138(NWA-1/70.5MPa — Geometry & loads of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.0 MPa as shown

above with rate loading 0.6mm/min
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Figure 139(NWA-1/70.5MPa — Rebars of beam sample without strengthening- Explicit Dynamic Analysis)

Deformations

Total Deformations
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Figure 140(NWA-1/70.5MPa — Total deflections of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

The value is 24.766 mm.
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Directional Deformation (Y-Direction)-Concrete
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Figure 141(NWA-1/70.5MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)

The value is 21.063 mm.

Directional Deformation (Y-Direction)- Rebars
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Figure 142(NWA-1/70.5MPa — Directional deflections (Rebars) of beam sample without strengthening- Explicit Dynamic
Analysis)
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Normal strain
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Figure 143(NWA-1/70.5MPa — Normal strain of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

Shear Stress
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Figure 144(NWA-1/70.5MPa — Shear Stress of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)
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Total shape strain
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Figure 145(NWA-1/70.5MPa — Total strain of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

Maximum Stress
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Figure 146(NWA-1/70.5MPa —Maximum Stress of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)
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The Damage Pattern
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Figure 147(NWA-1/70.5MPa — Damage Pattern of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks and concrete failures.
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Figure 148(NWA-1/70.5MPa — Damage pattern graph of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)
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5-Static Non-Linear Analysis — With Top Rebars and Strengthening

Geometry and loads

Ansys

2021 R2

00 400 800,00 (mm) z X
[ |

20000 600.00

Figure 149(NWA-1/70.5MPa — Geometry & loads of beam sample with strengthening and top rebars- Static Nonlinear

Analysis)

The ultimate load has been divided in to loads which is 120.1/2 =60.05KN.

Ansys
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Figure 150(NWA-1/70.5MPa —Rebars of beam sample with strengthening- Static Nonlinear Analysis)
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Deformations
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Figure 151(NWA-1/70.5MPa — Total deflections of beam sample with strengthening and top rebars- Static Nonlinear Analysis)

The value is 2.52 mm.

Directional Deformation (Y-Direction)
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Figure 152(NWA-1/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and top rebars- Static
Nonlinear Analysis)

The value is 2.52 mm.
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NWA-1/70.5MPa-Directional Deflection-With Top Rebars &
Strengthening

140000
120000
100000

80000

Load (N)

60000
40000
20000

0
0 0.5 1 1.5 2 2.5 3

Deflection (mm)

Figure 153(NWA-1/70.5MPa — Directional deflections (Y-Dim.) graph of beam sample with strengthening and top rebars-
Static Nonlinear Analysis)

Normal Stress (Concrete)
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Figure 154(NWA-1/70.5MPa — Normal Stress (Concrete) of beam sample with strengthening and top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 37.64 MPa,

whereas the red zones indicate to tension.

Normal Stress (Rebars)
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Figure 155(NWA-1/70.5MPa — Normal Stress (Rebars) of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

The red zones show that the rebars is yielding by 132.37MPa, in the middle span due to tension.

Shear Stress
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Figure 156(NWA-1/70.5MPa — Shear Stress of beam sample with strengthening and top rebars- Static Nonlinear Analysis)

Elastic Strain
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Figure 157(NWA-1/70.5MPa — Elastic strain of beam sample with strengthening and top rebars- Static Nonlinear Analysis)

NWA-1/70.5MPa-Stress-Strain Curve With Top Rebars &
Strengthening
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Figure 158(NWA-1/70.5MPa — Stress & Strain graph of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)
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6-Explicit Dynamic-With Top Rebars & Strengthening

Geometry and loads

Ansys

2021 R2
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Figure 159(NWA-1/70.5MPa — Geometry & loads of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.0 MPa as shown

above with rate loading 0.6mm/min
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Figure 160(NWA-1/70.5MPa — Rebars of beam sample with strengthening — Explicit Dynamic Analysis)

Deformations
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Total Deformations
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Figure 161(NWA-1/70.5MPa — Total deflections of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

The value is 17.825 mm.

Directional Deformation (Y-Direction)-Concrete

000 350,00 700,00 rore) X
I 00O .0 )

175.00 525.00

Figure 162(NWA-1/70.5MPa — Directional deflection (Y-Dim.) of beam sample with strengthening and top rebars- Explicit
Dynamic Analysis)

The value is 17.847 mm

Directional Deformation (Y-Direction)- Rebars
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Figure 163(NWA-1/70.5MPa —Directional deflection (Y-Dim.) Rebars of beam sample with strengthening - Explicit Dynamic
Analysis)

Normal strain

| oomastt
o
2963566

800.00 (mm)

Figure 164(NWA-1/70.5MPa —Normal strain of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

Shear Stress
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Figure 165(NWA-1/70.5MPa — Shear stress of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

Total shape strain

2,5919-7

Figure 166(NWA-1/70.5MPa — Total strain of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

Maximum Stress
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C:NWA-1 With top rebars with strengthening
Maximur Principal Stress

Type: Maximurn Principal Stress

Unit; MPa
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Figure 167(NWA-1/70.5MPa — Maximum stress of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

The Damage Pattern
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DAMAGEALL

Expression: DAMAGEALL

Time: 5.¢-003

Cycle Nurnber. 444864
Custom

Max: 1

Min: 0

15/08/2022 01:47 &M

09554
B 03m6
) a6
016399
0059161
005431
004901
o071
0031
0034511
0029581
0024651
00197
00147
00098602
00049201
0

600.00 (mm)

Figure 168(NWA-1/70.5MPa — Damage pattern-1 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.
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Figure 169(NWA-1/70.5MPa — Damage pattern-2 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)
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Figure 170(NWA-1/70.5MPa — Damage pattern-3 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

CFRP laminates due to ultimate load has been debonding as shown in images above
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Figure 171(NWA-1/70.5MPa — Damage pattern graph of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

7-Static Non-Linear Analysis — Without Top Rebars and With Strengthening

Geometry and loads
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Figure 172(NWA-1/70.5MPa — Geometry & Loads of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

The ultimate load has been divided in to loads which is 120.1/2 =60.05KN.
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Figure 173(NWA-1/70.5MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)

Deformations

Total Deformations
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Figure 174(NWA-1/70.5MPa — Total deflections of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

The value is 3.050 mm.
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Directional Deformation (Y-Direction)
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Figure 175(NWA-1/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Static Nonlinear Analysis)

The value is 3.050 mm.

NWA-1/70.5MPa-Directional Deflection-Without Top Rebars & With
Strengthening
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Figure 176(NWA-1/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Static Nonlinear Analysis)

Normal Stress (Concrete)
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Figure 177(NWA-1/70.5MPa — Normal stress (Concrete) of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 44.431
MPa, whereas the red zones indicate to tension.
Normal Stress (Rebars)
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Figure 178(NWA-1/70.5MPa — Normal stress (Rebars) of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The red zones show that the rebars is yielding by 144.24MPa, in the middle span due to tension.

Shear Stress
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Figure 179(NWA-1/70.5MPa — Shear stress of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

Elastic Strain
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Figure 180(NWA-1/70.5MPa — Elastic strain of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)
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NWA-1/70.5MPa-Stress-Strain Curve Without Top Rebars & With
Strengthening
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Figure 181(NWA-1/70.5MPa — Stress & Strain graph of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

8-Explicit Dynamic-Without Top Rebars & With Strengthening

Geometry and loads
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Figure 182(NWA-1/70.5MPa — Geometry & Loads of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.0 MPa as shown

above with rate loading 0.6mm/min
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Figure 183(NWA-1/70.5MPa — Rebars of beam sample with strengthening - Explicit Dynamic Analysis)

Deformations

Total Deformations
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Figure 184(NWA-1/70.5MPa — Total deflections of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

The value is 23.459 mm.
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Directional Deformation (Y-Direction)-Concrete

600,00 rore)

Figure 185(NWA-1/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Explicit Dynamic Analysis)

The value is 23.449 mm

Directional Deformation (Y-Direction)- Rebars
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Figure 186(NWA-1/70.5MPa — Directional deflections (Y-Dim.) Rebars of beam sample with strengthening and without top
rebars- Explicit Dynamic Analysis)
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Figure 187(NWA-1/70.5MPa — Normal strain of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

Shear Stress
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Figure 188(NWA-1/70.5MPa — Shear stress of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)
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Total shape strain
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Figure 189(NWA-1/70.5MPa — Total strain of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

Maximum Stress

Figure 190(NWA-1/70.5MPa — Maximum stress of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

The Damage Pattern
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D: Explicit Dynamics Strengthening 70.5MP-without top steel
DAMAGEALL
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Figure 191(NWA-1/70.5MPa — Damage pattern-1 of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.
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Figure 192(NWA-1/70.5MPa — Damage pattern-2 of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)
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D: Explicit Dynamics Strengthening 7.5MP-without top steel
DAMAGEALL
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Figure 193(NWA-1/70.5MPa — Damage pattern-3 of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

CFRP laminates due to ultimate load has been debonding as shown in images above
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Figure 194(NWA-1/70.5MPa — Damage pattern graph of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)
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9-Static Non-Linear Analysis - Without Strengthening and with Top Rebars

Geometry and loads

Ansys
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Figure 195(RCA-64.50MPa — Geometry & Loads of beam sample without strengthening and with top rebars- Static
Nonlinear Analysis)

The ultimate load has been divided in to loads which is 81.7/2 =40.85KN.
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Figure 196(RCA-64.50MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)
Deformations

Total Deformations
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Figure 197(RCA-64.50MPa — Total deflections of beam sample without strengthening and with top rebars- Static Nonlinear
Analysis)

The value is 1.6313 mm.

Directional Deformation (Y-Direction)
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Figure 198(RCA-64.50MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and without top rebars-
Static Nonlinear Analysis)

The value is 1.6313 mm.
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RCA 64.5MPa-Directional Deflection-With Top Rebars & Without
Strengthening
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Figure 199(RCA-64.50MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and with top rebars-
Static Nonlinear Analysis)

Normal Stress (Concrete)
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Figure 200(RCA-64.50MPa — Normal stress (Concrete) of beam sample without strengthening and with top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 24.412

MPa, whereas the red zones indicate to tension.
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Figure 201(RCA-64.50MPa — Normal stress (Rebars) of beam sample without strengthening and with top rebars- Static
Nonlinear Analysis)

The red zones show that the rebars is yielding by 77.828 MPa, in the middle span due to tension.

Shear Stress
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Figure 202(RCA-64.50MPa — Shear Stress of beam sample without strengthening and with top rebars - Static Nonlinear
Analysis)

Elastic Strain
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Figure 203(RCA-64.50MPa — Elastic Strain of beam sample without strengthening and with top rebars - Static Nonlinear
Analysis)

RCA 64.5MPa-Stress-Strain Curve With Top Rebars & Without
Strengthening
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Figure 204(RCA-64.50MPa — Stress and Strain graph of beam sample without strengthening and with top rebars - Static
Nonlinear Analysis)
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10- Explicit Dynamic-With Top Rebars & Without Strengthening

Geometry and loads

Ansys

2021 R2

900,00 (rm)

225,00 675.00

Figure 205(RCA-64.50MPa — Geometry & Loads of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

The ultimate load has been transferred to be as a pressure load which is 2.723.0 MPa as

shown above with rate loading 0.6mm/min.
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Figure 206(RCA-64.5MPa — Rebars of beam sample without strengthening - Explicit Dynamic Analysis)

Deformations
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Total Deformations
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Figure 207(RCA-64.50MPa — Total deflections of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

The value is 10.348 mm.

Directional Deformation (Y-Direction)-Concrete
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Figure 208(NWA-1/70.5MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and with top rebars-
Explicit Dynamic Analysis)

The value is 10.348 mm.

Directional Deformation (Y-Direction)- Rebars
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Figure 209(RCA-64.50MPa — Directional deflections (Y-Dir.) of beam rebars without strengthening- Explicit Dynamic
Analysis)

Normal strain
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Figure 210(RCA-64.50MPa — Normal strain of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

Shear Stress
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Figure 211(RCA-64.50MPa — Shear stress of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

Total shape strain
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Figure 212(RCA-64.50MPa — Total strain of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

Maximum Stress
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Figure 213(RCA-64.50MPa — Maximum stress of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

The Damage Pattern

700,00 {rm)

17500 525,00

Figure 214(RCA-64.50MPa — Damage pattern-1 of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks and concrete failures.
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Figure 215(RCA-64.50MPa — Damage pattern-2 of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)
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Figure 216(RCA-64.50MPa — Damage pattern graph of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)
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11- Static Non-Linear Analysis - Without Strengthening and Top Rebars

Geometry and loads

Ansys

2021 R2

2500 675.00

Figure 217(RCA-64.50MPa — Geometry & loads of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The ultimate load has been divided in to loads which is 81.7/2 =40.85KN.

Ansys
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[ EEEaaaaa— |
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Figure 218(RCA-64.50MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)

Deformations
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Total Deformations
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Figure 219(RCA-64.50MPa —Total deflections of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The value is 2.008 mm.

Directional Deformation (Y-Direction)
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Figure 220(RCA-64.50MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

The value is 2.008 mm.
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RCA 64.5MPa-Directional Deflection-Without Top Rebars &
Strengthening
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Figure 221(RCA-64.50MPa — Directional deflections (Y-Dir.) graph of beam sample without strengthening and top rebars-
Static Nonlinear Analysis)

Normal Stress (Concrete)
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800,00 {rrm)

Figure 222(RCA-64.50MPa — Normal stress (concrete) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 31.718

MPa, whereas the red zones indicate to tension.
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Normal Stress (Rebars)
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Figure 223(RCA-64.50MPa — Normal stress (Rebars) of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The red zones show that the rebars is yielding by 87.703 MPa, in the middle span due to tension.

Shear Stress

70000 ()

Figure 224(RCA-64.50MPa — Shear stress of beam sample without strengthening and top rebars- Static Nonlinear Analysis)

Elastic Strain
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Figure 225(RCA-64.5MPa — Elastic strain of beam sample without strengthening and top rebars- Static Nonlinear Analysis)

RCA 64.5MPa-Stress-Strain Curve Without Top Rebars &
Strengthening
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Figure 226(RCA-64.5MPa —Stress & Strain graph of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)
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12- Explicit Dynamic-Without Top Rebars & Strengthening

Geometry and loads

000 450.00 900,00 (prim)
[ IEaa— ESSS—

225.00 675.00

Figure 227(RCA-64.5MPa — Geometry & loads of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

The ultimate load has been transferred to be as a pressure load which is 2.723.0 MPa as

shown above with rate loading 0.6mm/min.

Ansys
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Figure 228(RCA-64.5MPa — Rebars of beam sample without strengthening- Explicit Dynamic Analysis)

Deformations
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Total Deformations
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Figure 229(RCA-64.5MPa — Total deflections of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

The value is 12.303 mm.

Directional Deformation (Y-Direction)-Concrete
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Figure 230(RCA-64.5MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)

The value is 12.303 mm.
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Directional Deformation (Y-Direction)- Rebars
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225,00 675.00

Figure 231(RCA-64.5MPa — Directional deflections (Rebars) of beam sample without strengthening- Explicit Dynamic
Analysis)

Normal strain
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Figure 232(RCA-64.5MPa — Normal strain of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

Shear Stress
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Figure 233(RCA-64.50MPa — Shear Stress of beam sample without strengthening and top rebars- Explicit Dynamic Analysis)

Total shape strain

Ansys

2021R2

000 40000 800,00 mm) Z 4
. S

20000 600,00

Figure 234(RCA-64.50MPa — Total strain of beam sample without strengthening and top rebars- Explicit Dynamic Analysis)

Maximum Stress
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Figure 235(RCA-64.50MPa —Maximum Stress of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

The Damage Pattern
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Figure 236(RCA-64.50MPa — Damage Pattern-1 of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks and concrete failures.
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Figure 237(RCA-64.50MPa — Damage Pattern-2 of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

D: Explicit Dynamics-RCA 64.50 without top rebars&: Strengthening
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Figure 238(RCA-64.50MPa — Damage Pattern-3 of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)
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Damage-Time Graph
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Figure 239(RCA-64.50MPa — Damage Pattern graph of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

13- Static Non-Linear Analysis - With Strengthening and Top Rebars

Geometry and loads

Ansys

2021 R2
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Figure 240(RCA-64.50MPa — Geometry & loads of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

The ultimate load has been divided in to loads which is 81.7/2 =40.85KN.
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Figure 241(RCA-64.50MPa —Rebars of beam sample with strengthening- Static Nonlinear Analysis)
Deformations

Total Deformations
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Figure 242(RCA-64.50MPa — Total deflections of beam sample with strengthening and top rebars- Static Nonlinear Analysis)

The value is 1.6169 mm.

Directional Deformation (Y-Direction)
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Figure 243(RCA-64.50MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and top rebars- Static
Nonlinear Analysis)

The value is 1.6169 mm.

RCA 64.5MPa-Directional Deflection-With Top Rebars &
Strengthening
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Figure 244(RCA-64.50MPa — Directional deflections (Y-Dim.) graph of beam sample with strengthening and top rebars- Static
Nonlinear Analysis)

Normal Stress (Concrete)
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Figure 245(RCA-64.50MPa — Normal Stress (Concrete) of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

The blue zones show the crushing from loading machine and the maximum value is 24.286

MPa, whereas the red zones indicate to tension.

