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Abstract

The main purpose of this research is to investigate the behavior and

performance of inverted T beams of reinforced concrete by using a variety of
retrofits (strengthening and repair) by external bonding technique (EBR)
with carbon fiber strips (CFRP) or steel plates to upgrade existing structures
and increase their flexural capacity. The current research study consisted of
two parts. The first part included the practical part for preparing and
checking thirteen reinforced concrete for beams inverted T beams divided
into three groups in addition to the reference beam or control beam. The first
group consisted of five inverted T beams strengthened with the external
bonding of the CFRP strips to show the effect of the effective length and
width of the CFRP strips on the beam's behavior and load capacity. The
second group consisted of five inverted T beams strengthened with the outer
bonding of the steel plates to show the effect of the effective length and
width of the steel plates on the conduct of the beams and the amount of
bearing. The third group, consisted of two inverted T beams to investigate
the bearing and behavior of the inverted T beams, cracked and repaired by
external bonding technique (EBR) for carbon fiber strips (CFRP) or steel
plates. All inverted T beams had the same dimensions and the same rebar for
tension, compression, and shearing. All inverted T beams were examined
under simply supported conditions. The load in the first and second groups
was examined to the stage of failure, while the beams in the third group were
subjected to the load to the stage of cracking and after repaired, the load was
brought to the stage of failure. The practical results showed that the use of
the strengthening technique by external bonding with carbon fiber strips or
steel plates improved the behavior and bearing capacity of the inverted T-
reinforced concrete beams. The increase in the load capacity of the inverted

T beams reinforced with carbon fiber strips ranged between 10.2% and



45.4% of the load capacity of the reference beam (unstrengthened beam),
and the increase in the load capacity of the inverted T beams strengthened
with steel plates ranged between 0.7% and % 31.1 of the load capacity of the
reference beam (unstrengthened beam). It was noted that the model
strengthened with CFRP strips measuring length and width (80% and 60%),
respectively, gave the highest increase in the ultimate load when compared
with other types of beams strengthened with CFRP strips. The results also
showed a high flexural strength when using the CFRP strengthening
technique, compared to the other type of strengthening technique by steel
plates. The practical results also included a study of the effect of steel plates
and CFRP in the repair of reinforced concrete inverted T beams. These
results reflected the good susceptibility of steel plates and CFRP in the repair
of damaged beams, as the load capacity of the beams increased by rates
ranging between (29.6% and 39.3%), compared to the control beam. The
results showed that the preferred method for the repair of reinforced concrete
beams for inverted T beams was by using CFRP strips compared to steel
plates. The second part included the study using nonlinear analysis by the
finite element method to suggest the nonlinear behavior of the inverted (T)
reinforced concrete beams. Numerical models were represented using
ABAQUS Standard/Explicit 2019. The finite element method gave results
with good convergence with the practical results, where the difference in the
ultimate load of all retrofit beams ranged from -8.62% to 7.51%, and also a
good agreement was obtained between the load-deflection curves in the
analytical part and the experimental part.

Also, the ABAQUS Standard/Explicit 2019 program was used to develop
the study further and give more results to understand the real behavior of the
analysis of inverted T-shaped reinforced concrete beams retrofitted by

external steel plate or carbon fiber reinforced polymer (CFRP).
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Notation

The major symbols used in this study are listed below, all units are metric: dimensions are in
millimeters, stresses are in MPa, moduli are in MPa, forces are in kKN, and moments are in KN.m.

Symbol Description
A Area of steel
A, Area of two legs of stirrups
a Shear span
b Width of the section
bw Web width
d Effective depth
d’ Depth of compression longitudinal steel centroid
dbar Diameter of steel bar
dc Concrete compression damage parameter
dt Concrete tension damage parameter
Ec Concrete modulus of elasticity
Es Steel modulus of elasticity
fc Stress of concrete
' Nominal concrete compressive strength (cylinder test)
ft Concrete tensile strength
fy Yield stress of steel reinforcement
h Total depth of the beam
hf Flange height
M, Ultimate Bending Moment
P Applied load
P, Ultimate load
V. Shear force carrying by concrete
V., Nominal shear capacity of section
Vs Shear force carrying by stirrup.
A Ultimate Shear Load
B1 Concrete stress-block factor controlling the block height
bs Deflection of member at service load
Ec Compressive strain in concrete
Ecu Ultimate compressive strain of concrete
p Reinforcing bar ratio
Pmax Maximum steel reinforcement ratio
oc Axial stress in concrete
S Spacing of stirrups
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CHAPTER ONE
INTRODUCTION

1.1 General

Reinforced concrete is defined as the material that is composed of a
steel bar, which is immersed in the matrix of hardened concrete; concrete
bears the compressive forces, while steel bar withstands the tensile forces
[1]. Strict considerations led to the use of reinforced concrete inverted
beams. The inverted beam is of different types, such as | beam, T beam, etc.
as shown in Figure (1-1). The inverted T beam is the RC beam which the
slab is connected with it from the bottom, and the depth of the beam is
upward, on the contrary, for the dropped beam (T beam), where the slab is
connected with the beam from the top and its fall is to the bottom [2-4]. As
for the reinforcing steel of the inverted beam, it is the same as the reinforcing
steel of the ordinary beam (T beam), except in the inverted beam, it needs
intensive reinforcing steel to resist the tensile stress, where the inverted beam
Is in contact with the slab steel and this characteristic is not present in the
ordinary beam (T beam) because the steel will be in the pressure area in
relation to arming the flange as mentioned in the ACI- Code 2019 in the
section R9.6.1.2 [5]. While, There is no difference between the ordinary
beam (T beam) and the inverted beam in terms of the moment of inertia, as
both beams give the same efficiency in resisting moments. The design of the
inverted T beam is similar to the ordinary beam (T beam) when the flange in
the T beam is in tension, whereby the T beam resists the negative moment,
so the formula for the rectangular beam design will be used according to the
ACI-Code 2019][5].
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(a):(1-a) and (2-a) represent Inverted T beam (b):Inverted | beam

Figure (1-1): Various shapes of inverted beams [2-4]

In this research project, the study of the inverted beam was chosen due
to its multiple benefits, which are as follows: Inverted beams are used to
reduce the loads on the slabs, it allows the use of a larger slab range (large
space), the inverted beam is used when there is an architectural problem such
as the projection of the beam, which hinders service extensions such as air
conditioning (it is used in mechanical air ducts), as well as when there are
problems in stairs and entrances, lastly, the inverted T beams are provided
exclusively for architectural aesthetic purposes inside the building to
Improve the architectural aesthetic appearance by providing an elegant lower
surface.

As for the applications of inverted T beams, they are many and varied, as
inverted T beams are used in buildings, bridges, foundations, and floors, in
various places of the world. Where are the applications of inverted T beams:
# The inverted T beam is cast either on site, precast, and prestress, the

inverted T beam use as bent caps widely in construction especially

bridges to improve the clearance beneath beams, reduce the elevation of

the bridges and for improving the aesthetic, the bent caps are beams

2
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which support bridge girders over ledges close the bottom of the beam as
shown in the Plate (1-1) [2].

Plate(1-1): Typical inverted bent-caps [2]

#+ Pre-stress inverted T beams have a constant cross-section, where
prestress inverted T beams have many uses in floor construction where
the floor is made of pre-stress inverted T beams with clay hollow
block in fills or with concrete then covered with concrete in the site to
form the floor slab and the ribs, where the floor be in different types
such as (a)single beam floor, (b) double beam floor and (c) full beam

floor as shown in the Figure (1-2) [4].

(a) Single beam floor (b) Double beam floor (c) Full beam floor

Figure (1-2):Floor made of pre stress inverted T beam [4]
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+ The precast concrete inverted T beam was developed by the university
of Nebraska to produce short to medium-span bridges, where from
benefits the precast inverted T beam are didn't require site formwork,
Is faster to build than the cast in site reinforced slab bridge, and its

weight proper for country bridges where don’t need to have heavy

lifting equipment as shown in the Plate (1-2) [5].

Plate (1-2): Precast concrete inverted T beam [5]

+ Lastly, Inverted T beams are used in foundations to meet weaknesses

points in the different soils and for purpose of seismic design [2].

1.2 Retrofitting Techniques for RC Structures

The most popular way to reinforce a concrete construction is to utilize
steel reinforcing bars that are placed in the construction before the concrete
Is cast. Since a structure may have to hold larger loads at a later history or
achieve new design standards. In utmost cases, construction will have to be
repaired due to an incident such as earthquakes, or fires. A further cause can
be found that causes have been made through the design, construction stage,
and deterioration due to corrosion happening in the steel caused by exposure
to an attacker environment resulting in the requirement for strengthening the

structure before employment. If any of these conditions will grow; there are



CHAPTER ONE INTRODUCTION

two likely solutions such as replacement or retrofitting. Full structure the
replacement may cause disadvantages like high costs for material and labor,
an inconvenience due to interruption of the function structure so it is often
better to repair or improve the structure by retrofitting [6,7], where the
retrofit is mainly used in some countries for the purpose of seismic
modernization of bridges. In other countries, retrofit is used as the term that
includes all the strengthening and repair activities[8]. The basic concept of
retrofitting is the up gradation of the strength of the structures and the
increase in stiffness of the structures [9].

The load-carrying capacity of most RC beams requires strengthening to
resist early failure and prolong service life. Where the RC beams typically
undergo flexural and shear failure. There are several methods used to
strengthen RC beams; a common method is the use of externally bonded
sheets or plates with high-strength materials, such as fiber-reinforced
polymer, polyester, steel plates, wire mesh, and textile fabrics [10-14]. It is
necessary nowadays to find repair techniques suitable in terms of fast
processing time and low cost. Carbon fiber reinforced polymer (CFRP) or
steel plates are the famous repairing and strengthening systems or retrofitting
systems, therefore, they are used in this study [15], as shown in the Plates (1-
3) and (1-4) respectively [9].

Plate(1-3): Retrofitting by CFRP [9] Plate(1-4): Retrofitting by steel plate [9]
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1.3 (FRP) Material

Fiber reinforced polymer (FRP) composite of materials are consist of
high strength fiber found in polymer resin matrix. The benefit polymer found
in the composite of matrix is used to link the fiber together, also its used to
transfer forces between fibers and used to maintain fibers from environment

damage and external mechanical as shown in Figure (1-3) [16].

\ Polymer

Matrix

Figure(1-3):Composition of FRP material [16]
Fibers used in the (FRP) are carbon, glass and aramid[17].Table (1-1) gives
comparison of properties of FRP sheet generated with different fibers[18].

Table (1-1):Comparison of the properties of the different FRP sheet[18]

Characteristics Carbon Aramid E-glass
Tensile strength Very good Very good Very good
Compressive strength Very good Inadequate Good
Stiffness Very good Good Adequate
Long term behaviour Very good Good Adequate
Fatigue behaviour Excellent Good Adequate
Bulk density Good Excellent Adequate
Alkaline resistance Very good Good Inadequate
Cost Adequate Adequate Very good

1.3.1 Carbon Fiber Reinforces Polymer (CFRP) in (RC)

CFRP combined material consist of the polymer matrix strengthened
with the carbon fiber mat, cloth or strands [19]. Externally bonded CFRP

sheets technology is one of the most important technologies used in
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strengthening and repairing or retrofitting reinforced concrete (RC) that was
started in 1980s and for now has attracted researchers around world. This is
due to advantages and characteristics of CFRP. From applications this
method of retrofitting with externally CFRP sheets applied to strengthen and

repair many of structures such as beams, columns, slabs, walls, etc. as shown
in the Plate (1-5) [20-22,18].