Normal Stress (Rebars)
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Figure 246(RCA-64.50MPa — Normal Stress (Rebars) of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

The red zones show that the rebars is yielding by 76.707 MPa, in the middle span due to tension.
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Shear Stress
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Figure 247(RCA-64.50MPa — Shear Stress of beam sample with strengthening and top rebars- Static Nonlinear Analysis)

Elastic Strain
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Figure 248(RCA-64.50MPa — Elastic strain of beam sample with strengthening and top rebars- Static Nonlinear Analysis)
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RCA 64.5MPa-Stress-Strain Curve With Top Rebars &
Strengthening
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Figure 249(RCA-64.50MPa — Stress & Strain graph of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

14- Explicit Dynamic-With Top Rebars & Strengthening

Geometry and loads

Ansys

2021 R2

900,00 rrrn)

Figure 250(RCA-64.50MPa — Geometry & loads of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

The ultimate load has been transferred to be as a pressure load which is 2.723.0 MPa as

shown above with rate loading 0.6mm/min.
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Figure 251(RCA-64.50MPa — Rebars of beam sample with strengthening — Explicit Dynamic Analysis)

Deformations

Total Deformations

Ansys

2021 R2

800,00 {ram)

Figure 252(RCA-64.50MPa — Total deflections of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

The value is 9.457 mm.
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Directional Deformation (Y-Direction)-Concrete

Ansys

2021 R2

800,00 (rm)

Figure 253(RCA-64.50MPa — Directional deflection (Y-Dim.) of beam sample with strengthening and top rebars- Explicit
Dynamic Analysis)

The value is 9.457 mm.

Directional Deformation (Y-Direction)- Rebars
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Figure 254(RCA-64.50MPa —Directional deflection (Y-Dim.) Rebars of beam sample with strengthening - Explicit Dynamic
Analysis)

Normal strain
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Figure 255(RCA-64.50MPa —Normal strain of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

Shear Stress
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Figure 256(RCA-64.50MPa — Shear stress of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

Total shape strain

222



000083657
8.1875e-7

o 00 #0000 (mm) z X
I a0

20000 60000

Figure 257(RCA-64.50MPa — Total strain of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

Maximum Stress
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Figure 258(RCA-64.50MPa — Maximum stress of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

The Damage Pattern
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A: Explicit Dynamics-RCA 64.50MPa
DAMAGEALL
Expression: DAMAGEALL
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Figure 259(RCA-64.50MPa — Damage pattern-1 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.
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Figure 260(RCA-64.50MPa — Damage pattern-2 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)
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Figure 261(RCA-64.50MPa — Damage pattern-3 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)
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Figure 262(RCA-64.50MPa — Damage pattern-4 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)
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Damage-Time Graph
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Figure 263(RCA-64.5MPa — Damage pattern graph of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

15- Static Non-Linear Analysis - With Strengthening and Without Top Rebars

Geometry and loads
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Figure 264(RCA-64.5MPa — Geometry & Loads of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

The ultimate load has been divided in to loads which is 81.7/2 =40.85KN.
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Figure 265(RCA-64.5MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)

Deformations

Total Deformations
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Figure 266(RCA-64.5MPa — Total deflections of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

The value is 1.95 mm.

Directional Deformation (Y-Direction)
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Figure 267(RCA-64.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The value is 1.95 mm.

RCA 64.5MPa-Directional Deflection-Without Top Rebars & With
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Figure 268(RCA-64.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

Normal Stress (Concrete)

228



Ansys

2021 R2

700,00 (mm)
175.00 525,00

Figure 269(RCA-64.5MPa — Normal stress (Concrete) of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 31.626
MPa, whereas the red zones indicate to tension.
Normal Stress (Rebars)
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Figure 270(RCA-64.5MPa — Normal stress (Rebars) of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The red zones show that the rebars is yielding by 85.82 MPa, in the middle span due to tension.

Shear Stress
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Figure 271(RCA-64.5MPa — Shear stress of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

Elastic Strain

Figure 272(RCA-645MPa — Elastic strain of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)
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RCA 64.5MPa-Stress-Strain Curve Without Top Rebars & With
Strengthening
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Figure 273(RCA-64.5MPa — Stress & Strain graph of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

16- Explicit Dynamic-Without Top Rebars & With Strengthening

Geometry and loads
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Figure 274(RCA-64.5MPa — Geometry & Loads of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

The ultimate load has been transferred to be as a pressure load which is 2.723.0 MPa as

shown above with rate loading 0.6mm/min.
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Figure 275(RCA-64.5MPa — Rebars of beam sample with strengthening - Explicit Dynamic Analysis)

Deformations

Total Deformations

Ansys

2021 R2

000 40000 800,00 () X
| I

20000 600.00

Figure 276(RCA-64.5MPa — Total deflections of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

The value is 12.174 mm.
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Directional Deformation (Y-Direction)-Concrete
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Figure 277(RCA-64.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Explicit Dynamic Analysis)

The value is 12.174 mm.
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Figure 278(RCA-64.5MPa — Directional deflections (Y-Dim.) Rebars of beam sample with strengthening and without top
rebars- Explicit Dynamic Analysis)

Normal strain
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Figure 279(RCA-64.5MPa — Normal strain of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

Shear Stress

Ansys

2021 R2

2500 675,00

Figure 280(RCA-64.5MPa — Shear stress of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

Total shape strain
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Figure 281(RCA-64.5MPa — Total strain of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)
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Figure 282(RCA-64.5MPa — Maximum stress of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

The Damage Pattern
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Figure 283(RCA-64.5MPa — Damage pattern-1 of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.
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Figure 284(RCA-64.5MPa — Damage pattern-2 of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)
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C: Explicit Dynamics-RCA 64,50 without top rebars
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Figure 285(RCA-64.5MPa — Damage pattern-3 of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)
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Figure 286(RCA-64.5MPa — Damage pattern-4 of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)
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Figure 287(RCA-64.5MPa — Damage pattern graph of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

17- Static Non-Linear Analysis - Without Strengthening and with Top Rebars

Geometry and loads
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Figure 288(RCA-5DFibers-77.0MPa — Geometry & Loads of beam sample without strengthening and with top rebars- Static
Nonlinear Analysis)

The ultimate load has been divided in to loads which is 130.09/2 =65.045KN.
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Figure 289(RCA-5Drirers-77.0MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)
Deformations
Total Deformations

Ansys

2021 R2

000 40000 500,00 {mm) X
B EE——
20000 600.00

Figure 290(RCA-5DFibers-77.0MPa — Total deflections of beam sample without strengthening and with top rebars- Static
Nonlinear Analysis)

The value is 2.7375 mm.
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Directional Deformation (Y-Direction)
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Figure 291(RCA-5DFivers-77.0MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and without top
rebars- Static Nonlinear Analysis)

The value is 2.7375 mm.
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Figure 292(RCA-5Driners-77.0MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and with top
rebars- Static Nonlinear Analysis)
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Normal Stress (Concrete)
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Figure 293(RCA-5Dribers-77.0MPa — Normal stress (Concrete) of beam sample without strengthening and with top rebars-
Static Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 41.723

MPa, whereas the red zones indicate to tension.
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Figure 294(RCA-5Dribers-77.0MPa — Normal stress (Rebars) of beam sample without strengthening and with top rebars-
Static Nonlinear Analysis)

The red zones show that the rebars is yielding by 142.55 MPa, in the middle span due to tension.
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Shear Stress
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Figure 295(RCA-5Dribers-77.0MPa — Shear Stress of beam sample without strengthening and with top rebars - Static
Nonlinear Analysis)

Elastic Strain
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Figure 296(RCA-5Dribers-77.0MPa — Elastic Strain of beam sample without strengthening and with top rebars - Static
Nonlinear Analysis)
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RCA-5DFibers-77.0MPa-Stress-Strain Curve With Top Rebars &
Without Strengthening
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Figure 297(RCA-5DFriners-77.0MPa — Stress and Strain graph of beam sample without strengthening and with top rebars - Static
Nonlinear Analysis)

18- Explicit Dynamics-With Top Rebars & Without Strengthening

Geometry and loads

Ansys

2021 R2

80000 (rmm)

Figure 298(RCA-5Dribers-77.0MPa — Geometry & Loads of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.336 MPa as shown

above with rate loading 0.6mm/min.
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Figure 299(RCA-5Dribers-77.0MPa — Rebars of beam sample without strengthening - Explicit Dynamic Analysis)
Deformations
Total Deformations
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800,00 (mm)

Figure 300(RCA-5Dribers-77.0MPa — Total deflections of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

The value is 19.88 mm.
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Directional Deformation (Y-Direction)-Concrete

Ansys

2021 R2

800,00 (mm)

Figure 301(RCA-5DFibers-77.0MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and with top
rebars- Explicit Dynamic Analysis)

The value is 19.88 mm.

Directional Deformation (Y-Direction)- Rebars
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Figure 302(RCA-5Dribers-77.0MPa — Directional deflections (Y-Dir.) of beam rebars without strengthening- Explicit Dynamic

Analysis)
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Normal strain

800.00 {mm)

Figure 303(RCA-5Dribers-77.0MPa — Normal strain of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)
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Figure 304(RCA-5Drivers-77.0MPa — Shear stress of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

Total shape strain
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Figure 305(RCA-5Drivers-77.0MPa — Total strain of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

Maximum Stress
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Figure 306(RCA-5Dribers-77.0MPa — Maximum stress of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

The Damage Pattern
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Figure 307(RCA-5DFibers-77.0MPa — Damage pattern-1 of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks and concrete failures.
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Figure 308(RCA-5DFibers-77.0MPa — Damage pattern-2 of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)
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Damage-Time Graph
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Figure 309(RCA-5DFibers-77.0MPa — Damage pattern graph of beam sample without strengthening and with top rebars-
Explicit Dynamic Analysis)

20- Static Non-Linear Analysis — Without Top Rebars and Strengthening

Geometry and loads
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Figure 310(RCA-5DFibers-77.0MPa — Geometry & loads of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The ultimate load has been divided in to loads which is 130.09/2 =65.045KN.
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Figure 311(RCA-5Drirers-77.0MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)

Deformations

Total Deformations
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Figure 312(RCA-5Dribers-77.0MPa — Total deflections of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The value is 4.4363 mm.
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Directional Deformation (Y-Direction)
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Figure 313(RCA-5DFibers-77.0MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and top rebars-
Static Nonlinear Analysis)

The value is 4.4363 mm.
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Figure 314(RCA-5Driners-77.0MPa — Directional deflections (Y-Dir.) graph of beam sample without strengthening and top
rebars- Static Nonlinear Analysis)
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Normal Stress (Concrete)
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Figure 315(RCA-5Dribers-77.0MPa — Normal stress (concrete) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 48.928MPa,

whereas the red zones indicate to tension.
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Figure 316(RCA-5Drivers-77.0MPa — Normal stress (Rebars) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

The red zones show that the rebars is yielding by 153.64MPa, in the middle span due to tension.
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Shear Stress
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Figure 317(RCA-5Drivers-77.0MPa — Shear stress of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

Elastic Strain
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Figure 318(RCA-5Dribers-77.0MPa — Elastic strain of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)
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RCA-5DFibers-77.0MPa-Stress-Strain Curve Without Top Rebars &
Strengthening
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Figure 319(RCA-5DFibers-77.0MPa — Stress & Strain graph of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

21- Explicit Dynamic-Without Top Rebars & Strengthening

Geometry and loads
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2021 R2
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Figure 320(RCA-5Dribers-77.0MPa — Geometry & loads of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.336 MPa as shown

above with rate loading 0.6mm/min
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Figure 321(RCA-5Dribers-77.0MPa — Rebars of beam sample without strengthening- Explicit Dynamic Analysis)

Deformations

Total Deformations
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Figure 322(RCA-5Driners-77.0MPa — Total deflections of beam sample without strengthening and top rebars- Explicit Dynamic

Analysis)

The value is 23.25 mm.
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Directional Deformation (Y-Direction)-Concrete
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Figure 323(RCA-5DFiners-77.0MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and top rebars-
Explicit Dynamic Analysis)

The value is 23.262 mm.

Directional Deformation (Y-Direction)- Rebars

Ansys

2021 R2

800,00 (mm)

200.00 600,00

Figure 324(RCA-5DFibers-77.0MPa — Directional deflections (Rebars) of beam sample without strengthening- Explicit Dynamic
Analysis)

256



Normal strain
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Figure 325(RCA-5Dribers-77.0MPa — Normal strain of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

Shear Stress

Ansys

2021 R2
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Figure 326(RCA-5Driners-77.0MPa — Shear Stress of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)
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Total shape strain
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Figure 327(RCA-5Dribers-77.0MPa — Total strain of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

Maximum Stress

800,00 {rm)

Figure 328(RCA-5Dribers-77.0MPa —Maximum Stress of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)
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The Damage Pattern
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Figure 329(RCA-5DFibers-77.0MPa — Damage Pattern-1 of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks and concrete failures.
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Figure 330(RCA-5DFibers-77.0MPa — Damage Pattern-2 of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)

259



Damage-Time Graph
1.2

0.8

0.6

0.4

0.2

Damage Rate ( Unitless)

0
0.00E+00 1.00E-03 2.00E-03 3.00E-03 4.00E-03 5.00E-03 6.00E-03

-0.2
Time (S)

Figure 331(RCA-5DFiers-77.0MPa — Damage pattern graph of beam sample without strengthening and with top rebars-
Explicit Dynamic Analysis)

22- Static Non-Linear Analysis — With Top Rebars and Strengthening

Geometry and loads
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Figure 332(RCA-5DFibers-77.0MPa — Geometry & loads of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

The ultimate load has been divided in to loads which is 130.09/2 =65.045KN.
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Figure 333(RCA-5Dribers-77.0MPa —Rebars of beam sample with strengthening- Static Nonlinear Analysis)

Deformations
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Figure 334(RCA-5Dribers-77.0MPa — Total deflections of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

The value is 2.703 mm.
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Directional Deformation (Y-Direction)
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Figure 335(RCA-5DFibers-77.0MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and top rebars- Static
Nonlinear Analysis)

The value is 2.703 mm.
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Figure 336(RCA-5DFibers-77.0MPa — Directional deflections (Y-Dim.) graph of beam sample with strengthening and top
rebars- Static Nonlinear Analysis)
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Normal Stress (Concrete)
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Figure 337(RCA-5Dribers-77.0MPa — Normal Stress (Concrete) of beam sample with strengthening and top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 41.321

MPa, whereas the red zones indicate to tension.
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Figure 338(RCA-5DFibers-77.0MPa — Normal Stress (Rebars) of beam sample with strengthening and top rebars- Static
Nonlinear Analysis)

The red zones show that the rebars is yielding by 146.14MPa, in the middle span due to tension.
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Shear Stress
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Figure 339(RCA-5Drivers-77.0MPa — Shear Stress of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

Elastic Strain

Ansys

2021 R2

000 45000 300,00 {mim)
I

2500 675.00

Figure 340(RCA-5Dribers-77.0MPa — Elastic strain of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)
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RCA-5DFibers-77.0MPa-Stress-Strain Curve With Top Rebars &
Strengthening
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Figure 341(RCA-5DFibers-77.0MPa — Stress & Strain graph of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

23- Explicit Dynamic-With Top Rebars & Strengthening

Geometry and loads
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Figure 342(RCA-5Dribers-77.0MPa — Geometry & loads of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.336 MPa as shown

above with rate loading 0.6mm/min
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Figure 343(RCA-5Dribers-77.0MPa — Rebars of beam sample with strengthening — Explicit Dynamic Analysis)

Deformations

Total Deformations
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Figure 344(RCA-5DFiers-77.0MPa — Total deflections of beam sample with strengthening and top rebars- Explicit Dynamic

Analysis)

The value is 19.733 mm.
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Directional Deformation (Y-Direction)-Concrete

800,00 (mm)

Figure 345(RCA-5DFibers-77.0MPa — Directional deflection (Y-Dim.) of beam sample with strengthening and top rebars-
Explicit Dynamic Analysis)

The value is 19.736 mm

Directional Deformation (Y-Direction)- Rebars
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Figure 346(RCA-5DFibers-77.0MPa —Directional deflection (Y-Dim.) Rebars of beam sample with strengthening - Explicit
Dynamic Analysis)
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Figure 347(RCA-5Dribers-77.0MPa —Normal strain of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)
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Figure 348(RCA-5DFibers-77.0MPa — Shear stress of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

Total shape strain
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Figure 349(RCA-5Dribers-77.0MPa — Total strain of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)
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Figure 350(RCA-5Dribers-77.0MPa — Maximum stress of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

The Damage Pattern
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Figure 351(RCA-5Dribers-77.0MPa — Damage pattern-1 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.
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Figure 352(RCA-5Dribers-77.0MPa — Damage pattern-2 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)
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H: Explicit Dynamics-RCA-5D 7.0 MPa
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Figure 353(RCA-5Dribers-77.0MPa — Damage pattern-3 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

CFRP laminates due to ultimate load has been debonding as shown in images above
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Figure 354(RCA-5Driners-77.0MPa — Damage pattern graph of beam sample with strengthening and top rebars- Explicit
Dynamic Analysis)
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24- Static Non-Linear Analysis — Without Top Rebars and With Strengthening

Geometry and loads
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Figure 355(RCA-5Dribers-77.0MPa — Geometry & Loads of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The ultimate load has been divided in to loads which is 130.09/2 =65.045KN.
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Figure 356(RCA-5Driners-77.0MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)
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Deformations
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Figure 357(RCA-5DFibers-77.0MPa — Total deflections of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The value is 4.4088 mm.
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Figure 358(RCA-5DFiners-77.0MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top
rebars- Static Nonlinear Analysis)

The value is 4.4088 mm.
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RCA-5DFibers-77.0MPa-Directional Deflection-Without Top Rebars
& With Strengthening
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Figure 359(RCA-5DFibers-77.0MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top
rebars- Static Nonlinear Analysis)

Normal Stress (Concrete)
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Figure 360(RCA-5Dribers-77.0MPa — Normal stress (Concrete) of beam sample with strengthening and without top rebars-
Static Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 48.592

MPa, whereas the red zones indicate to tension.
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Normal Stress (Rebars)
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Figure 361(RCA-5Dribers-77.0MPa — Normal stress (Rebars) of beam sample with strengthening and without top rebars-
Static Nonlinear Analysis)

The red zones show that the rebars is yielding by 157.19MPa, in the middle span due to tension.