(b) Increase axial load in building[20] (c) Strengthening real bridge[21]

L iaas FRP for Shear
\ : I (Typ.)

g girder bridge[21]

CFRP Sheet for [
tension o FRP for
2 . Bending (Typ.) |

(d) Repair historic old building[20] (f) Strengthenin

i

Plate (1-5):Applications of CFRP strengthening and repair system
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The CFRP has many advantage compared with steel where it has two
times higher in stiffness, five times higher in tensile strength as shown in the
Figure (1-4), more durable and corrosion resistance, excellent fatigue
properties and environmental and chemical resistance. This is the cause for
using like this fiber in strengthen to increase of loading capacity, repair of

faults and to prevent of the defects caused by explosions or earthquakes [23].

CFRP

Steel

Ty

m LTI R L A R T AR A Iy R A Y]

i o,

sy CFRPu esu L=

Figure(1-4):Stress-Strain Relationship CFRP Comparison with Steel[23]

1.3.1.1: Advantage of CFRP

The CFRP have several advantages including [24,18]:
(1) Very high strength (E > 165000MPa, tensile strength > 2400MPa).
(2) Excellent fatigue strength and high strength to weight ratio.

(3) Availability in any length and ability to be transported in rolls.

(4) Durability of the strengthening system (Resistance to corrosion, alkalis
and other aggressive materials).

(5) Light weight and ease of handling.

1.3.1.2: Disadvantage of CFRP

The main disadvantages of CFRP are summarized in the following [24,18]:

(1) Erratic plastic behavior and less ductility.
(2) Could burnt easily.
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(3) High cost.

(4) Strength depends on adhesive matrix(cohesion material) Epoxy to work.

1.4 Steel Plate

The steel sheets are manufactured from the thin strip or coil material. The
steel sheets that are used can be with thickness between (0.8mm-1.2mm).
The steel plates are formed in any required shapes to obtain the strength and
stiffness contractures with low weight and high efficiency [25].

Externally steel plate technology is common strengthening and repairing
or retrofitting that is used in the RC beams, also the technique is used in the
strengthening reinforced concrete structures such as bridges, slabs, and
buildings in different parts of the world as shown in the plate (1-6), which
the external steel plate aims to increase the load carrying capacity and
decrease the service load deflections of the structures, also externally steel
plate have ductile flexural behavior [26,27].

Mechanical fastening to fix steel plate to sides of the reinforced concrete
beam for retrofitting purposes was by adhesion epoxy for steel plate which
epoxy bonded mild the steel plate using on the tension face of the beam has
been proven to be an effective, economical, efficient, and convenient
technique in order to guarantee the flexural and shear performance of RC
beams under service and ultimate loads, and many researchers used adhesive
with epoxy to connect the steel plate with concrete, although bolted steel
plate could have been used and is considered a solution to prevent the
deboning failure, but there is the problem with the use of connecting with
bolts which needed to planning to set and drilling the bolts, also the failure
didn't observe that will happened in the concrete or in the shear connectors
due to strong connection who gets between the concrete and steel plate, also

the anchorage by bolts leads to initial cracking in the beam near bolts holes
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or bolt anchorages leading to the brittle rupture failure of the composed steel

plates which this failure is undesirable[29].

\
retroftted ﬂ "

beams

(a) bridge under retrofitting (b) bridge after retrofitting
Plate(1-6): Retrofitting with steel plate [28]

1.4.1:Advantage of Steel Plate[30,31]
(1) High fatigue strength and high ductility.

(2) Its work with steel plate easily and simple.

(3) Has isotropic material properties (uniform).

(4) Doesn't occur change the overall dimensions of the structures.
(5) Steel plate are cheaper and economical and it is easily available.
(6) It can be ensured without work any damage to the structure.

(7) It has fire resistance.

1.4.2:Disadvantaqge of Steel Plate [32]

(1) Don't have resistance against corrosion.

(2) Difficulty handling, transporting and installing heavy plates.
(3) Limited delivery lengths of the plates are very clear.

10
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1.5 Comparison between FRP and Steel plate

The steel plate is used although owing FRP composites are activity
strengthening or repairing materials such as perfect bonding quality with
concrete and high strength, Table (1-2) [27,34] shows in the following
comparison points the purpose of using steel plate although of found FRP,
where both methods are useful when used, they have their own advantages,
disadvantage, and failure patterns, both according to the way they are used.

Table (1-2):Comparison between FRP and steel plate[26,33]

FRP Steel Plate

1-FRP composites are more costly. 1-Steel plates compared with FRP

are cheap or lower prices.

2-Fire resistance is low. 2-Fire resistance is good.

3-Brittle stress-strain behavior. 3-Ductile stress-strain behavior.

4-1t may available or may not be 4-Avialable everywhere and
available in the place to work. reasonable prices.

5-Working with FRP required 5-Working with steel plate doesn't
skilled workers and has work required skilled workers or skilled
experience, because working with labor, as work with steel plate is fast
FRP required accuracy. and can be completed without stop.

1.6 Research Significance

Generally, the use of RC beams with retrofitting become very famous in
building structures to introduce different services. However, important status
must be given to analysis of such beams by relying on the effect a retrofitting
by CFRP or steel plates. Several investigation had studied the effects of
retrofitting with CFRP or steel plates with different shape, size, and location
on the flexural behavior of RC beams. However, very little researches are

found in literature about the effect of retrofitting with CFRP or steel plate on

11
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the behavior of RC inverted T beams and the effect of the length and width
of the optimum strengthening, in addition, to repair the RC inverted T beam
with the length and width of the optimum strengthening. The important of
this research due to the very little of publications and researches on it. This
research program is decided to fill in this gap by enhancing and evaluating
the information about the behavior of RC inverted T beams with retrofitting
by CFRP or steel plate for present buildings.

1.7 Objectives of the Research

1. The main objective of this research project is to study, experimentally and
numerically the behaviors and load-carrying capacity of simply supported
RC inverted T beams externally retrofitted (strengthened and repaired) with

carbon fiber reinforced polymer (CFRP) strips or steel plates in flexural.

2. Comparison between behaviors of strengthened with CFRP strips or steel

plates and repaired with CFRP strips or steel plates of the inverted T beams.
3. Finding the sufficient length and width for strengthening .

4. Study effect of the presence CFRP strips or steel plates on the width of

the flexural cracks.

4. A 3D finite element method using ABAQUS standard-Explicit 2019
computer program used for nonlinear analysis simply supported RC inverted
T beams with and without found strengthening and repairing with CFRP

strips or steel plates.

5. Then, comparison between the numerical and the experimental results for

knowing the validity and accuracy of the using this technique.

6. Extending the FE (finite element) analysis in order to carry out a
parametric study to search of several variables on the behavior of simply

supported reinforced concrete inverted T beams such as;

12
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a)- Increase the strengthening length of CFRP strips and also, increase the
strengthening length of steel plates.

b)- Increase the strengthening width of the CFRP sheet.

C)- Increase the thickness of the steel plates to (a) 2mm and (b) 3mm.

d)- Increase the number of layers of (CFRP) sheets.

1.8 Research Layout

The present research involves of six chapters as follows:

+ Chapter One: presents general introduction about behavior of reinforced
concrete inverted T beam. Retrofitting of the reinforced concrete structures,
FRP materials, steel plate, advantage and disadvantage and comparison of
the CFRP or steel plate.

+ Chapter Two: presents a review on the previous research carried out on the
experimental and theoretical investigations in the flexural behavior using
CFRP strips and steel plate for retrofitting such as strengthening or repairing
reinforced concrete members.

+ Chapter Three: deals with the experimental work and test including on the
materials properties, concrete mix design of the test program, also cast
program, strengthening and repair of the reinforced concrete inverted T
beam and their test methods.

+ Chapter Four: presents the test experimental results and discussion of the
reinforcement concrete inverted T beam without or with strengthening or
repair including : loads, deflection (load deflection curve ), flexural crack
width and mode of failure is notice.

# Chapter Five: use the finite element program ABAQUS to analyze of the
beams strengthening or repair by CFRP strips or steel plates, then comparing
the experimental results with theoretical results.

+ Chapter Six: presents of the conclusions, summary of research work and

recommendations for the future works.

13
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CHAPTER TWO
REVIEW OF LITERATURE

2.1 General
Retrofitting by externally bonded CFRP or steel plate systems has been

used in most countries of the world to strengthen and repair concrete
structural members such as slabs, beams, columns, trusses, pipes, walls,
etc...

The purpose of this chapter is to give a brief review of the experimental
and numerical researches that studied the behavior of the reinforcement
concrete beams. Also, studied the retrofitting of the reinforced concrete
structures to strengthening and repair by externally steel plate or carbon fiber
reinforced polymer composites that will summary according to the major
studies in this field.

2.2 Experimental studies on (RC) beams

2.2.1: Reinforced concrete Inverted T beam

2.2.1.1 Experimental studies on RC inverted T beam

There is a little researches carry out about subject of the reinforced

concrete inverted T beam

Furlong et al. in (1971) [34] tested six inverted T beams that use as
bent cap beams to support precast members (stringer) under loads in order to
study shear strength, behavior anchorage bars, and the flexural behavior in
the flange. The inverted T beam consists of two components the web and
ledge or brackets. The test loads were applied on the top of the flange of the
inverted T bent cap to show the accounts about the design of reinforcement
In the such beam. Figure (2-1) shows the loads applied to the ledge and

14
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transported to the web. Figure (2-2) show the bracket reinforcement, for
flexural the horizontal bar and with additional horizontal bar parallel to the
flexural steel at the third point approximately of the bracket depth as shown
in Figure (2-2 a) and the diagonal bar would be present as bracket shear
reinforced on the face T beam web as shown in Figure (2-2 b) and hangers
that represent stirrups in the web of the T beam to transport the bracket load

to the upper T beam web as shown in Figure (2-2 c).

—

HANGER (I
TENSION

@ BRACKET
SHEAR

WELD

Y:Typ>—\
]

e

—

(a) HORIZONTAL BARS (b) DIAGONAL BAR (c) HANGERS MUST BE
(PREFERRED) (NOT PREFERRED ) CLOSED ACROSS BOTTOM

Figure (2-2): Bracket reinforcement [34]
All model beams specimens possessed the ultimate shear strength that
was determined of the plain concrete according to the ACI -71 building
code that represents between the compression face and the centroid tensile

15
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steel of the beam on all concrete. Based on the experimental results, the
authors showed that (1) the flange reinforcement which is perpendicular on
the web is very necessary to transport the flange load to the hangers, (2) the
stirrups that represent hangers are also very important to transport the
vertical loads to the web. (3) the forces transmitted to the flange make a big

torsional load on the web.

Furlong and Mirza (1974) [35] reported the same study about inverted
T beam bent caps but carried out a study to known strength and
serviceability on the seven prestress and nonprestress concrete specimens
model inverted T beam bent caps under loads flexural, shear and torsion,
four of them were prestressed. The tests appearance that the prestress
concrete specimen had little cracks under the service load and the transverse
reinforcement had the lower stresses, and the ledge (bracket) must be enough
deep to prevent the punching shear and also show that the ledge must have
the transverse reinforcement strength sufficiently to keep the shear friction
resistance in the face at the web, finally recommended that the web stirrups
that represent the hangers should be sufficient to keep on loads transport
from ledge to web.