Shear Stress
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Figure 362(RCA-5Dribers-77.0MPa — Shear stress of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

Elastic Strain
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Figure 363(RCA-5Dribers-77.0MPa — Elastic strain of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

RCA-5DFibers-77.0MPa-Stress-Strain Curve Without Top Rebars &
Strengthening
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Figure 364(RCA-5Drivers-77.0MPa — Stress & Strain graph of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)
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25- Explicit Dynamic-Without Top Rebars & With Strengthening

Geometry and loads
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Figure 365(RCA-5Dribers-77.0MPa — Geometry & Loads of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.336 MPa as shown

above with rate loading 0.6mm/min
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Figure 366(RCA-5Dribers-77.0MPa — Rebars of beam sample with strengthening - Explicit Dynamic Analysis)
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Deformations
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Figure 367(RCA-5Driners-77.0MPa — Total deflections of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

The value is 22.727 mm.
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Figure 368(RCA-5Driners-77.0MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top
rebars- Explicit Dynamic Analysis)

The value is 22.704 mm
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Directional Deformation (Y-Direction)- Rebars
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Figure 369(RCA-5DFriners-77.0MPa — Directional deflections (Y-Dim.) Rebars of beam sample with strengthening and without
top rebars- Explicit Dynamic Analysis)

Normal strain

70000 ()

Figure 370(RCA-5Dribers-77.0MPa — Normal strain of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

Shear Stress
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Figure 371(RCA-5Drivers-77.0MPa — Shear stress of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

Total shape strain
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Figure 372(RCA-5DFibers-77.0MPa — Total strain of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

Maximum Stress
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C: Explicit Dynamics-RCA-5D 77.0 without top rebars
Maxirmum Principal Stress

Type: Maximurn Principal Stress
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Figure 373(RCA-5Dribers-77.0MPa — Maximum stress of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

The Damage Pattern

C: Explicit Dynamics-RCA-5D 77.0 without top rebars
DAMAGEALL
Expression: DAMAGEALL
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Figure 374(RCA-5DFibers-77.0MPa — Damage pattern-1 of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.
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C:Explicit Dynamics-RCA-5D 77.0 without top rebars
DAMAGEALL
Expression: DAMAGEALL
Tirne: 5.¢-003

Cycle Number 445446
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Figure 375(RCA-5DFivers-77.0MPa — Damage pattern-2 of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

(: Explicit Dynamics-RCA-5D 77.0 without top rebars
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Figure 376(RCA-5Drivers-77.0MPa — Damage pattern-3 of beam sample with strengthening and without top rebars- Explicit

Dynamic Analysis)

CFRP laminates due to ultimate load has been debonding as shown in images above
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Damage-Time Graph
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Figure 377(RCA-5DFibers-77.0MPa — Damage pattern graph of beam sample with strengthening and without top rebars-
Explicit Dynamic Analysis)

26- Static Non-Linear Analysis - Without Strengthening and with Top Rebars

Geometry and loads

Ansys
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Figure 378(NWA-2/70.5MPa — Geometry & Loads of beam sample without strengthening and with top rebars- Static
Nonlinear Analysis)

The ultimate load has been divided in to loads which is 126.27/2 =63.135KN.
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Figure 379(NWA-2/70.5MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)
Deformations

Total Deformations
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Figure 380(NWA-2/70.5MPa — Total deflections of beam sample without strengthening and with top rebars- Static Nonlinear
Analysis)

The value is 2.7006 mm.

Directional Deformation (Y-Direction)
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Figure 381(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and without top rebars-
Static Nonlinear Analysis)

The value is 2.7006 mm.

NWA-2/70.5MPa -Directional Deflection-With Top Rebars &
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Figure 382(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and with top rebars-
Static Nonlinear Analysis)

Normal Stress (Concrete)
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Figure 383(RC NWA-2/70.5MPa A-5Dribers-77.0MPa — Normal stress (Concrete) of beam sample without strengthening and
with top rebars- Static Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 36.275MPa,
whereas the red zones indicate to tension.
Normal Stress (Rebars)
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Figure 384(NWA-2/70.5MPa — Normal stress (Rebars) of beam sample without strengthening and with top rebars- Static
Nonlinear Analysis)

The red zones show that the rebars is yielding by 141.65 MPa, in the middle span due to tension.

Shear Stress
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Figure 385(NWA-2/70.5MPa — Shear Stress of beam sample without strengthening and with top rebars - Static Nonlinear
Analysis)

Elastic Strain
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Figure 386(NWA-2/70.5MPa — Elastic Strain of beam sample without strengthening and with top rebars - Static Nonlinear
Analysis)

287



NWA-2/70.5MPa-Stress-Strain Curve With Top Rebars & Without
Strengthening
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Figure 387(NWA-2/70.5MPa — Stress and Strain graph of beam sample without strengthening and with top rebars - Static
Nonlinear Analysis)

27- Explicit Dynamics-With Top Rebars & Without Strengthening

Geometry and loads
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Figure 388(NWA-2/70.5MPa — Geometry & Loads of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.209 MPa as shown

above with rate loading 0.6mm/min.
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Figure 389(NWA-2/70.5MPa — Rebars of beam sample without strengthening - Explicit Dynamic Analysis)
Deformations
Total Deformations

Ansys

2021 R2

Figure 390(NWA-2/70.5MPa — Total deflections of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

The value is 21.447 mm.
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Directional Deformation (Y-Direction)-Concrete

Ansys

2021 R2

700.00 {rmrm)

Figure 391(NWA-2/70.5MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and with top rebars-
Explicit Dynamic Analysis)

The value is 21.433 mm.

Directional Deformation (Y-Direction)- Rebars
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Figure 392(NWA-2/70.5MPa — Directional deflections (Y-Dir.) of beam rebars without strengthening- Explicit Dynamic

Analysis)
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Normal strain
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Figure 393(NWA-2/70.5MPa — Normal strain of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

Shear Stress
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Figure 394(NWA-2/70.5MPa — Shear stress of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

Total shape strain
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2021 R2

Figure 395(NWA-2/70.5MPa — Total strain of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)

Maximum Stress

Ansys

2021R2

Figure 396(NWA-2/70.5MPa — Maximum stress of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

The Damage Pattern

292



Expressian: DAMAGEALL
Time: 5.¢-003

Cyele Number 264181
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Figure 397(NWA-2/70.5MPa — Damage pattern-1 of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks and concrete failures.

DAMAGEMLL
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Figure 398(NWA-2/70.5MPa — Damage pattern-2 of beam sample without strengthening and with top rebars- Explicit Dynamic
Analysis)
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Figure 399(NWA-2/70.5MPa — Damage pattern graph of beam sample without strengthening and with top rebars- Explicit
Dynamic Analysis)

28- Static Non-Linear Analysis - Without Strengthening and Top Rebars

Geometry and loads
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Figure 400(NWA-2/70.5MPa — Geometry & Loads of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The ultimate load has been divided in to loads which is 126.27/2 =63.135KN.
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Figure 401(NWA-2/70.5MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)
Deformations
Total Deformations
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Figure 402(NWA-2/70.5MPa — Total deflections of beam sample without strengthening and top rebars- Static Nonlinear
Analysis)

The value is 3.27 mm.
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Directional Deformation (Y-Direction)
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Figure 403(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

The value is 3.27 mm.
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Figure 404(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)
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Normal Stress (Concrete)
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Figure 405(NWA-2/70.5MPa — Normal stress (Concrete) of beam sample without strengthening and top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 47.237MPa,

whereas the red zones indicate to tension.
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Figure 406(NWA-2/70.5MPa — Normal stress (Rebars) of beam sample without strengthening and with top rebars- Static
Nonlinear Analysis)

The red zones show that the rebars is yielding by 151.27 MPa, in the middle span due to tension.

297



Shear Stress
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Figure 407(NWA-2/70.5MPa — Shear Stress of beam sample without strengthening and top rebars - Static Nonlinear
Analysis)

Elastic Strain
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Figure 408(NWA-2/70.5MPa — Elastic Strain of beam sample without strengthening and top rebars - Static Nonlinear
Analysis)
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NWA-2/70.5MPa-Stress-Strain Curve Without Top Rebars &
Strengthening
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Figure 409(NWA-2/70.5MPa — Stress and Strain graph of beam sample without strengthening and top rebars - Static Nonlinear
Analysis)

29- Explicit Dynamics-Without Top Rebars & Strengthening

Geometry and loads
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Figure 410(NWA-2/70.5MPa — Geometry & Loads of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.209 MPa as shown

above with rate loading 0.6mm/min.
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Figure 411(NWA-2/70.5MPa — Rebars of beam sample without strengthening - Explicit Dynamic Analysis)
Deformations
Total Deformations
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Figure 412(NWA-2/70.5MPa — Total deflections of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

The value is 27.128 mm.
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-Directional Deformation (Y-Direction)-Concrete
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2021 R2

80000 (mm)

Figure 413(NWA-2/70.5MPa — Directional deflections (Y-Dir.) of beam sample without strengthening and top rebars- Explicit
Dynamic Analysis)

The value is 23.35 mm.

Directional Deformation (Y-Direction)- Rebars

Ansys

2021 R2

000 400.00 800,00 (rrim)
L E—— ES—

20000 600.00

Figure 414(NWA-2/70.5MPa — Directional deflections (Y-Dir.) of beam rebars without strengthening- Explicit Dynamic

Analysis)
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Normal strain
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Figure 415(NWA-2/70.5MPa — Normal strain of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

Shear Stress
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800,00 {m)

Figure 416(NWA-2/70.5MPa — Shear stress of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

Total shape strain
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Figure 417(NWA-2/70.5MPa — Total strain of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

Maximum Stress

800,00 {m)

20000 £00.00

Figure 418(NWA-2/70.5MPa — Maximum stress of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

The Damage Pattern
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Figure 419(NWA-2/70.5MPa — Damage pattern-1 of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks and concrete failures.
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Figure 420(NWA-2/70.5MPa — Damage pattern-2 of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)
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Figure 421(NWA-2/70.5MPa — Damage pattern graph of beam sample without strengthening and top rebars- Explicit Dynamic
Analysis)

30- Static Non-Linear Analysis — With Top Rebars and Strengthening

Geometry and loads
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2021 R2
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Figure 422(NWA-2/70.5MPa — Geometry & loads of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

The ultimate load has been divided in to loads which is 126.27/2 =63.135KN.
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Figure 423(NWA-2/70.5MPa —Rebars of beam sample with strengthening- Static Nonlinear Analysis)

Deformations
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Figure 424(NWA-2/70.5MPa — Total deflections of beam sample with strengthening and top rebars- Static Nonlinear Analysis)

The value is 2.6719 mm.
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Directional Deformation (Y-Direction)
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900,00 {mm)

Figure 425(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and top rebars- Static
Nonlinear Analysis)

The value is 2.6719 mm.
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Figure 426(NWA-2/70.5MPa — Directional deflections (Y-Dim.) graph of beam sample with strengthening and top rebars-
Static Nonlinear Analysis)
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Normal Stress (Concrete)

Figure 427(NWA-2/70.5MPa — Normal Stress (Concrete) of beam sample with strengthening and top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 36.031

MPa, whereas the red zones indicate to tension.
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Figure 428(NWA-2/70.5MPa — Normal Stress (Rebars) of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)
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The red zones show that the rebars is yielding by 146.31MPa, in the middle span due to tension.

Shear Stress
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Figure 429(NWA-2/70.5MPa — Shear Stress of beam sample with strengthening and top rebars- Static Nonlinear Analysis)
Elastic Strain
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Figure 430(NWA-2/70.5MPa — Elastic strain of beam sample with strengthening and top rebars- Static Nonlinear Analysis)
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NWA-2/70.5MPa-Stress-Strain Curve With Top Rebars &
Strengthening
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Figure 431(NWA-2/70.5MPa — Stress & Strain graph of beam sample with strengthening and top rebars- Static Nonlinear
Analysis)

31- Explicit Dynamic-With Top Rebars & Strengthening

Geometry and loads
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Figure 432(NWA-2/70.5MPa — Geometry & loads of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.209 MPa as shown

above with rate loading 0.6mm/min
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Figure 433(NWA-2/70.5MPa — Rebars of beam sample with strengthening — Explicit Dynamic Analysis)

Deformations
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Figure 434(NWA-2/70.5MPa — Total deflections of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

The value is 18.747 mm.
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Directional Deformation (Y-Direction)-Concrete
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Figure 435(NWA-2/70.5MPa — Directional deflection (Y-Dim.) of beam sample with strengthening and top rebars- Explicit
Dynamic Analysis)

The value is 18.747 mm
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Figure 436(NWA-2/70.5MPa —Directional deflection (Y-Dim.) Rebars of beam sample with strengthening - Explicit Dynamic
Analysis)
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Normal strain
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Figure 437(NWA-2/70.5MPa —Normal strain of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

Shear Stress
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Figure 438(NWA-2/70.5MPa — Shear stress of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)
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Figure 439(NWA-2/70.5MPa — Total strain of beam sample with strengthening and top rebars- Explicit Dynamic Analysis)

Maximum Stress

800,00 (mm)

Figure 440(NWA-2/70.5MPa — Maximum stress of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

The Damage Pattern
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C: Explicit Dynamics Strengthening 70.5MPa
DAMAGEALL ’
Expression: DAMAGEALL
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Figure 441(NWA-2/70.5MPa — Damage pattern-1 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.
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Figure 442(NWA-2/70.5MPa — Damage pattern-2 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)
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Figure 443(NWA-2/70.5MPa — Damage pattern-3 of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

CFRP laminates due to ultimate load has been debonding as shown in images above
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Figure 444(NWA-2/70.5MPa — Damage pattern graph of beam sample with strengthening and top rebars- Explicit Dynamic
Analysis)

316



32- Static Non-Linear Analysis — Without Top Rebars and With Strengthening

Geometry and loads
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Figure 445(NWA-2/70.5MPa — Geometry & Loads of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

The ultimate load has been divided in to loads which is 126.27/2 =63.135KN.
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Figure 446(NWA-2/70.5MPa — Rebars of beam sample without strengthening - Static Nonlinear Analysis)
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Deformations

Total Deformations
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Figure 447(NWA-2/70.5MPa — Total deflections of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

The value is 3.238 mm.

Directional Deformation (Y-Direction)

Ansys

2021 R2

0.00 500.00 1000.00 (rmm)

250.00 750,00

Figure 448(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Static Nonlinear Analysis)

The value is 3.238 mm.
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NWA-2/70.5MPa-Directional Deflection-Without Top Rebars & With
Strengthening

140000
120000
100000

80000

Load (N)

60000
40000
20000

0
0.00E+00 5.00E-01 1.00E+00 1.50E+00 2.00E+00 2.50E+00 3.00E+00 3.50E+00

Deflection (mm)

Figure 449(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Static Nonlinear Analysis)

Normal Stress (Concrete)

Ansys

2021 R2

0.00 500.00 1000,00 {rmm)
I 00O

25000 75000

Figure 450(NWA-2/70.5MPa — Normal stress (Concrete) of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The blue zones show the crushing from loading machine and the maximum value is 46.894

MPa, whereas the red zones indicate to tension.
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Normal Stress (Rebars)

Ansys

2021 R2

0.00 350.00 700.00 {rmm)
[ |

175.00 525.00

Figure 451(NWA-2/70.5MPa — Normal stress (Rebars) of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)

The red zones show that the rebars is yielding by 159.92MPa, in the middle span due to tension.

Shear Stress

Ansys

2021 R2

0.00 35000 700,00 {rmrm)
[ EE—— [ ES—

175.00 525.00

Figure 452(NWA-2/70.5MPa — Shear stress of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

Elastic Strain
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Ansys

2021 R2

0.00 35000 70000 (mm)
L B S|

175,00 525,00

Figure 453(NWA-2/70.5MPa — Elastic strain of beam sample with strengthening and without top rebars- Static Nonlinear
Analysis)

NWA-2/70.5MPa-Stress-Strain Curve Without Top Rebars &
Strengthening
30
25

20

15

Stress (MPa)

10

0
0.00E+00 2.00E-04 4.00E-04 6.00E-04 8.00E-04 1.00E-03 1.20E-03

Strain (mm/mm)

Figure 454(NWA-2/70.5MPa — Stress & Strain graph of beam sample with strengthening and without top rebars- Static
Nonlinear Analysis)
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33- Explicit Dynamic-Without Top Rebars & With Strengthening

Geometry and loads

Ansys

2021 R2

0.00 40000 800,00 {mm)
B S|
200,00 600.00

Figure 455(NWA-2/70.5MPa — Geometry & Loads of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

The ultimate load has been transferred to be as a pressure load which is 4.209 MPa as shown

above with rate loading 0.6mm/min

Ansys

2021 R2

0.00 400.00 800,00 (i)
L EE—— ESS—
200,00 600.00

Figure 456(NWA-2/70.5MPa — Rebars of beam sample with strengthening - Explicit Dynamic Analysis)
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Deformations

Total Deformations

700.00 (mim)

175.00 525.00

Figure 457(NWA-2/70.5MPa — Total deflections of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

The value is 25.699 mm.