It has been found out the behavior of the inverted T RC beam under
combined shear and torsion loads through researchers Deifalla and
Ghobarah (2014) [36] who suggested it by testing the three inverted T
beams. This research was done in order to design specimens to failure under
influence combined shear and torsion and under different ratios, see in
Figure (2-3) the dimensions and graphic system for tested beam, the middle
region (test region) represent combined shear and torsion. The behavior of
inverted T beam was influenced by ratio of the torque to shear. They found

that decreasing the applied torque to shear ratio produced the following:

16



CHAPTER TWO REVIEW OF LITERATURE

1. Significant reduction in the cracking and ultimate torque, spacing
between the diagonal cracks, stirrup strain in the flange and web.
1. Significant increase in the cracking load and failure load, cracking and
ultimate shear, and rigidity in the post cracking torsional.
Ii.  Beam failure that result from reduction in efficiency the stirrup which

the diagonal failure in concrete rather than yield in the stirrup.
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Figure(2-3): Dimension and graphic system for tested beam [36]

2.2.1.2 Failure of the mechanisms inverted T beam in form bent cap

In (1974) Furlong and Mirza [35] classified the failure mechanisms of
inverted T bent caps to six failure modes depending on experimental tests,
which were: flexural, flexural-shear, hanger, torsion, punching, and ledge
(bracket), as shown in Figure (2-4). Flexural failure is represented by
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crushing of concrete or fracture of the tensile reinforcement as shown in
Figure (2-4a). Flexural-shear failure occurs by forming diagonal cracks that
appear in the web after the appearance of the flexural cracks, the flexural-
shear failure consists typically when don't adequate flexural strength when
span to depth ratio is small to resist the moment that occurs in the shear span
as shown in Figure (2-4b). Torsion failure is the appearance when occur
crushing along the spiral crack or anchorage failure along reinforcement as
shown in Figure (2-4c). Hanger failure is the percent yielding the hanger
reinforcement which appearance a vertical separation on the web-ledge in
the interface as shown in Figure(2-4d). Punching failure is made up when the
applied load overpasses the tensile strength in concrete as noted in the
truncated pyramid in Figure (2-4e). The sixth failure is bracket failure which
occurs when the flexural failure at the ledge (bracket) or friction failure at

the face web, in which the ledge is cut off; see Figure (2-4f).
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Figure (2-4): Failure mechanism of the inverted t bent caps [35]
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2.2.2 : Reinforced concrete T beams

The T—shaped cross-section beam consists of the horizontal part known
as the flange for the purpose of resistance compression stresses and the
vertical part known as the web below the flange for the purpose of resisting
the shear stresses and for the purpose of separating the coupling bending
forces [37]. In order to form a strong T-shaped beam, this beam must be
completely poured with the slab. The T beam compared to the I-shape beam
a form that it has a disadvantage because it doesn't have a lower flange that
deals with tensile forces so one method to create a T beam more active
structurally is to utilize an inverted T beam with a bridge deck connection
the tops beams or a floor slab [38]. But, the T-beam is better than the
rectangular beam in the case of a large span because the deflection of the T-
beam is reduced to a good extent.

The history of the T beam goes back to a human the first time who
created abridge with a deck and a pier where case T beam has a vertical
section (web) connection with a horizontal section (flange) at the top, or
connection with a flange in the bottom in case inverted T beam [39]. Then,
use the T beam in the buildings, precast concrete floors, highway overpasses,

and parking garages [40].

2.2.2.1 Experimental studies on reinforced concrete T beam

Bryson and Carpenter (1970) [41] presented an experimental
investigation on the prestress T-shape cross-section beam constructed by
split beam way, the split T beam was tested under the flexure until it fails. In
this investigation, the specimens consisted of beams of the split beams
composite structure and of the conventional monolithic structure. The
monolithic two beams consisted of post-tensioned while the split beams
consisted of both pre-tension and post-tension. All specimens were T-shaped

In the cross-section. The dimensions of the specimens were included 3-in the
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depth of the flange, 15-in were its width ,18-in were the overall depth and

and 19 ft were the long as shown in Figure (2-5).
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Figure (2-5): Beam dimensions and loading details [41]

The variables in this research were the percentage of prestressed steel, the
behavior of prestressing, and the web reinforcement and strength concrete
for the composite split beams in the compressive element. They concluded

this study as the following:

a) Behavior of split beams were similar to the beams monolithically
constructed depend on ultimate loads and flexure response.

b) The strength concrete in the compressive element can be reduced
within the required limits for prestressed part without immolate
ultimate load capacity.

c) The percentage of reinforcing steel that must be available for split

beam was less than the percentage of conventional beam.
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In (1980) Hanson [42] conducted a series of tests on T-shaped
beams in order to study the problem of shear connections between the
cast-in-site concrete slabs and precast concrete beams. The results of
these tests gave an indication that the smooth joint had a horizontal shear
strength of about (2.1 Mpa), while the rough joint had a strength
horizontal shear of about (3.5 Mpa). For the purpose of each reinforced
precast through which the joint passes, the increase in the shear strength
of the joint was equal to the (1.23 Mpa) .

Ghailan, D. B. (2014) [43] conducted an experimental study on six
models of T-section concrete beams, through the use of different types of
concrete that are placed in the flange and /or web. Two of the models
represent the control models and they were made fully of normal concrete
and without any additives while the other models were made fully or
partially of high-strength concrete or reinforced concrete with steel fibers
in the flange and/or the web as shown in the Table (2-1). The test was
conducted for the concrete beams with simple support, by applying a
single point loading in the middle, as shown in Figure (2-6) which shows
the details of the examined beams and the examination program. The
author concluded from the experimental results of the two tests,
depending on the concrete used, that all models under the load limit of
(40- 48 kN) were behaving in an elastic manner. In comparison with the
control beams, the increase in the maximum deflection was (152%)for the
beam with steel fiber reinforced concrete (SFRC) in both the flange and
web and for the beam with normal concrete in the flange and SFRC in the
web was (60%) and the decreased that show in beam with high concrete
strength in the flange and normal concrete in the web was equal
(50.22%). Also, the author concluded that increased by (161%) in the first
cracking load for the beam with high-strength concrete in the flange and
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SFRC in the web while the other models didn't get any significant

changes.