Directional Deformation (Y-Direction)-Concrete

700,00 (mm)

175.00 525.00

Figure 458(NWA-2/70.5MPa — Directional deflections (Y-Dim.) of beam sample with strengthening and without top rebars-
Explicit Dynamic Analysis)

The value is 25.699 mm
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Directional Deformation (Y-Direction)- Rebars

000 35000 700.00 {mm)
[ E—— ES——

175.00 525.00

Figure 459(NWA-2/70.5MPa — Directional deflections (Y-Dim.) Rebars of beam sample with strengthening and without top
rebars- Explicit Dynamic Analysis)

Normal strain

00 35000 70000 (rmm)
L S

175,00 525,00

Figure 460(NWA-2/70.5MPa — Normal strain of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

Shear Stress
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0.00 35000 700,00 (m)
[ E—— ES—

175.00 525,00

Figure 461(NWA-2/70.5MPa — Shear stress of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

Total shape strain

000274
00032055
00021371
0.0010687
2.8954e-7

]

700,00 {rm)

Figure 462(NWA-2/70.5MPa — Total strain of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

Maximum Stress
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B: NWA-2 Without top rebars with strengthening
Maximur Principal Stress
Type: Maximurn Principal Stress
Unit: MPa

Time: 5.e-003 5

Cycle Number: 445116

Custorn Obsolete

Max: 436.01

Min: -14.281

04/09/2022 05:34 AM

436,01
1148
98,666
82,53
66,395
5026
34125
17.989
1.854
-14.281

700.00 (rim)

175.00 525.00

Figure 463(NWA-2/70.5MPa — Maximum stress of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

The Damage Pattern

B: NWA-2 Without top rebars with strengthening
DAMAGEALL
Expression: DAMAGEALL
Tire: 5.¢-003

Cycle Number. 45116
Custom Obsolete

Max: 1

Min: 0

(4/00/2002 05:35 AM

094368
025165
= 022019

018874
L 015728

L 004368
0062912
0031456

700,00 {rrrr)

17500 525.00

Figure 464(NWA-2/70.5MPa — Damage pattern-1 of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

As we can see the shear damage cracks in red and CFRP debonding on edges of concrete failure.
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B: NWA-2 Without top rebars with strengthening
DAMAGEALL

Expression: DAMAGEALL

Time: 5.¢-003

Cycle Number: 445116

Custom Obsolete

Max: 1

Min: 0

(4/00/2022 05:36 AM

0.4368
0.25165
021731
018297
014863
011429
0.079%48
0.045608
0.011268
0

40000 (rrm) z

Figure 465(NWA-2/70.5MPa — Damage pattern-2 of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

B: NWA-2 Without top rebars with strengthening
DAMAGEALL
Expression: DAMAGEALL
Time: 5.e-003

Cycle Nurber. 445116
Custom Obsolete
Mac:1

Min: 0

(/097202 05:36 A

034368

50000 )

Figure 466(NWA-2/70.5MPa — Damage pattern-3 of beam sample with strengthening and without top rebars- Explicit Dynamic
Analysis)

CFRP laminates due to ultimate load has been debonding as shown in images above
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Damage-Time Graph
1.2

0.8
0.6

0.4

Damage Rate (Unitless)

0.2

0
0.00E+00 1.00E-03 2.00E-03 3.00E-03 4.00E-03 5.00E-03 6.00E-03

-0.2
Time (S)

Figure 467(NWA-2/70.5MPa — Damage pattern graph of beam sample with strengthening and without top rebars- Explicit
Dynamic Analysis)

328



Appendix B

1- Normal Weight Aggregate Sample (NWA-1).

Loads and Reactions

Figure 468(NWA-1/70.5MPa Loads and Reactions-Midas Gen)

Deformations

4 /B MDAS/Gen X »

Figure 469(NWA-1/70.5MPa Deformations-Midas Gen)
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-Shear
4 /B MiDAS/Gen x b

Figure 470(NWA-1/70.5MPa Shear Values-Midas Gen)

-Moment
W' MDAS/Gen X i

Figure 471(NWA-1/70.5MPa Moment Values-Midas Gen)

330



2- Recycled Aggregate Concrete with Self Consolidating Concrete Sample (RCA).

Loads and Reactions
40778 wioms/cen x| |

Figure 472(RCA-64.50MPa Loads and Reactions-Midas Gen)

Deformations
4B wmias/Gen x | »

Figure 473(RCA-64.50MPa Deformations-Midas Gen)

-Shear
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4/ B MDAS/Gen x %

Figure 474(RCA-64.50MPa Shear Values-Midas Gen)

-Moment
4 /[ moas/Gen x >

Figure 475(RCA-64.50MPa Moment Values-Midas Gen)
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3- Recycled Aggregate Concrete with Self Consolidating Concrete Sample (RCA-5D), Not
Strengthened

Loads and Reactions
/B wmoaseen x| e

Figure 476(RCA-5D Fibers- 77.0MPa Load and Reactions-Midas Gen)

Deformations
yn MIDAS/Gen X b

Figure 477(RCA-5D Fibers- 77.0MPa Deformations-Midas Gen)
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-Shear

wr MIDAS/Gen 5

Figure 478(RCA-5D Fibers- 77.0MPa Shear Values-Midas Gen)

-Moment

4 /B mAS/Gen x 3

Figure 479(RCA-5D Fibers- 77.0MPa Moment Values-Midas Gen)
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4- Normal Weight Aggregate Sample (NWA-2)- Strengthened

Loads and Reactions

Figure 480(NWA-2/70.5MPa Load and Reactions-Midas Gen)

Deformations
B moas/Gen x »

Figure 481(NWA-2/70.5MPa Deformations-Midas Gen)

-Shear
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Figure 482(NWA-2/70.5MPa Shear Values-Midas Gen)

-Moment

Figure 483(NWA-2/70.5MPa Moment Values-Midas Gen)
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Appendix C

Case 1- FRP Strengthening Detailed Calculations-Midas Design Plus 2021

MEMBER NAME : Model No.1- Normal Weight Aggregate Sample ( NWA).

General Information

Design Code : ACI318M-14

Reference Code  : ACI 440.2R-08

[ Guide for Design and Construction of Externally Bonded FRP System for Strengthening Concrete Structures. ]
Code Unit :N, mm

Material
Concrete
fek : 70.50MPa
Ec : 39,463MPa
Rebar
fy : 460MPa
fys 1 420MPa
Es : 200,000MPa
FRP / Carbon ( MasterBrace FIB 600/50 CFS)
1 : 3,500MPa
E*ts : 230,000MPa
tr :0.337mm
¥ :0.021000
Fiber Type : Carbon
e
N
® o
g g D
® o o
i @)

J ® J

I I
Section
Beam
Section Size 2150 x 200mm
Cover :23.00/40.00mm
Compression : Not Considered
Splicing Limit : 50%
FRP / Carbon
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POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top)
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam

FRP / Carbon ( Shear / U-Wraps ( 3 Sides Bonded ) )

W 1 500mm

St :400mm

Rebar

Top Bar :2-P12 (As = 226mm?)

Layer1 :2EA (Cc=39.00mm)

Bot Bar :3-P12 ( As = 339mm?)

Layer1l :3EA(Cc=56.00mm)

Stirrup  : 2-P10@300 ( As = 157mm2)

Design Force

Design Force

Mu.oL : 0.000kN-m

Mu.LL : 0.000kN-m

Mux :36.03kKN-m

Vuy : 60.05kN

Design Data

Exposure Conditions : Exterior Exposure

Calculate the Design Material Properties

[ ACI 440.2R-08 / 9.4 - Design material properties ]
Calculate the Design Material Properties

Ce =0.850

fru = Ce f*u = 2,975MPa

efu = Ce e*ru = 0.017850

Ef = fru / £*r = 230,000MPa

Check Bending Moment Capacity ( RC Section Only )
Calculate design parameter

B1=0.650

Check space of rebar

Smaxt = 380 (Zf_fo) - 2.5¢c, Smax2 = 300 (Zf_?o)

Smax = Min ( Smax1 , Smax2 ) =222mm, Nreq =2
s=19.00 <222mm — O.K
Calculate required ratio of reinforcement

0.254/ f 14

Pmin.11 = fy ) Pmin.12 = T
pmin.1 = Max ( pmin.11, pmin12 ) = 0.0046

-4 M
Pmin.2 = 3 ﬂfy bd( d-a/2) =0.0424

pmin = Min ( pmin1 , pmin2 ) = 0.0046

_ fe &\ _
pet = 0.85 ﬁl( 7, ) ( 70004 )—0.0363

Pmax = Pet = 0.0363
Check ratio of tensile reinforcement

p="p. g = 0.0157

pmin < p < pmax — O.K
Calculate moment capacity

As f
___HKsly _
a=73g5 febw — 17.36mm

2 =0.900
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Mn=Asfy (d-a/2)=21.14kN-m
gMn = 19.02kN-m

Calculate ratio of moment capacity
Mu/ gMn=1.894 — N.G

Check Shear Capacity ( RC Section Only )
Calculate shear strength by concrete
g =0.750 d = 144mm

oVc=90.17 \/ f'e bwd=22.87kN

Vu > gV — Shear reinforcement is required

Calculate required shear strength by shear reinforcement
Vsreq=(Vu-8Vc) /o =49.57kN

Ve =0.33 \/ f'c bwd=59.20kN Referto [ 11.4.5.3]

V2= 0.66 \' f'c bwd=118kN
Vsreq < Vez — O.K
b
Av.minus = 0.062 \/ f'c f_;,tv , Av.minzs = 0.35 F
Av.min /s = max [ Avmint /S, Avminz /s ] = 0.184mm2/mm

Avreqo /S = %‘d— =0.819mmmm

"o
Av.req /S = max [ Avmin /S , Avreqo /S ] = 0.819mmz2/mm
Calculate shear strength by stirrup
Nigg =2 Av1=7854mm? (P10)
Ay f d
== 2377k
Calculate ratio of shear capacity
2Vhn =0V + Vs = 46.64kN
Vu/ gVn=1.287 - N.G
Calculate spacing limits for reinforcement
Smax.0 = min [ d/2, 600mm ] = 72.05mm
Nieg Avt

-— € -—
Sreq = Av.req /s = 192mm
Smax = MIN [ Smax0 , Sreq ] = 72.05mm
$ =300mm > Smax = 72.05mm — N.G

oVs=g

Check the Strengthening Limit Criteria

[ ACI 440.2R-08 / 9.2 - Strengthening limits ]
Bending Moment Strength without FRP

2 =0.900

Mns = 21.14kN-m

@Mns = 19.02kN-m

Check the Strengthening Limit Criteria
Munew = 1.1MpL + 0.75MrL = 0.000kN-m
Mu.new / 8Mns = 0.000 < 1.000 — O.K

Calculate Moment of Inertia of Cracked Section Transformed to Concrete
Calculate Modulus of Rupture

fr =0.63 4/ fok =5.206MPa
n=Es/E:=5.068
Calculate Moment of Inertia of Cracked Section Transformed to Concrete
d =144mm
d'=39.00mm
As = 339mm2
A's = 226mm?

(n-1)As
Y= A =0835
B=b/nAs=0.0872
kd = 46.37mm
k =0.322
lg=bh3/12=100,150,075mm*

b ( kd)®
lor = 43—L +nAs (d-kd) 2+ (n-1) A (kd-d) 2 =21,459,190mm*
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Search Neutral Axis
Calculate the Design Strain of the FRP System
ne=1
tr=0.337mm
gfd.cal = 0.410 4/ fex / n Ertr = 0.012365
efdmax = 0.90 er = 0.016065
efd = 0.012365
Calculate the Existing State of Strain
dr = 200mm
evi = J—ZMDLl dé X9 - 6.000000

cr c
Estimate the Depth to the Neutral Axis
€c=41.39mm

Calculate the Effective Level of Strain in the FRP Reinforcement

gcu = 0.003000
di-c
Efe.cal = Ecu T - epi =0.011517
gfe.max = &fd = 0.012365
gre = 0.011517
Calculate the Concrete Strain
c

e = ((&fe + b ) ( dr-c ) =0.003000
Calculate the Stress Level in the Reinforcing Steel
d =144mm

d-c

f-C

as:(efe+abi)( d

fscal = Eses = 1,489MPa

fsmax = fy = 460MPa

fs = 460MPa

Calculate the Stress Level in the Reinforcing FRP
fre.cal = Ef efe = 2,649MPa

fre.max = fru = 2,975MPa

fre = 2,649MPa

Calculate the Internal Force Resultants

g'¢ = 1.7 fo / Ec = 0.003037

) =0.007445

4¢-

Bi=Gen 3 g =0.748
3ecec- (& 2

=" (e 0.885

Verify Force Equilibrium

As = 339mm?

As =50.55mm?

Fs = As fs = 156kN

Ff = A fre = 134kN

Frens. = Fs + Fr = 290kN
Fcomp. = a1 fek B2 b ¢ = 290kN

Calculate Flexural Strength

Calculate Flexural Strength Components

Mns = Asfs (d - B1c/2)=20.07kN-m

Mt = As fre (di- B1c/2) =24.74kKN-m
Calculate Design Flexural Strength of Section
2 =0.900

v =10.850

9Mn = @ [ Mns + yf Mt ] = 36.99kN-m

Mu/ 8Mn=0.974 < 1.000 —» O.K

Check Service Stress in the Reinforcing Steel and FRP
Calculate the Elastic Depth to the Cracked Neutral Axis

As = 339mm?

As = 50.55mm?

d = 144mm
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ds=200mm
ps = 0.015697
pr=0.001684
k=+ (ki)2+2kz - ki =0.352
Es Ef
ki =ps E TPES
Es Ef df
k2 = ps E TPME 4
kd = 50.65mm
Calculate the Stress Level in the Reinforcing Steel
ebi = 0.000000
‘ [ Ms + epi A¢ Ef (df- kd/3)] (d-kd) Es
S.S

fss.max = 0.80 fy = 368MPa
fss / fssmax = 0.000 < 1.000 — O.K

Check Creep Rupture Limit at Service of FRP
Calculate the Stress Level in the Reinforcing FRP

frs = fos (%) ( di-kd) . E=0.000MPa

d - kd
fru = 2,975MPa
frs.max = 0.550 fru = 1,636MPa
frs / frsmax = 0.000 < 1.000 — O.K

Calculate Shear Strength by FRP
Shear Strength without FRP
2 =0.750
V¢ = 30.50kN
Vs =49.57kN
oVns = 46.64kN
#Vnsmax = 112kN
Calculate the Effective Strain Level
nf=1
tr=0.337mm
drv = 144mm
23,300

¢ (_I"If tr Ef) 0.58

ki =(f/27.00)2%3 =1.896

— M =0.764

ke = dw

Kv.ca% =0.232

Kv.max = 0.750

kv =0.232

&fe.cal = Kv €fu = 0.004139

efe.max = 0.004000

gfe = 0.004000

Calculate the Contribution of the FRP Reinforcement
= 0.850

wr = 500mm

st = 400mm

Ar =2 n tf ws = 337mm2

fre = ere Er = 920MPa

V= i zf: v _ 119k

Calculate Shear Strength Ratio

8V =0 (Ve + Vs+ ye Vi) = 112kN
Vu/8Vnh=0.538<1.000 - O.K

=34.00mm

Calculate Development Length
[ ACI 440.2R-08 / 13.1.3 - Development length ]
Calculate Development Length

~ASEs (d-kd/3) (d-kd)+ ArEs (di- kd/3) (di- kd

) = 0.000MPa
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POS. Apply Pieces lot (mm) Description

(1) Yes 1 96.08 Bottom of Beam

(2) Yes 1 96.08 Side of Beam ( Shear )
lar = 1.000 \ n Es ts/ ( fo) V2

Case 2- FRP Strengthening Detailed Calculations-Midas Design Plus 2021

MEMBER NAME : Model No.1- Normal Weight Aggregate Sample ( NWA ).

General Information
: ACI318M-14

Design Code
Reference Code

: ACI 440.2R-08

[ Guide for Design and Construction of Externally Bonded FRP System for Strengthening Concrete Structures. ]

Code Unit :N, mm
Material
Concrete
fek : 70.50MPa
Ec : 39,463MPa
Rebar
fy : 460MPa
fys 1 420MPa
Es : 200,000MPa
FRP / Carbon ( MasterBrace FIB 600/50 CFS)
*r : 3,500MPa
E*ts : 230,000MPa
tr :0.337mm
€% :0.021000
Fiber Type : Carbon
e
N
S« N
N N | N |
i )
J S J
I I

Section
Beam
Section Size 1150 x 200mm
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Cover  :23.00/40.00mm

Compression : Considered

Splicing Limit : 50%

FRP / Carbon
POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam

FRP / Carbon ( Shear / U-Wraps (3 Sides Bonded ) )
Wi :500mm
St 1 400mm

Rebar

Top Bar :2-P12 ( As = 226mm?)
Layerl :2EA (Cc=39.00mm)

Bot Bar :3-P12 ( As =339mm?)
Layer1 :3EA (Cc=56.00mm)
Stirrup  : 2-P10@300 ( As = 157mm?)