Table (2-1): Properties of the test beams[43]

Beam Type of Concrete
Designation Web Flanze
B2&B6 * TC e RE
NSC NSC
Bl SFRC*** HSC****
B3 SFRC SFRC
B4 SFRC NSC
B3 NSC HSC

*Reference beams
**Normal strength concrete (compressive strength=35Mpa)
***Steel fiber reinforced concrete

****High strength concrete (compressive strength=50Mpa)

Figure (2-6):Details of the tested beams and the testing program [43]

2.3 Methods of Flexural Strengthening
Table (2-2) shows a general summary of the methods used for flexural
strengthening. The main purpose of the flexural strengthening concept is
to increase and improve the stiffness and strength of RC flexural
structures by bonding reinforcement to RC tensile surface members.

Techniques such as steel plate bonding, section enlargement new concrete
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overlay, and external post-tensioning by steel tendon, shown in
paragraphs (a), (b), and (c) in Table (2-2) have traditionally been widely
used. Recently, FRP has been used to flexural strengthen due to its
multiple benefits when compared with the strengthening of flexural
strengthening traditional and also to increase and develop tensile
resistance because it is characterized by high tensile strength as shown in
the paragraph (d) and (e) in the Table (2-2) [44].
Table (2-2): Methods of the Flexural Strengthening [44]

Methods Illustration Description

(a) Section o | * “Bonded” reinforced concrete is
enlargement added to an existing structural
concrete 5
New member in the form of an overlay
® o o | concrete or a jacket.
overlay

(b) Steel plate » Steel plates are glued to the
bonding concrete surface by epoxy
adhesive to create a composite

system and improve flexural

strength.

(c) External post- * Active external forces are applied
tensioning ' to the structural member using
method post-tensioned (stressed) cables to

External improve flexural strength.
steel tendon

(d) Externally * FRP composites are bonded to the
bonded (EB) _ concrete surface to improve the
system e flexural strength. FRP material

= could be in the form of sheets or
plates.

(e) Near-surface- i ’ * FRP bars or plates are inserted
mounted ST, s into a groove on the concrete
(NSM) system | R . surface and bonded to the

' @ ‘ concrete using epoxy adhesive.
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2.4 Retrofitting (RC) by CFRP or Steel plate

2.4.1: Classification of the Retrofitting

Retrofitting is a process based on new technological developments and
scientific knowledge, whereby materials and modern construction methods
are applied to the strengthening and repair of structures where retrofit in
structures is done to increase survivability functionality. The authors
Harshal and Rao (2019) [45] classified and define the retrofit process as a
general term that consists of a variety of treatments, including
(a)rehabilitation, (b)preservation, (c)reconstruction, and (d)restoration.
Selecting the appropriate treatment strategy involved in the retrofit process
must be determined individually for all projects. Depending on project
objectives, renovation and preservation of buildings may involve an array of
diverse technical considerations, such as fire life safety, remedies,
geotechnical hazards, water infiltration and weathering, structural

performance under wind loads, and earthquake.

Rehabilitation refers to the process of creating a new application for a
property through repair, additions, and alterations. Preservation is defined as
the process of applying measures to sustain the present form, probity, and
materials of a historic property. Preservation is preferable than rehabilitation
because it saves its historical, cultural, or architectural values.
Reconstruction refers to replicating a property at a specific period of time.
Restoration is the process of carefully restoring the property as it existed for
a specific period of time. The two authors also showed that retrofits are cost-
effective techniques to strengthen and repair damaged structures rather than

completely replacing them.
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2.4.2 : Historical Development of (FRP)

The FRP materials were used early for experimental work in Germany

in 1978 by (Wolf and Miessler) for retrofitting concrete constructions [46].
The initial applications of the externally bonded FRP-strengthening
technique occur in Switzerland in the year 1987 the leadership (Meier) [47].
The first repair occurred in 1991 on-site by externally bond FRP materials.
Then, the strengthening by externally bonded reinforcement (EBR) FRP was
studied worldwide. After 1995 Japan obtain a sudden increase in the
utilization of FRP composites. In 1997, the reinforced by externally bonded
FRP materials were used in more than 1500 concrete constructions
[48]. After that, there were wide applications for FRP composite
reinforcement covering new installations as well as the repair and

rehabilitation of the present structures.

2.4.2.1 Experimental and Analytical studies of RC with Retrofitting by
EBR (CFRP) in Flexural member

Meier et al. in 1992 [49] tested twenty-six beams whose dimensions
are (150x250x1975 mm) were reinforced by externally bonded together with
CFRP sheets with minimum steel reinforcement in the bottom and top in
addition to shear reinforcement. The beams were simply supported with four
loadings. They found from experimental results that the beam strengthening
with CFRP sheet with dimensions (0.3x200x1975 mm) and bonded to the
tensile face give a percentage increase was 100% in the ultimate load
capacity compared with unstrengthened beam (control beam) and also, they
found that the strengthened beam has the deflection 50% less than the

deflection in the unstrengthened beam (control beam).
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Arduini et al. (1997) [50], modeled RC beams that have been
strengthened by CFRP sheets and plates using a program (ABAQUS) based
on a smeared cracking way. Analyzed the beams strengthened with CFRP
plates by using a two-dimensional mesh, while the beams bonded with CFRP
sheets were modeled in three dimensions. Applied the FRP reinforcement
over concrete elements was directly assuming complete bond. The authors
suggested that the results of the FE analysis appeared a good linkage with
the data of the experimental work. However, the results of the FE analysis
were stiffer compared with the experimental test results. This was back to
the assumption of the complete bond and used the limited number of nodes.
The FE analysis showed that the delamination failure was caused by high

stresses at the end of the FRP plate of the beam.