Design Force

Design Force

MupL  :0.000kN-m
Mu.LL : 0.000kN-m
Mux 1 36.03kN-m
Vuy : 60.05kN

Design Data
Exposure Conditions : Exterior Exposure

Calculate the Design Material Properties

[ ACI 440.2R-08 / 9.4 - Design material properties ]
Calculate the Design Material Properties

Ce =0.850

fru = Ce f*u = 2,975MPa

efu = Ce €% = 0.017850

Ef = fru / €*r = 230,000MPa

Check Bending Moment Capacity ( RC Section Only)

Calculate design parameter
B1=0.650
Check space of rebar

2
Smaxt = 380 (%) - 2.5¢c, Smaxz = 300 (

Smax = Min ( Smax1 , Smax2 ) =222mm, Nreq = 2
$=19.00 <222mm — O.K
Calculate required ratio of reinforcement

0.25/ e 14

Pmin.11 = fy , Pmin.12 = fy
Pmin.1 = Max ( Pmin.11 , pmin.12) =0.0046
4

pmin2 = 3 W =0.0424

Pmin = min ( Pmint , pminz) =0.0046

- fe & -
pat = 0.85 Bl( 7, ) ( 0004 )-0.0363

Pmax = Pet = 0.0434
Check ratio of tensile reinforcement
p= ﬁ =0.0157

pmin < p < pmax = O.K

280
-)
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Calculate moment capacity

As T
_ sy _
a=75385 b 20.67mm

2 =0.900

Mn=Asfy (d-a/2)=2176kN-m
gMn = 19.58KN-m

Calculate ratio of moment capacity
Mu/ gMn=1.840 —» N.G

Check Shear Capacity ( RC Section Only )
Calculate shear strength by concrete
g =0.750 d = 144mm

oVe=00.17 \/ f'e bwd=22.87kN

Vu > gV — Shear reinforcement is required

Calculate required shear strength by shear reinforcement
Vsreq=(Vu-8Vc) /9 =49.57kN

Ve =0.33 \/ f'c bwd=59.20kN Referto [ 11.4.5.3]
Ve =0.66 \' f'c bwd=118kN

Vsreq < V2 — O.K

Avmins = 0.062 [ o ?—y“tv . Avminzis = 0.35 ?—y”f
Av.min /s = max [ Avmint /S , Av.minz /s ] = 0.184mm2/mm
Vsreq
fye = d
Avreq /s = max [ Avmin /S, Av.rego /S ] = 0.819mm2/mm

Calculate shear strength by stirrup
Nig=2 Awv1=78.54mm? (P10)

oVi=g A—V;Ld = 23.77kN

Avreqo IS = =0.819mmzmm

Calculate ratio of shear capacity
gV =gV + 0Vs = 46.64kN
Vu/8Vn=1.287 - N.G
Calculate spacing limits for reinforcement
Smax.0 = Min [ d/2, 600mm ] = 72.05mm
_ Nleg Avi _
Sreq = Av.req /s = 192mm
Smax = MiN [ Smax.0 , Sreq ] = 72.05mm
s =300mm > Smax = 72.05mm — N.G

Check the Strengthening Limit Criteria

[ ACI 440.2R-08 / 9.2 - Strengthening limits ]
Bending Moment Strength without FRP

2 =0.900

Mns = 21.76kN-m

@Mns = 19.58kN-m

Check the Strengthening Limit Criteria
Munew = 1.1MpL + 0.75MrL = 0.000kN-m
Mu.new / 8Mns = 0.000 < 1.000 — O.K

Calculate Moment of Inertia of Cracked Section Transformed to Concrete
Calculate Modulus of Rupture

fr =0.634/ fox =5.206MPa

n=Es/E:=5.068

Calculate Moment of Inertia of Cracked Section Transformed to Concrete

d = 144mm

d'=39.00mm
As = 339mm?
A's = 226mm?

n-1)A
y= lmsu =0.535
B=b/nAs=0.0872
kd =46.37mm
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k=0.322
lg=bh3/12=100,150,075mm*

b ( kd) 2
lor = 43—L +nAs (d-kd) 2+ (n-1) A (kd-d) 2 =21,459,190mm*

Search Neutral Axis
Calculate the Design Strain of the FRP System
nf=1
tr=0.337mm
gfd.cal = 0.410 4/ fex / n Efte = 0.012365
efd.max = 0.90 en = 0.016065
efd = 0.012365
Calculate the Existing State of Strain
df = 200mm
i = —(—ZMDLl dé k) _ 5.000000

cr C
Estimate the Depth to the Neutral Axis
¢ =41.39mm
Calculate the Effective Level of Strain in the FRP Reinforcement
£cu = 0.003000

di-c
Efe.cal = Ecu T - epi =0.011517
gfe.max = &fd = 0.012365
gfe = 0.011517
Calculate the Concrete Strain

ec= (e +evi) ( df—cc) = 0.003000

Calculate the Stress Level in the Reinforcing Steel
d = 144mm

&s = (&t + &bi ) (%) =0.007445

fscal = Eses = 1,489MPa
fsmax = fy = 460MPa
fs = 460MPa
Calculate the Stress Level in the Reinforcing FRP
fre.cal = Ef efe = 2,649MPa
fre.max = fru = 2,975MPa
fre = 2,649MPa
Calculate the Internal Force Resultants
g'¢=1.7 fo / Ec = 0.003037
4¢gc-gc

b= o2 - 0748

_ 3 S'CSC'! 80!2 _
=" ()2 0.885
Verify Force Equilibrium

As = 339mm?

As =50.55mm?

Fs = As fs = 156kN

Fr = As fre = 134kN

Frens. = Fs + Fr = 290kN
Fcomp. = a1 fek B2 b ¢ = 290kN

Calculate Flexural Strength

Calculate Flexural Strength Components

Mns = Asfs (d - Brc/2)=20.07kN-m

Mt = As fre (di- B1c/2) =24.74kKN-m
Calculate Design Flexural Strength of Section
2 =0.900

v =0.850

gMn =2 [ Mns + {43 Mt ] = 36.99kN-m

Mu/ 8Mn=0.974 < 1.000 —» O.K
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Check Service Stress in the Reinforcing Steel and FRP

Calculate the Elastic Depth to the Cracked Neutral Axis
As = 339mm?

As =50.55mm?

d = 144mm

dr = 200mm

ps = 0.015697

pr=0.001684

k=+/ (k1) 2+2kz - ki=0.352
Et

_ Es
ki=ps g TP

C

Es Et ﬁ

k2 = ps E. + pf E. d

kd = 50.65mm
Calculate the Stress Level in the Reinforcing Steel
€bi = 0.000000

. [ Ms + eni ArEr (d- kd/3) ] (d - kd ) Es

fss.max = 0.80 fy = 368MPa
fss / fssmax = 0.000 < 1.000 —» O.K

Check Creep Rupture Limit at Service of FRP
Calculate the Stress Level in the Reinforcing FRP

E di - kd
frs = fus (?:) ( d-kq ) - &i Er=0.000MPa

fru = 2,975MPa
frs.max = 0.550 fru = 1,636MPa
frs / frsmax = 0.000 < 1.000 — O.K

Calculate Shear Strength by FRP
Shear Strength without FRP
2 =0.750
V. = 30.50kN
Vs =49.57kN
oVns = 46.64kN
@Vnsmax = 112kN
Calculate the Effective Strain Level
nf=1
tr=0.337mm
drv = 144mm
23,300

¢ (_I"If tr Ef) 0.58

ki = (fe/27.00 ) %% =1.896

=34.00mm

Kv.ca% =0.232

Kv.max = 0.750

kv = 0.232

€fe.cal = Kv €fu = 0.004139

efe.max = 0.004000

efe = 0.004000

Calculate the Contribution of the FRP Reinforcement
yf = 0.850

wr = 500mm

st =400mm

Ar = 2 n tr wr = 337mm?2

fre = efe Ef = 920MPa

vy = A fre dn ];f: v _ 119k

Calculate Shear Strength Ratio
V=0 (Ve + Vs+ ye Vi) = 112kN
Vu/ 8Vn=0.538<1.000 - O.K

" AEs(d-kd/3) (d-kd) +ArEr (dr-kd/3) (dr-kd)

= 0.000MPa
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Calculate Development Length
[ ACI 440.2R-08 / 13.1.3 - Development length ]
Calculate Development Length

POS. Apply Pieces laf (mm ) Description
(1) Yes 1 96.08 Bottom of Beam
(2) Yes 1 96.08 Side of Beam ( Shear )

lar = 1.000 4/ n Ests/ ( fo) 12

Case 3- FRP Strengthening Detailed Calculations-Midas Design Plus 2021

MEMBER NAME : Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating Concrete
Sample (RCA)

General Information

Design Code : ACI318M-14

Reference Code  : ACI 440.2R-08

[ Guide for Design and Construction of Externally Bonded FRP System for Strengthening Concrete Structures. ]
Code Unit :N, mm

Material
Concrete
fex : 64.50MPa
Ec : 37,746 MPa
Rebar
fy : 460MPa
fys : 420MPa
Es : 200,000MPa
FRP / Carbon ( MasterBrace FIB 600/50 CFS))
1 : 3,500MPa
E*ss : 230,000MPa
tr :0.337mm
e*u :0.021000
Fiber Type : Carbon
o o
g g S
® o ©o
. 1)
150 j
|
Section
Beam
Section Size 1150 x 200mm

Cover  :23.00/40.00mm
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Compression

: Not Considered

Splicing Limit : 50%

FRP / Carbon
POS. Apply Size(mm) Pieces Description
(1) Yes 400 1 Bottom of Beam
(2) Yes 450 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam

FRP / Carbon ( Shear / U-Wraps (3 Sides Bonded ) )

Wi : 500mm

St :400mm

Rebar

Top Bar :2-P12 ( As = 226mm?)

Layerl :2EA (Cc=39.00mm)

Bot Bar :3-P12 ( As = 339mm?)

Layer1 :3EA (Cc=56.00mm)

Stirrup 1 2-P10@300 ( As = 157mm?)

Design Force
Design Force

Mu.pL : 0.000kN-m
Mu.LL : 0.000kN-m
Mux : 24.51KN-m
Vuy : 40.85kN
Design Data

Exposure Conditions

: Exterior Exposure

Calculate the Design Material Properties

[ ACI 440.2R-08 / 9.4 - Design material properties ]
Calculate the Design Material Properties
Ce=0.850

fu = Ce f* = 2,975MPa

efu = Ce ¢*u = 0.017850

Er = fru / €*r = 230,000MPa

Check Bending Moment Capacity ( RC Section Only )

Calculate design parameter
B1=0.650

Check space of rebar

280

Smaxt = 380 (_) - 2.5¢c,

fs

Smax = MiN ( Smaxt , Smax2 ) = 222mm,

s =19.00 <222mm — O.K
Calculate required ratio of reinforcement

0.25 4/ f¢

Pmin.11 =

fy '

14
Pmin.12 = fy

Pmin.1 = Max ( Pmin.11 , pmin.12) =0.0044

4
Pmin2 =3 "5 f, bd( d-a/2))

My

=0.0278

Pmin = min ( Pmint , pminz) =0.0044

_ fe V& \_
pe = 0.85 Bl( 7, ) ( 70002 )_0.0332

pmax = pet = 0.0332
Check ratio of tensile reinforcement

As

P~ bwd - 0.0157

pmin < p < pmax = O.K

Calculate moment capacity

Smaxz = 300 (
Nreq =2

280
t )
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a= W,‘gsffchw =18.98mm

g =0.900

Mn=Asfy (d-a/2)=21.01kN-m
gMn = 18.91kN-m

Calculate ratio of moment capacity
Mu/ o8Mn=1.296 — N.G

Check Shear Capacity ( RC Section Only )
Calculate shear strength by concrete
g =0.750 d = 144mm

oVe=00.17 \I f'c bwd=22.13kN

Vi > gV — Shear reinforcement is required

Calculate required shear strength by shear reinforcement
Vsreq=(Vu-8Vce) /9 =24.96kN

Ve =0.33 \/ f'c bwd=57.29kN Refer to [ 11.4.5.3]

V2 =0.66 \' f'c bwd=115kN
Vsreq < Vez — 0.K
bw

Av.minus = 0.062 \' ' f_;,/tv s Av.minzzs = 0.35 H
Av.min /s = max [ Avmint /S, Av.min2 /S] =0.178mmzmm

Vs.req

Av.reqo /s = ; =0.412mm#mm

"
Avreq /s = max [ Av.min /s, Avreqo /s ] =0.412mm3/mm
Calculate shear strength by stirrup

Nieg =2 Au = 78.54mm? (P10)
oVi=g A—stLd = 23.77kN

Calculate ratio of shear capacity
gV =gV + oVs = 45.90kN
Vu/8Vn=10.890 - O.K
Calculate spacing limits for reinforcement
Smax.0 = Min [ d/2, 600mm ] = 72.05mm
_ Nleg Avi _
Sreq = Av.req /s — 381mm
Smax = MiN [ Smax.0 , Sreq ] = 72.05mm
s =300mm > Smax = 72.05mm — N.G

Check the Strengthening Limit Criteria

[ ACI 440.2R-08 / 9.2 - Strengthening limits ]
Bending Moment Strength without FRP

2 =0.900

Mhns = 21.01kN-m

@Mns = 18.91kN-m

Check the Strengthening Limit Criteria
Munew = 1.1MpL + 0.75MrL = 0.000kN-m
Mu.new / 8Mns = 0.000 < 1.000 — O.K

Calculate Moment of Inertia of Cracked Section Transformed to Concrete
Calculate Modulus of Rupture

fr =0.634/ fok =4.979MPa
n=Es/E:=5.299
Calculate Moment of Inertia of Cracked Section Transformed to Concrete
d = 144mm

d'=39.00mm

As = 339mm?

A's = 226mm?
y=l—Ln n;SAS =0.541
B=b/nAs=0.0834

kd = 47.11mm

k=0.327
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lg=bh3/12=100,150,075mm*

b ( kd) 2
lor = 43—L +nAs (d-kd) 2+ (n-1) A (kd-d") 2 =22,203,709mm*

Search Neutral Axis

Calculate the Design Strain of the FRP System
ne=1

tr=0.337mm

&fd.cal = 0.410 \} fo / n Efts =0.011827

efd.max = 0.90 er = 0.016065
efd = 0.011827
Calculate the Existing State of Strain
df = 200mm
ohi = Mﬂdé—kdl = 0.000000

cr C
Estimate the Depth to the Neutral Axis
¢ =58.35mm
Calculate the Effective Level of Strain in the FRP Reinforcement
gcu = 0.003000

di-c
Efe.cal = Ecu T - epi = 0.007297
gfemax = &fd = 0.011827
efe = 0.007297
Calculate the Concrete Strain

ec= (e +evi) ( df—cc) = 0.003000

Calculate the Stress Level in the Reinforcing Steel
d = 144mm
&= (e +vi ) ( d-c ):0004409
di- ¢ '
fs.cal = Es es = 882MPa
fs.max = fy = 460MPa
fs = 460MPa
Calculate the Stress Level in the Reinforcing FRP
fre.cal = Ef efe = 1,678MPa
fre.max = fru = 2,975MPa
fre = 1,678MPa
Calculate the Internal Force Resultants
€'c = 1.7 fox / Ec = 0.002905

4ec-¢
e Y 8,C°_ 3 ;C =0.754

_ 3 8'080'! 80!2 _
=" ()2 0.898
Verify Force Equilibrium
As = 339mm2
Ar = 135mm?
Fs = As fs = 156kN
Fr = Ar fre = 226kN
Frens. = Fs + Fr = 382kN
Fcomp. = a1 fok B2 b ¢ = 382kN

Calculate Flexural Strength

Calculate Flexural Strength Components

Mis = Asfs (d-Bac/2)=19.06kN-m

Mt = As fre (di- B1 c/2) =40.33kN-m
Calculate Design Flexural Strength of Section
9 =0.752

v =0.850

gMn =2 [ Mns + {43 Mt ] = 40.12kN-m

Mu/ #Mn=0.611 <1.000 - O.K

Check Service Stress in the Reinforcing Steel and FRP
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Calculate the Elastic Depth to the Cracked Neutral Axis
As = 339mm?

As = 135mm?

d = 144mm

dr = 200mm

ps = 0.015697

pr = 0.004491

k=v (k1) 2+2kz - ki=0.394
Es Et

ki=ps B P ES

Es Efﬁ

k2 = ps E. "PIE. d

kd =56.79mm

Calculate the Stress Level in the Reinforcing Steel

€bi = 0.000000

; [ Ms + epi Ar Ef (dr-kd/3)] (d-kd) Es
S.S

fss.max = 0.80 fy = 368MPa
fss / fssmax = 0.000 < 1.000 —» O.K

Check Creep Rupture Limit at Service of FRP
Calculate the Stress Level in the Reinforcing FRP

E di - kd
frs = fus (?Z) ( d-kq ) - &i Er=0.000MPa

fru = 2,975MPa
fr.s.max = 0.550 fry = 1,636MPa
frs / frs.max = 0.000 < 1.000 — O.K

Calculate Shear Strength by FRP

Shear Strength without FRP

2 =0.750

Ve =29.51kN

Vs = 24.96kN

oVns = 45.90kN

@Vns.max = 108kN

Calculate the Effective Strain Level

nf=1

tr=0.337mm

drv =394mm

23,300

*(ne te Ex) 058

ki = (f/27.00)%%=1.787

=34.00mm

Kv.ca% =0.261

Kv.max = 0.750

kv = 0.261

€fe.cal = Kv €fu = 0.004666

Efe.max = 0.004000

efe = 0.004000

Calculate the Contribution of the FRP Reinforcement
yf = 0.850

wi = 500mm

st =400mm

Arw = 2 n tr wr = 337mm?2

fre = efe Ef = 920MPa

vy = Aoty zf: v _ 305kN

Calculate Shear Strength Ratio

aVh = Q(Vc + Vs+l|lfo) = 108kN
Vu/ 8Vn=0.378<1.000 - O.K

" AEs(d-kd/3) (d-kd) +ArEr (dr-kd/3) (dr-kd)

= 0.000MPa
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Calculate Development Length

[ ACI 440.2R-08 / 13.1.3 - Development length ]

Calculate Development Length

POS. Apply Pieces laf (mm) Description
(1) Yes 1 98.24 Bottom of Beam
(2) Yes 1 98.24 Side of Beam ( Shear )

lar = 1.000 4/ n Ests/ ( fo) 12

Case 4- FRP Strengthening Detailed Calculations-Midas Design Plus 2021

MEMBER NAME : Mechanical Properties of Recycled Aggregate Concrete with Self Consolidating Concrete

Sample (RCA)

General Information
Design Code : ACI318M-14

Reference Code  : ACI 440.2R-08

[ Guide for Design and Construction of Externally Bonded FRP System for Strengthening Concrete Structures. ]

Code Unit :N, mm

Material

Concrete

fex : 64.50MPa
Ec : 37,746 MPa

f, - 460MPa
fys : 420MPa
Es : 200,000MPa

FRP / Carbon ( MasterBrace FIB 600/50 CFS)

gt : 3,500MPa

E*fs : 230,000MPa

te :0.337mm

€% :0.021000

Fiber Type : Carbon

o @

l 150

Section

Beam

Section Size : 150 x 200mm
Cover  :23.00/40.00mm
Compression : Considered
Splicing Limit : 50%
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FRP / Carbon

POS. Apply Size(mm) Pieces Description
(1) Yes 400 1 Bottom of Beam
(2) Yes 450 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam

FRP / Carbon ( Shear / U-Wraps (3 Sides Bonded ) )

Wi 1 500mm

St :400mm

Rebar

Top Bar :2-P12 (As = 226mm?)

Layerl :2EA(Cc=39.00mm)

Bot Bar :3-P12 ( As = 339mm?)

Layer1l :3EA(Cc=56.00mm)

Stirrup  : 2-P10@300 ( As = 157mm2)

Design Force
Design Force

Mu.oL : 0.000kN-m
Mu.LL : 0.000kN-m
Mux 1 24.51kN-m
Vuy : 40.85kN
Design Data

Exposure Conditions

: Exterior Exposure

Calculate the Design Material Properties

[ ACI 440.2R-08 / 9.4 - Design material properties ]
Calculate the Design Material Properties

Ce =0.850

fru = Ce f*u = 2,975MPa

e = Ce ¢*u = 0.017850

Ef = fr / €*r = 230,000MPa

Check Bending Moment Capacity ( RC Section Only )

Calculate design parameter
B1=0.650

Check space of rebar
Smaxt = 380 (2f_§0) - 2.5¢c,

Smax = MiN ( Smaxt , Smax2 ) = 222mm,

s=19.00 <222mm — O.K
Calculate required ratio of reinforcement

0.25+/ f¢

Pmin.11 =

fy '

14
Pmin.12 = fy

pmin.t = Max ( pmin.11, pmini2 ) = 0.0044
4

Pmin2 =735 f, bd( d-a/2)

u

=0.0278

pmin = Min ( pmin1 , pmin2 ) = 0.0044

pozossi () (

Pmax = Pet = 0.0403
Check ratio of tensile reinforcement

A
p= bwsd =0.0157
pmin < p < pmax — O.K
Calculate moment capacity
_ Ay
4770.85 f bu

g +0.004

=21.68mm

Ec

Smaxz = 300 (
Nreq = 2

) =0.0332

280
-)
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2 =0.900

Mn=Asfy (d-a/2)=21.45kN-m
gMn = 19.30kN-m

Calculate ratio of moment capacity
Mu/ 8Mn=1.270 - N.G

Check Shear Capacity ( RC Section Only )
Calculate shear strength by concrete
g =0.750 d = 144mm
oVe=00.17 \I f'c bwd=22.13kN
Vu > @V — Shear reinforcement is required
Calculate required shear strength by shear reinforcement
Vsreq=(Vu-8Vc) /o =24.96kN
Ve = 0.331/ ¢ bw d = 57.29kN Refer to [ 11.4.5.3 ]
V2 =0.66 \' f'c bwd=115kN
Vsreqg < Vez —» O.K

bw

Av.minus = 0.062 \/ f'c f_;,tv , Av.minzs = 0.35 F
Av.min /s = max [ Avmint /S, Avminz /s ] = 0.178mmz/mm

Aureqo f5 =~ = 0 412mme/mm
e
Av.req /S = max [ Avmin /S , Avreqo /S ] = 0.412mmz2/mm
Calculate shear strength by stirrup
Nig=2 Av1=7854mm2(P10)

A f
oVs=g va:d =23.77kN

Calculate ratio of shear capacity

gVn = oV + gVs = 45.90kN

Vu/ gVn=10.890 - O.K

Calculate spacing limits for reinforcement

Smax.0 = min [ d/2, 600mm ] = 72.05mm
Nieg A

Sreq = Alj req /V; =381mm

Smax = MIN [ Smax0 , Sreq ] = 72.05mm

s =300mm > Smax = 72.05mm — N.G

Check the Strengthening Limit Criteria

[ ACI 440.2R-08 / 9.2 - Strengthening limits ]
Bending Moment Strength without FRP

2 =0.900

Mps = 21.45kN-m

@Mns = 19.30kN-m

Check the Strengthening Limit Criteria
Mu.new = 1.1MpL + 0.75McL = 0.000kN-m
Mu.new / 8Mns = 0.000 < 1.000 — O.K

Calculate Moment of Inertia of Cracked Section Transformed to Concrete
Calculate Modulus of Rupture

fr=0.63 \/ fox = 4.979MPa

n= Es/ Ec =5.299

Calculate Moment of Inertia of Cracked Section Transformed to Concrete

d =144mm
d'=39.00mm
As = 339mm2
A's = 226mm?

g n-1 }A's
Y= A =0.541
B=b/nAs=0.0834
kd =47.11mm
k=0.327

lg=bh3/12=100,150,075mm*
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b ( kd) 2
lor = 43—L +nAs (d-kd) 2+ (n-1) A (kd-d) 2 =22,203,709mm*

Search Neutral Axis

Calculate the Design Strain of the FRP System
ne=1

tr=0.337mm

&fd.cal = 0.410 \} fo / n Efts =0.011827

efd.max = 0.90 eru = 0.016065
erd = 0.011827
Calculate the Existing State of Strain
dr = 200mm
i = Mﬂdé—kdl = 0.000000
cr C
Estimate the Depth to the Neutral Axis
¢ =58.35mm
Calculate the Effective Level of Strain in the FRP Reinforcement
&cu = 0.003000

di- ¢
€fe.cal = €cu fT - gni = 0.007297

efe.max = &fd = 0.011827
efe = 0.007297
Calculate the Concrete Strain

ec= (e + o) ( df—cc) = 0.003000

Calculate the Stress Level in the Reinforcing Steel
d = 144mm

6= (e +ni ) ( %) = 0004409

fs.cal = Es &s = 882MPa

fsmax = fy = 460MPa

fs = 460MPa

Calculate the Stress Level in the Reinforcing FRP
ffe_cal = Ef Efe = 1,678MPa

fre.max = fru = 2,975MPa

fre = 1,678MPa

Calculate the Internal Force Resultants

g'¢ = 1.7 fox / Ec = 0.002905

4¢-

3ecec- (& 2
0= ()2 0.898
Verify Force Equilibrium
As = 339mm?
As = 135mm?

Fs = As fs = 156kN

Ff = As fre = 226kN

Frens. = Fs + Fr = 382kN
Fcomp. = a1 fok B2 b ¢ = 382kN

Calculate Flexural Strength

Calculate Flexural Strength Components

Mns = Asfs (d - B1c/2)=19.06kN-m

Mt = As fre (di- B1 c/2) =40.33kN-m
Calculate Design Flexural Strength of Section
2 =0.752

v =0.850

gMn =2 [ Mns + {43 Mt ] = 40.12kN-m
Mu/#Mn=0.611 <1.000 - O.K

Check Service Stress in the Reinforcing Steel and FRP
Calculate the Elastic Depth to the Cracked Neutral Axis
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As = 339mm?
Af = 135mm?2
d = 144mm
dr = 200mm
ps = 0.015697
pr = 0.004491

k=v (k1) 2+2kz - ki=0.394
E Et

k2 = ps E TPPE 4

kd = 56.79mm

Calculate the Stress Level in the Reinforcing Steel

€pi = 0.000000

[ Ms + epi Ar Er (dr-kd/3)] (d-kd) Es

fos=
fss.max = 0.80 fy = 368MPa
fss / fssmax = 0.000 < 1.000 —» O.K

Check Creep Rupture Limit at Service of FRP

Calculate the Stress Level in the Reinforcing FRP
E ds - kd

frs = fus (?:) ( d-kg ) - &i Er=0.000MPa

fru = 2,975MPa
frs.max = 0.550 fry = 1,636MPa
frs / frsmax = 0.000 < 1.000 — O.K

Calculate Shear Strength by FRP
Shear Strength without FRP
2 =0.750
V¢ =29.51kN
Vs = 24.96kN
oVns = 45.90kN
@Vns.max = 108kN
Calculate the Effective Strain Level
nf=1
tr = 0.337mm
drv = 394mm
23,300
e(_l"lf tf Er) 058
ki = (fa/27.00)%3=1.787
ko = —d”d' Le 0914
fv

Kv.ca% =0.261

Kv.max = 0.750

kv = 0.261

€fe.cal = Kv €fu = 0.004666

efe.max = 0.004000

efe = 0.004000

Calculate the Contribution of the FRP Reinforcement
yf = 0.850

wr = 500mm

s =400mm

Arw = 2 n tr wr = 337mm?2

fre = ere Er = 920MPa

vy = A fre dn Z v _ 305kN

Calculate Shear Strength Ratio

8Vn =0 (Ve + Vs+ ye Vi) = 108kN
Vu/ 8Vn=0.378<1.000 - O.K

=34.00mm

Calculate Development Length

AsEs (d-kd/3) (d-kd)+ArEr(dr-kdi3 ) (dr-kd)

= 0.000MPa
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[ ACI 440.2R-08 / 13.1.3 - Development length ]

Calculate Development Length

POS. Apply Pieces lof (mm ) Description
(1) Yes 1 98.24 Bottom of Beam
(2) Yes 1 98.24 Side of Beam ( Shear )

lar = 1.000 4/ n Ests/ ( fo) 12

Case 5- FRP Strengthening Detailed Calculations-Midas Design Plus 2021

MEMBER NAME : Recycled Aggregate Concrete with Self Consolidating Concrete Sample ( RCA-5D ).

General Information
Design Code : ACI318M-14
Reference Code  : ACI 440.2R-08

[ Guide for Design and Construction of Externally Bonded FRP System for Strengthening Concrete Structures. ]

Code Unit :N, mm
Material
Concrete
fek . 77.00MPa
Ec 1 41,242MPa
Rebar
fy : 460MPa
fys 1 420MPa
Es : 200,000MPa
FRP / Carbon ( MasterBrace FIB 600/50 CFS)
1 : 3,500MPa
E*ts : 230,000MPa
tr :0.337mm
€% :0.021000
Fiber Type : Carbon
@ ®
g g g
® o ©
J €))

l 150 |

1 \
Section
Beam
Section Size 1150 x 200mm
Cover  :23.00/40.00mm
Compression : Not Considered

Splicing Limit : 50%
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FRP / Carbon

POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam

FRP / Carbon ( Shear / U-Wraps (3 Sides Bonded ) )

Wi 1 500mm

St :400mm

Rebar

Top Bar :2-P12 (As = 226mm?)

Layerl :2EA(Cc=39.00mm)

Bot Bar :3-P12 ( As = 339mm?)

Layer1l :3EA(Cc=56.00mm)

Stirrup  : 2-P10@300 ( As = 157mm2)

Design Force
Design Force

Mu.oL : 0.000kN-m
Mu.LL : 0.000kN-m
Mux 1 39.03kN-m
Vuy : 65.05kN
Design Data

Exposure Conditions

: Exterior Exposure

Calculate the Design Material Properties

[ ACI 440.2R-08 / 9.4 - Design material properties ]
Calculate the Design Material Properties

Ce =0.850

fru = Ce f*u = 2,975MPa

e = Ce ¢*u = 0.017850

Ef = fr / €*r = 230,000MPa

Check Bending Moment Capacity ( RC Section Only )

Calculate design parameter
B1=0.650

Check space of rebar
Smaxt = 380 (2f_§0) - 2.5¢c,

Smax = MiN ( Smaxt , Smax2 ) = 222mm,

s=19.00 <222mm — O.K
Calculate required ratio of reinforcement

0.25+/ f¢

Pmin.11 =

fy '

14
Pmin.12 = fy

pmin.1 = Max ( pmin.11, pmini2 ) = 0.0048
4

Pmin2 =735 f, bd( d-a/2)

u

=0.0459

pmin = Min ( pmin1 , pmin2 ) = 0.0048

pozossi () (

Pmax = Pet = 0.0396
Check ratio of tensile reinforcement

A
p= bwsd =0.0157
pmin < p < pmax — O.K
Calculate moment capacity
_ Ay
4770.85 f bu

g +0.004

=15.90mm

Ec

Smaxz = 300 (
Nreq = 2

) =0.0396

280
-)
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2 =0.900

Mn=Asfy (d-a/2)=21.25kN-m
gMn = 19.13kN-m

Calculate ratio of moment capacity
Mu/ eMn=2.041 — N.G

Check Shear Capacity ( RC Section Only )
Calculate shear strength by concrete
g =0.750 d = 144mm
oVe=00.17 \I f'c bwd=22.87kN
Vu > @V — Shear reinforcement is required
Calculate required shear strength by shear reinforcement
Vsreq=(Vu-8Vc) /o =56.23kN
Ve = 0.331/ ¢ bw d = 59.20kN Refer to [ 11.4.5.3 ]
V2 =0.66 \' f'c bwd=118kN
Vsreqg < Vez —» O.K

bw

Av.minus = 0.062 \/ f'c f_;,tv , Av.minzs = 0.35 F
Av.min /s = max [ Avmint /S, Av.minz /s ] = 0.184mmz/mm

V,
Avreqo /5 = —= = 0.929mm2/mm
e
Av.req /S = max [ Avmin /S , Avreqo /S ] = 0.929mmz2/mm
Calculate shear strength by stirrup
Nig=2 Av1=7854mm2(P10)

A f
oVs=g va:d =23.77kN

Calculate ratio of shear capacity

oVn =0V + gVs = 46.64kN

Vu/ 8Vh=1.395 - N.G

Calculate spacing limits for reinforcement

Smax.0 = min [ d/2, 600mm ] = 72.05mm
Nieg A

Sreq = Aljreq /V; =169mm

Smax = MIN [ Smax0 , Sreq ] = 72.05mm

s =300mm > Smax = 72.05mm — N.G

Check the Strengthening Limit Criteria

[ ACI 440.2R-08 / 9.2 - Strengthening limits ]
Bending Moment Strength without FRP

2 =0.900

Mps = 21.25kN-m

@Mns = 19.13kN-m

Check the Strengthening Limit Criteria
Mu.new = 1.1MpL + 0.75McL = 0.000kN-m
Mu.new / 8Mns = 0.000 < 1.000 — O.K

Calculate Moment of Inertia of Cracked Section Transformed to Concrete
Calculate Modulus of Rupture

fr =0.63 \’ fc =5.440MPa

n= Es/ Ec = 4849

Calculate Moment of Inertia of Cracked Section Transformed to Concrete

d =144mm
d'=39.00mm
As = 339mm2
A's = 226mm?

g n-1 }A's
Y= A =0.529
B=b/nAs=0.0912
kd = 45.64mm
k=0.317

lg=bh3/12=100,150,075mm*
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b ( kd) 2
lor = 43—L +nAs (d-kd) 2+ (n-1) A (kd-d) 2 =20,743,035mm*