Shahawy and Beitelman (1999) [51] investigated the experimental
programs consisting of sixteen specimens of RC T beams, six with fatigue
loading and ten with static loading. All specimens were flange, thickness and
width 89, and 584 mm respectively, and tapered web, widths were 150mm in
the part near the flange and 91 mm in the far part. The examination was done
by applying a load to the top of the T beam as shown in Figure (2-7). The
specimens were bonded with external CFRP sheets for flexural
strengthening. The webs were wrapped fully or partially with 1,2,3, or 4
layers of the CFRP sheets. Static test was obtained with specimens wrapped
fully and partially layer of the CFRP sheets and those specimens were loaded
regularly to failure while the Fatigue test was obtained with specimens fully
wrapped. The fatigue loading was between (25 to 50) percent of the capacity
control specimen and at the frequency of 1 HZ. The results of the test were
as follows, effective externally CFRP sheets in improving fatigue and static
testing of the RC T beams also concluded that the effective full wrapping

technique more than the partial wrapping technique for increasing capacity.
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Figure (2-7) :Test setup and details of specimens [51]

Alagusundaramoorthy et al. (2003) [52], the authors conducted an
experimental study whose purpose was to evaluate the effectiveness of the
external bonding of the CFRP or carbon fiber fabric on the nine specimens
strengthened with different layers of CFRP sheets and three specimens
strengthened with different layers of anchored CFRP sheets. An analytical
way depending on equilibrium forces and compatibility of deformations was
found for the flexural behavior of RC beams strengthened by CFRP sheets
and carbon fiber fabric. Comparisons between the experimental test results
and the analytical results found that the flexural strength was increased by up
to 58% on the RC beams strengthened with the anchored CFRP sheets.

Esfahani et al. (2007) [53] was shown through his experimental
research the effect of the reinforcing bar ratio p of the longitudinal tensile
reinforcement on the flexural strength of the strengthened specimens with
varied the length, widths, and number of layers of the CFRP sheets in the
different beams CFRP sheets. They concluded like previous studies, stiffness
and flexural strength of the strengthened specimens increased compared to
the control beams. Also, with the small (p) values the effect of CFRP sheets
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In increasing the flexural strength of the specimens, when compared with
maximum value (p max). The strengthened beams with great reinforcing bar
ratio, near to the maximum value of (p max), the failure occurred with

sufficient the ductility.

Thiemamn (2009) [54] presented the behavior of beam-to-girder
connexion of an inverted-T bent cap beam the bridge using program
(ABAQUS) FEM software. Developed an inverted-T bent cap with bridge
analysis model, girder, bearing pads, and prestressing strands, and the slab
with the reinforcing bars. A damage plasticity model was used, which is
suitable to hold the correct behavior of the concrete under low confining
pressures, and was conveyed to the concrete material. Monolithically model
of the bearing pads to bent cap ledges. The prognosis of the damaged
plasticity model worked fully in reservation the effects but was incapable of

carefully capturing the tensile manner of the concrete under the flexure.

Yousif (2012) [55] did an experimental study about the behavior of
beams strengthened with the (CFRP) sheets, where the loads were
divergence in different situations. The CFRP sheets with (100x100x100) mm
were bonded with epoxy in a U shape, and where put in the tension face and
the web of RC beams to achieve their strengths and ductility. The effect of
the CFRP sheets on the stiffness and strength of the RC beams is represented
for different lengths of the CFRP sheets with different the distance from the
center of the beams, which were increased in the length of the CFRP sheets
according to the variety of the distance between two points load. Six beams
were strengthened with the CFRP systems in six different lengths. The
beams were tested with loaded to the failure. The results from the test were
the modes of the failure were depended on the length of the CFRP sheets and
loads divergence, when bonded the CFRP sheets to the tension face and web,

that leads to an increase in the stiffness and strength and also, they found that
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CFRP sheets can be used to increase strength against the load divergence and
the stiffness of RC beams without leads to tragic brittle failures related to

this the strengthening technique.

Hussein and Razzaq (2017) [56] tested nine prestressed inverted T
beams under distribution load. The cross-section is shown in Figure (2-8).
The purpose of the study was to study the prestressed inverted T beam with
different retrofitting by CFRC sheets for possible application in building
construction. The CFRP sheets were applied in compression and tension
with three different thicknesses. The theoretical analysis also work, was
depending on the coupling moment-curvature relations with the central finite
difference formulation. Based on various retrofitting by CFRP sheets, the
conclusions have developed an increase in loads capacity of prestressing
inverted T beams retrofitting by CFRP sheets and an increase in effective
CFRP retrofitting on both the compression and tension, and it most effective
in reducing the deflection of the beam. The results also showed that
retrofitting by CFRP sheets in prestressing inverted T beam, possible use or

applied in the building structures.
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Figure (2-8): Details of beam cross section and the load [56]
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Ayssar and Hani (2020) [57] investigated an experimental study about
strengthening continuous RC beams. The experimental work was carried out
on the 18 T beams, 6 were non-inverted T beams and 12 were inverted T
beams. The various in this study were (a) CFRP widths (b) CFRP
strengthening configurations with the equal area of the CFRP and (c) using

multiple strips, one layer, and use multiple layers.

The investigation was to study these various effects on the ductility and
ultimate load capacity of the strengthened RC beams. The main conclusions
were :

e The ultimate load capacities for the non-inverted T beams
strengthened by CFRP depending on the configuration and area of
CFRP enhanced from 4% to 90% compared with control beam.

e When compared the beam with multiple layers of the CFRP and beam
with single layer, the multiple layers were prefer due to enhanced the
ultimate load capacity, strength, stiffness, and toughness of the

strengthened beams.

For the inverted T beams that act negative bending (supports) in the

continues beams, the main conclusion were:

e Depending on the configuration and area the CFRP sheets ,the loads
were enhanced from 2% to 35% .

e \When used multiple CFRP, the failure modes were desired compared
with the single.

e \When the width the CFRP to width beam ratio increased, that leads to

increase the ultimate load and stiffness.