Search Neutral Axis

Calculate the Design Strain of the FRP System
ne=1

tr=0.337mm

&fd.cal = 0.410 \} fo / n Efts =0.012923

efd.max = 0.90 er = 0.016065
efd = 0.012923
Calculate the Existing State of Strain
df = 200mm
e = J—ZMDLI dé kd) - 0000000

cr C
Estimate the Depth to the Neutral Axis
¢ =39.72mm
Calculate the Effective Level of Strain in the FRP Reinforcement
gcu = 0.003000

di-c
Efe.cal = Ecu T - epi =0.012124
gfe.max = &fd = 0.012923
ere = 0.012124
Calculate the Concrete Strain

ec= (e + o) ( df—cc) = 0.003000

Calculate the Stress Level in the Reinforcing Steel
d = 144mm

6= (e +ni ) ( %) = 0007882

fscal = Es&s = 1,576 MPa

fsmax = fy = 460MPa

fs = 460MPa

Calculate the Stress Level in the Reinforcing FRP
ffe_cal = Ef Efe = 2,789MPa

fre.max = fru = 2,975MPa

fre = 2,789MPa

Calculate the Internal Force Resultants

g'¢=1.7 fo / Ec = 0.003174

__4¢ec-ec _
Pr= e 2e - 0743
3ecec- (& 2
0= (e’ - 0.871
Verify Force Equilibrium
As = 339mm?
Ar = 50.55mm?

Fs = As fs = 156kN

Ff = A fre = 141kN

Frens. = Fs + Ff = 297kN
Fcomp. = a1 fok B2 b ¢ = 297kN

Calculate Flexural Strength

Calculate Flexural Strength Components

Mns = Asfs (d - B1c/2)=20.19kN-m

Mt = A fre (di- B1 ¢/ 2) =26.15kN-m
Calculate Design Flexural Strength of Section
2 =0.900

v =0.850

gMn =2 [ Mns + {43 Mat ] = 38.17kN-m

Mu/ #Mn=1.022 > 1.000 — N.G

Check Service Stress in the Reinforcing Steel and FRP
Calculate the Elastic Depth to the Cracked Neutral Axis
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As = 339mm?
Arf = 50.55mm?2
d = 144mm

dr = 200mm

ps = 0.015697
pr=0.001684

k=+ (k1) 2+2kz - ki=0.345
E Et

k2 = ps E TPPE 4

kd =49.77mm

Calculate the Stress Level in the Reinforcing Steel

€pi = 0.000000

[ Ms + epi Ar Er (dr-kd/3)] (d-kd) Es

fos=
fss.max = 0.80 fy = 368MPa
fss / fssmax = 0.000 < 1.000 —» O.K

Check Creep Rupture Limit at Service of FRP

Calculate the Stress Level in the Reinforcing FRP
E ds - kd

frs = fus (?:) ( d-kg ) - &i Er=0.000MPa

fru = 2,975MPa
frs.max = 0.550 fry = 1,636MPa
frs / frsmax = 0.000 < 1.000 — O.K

Calculate Shear Strength by FRP
Shear Strength without FRP
2 =0.750
V¢ = 30.50kN
Vs =56.23kN
oVns = 46.64kN
@Vnsmax = 112kN
Calculate the Effective Strain Level
nf=1
tr = 0.337mm
drv = 144mm
23,300
e(_l"lf tf Er) 058
ki = (f/27.00)%%=2.011
ko = —d”d' Le - 0764
fv

Kv.ca% =0.246

Kv.max = 0.750

kv = 0.246

€fe.cal = Kv €fu = 0.004389

efe.max = 0.004000

efe = 0.004000

Calculate the Contribution of the FRP Reinforcement
yf = 0.850

wr = 500mm

s =400mm

Arw = 2 n tr wr = 337mm?2

fre = ere Er = 920MPa

vy = A fre dn ];f: v _ 119k

Calculate Shear Strength Ratio
V=0 (Ve + Vs+ ye Vi) = 112kN
Vu/ 8Vn=0.582<1.000 - O.K

=34.00mm

Calculate Development Length

AsEs (d-kd/3) (d-kd)+ArEr(dr-kdi3 ) (dr-kd)

= 0.000MPa
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[ ACI 440.2R-08 / 13.1.3 - Development length ]
Calculate Development Length

POS. Apply Pieces lof (mm ) Description
(1) Yes 1 93.98 Bottom of Beam
(2) Yes 1 93.98 Side of Beam ( Shear )

lar = 1.000 \/ n Es ts/ ( fo) V2
Case 6- FRP Strengthening Detailed Calculations-Midas Design Plus 2021

MEMBER NAME : Recycled Aggregate Concrete with Self Consolidating Concrete Sample ( RCA-5D ).

General Information

Design Code : ACI318M-14

Reference Code  : ACI 440.2R-08

[ Guide for Design and Construction of Externally Bonded FRP System for Strengthening Concrete Structures. ]
Code Unit :N, mm

Material
Concrete
fex : 77.00MPa
Ec : 41,242MPa
Rebar
fy : 460MPa
fys : 420MPa
Es : 200,000MPa
FRP / Carbon ( MasterBrace FIB 600/50 CFS)
1 : 3,500MPa
E*ss : 230,000MPa
tr :0.337mm
€% :0.021000
Fiber Type : Carbon
[ o
8l § q
Qo Q)
® o o
. 1)
J ) l
! !

Section
Beam
Section Size 150 x 200mm

Slab Thickness :0.100mm
Effective Width  : 500mm
Cover  :23.00/40.00mm
Compression : Considered
Splicing Limit 1 50%
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FRP / Carbon

POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam

FRP / Carbon ( Shear / U-Wraps (3 Sides Bonded ) )

Wi 1 500mm

St :400mm

Rebar

Top Bar :2-P12 (As = 226mm?)
Layer1 :2EA (Cc=39.00mm)
Bot Bar :3-P12 ( As = 339mm?)
Layer1l :3EA(Cc=56.00mm)
Stirrup  : 2-P10@300 ( As = 157mm2)

Design Force

Design Force

Mu.pL : 0.000kN-m
Mu.LL : 0.000kN-m
Mux :39.03kN-m
Vuy : 65.05kN

Design Data
Exposure Conditions : Exterior Exposure

Calculate the Design Material Properties

[ ACI 440.2R-08 / 9.4 - Design material properties ]
Calculate the Design Material Properties

Ce =0.850

fru = Ce f*u = 2,975MPa

efu = Ce e*ru = 0.017850

Ef = fru / £*r = 230,000MPa

Check Bending Moment Capacity ( RC Section Only )
Calculate design parameter

B1=0.650

Check space of rebar

Smaxt = 380 (Zf_fo) - 2.5¢c, Smax2 = 300 (Zf_?o)

Smax = Min ( Smax1 , Smax2 ) =222mm, Nreq =2
s=19.00 <222mm — O.K
Calculate required ratio of reinforcement

0.254/ f 14

Pmin.11 = fy ) Pmin.12 = T
pmin.1 = Max ( pmin.11, pmin12 ) = 0.0048

4 M
Pmin.2 = 3 ﬂfy bd( d-a/2) =0.0459

pmin = Min ( pmin1 , pmin2 ) = 0.0048

_ fe &\ _
pet = 0.85 ﬁl( 7, ) ( 70004 )—0.0396

Pmax = Pet = 0.0468
Check ratio of tensile reinforcement

p="p. g = 0.0157

pmin < p < pmax — O.K
Calculate moment capacity

As f
___HKsly _
a=73g5 febw — 19.76mm

2 =0.900
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Mn=Asfy (d-a/2)=22.07kN-m
gMn = 19.86kN-m

Calculate ratio of moment capacity
Mu/ 8Mn=1.965 - N.G

Check Shear Capacity ( RC Section Only)
Calculate shear strength by concrete
g =0.750 d = 144mm

oVc=90.17 \/ f'e bwd=22.87kN

Vu > gV — Shear reinforcement is required

Calculate required shear strength by shear reinforcement
Vsreq=(Vu-8Vc) /o =56.23kN

Ve =0.33 \/ f'c bwd=59.20kN Referto [ 11.4.5.3]

V2= 0.66 \' f'c bwd=118kN
Vsreq < Vez — O.K
b
Av.minus = 0.062 \/ f'c f_;,tv , Av.minzs = 0.35 F
Av.min /s = max [ Avmint /S, Avminz /s ] = 0.184mm2/mm

Avreqo /S = %‘d— = 0.929mmzmm

"o
Av.req /S = max [ Avmin /S , Avreqo /S ] = 0.929mmz2/mm
Calculate shear strength by stirrup
Nigg =2 Av1 =78.54mm? (P10)
Ay f d
== 2377k
Calculate ratio of shear capacity
2Vhn =0V + Vs = 46.64kN
Vu/ gVn=1.395 - N.G
Calculate spacing limits for reinforcement
Smax.0 = min [ d/2, 600mm ] = 72.05mm
Nieg Avt

-— € -—
Sreq = Av.req /s = 169mm
Smax = mMin [Smax.o , Sreq ] =72.05mm
$ =300mm > Smax = 72.05mm — N.G

oVs=g

Check the Strengthening Limit Criteria

[ ACI 440.2R-08 / 9.2 - Strengthening limits ]
Bending Moment Strength without FRP

2 =0.900

Mns = 22.07kN-m

@Mhs = 19.86kN-m

Check the Strengthening Limit Criteria
Munew = 1.1MpL + 0.75MrL = 0.000kN-m
Mu.new / 8Mns = 0.000 < 1.000 — O.K

Calculate Moment of Inertia of Cracked Section Transformed to Concrete
Calculate Modulus of Rupture

fr =0.634/ fok = 5.440MPa
n= Es/ Ec = 4849
Calculate Moment of Inertia of Cracked Section Transformed to Concrete
d =144mm
d'=39.00mm
As = 339mm2
A's = 226mm?
(n-1)As
y= A =0.529
B=b/nAs=0.0912
kd = 45.64mm
k=0.317
lg=bh3/12=100,150,075mm*

b ( kd)®
lor = 43—L +nAs (d-kd) 2+ (n-1) A (kd-d) 2 =20,743,035mm*
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Search Neutral Axis
Calculate the Design Strain of the FRP System
ne=1
tr=0.337mm
gfd.cal = 0.410 4/ fox / n Erte = 0.012923
efdmax = 0.90 er = 0.016065
efd = 0.012923
Calculate the Existing State of Strain
dr = 200mm
evi = J—ZMDLl dé X9 - 6.000000

cr c
Estimate the Depth to the Neutral Axis
€ =39.72mm

Calculate the Effective Level of Strain in the FRP Reinforcement

gcu = 0.003000
di-c
Efe.cal = Ecu T - epi =0.012124
gfemax = &fd = 0.012923
ere = 0.012124
Calculate the Concrete Strain
c

e = ((&fe + b ) ( dr-c ) =0.003000
Calculate the Stress Level in the Reinforcing Steel
d =144mm

d-c

f-C

as:(efe+abi)( d

fscal = Es &s = l,576MPa

fsmax = fy = 460MPa

fs = 460MPa

Calculate the Stress Level in the Reinforcing FRP
fre.cal = Ef efe = 2,789MPa

fre.max = fru = 2,975MPa

fre = 2,789MPa

Calculate the Internal Force Resultants

g'¢e=1.7 fc / Ec = 0.003174

) =0.007882

4¢-

Bi=Gen 3 g = 0743
3ecec- (& 2

m=" pi(e0)? - 0.871

Verify Force Equilibrium

As = 339mm?

As =50.55mm?

Fs = As fs = 156kN

Ff = A fre = 141kN

Frens. = Fs + Ff = 297kN
Fcomp. = a1 fek B2 b ¢ = 297kN

Calculate Flexural Strength

Calculate Flexural Strength Components

Mns = Asfs (d - B1c/2)=20.19kN-m

Mt = A fre (di- B1c/2) =26.15kN-m
Calculate Design Flexural Strength of Section
2 =0.900

v =10.850

9Mn = @ [ Mns + y Mt ] = 38.17kN-m

Mu/ 8Mn = 1.022 > 1.000 — N.G

Check Service Stress in the Reinforcing Steel and FRP
Calculate the Elastic Depth to the Cracked Neutral Axis

As = 339mm?

As = 50.55mm?

d = 144mm
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ds=200mm
ps = 0.015697
pr=0.001684
k=+ (ki)2+2kz - ki=0.345
Es Ef
ki =ps E TPES
Es Ef df
k2 = ps E TPME 4
kd = 49.77mm
Calculate the Stress Level in the Reinforcing Steel
ebi = 0.000000
‘ [ Ms + epi A¢ Ef (df- kd/3)] (d-kd) Es
S.S

fss.max = 0.80 fy = 368MPa
fss / fssmax = 0.000 < 1.000 — O.K

Check Creep Rupture Limit at Service of FRP
Calculate the Stress Level in the Reinforcing FRP

frs = fos (%) ( di-kd) . E=0.000MPa

d - kd
fru = 2,975MPa
frs.max = 0.550 fru = 1,636MPa
frs / frsmax = 0.000 < 1.000 — O.K

Calculate Shear Strength by FRP

Shear Strength without FRP

2 =0.750

V¢ = 30.50kN

Vs =56.23kN

oVns = 46.64kN

#Vnsmax = 112kN

Calculate the Effective Strain Level

nf=1

tr=0.337mm

drv = 144mm

23,300

e(_l"lf tr Ef) 0.58

ki = (fo/27.00)23=2.011

— M =0.764

ke = dw

Kv.ca% =0.246

Kv.max = 0.750

kv = 0.246

&fe.cal = Kv €fu = 0.004389

efe.max = 0.004000

gfe = 0.004000

Calculate the Contribution of the FRP Reinforcement
= 0.850

wr = 500mm

st = 400mm

Ar =2 n tf ws = 337mm2

fre = ere Er = 920MPa

V= i zf: v _ 119k

Calculate Shear Strength Ratio

8V =0 (Ve + Vs+ ye Vi) = 112kN
Vu/8Vn=0.582<1.000 - O.K

=34.00mm

Calculate Development Length
[ ACI 440.2R-08 / 13.1.3 - Development length ]
Calculate Development Length

~ASEs (d-kd/3) (d-kd)+ ArEs (di- kd/3) (di- kd

) = 0.000MPa
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POS. Apply Pieces lot (mm) Description

(1) Yes 1 93.98 Bottom of Beam

(2) Yes 1 93.98 Side of Beam ( Shear )

lar = 1.000 \ n Es ts/ ( fo) V2
Case 7- FRP Strengthening Detailed Calculations-Midas Design Plus 2021

MEMBER NAME : Model No.2- Normal Weight Aggregate Sample ( NWA-2).

General Information

Design Code : ACI318M-14

Reference Code  : ACI 440.2R-08

[ Guide for Design and Construction of Externally Bonded FRP System for Strengthening Concrete Structures. ]
Code Unit :N, mm

Material
Concrete
fek : 70.50MPa
Ec : 39,463MPa
Rebar
fy : 460MPa
fys 1 420MPa
Es : 200,000MPa
FRP / Carbon ( MasterBrace FIB 600/50 CFS)
*r : 3,500MPa
E*5s : 230,000MPa
tr :0.337mm
¥y :0.021000
Fiber Type : Carbon
s
® ®
g g )
® o o
- (1)
l 1% J
! !
Section
Beam
Section Size 1150 x 200mm

Slab Thickness :0.100mm
Effective Width ~ : 500mm
Cover  :23.00/40.00mm

Compression : Not Considered
Splicing Limit : 50%
FRP / Carbon
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POS. Apply Size(mm) Pieces Description
(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top)
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam

FRP / Carbon ( Shear / U-Wraps ( 3 Sides Bonded ) )

W 1 500mm

St :400mm

Rebar

Top Bar :2-P12 (As = 226mm?)

Layer1 :2EA (Cc=39.00mm)

Bot Bar :3-P12 ( As = 339mm?)

Layer1l :3EA(Cc=56.00mm)

Stirrup  : 2-P10@300 ( As = 157mm2)

Design Force

Design Force

Mu.oL : 0.000kN-m

Mu.LL : 0.000kN-m

Mux 1 37.88kN-m

Vuy :63.14kN

Design Data

Exposure Conditions : Exterior Exposure

Calculate the Design Material Properties

[ ACI 440.2R-08 / 9.4 - Design material properties ]
Calculate the Design Material Properties

Ce =0.850

fru = Ce f*u = 2,975MPa

efu = Ce e*ru = 0.017850

Ef = fru / £*r = 230,000MPa

Check Bending Moment Capacity ( RC Section Only )
Calculate design parameter

B1=0.650

Check space of rebar

Smaxt = 380 (Zf_fo) - 2.5¢c, Smax2 = 300 (Zf_?o)

Smax = Min ( Smax1 , Smax2 ) =222mm, Nreq =2
s=19.00 <222mm — O.K
Calculate required ratio of reinforcement

0.254/ f 14

Pmin.11 = fy ) Pmin.12 = T
pmin.1 = Max ( pmin.11, pmin12 ) = 0.0046

4 M
Pmin.2 = 3 ﬂfy bd( d-a/2) =0.0450

pmin = Min ( pmin1 , pmin2 ) = 0.0046

_ fe &\ _
pet = 0.85 ﬁl( 7, ) ( 70004 )—0.0363

Pmax = Pet = 0.0363
Check ratio of tensile reinforcement

p="p. g = 0.0157

pmin < p < pmax — O.K
Calculate moment capacity

As f
___HKsly _
a=73g5 febw — 17.36mm

2 =0.900
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Mn=Asfy (d-a/2)=21.14kN-m
gMn = 19.02kN-m

Calculate ratio of moment capacity
Mu/ @Mn=1.991 - N.G

Check Shear Capacity ( RC Section Only )
Calculate shear strength by concrete
g =0.750 d = 144mm

oVc=90.17 \/ f'e bwd=22.87kN

Vu > gV — Shear reinforcement is required

Calculate required shear strength by shear reinforcement
Vsreq=(Vu-8Vc) /o =53.69kN

Ve =0.33 \/ f'c bwd=59.20kN Referto [ 11.4.5.3]

V2= 0.66 \' f'c bwd=118kN
Vsreq < Vez — O.K
b
Av.minus = 0.062 \/ f'c f_;,tv , Av.minzs = 0.35 F
Av.min /s = max [ Avmint /S, Avminz /s ] = 0.184mm2/mm

V.
Avreqo /S = ﬂd— = 0.887mmmm

"o
Av.req /S = max [ Avmin /S , Av.reqo /S ] = 0.887mmz2/mm
Calculate shear strength by stirrup
Nigg =2 Av1=7854mm? (P10)
Ay f d
== 2377k
Calculate ratio of shear capacity
2Vhn =0V + Vs = 46.64kN
Vu/ gVn=1.354 - N.G
Calculate spacing limits for reinforcement
Smax.0 = min [ d/2, 600mm ] = 72.05mm
Nieg Avt

-— € -—
Sreq = Av.req /s = 177mm
Smax = MIN [ Smax0 , Sreq ] = 72.05mm
$ =300mm > Smax = 72.05mm — N.G

oVs=g

Check the Strengthening Limit Criteria

[ ACI 440.2R-08 / 9.2 - Strengthening limits ]
Bending Moment Strength without FRP

2 =0.900

Mns = 21.14kN-m

@Mns = 19.02kN-m

Check the Strengthening Limit Criteria
Munew = 1.1MpL + 0.75MrL = 0.000kN-m
Mu.new / 8Mns = 0.000 < 1.000 — O.K

Calculate Moment of Inertia of Cracked Section Transformed to Concrete
Calculate Modulus of Rupture

fr =0.63 4/ fok =5.206MPa

n=Es/E.=5.068

Calculate Moment of Inertia of Cracked Section Transformed to Concrete

d =144mm
d'=39.00mm
As = 339mm2
A's = 226mm?

g n-1 }A's
Y= A =0.535
B=b/nAs=0.0872
kd = 46.37mm
k=0.322

lg=b h3/12 = 100,150,075mm?

b ( kd)®
lor = 43—L +nAs (d-kd) 2+ (n-1) A (kd-d) 2 =21,459,190mm*
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Search Neutral Axis
Calculate the Design Strain of the FRP System
ne=1
tr=0.337mm
gfd.cal = 0.410 4/ fex / n Ertr = 0.012365
efdmax = 0.90 er = 0.016065
efd = 0.012365
Calculate the Existing State of Strain
dr = 200mm
evi = J—ZMDLl dé X9 - 6.000000

cr c
Estimate the Depth to the Neutral Axis
€c=41.39mm

Calculate the Effective Level of Strain in the FRP Reinforcement

gcu = 0.003000
di-c
Efe.cal = Ecu T - epi =0.011517
gfe.max = &fd = 0.012365
gre = 0.011517
Calculate the Concrete Strain
c

e = ((&fe + b ) ( dr-c ) =0.003000
Calculate the Stress Level in the Reinforcing Steel
d =144mm

d-c

f-C

as:(efe+abi)( d

fscal = Eses = 1,489MPa

fsmax = fy = 460MPa

fs = 460MPa

Calculate the Stress Level in the Reinforcing FRP
fre.cal = Ef efe = 2,649MPa

fre.max = fru = 2,975MPa

fre = 2,649MPa

Calculate the Internal Force Resultants

g'¢ = 1.7 fo / Ec = 0.003037

) =0.007445

4¢-

Bi=Gen 3 g =0.748
3ecec- (& 2

=" (e 0.885

Verify Force Equilibrium

As = 339mm?

As =50.55mm?

Fs = As fs = 156kN

Ff = A fre = 134kN

Frens. = Fs + Fr = 290kN
Fcomp. = a1 fek B2 b ¢ = 290kN

Calculate Flexural Strength

Calculate Flexural Strength Components

Mns = Asfs (d - B1c/2)=20.07kN-m

Mt = As fre (di- B1c/2) =24.74kKN-m
Calculate Design Flexural Strength of Section
2 =0.900

v =10.850

9Mn = @ [ Mns + yf Mt ] = 36.99kN-m

Mu/ 8Mn = 1.024 > 1.000 — N.G

Check Service Stress in the Reinforcing Steel and FRP
Calculate the Elastic Depth to the Cracked Neutral Axis

As = 339mm?

As = 50.55mm?

d = 144mm
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ds=200mm
ps = 0.015697
pr=0.001684
k=+ (ki)2+2kz - ki =0.352
Es Ef
ki =ps E TPES
Es Ef df
k2 = ps E TPME 4
kd = 50.65mm
Calculate the Stress Level in the Reinforcing Steel
ebi = 0.000000
‘ [ Ms + epi A¢ Ef (df- kd/3)] (d-kd) Es
S.S

fss.max = 0.80 fy = 368MPa
fss / fssmax = 0.000 < 1.000 — O.K

Check Creep Rupture Limit at Service of FRP
Calculate the Stress Level in the Reinforcing FRP

frs = fos (%) ( di-kd) . E=0.000MPa

d - kd
fru = 2,975MPa
frs.max = 0.550 fru = 1,636MPa
frs / frsmax = 0.000 < 1.000 — O.K

Calculate Shear Strength by FRP
Shear Strength without FRP
2 =0.750
V¢ = 30.50kN
Vs =53.69kN
oVns = 46.64kN
#Vnsmax = 112kN
Calculate the Effective Strain Level
nf=1
tr=0.337mm
drv = 144mm
23,300

¢ (_I"If tr Ef) 0.58

ki =(f/27.00)2%3 =1.896

— M =0.764

ke = dw

Kv.ca% =0.232

Kv.max = 0.750

kv =0.232

&fe.cal = Kv €fu = 0.004139

efe.max = 0.004000

gfe = 0.004000

Calculate the Contribution of the FRP Reinforcement
= 0.850

wr = 500mm

st = 400mm

Ar =2 n tf ws = 337mm2

fre = ere Er = 920MPa

V= i zf: v _ 119k

Calculate Shear Strength Ratio

8V =0 (Ve + Vs+ ye Vi) = 112kN
Vu/8Vn=0.565<1.000 — O.K

=34.00mm

Calculate Development Length
[ ACI 440.2R-08 / 13.1.3 - Development length ]
Calculate Development Length

~ASEs (d-kd/3) (d-kd)+ ArEs (di- kd/3) (di- kd

) = 0.000MPa
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POS. Apply Pieces lot (mm) Description
(1) Yes 1 96.08 Bottom of Beam
(2) Yes 1 96.08 Side of Beam ( Shear )

lar = 1.000 4/ n Ests/ ( fo) 12

Case 8- FRP Strengthening Detailed Calculations-Midas Design Plus 2021

MEMBER NAME : Model No.2- Normal Weight Aggregate Sample ( NWA-2).

General Information
Design Code : ACI318M-14
Reference Code  : ACI 440.2R-08

[ Guide for Design and Construction of Externally Bonded FRP System for Strengthening Concrete Structures. ]

Code Unit :N, mm
Material
Concrete
fex : 70.50MPa
Ec : 39,463MPa
Rebar
fy : 460MPa
fys : 420MPa
Es : 200,000MPa
FRP / Carbon ( MasterBrace FIB 600/50 CFS)
1 : 3,500MPa
E*ts : 230,000MPa
tr :0.337mm
e*u :0.021000
Fiber Type : Carbon
® ®
g o 8
® o ©
4 @

| 150 |

' '
Section
Beam
Section Size 1150 x 200mm
Slab Thickness :0.100mm
Effective Width  : 500mm
Cover  :23.00/40.00mm
Compression : Considered
Splicing Limit : 50%
FRP / Carbon
| POS. | Apply [ Size(mm) [ Pieces | Description
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(1) Yes 150 1 Bottom of Beam
(2) Yes 200 1 Side of Beam ( Shear )
(3) No 120 1 Side of Beam ( Bottom )
(4) No 120 1 Side of Beam ( Top )
(5) No 100 1 Bottom of Slab
(6) No 150 1 Top of Beam

FRP / Carbon ( Shear / U-Wraps ( 3 Sides Bonded ) )

Wi : 500mm

St 1 400mm

Rebar

Top Bar :2-P12 (As = 226mm?)
Layer1 :2EA (Cc=39.00mm)
Bot Bar :3-P12 ( As = 339mm?)
Layer1 :3EA (Cc=56.00mm)
Stirrup  : 2-P10@300 ( As = 157mm2)

Design Force

Design Force

MupL  :0.000kN-m
Mu.LL : 0.000kN-m
Mux : 37.88kN-m
Vuy : 63.14kN

Design Data

Exposure Conditions : Exterior Exposure

Calculate the Design Material Properties

[ ACI 440.2R-08 / 9.4 - Design material properties ]

Calculate the Design Material Properties
Ce=0.850

fru = Ce f*u = 2,975MPa

efu = Ce £*r = 0.017850

Ef = fru / £*r = 230,000MPa

Check Bending Moment Capacity ( RC Section Only)

Calculate design parameter
B1=0.650
Check space of rebar

Smaxt = 380 (Zf_fo) - 2.5¢c, Smax2 = 300 (

Smax = mMin (Smaxl , Smax2 ) =222mm, Nreq = 2
s=19.00 <222mm — O.K
Calculate required ratio of reinforcement

0.254/ f 14

Pmin.11 = fy ) Pmin.12 = T
pmin.1 = Max ( pmin.11, pmin12 ) = 0.0046

4 M
Pmin.2 = 3 ﬂfy bd( d-a/2) =0.0450

Pmin = min ( Pmint , pminz) =0.0046

_ fe &\ _
pet = 0.85 ﬁl( 7, ) ( 70004 )—0.0363

Pmax = Pet = 0.0434
Check ratio of tensile reinforcement

— AS -
P=ond - 0.0157
pmin < p < pmax = O.K
Calculate moment capacity

As f
___HKsly _
a=73g5 febw — 20.67mm

6 =0.900
Mn = Asfy (d - /2 ) = 21.76kN-m

280
w )
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gMn = 19.58kN-m
Calculate ratio of moment capacity
Mu/ 8Mn=1.934 - N.G

Check Shear Capacity ( RC Section Only )
Calculate shear strength by concrete
g =0.750 d = 144mm
oVc=90.17 \/ f'c bwd=22.87kN
Vu > gV — Shear reinforcement is required
Calculate required shear strength by shear reinforcement
Vsreq=(Vu-8Vc) /o =53.69kN
Ve =0.33 \/ f'c bwd=59.20kN Referto [ 11.4.5.3]
Vc2=0.66 \' f'c bwd=118kN
Vsreqg < Vez » O.K

bw

b
Av.minus = 0.062 \/ f' f_;,tv , Av.minzs = 0.35 F
Av.min /s = max [ Avmint /S, Av.min2 /S] =0.184mmzmm

Aureqo f5 =~ = 0 gg7mme/mm
fyt +d

Av.req /S = max [ Avmin /S , Avreqo /s ] = 0.887mmz2/mm

Calculate shear strength by stirrup

Nig=2 Avi=78.54mm?2 (P10)

A f
va:d = 23.77kN

Calculate ratio of shear capacity

2Vn =0V + Vs = 46.64kN

Vu/gVn=1.354 - N.G

Calculate spacing limits for reinforcement

Smax.0 = Min [ d/2, 600mm ] = 72.05mm
Nieg A

Sreq = Aljreq /V; =177mm

Smax = MIN [ Smax0 , Sreq ] = 72.05mm

$ =300mm > Smax = 72.05mm — N.G

oVs=g

Check the Strengthening Limit Criteria

[ ACI 440.2R-08 / 9.2 - Strengthening limits ]
Bending Moment Strength without FRP

2 =0.900

Mps = 21.76kN-m

@Mns = 19.58kN-m

Check the Strengthening Limit Criteria
Mou.new = 1.1Mpr + 0.75MrL = 0.000kN-m
Mu.new / 8Mns = 0.000 < 1.000 — O.K

Calculate Moment of Inertia of Cracked Section Transformed to Concrete
Calculate Modulus of Rupture

fr =0.634/ fox =5.206MPa
n=Es/E:=5.068
Calculate Moment of Inertia of Cracked Section Transformed to Concrete
d =144mm
d'=39.00mm
As = 339mm2
A's = 226mm?

g n-1 }A's
y= A =0.535
B=b/nAs=0.0872
kd = 46.37mm
k=0.322
lg=bh3/12=100,150,075mm*

b (kd)3
lor = 43—L +nAs (d-kd) 2+ (n-1) A’ ( kd-d") 2 = 21,459,190mm*
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Search Neutral Axis
Calculate the Design Strain of the FRP System
ne=1
tr=0.337mm
efd.cal = 0.410/ foc/ n Extr = 0.012365
efd.max = 0.90 eru = 0.016065
erd = 0.012365
Calculate the Existing State of Strain
dr = 200mm
ebi = A—Mml dé X9) - 6.000000

cr C
Estimate the Depth to the Neutral Axis
€c=41.39mm

Calculate the Effective Level of Strain in the FRP Reinforcement

£cu = 0.003000
di-c
Efe.cal = Ecu T - epi =0.011517
gfe.max = &fd = 0.012365
efe = 0.011517
Calculate the Concrete Strain

ec= (e + o) ( df—cc) = 0.003000

Calculate the Stress Level in the Reinforcing Steel
d = 144mm

Ss=(8fe+8bi)( c;jf((:; ):0.007445

fs.cal = Es &s = 1,489MPa
fsmax = fy = 460MPa
fs = 460MPa
Calculate the Stress Level in the Reinforcing FRP
fre.cal = Ef efe = 2,649MPa
fre.max = fru = 2,975MPa
fre = 2,649MPa
Calculate the Internal Force Resultants
g'¢=1.7 fo / Ec = 0.003037
4¢gc-gc

b= o2 - 0748
3ecec- (& 2

=" (e 0.885

Verify Force Equilibrium

As = 339mm?

Ar = 50.55mm?

Fs = As fs = 156kN

Ff = A fre = 134kN

Frens. = Fs + Fr = 290kN
Fcomp. = a1 fok B2 b ¢ = 290kN

Calculate Flexural Strength

Calculate Flexural Strength Components
ns=Asfs (d-B1c/2)=20.07kN-m

Mt = As fre (di- B1c/2) =24.74kKN-m

Calculate Design Flexural Strength of Section

2 =0.900

v =10.850

9Mn = @ [ Mns + yf Mat ] = 36.99kN-m

Mu / #Mn=1.024 > 1.000 — N.G

Check Service Stress in the Reinforcing Steel and FRP
Calculate the Elastic Depth to the Cracked Neutral Axis

As = 339mm?

Ar =50.55mm?

d = 144mm

ds=200mm
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ps = 0.015697
pr=0.001684

k=+ (ki)2+2kz - ki =0.352
Es =
k1 = ps E TPE,
Es Ef df
k2 = ps E + PPE. d
kd = 50.65mm
Calculate the Stress Level in the Reinforcing Steel
ebi = 0.000000
B [ Ms + epi A¢ Ef (d- kd/3)] (d-kd) Es
frs = AsEs(d-kd/3) (d-kd)+ArEs(dr-kd/3) (di-kd)
fss.max = 0.80 fy = 368MPa
fss [ fssmax = 0.000 < 1.000 — O.K

= 0.000MPa

Check Creep Rupture Limit at Service of FRP
Calculate the Stress Level in the Reinforcing FRP

frs = fos (%) ( di-kd) . E=0.000MPa

d - kd
fru = 2,975MPa
fr.s.max = 0.550 fry = 1,636MPa
frs / frsmax = 0.000 < 1.000 — O.K

Calculate Shear Strength by FRP
Shear Strength without FRP

g =0.750

V. = 30.50kN

Vs = 53.69kN

oVns = 46.64kN

#Vnsmax = 112kN

Calculate the Effective Strain Level
nf=1

tr=0.337mm

drv = 144mm

23,300
W =34.00mm

ki = (fex/ 27.00 )23 = 1.896

Kv.ca% =0.232

Kv.max = 0.750

kv =0.232

&fe.cal = Kv fu = 0.004139

Efe.max = 0.004000

gfe = 0.004000

Calculate the Contribution of the FRP Reinforcement
= 0.850

ws = 500mm

st = 400mm

Ar =2 n tf ws = 337mm2

fre = ere Er = 920MPa

vy = Aoty ];f: v _ 115k

Calculate Shear Strength Ratio
V=0 (Vc+ Vs+yi Vi) = 112kN
Vu/8Vn=0.565<1.000 — O.K

Calculate Development Length
[ ACI 440.2R-08 / 13.1.3 - Development length ]
Calculate Development Length

| POS. | Apply | Pieces [ lsr(mm) | Description

376



(1)

Yes

1

96.08

Bottom of Beam

(2)

Yes

1

96.08

Side of Beam ( Shear )

lor = 1.000/ 0 Ex tr / ( fo) 12
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