The analytical calculation also investigated and compared with the

experimental results, they were very near.
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2.4.2.2 Failure modes in RC beams with FRP plate or sheets

A series of experimental research was carried out in various years by
the following researchers e.g. Richie et al.(1991) [58], Saadatmanesh and
Ehsani (1991) [59], Triantafillou and Plevris (1992) [60], Chajes et al.
(1994) [61], Sharif et al. (1994) [62], Hefferman and Erki (1996) [63],
Shahawy et al. (1996) [64], Takeda et al. (1996) [65], Arduini and Nanni
(1997) [66], Malek et al. (1998) [67], Grace et al. (1998) [68], GangaRao
and Vijay (1998) [69], Ross et al. (1999) [70], Bonacci and Maalej (2000)
[71], Maalej and Bian (2001) [72], Nguyen et al. (2001) [73], Rahimi and
Hutchinson (2001) [74] to examine number of failure modes types observed
in RC beams bonded with flexural strengthened with FRP sheets as shown in
the Figure (2-9) which would be as follows:

1-) Flexural failure: that occur by crushing of the compressive concrete after
or before yielding the tensile steel reinforcement.

2-) Rupture FRP failure: that occur after yielding tensile steel reinforcement.
3-) Cover delamination (shear delamination of concrete cover):that occur
due to the crack at the end of FRP.

4-) Debonding failure:

4-a)Debonding FRP:that occur when debonding FRP from concrete material.
4-b)Interfacial debonding :that occur by flexural crack.

4-c)Interfacial debonding :that occur by flexural shear crack.

5-) Shear failure: that failure formation of shear crack at the end of plate.

The Malek et al.(1998) [67], Maalej and Bian (2001) [72], also, the
author's Ye (2001) [75] and Lau et al.(2001) [76] studied analytically and
experimentally the failure type (3) and (4-a) and showed that these types of
failure occurred in cases the ends the FRP sheets are not completely

anchored, and the failure types (4-b) and (4-c) were occurred by bond-slip
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behavior between the concrete and FRP sheets. Also the
authors Sebastian (2001) [77] and Teng et al. (2003) [78] showed that
these types of failure occurred by change the reinforcing bar ratio in the
neighborhood of the large bending moments, the corrosion of the

longitudinal steel bars and also by increase the shear forces.
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Figure (2-9): Failure modes of RC beams strengthened with FRP sheets

2.4.3 Historical Development of Steel Plate

The steel plate materials were used for the strengthening and repairing of
RC structures. This technique is effective for increasing the flexural and
shear capacity of RC beams. This technique was investigated early and

started in the year the 1960s. The development of use steel plate
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strengthened for the purpose of strengthening structures such as bridges and
buildings in various countries of the world such as Belgium, France, Japan,
Poland, South Africa, Switzerland and the United Kingdom [79].
2.4.3.1 : Experimental and Analytical studies of RC with Retrofitting by
EBR (Steel Plate) in Flexural member

Adhikary and Mutsuyoshi (2002) [80] investigated the theory study

about strengthening flexural RC beams with epoxy-bonded steel plate, by

using the new FEM capable of expecting the strengthened RC beams
depending on the development of the various failure modes. The conclusion
Is that assumption of the perfect bond between the steel plate and RC beams
leads to wrong results and cannot use in all cases of the strengthening beams
with externally bonded epoxy steel plate, only can be used the perfect
bonded when the steel plate was enough long and near from support. When
the steel plate was short and reduce at a large distance from support, the
failure modes were changed from steel plate yielding to steel plate
debonding, while the steel plate was long and extended to a near distance
from support or reduce at distance very near from support, the debonding
failure was minimized. When the steel plate was thicker, the steel plate was a
failure in small loads by debonding failure while the steel plate was a failure
in large loads in case the yielding steel plate failed. The anchorage by the
bolts did not prevent the full failure modes change from the plate yielding to
the plate debonding, it only delay the debonding failure.

Jumaat et al. (2008) [81] investigated the experimental work consisting
of four rectangle cross-section beams. One of them represented the control
beam and the other beams represented strengthened beams with steel plates.
One of the strengthened beams was strengthened without end anchorage,
while the other two strengthened beams were strengthened with anchored
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using L and U shapes. They found from experimental results that each
strengthened beams were given failure loads and cracking loads higher than
the control beam and less deflection, strain, and crack width also than from
the control beam, and it gave a better crack mode compared with the control
beam. The beams with end anchored were given better failure loads
compared with strengthened beams without end anchored. The L shape of

the end anchored beam compared with the U shaped gave a better execution.

Rakgate and Dundu (2018) [82] presented experimental research of 23
flexural behavior rectangular RC beams, 6 beams in group 1 where one
beam represents the control beam, and 17 beams in group 2 where two
beams represent control beams, strengthened in the flexural by externally
epoxy-bonded steel plates, where the ratio of width to thickness was varied.
The group 1, the width of the steel plate varied from 75-175 mm and the
increment was 25 mm, while in group 2, the thickness of the steel plate
varied. They found that compared with the control beams, the flexural
stiffness increased in the case of beams with externally steel plate, also
increased the cracking load and decreased the crack width and deflection,
also found that the ratio of the width to the thickness as low as 12.5 of steel
plate can enhance flexural yielding and wide ductility in the strengthened

beams.
2.4.4 Experimental and Analytical studies of RC with

Retrofitting (Strengthening with CERP or Steel Plate)
Jumaat and Alam (2008) [83] tested three RC beams, the first beam

was represented the control beam (un strengthened beam), strengthened the
second beam with externally steel plate, while the third beam was used the
externally CFRP in strengthening. The purpose from this experimental study

was compared between the flexural strengthened by externally (CFRP and
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steel plate), The details the beams and the strengthening as shown in the
Figure (2-10). The results of this the study were :
¢ The beam strengthened with CFRP was gave the failure loads a little
higher of the beam strengthened with steel plate. The failure was by
separation the concrete cover.
+» The beam strengthened with steel plate gave higher cracking load and
less strains with concrete and steel reinforcement and less deflection.
Also less by crack widths, when compared with the beam
strengthened with CFRP. The failure was by debonding the end plate
followed by separation the concrete cover.
The analytical study also presented on the three RC beams by using finite
element modeling. The analytical results and the experimental results were

corresponded.
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Figure (2-10) [83]:
(a) Details of the RC beam
(b) Details of the strengthened RC beam
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Also, the experimental study was conducted in the year (2018) by
authors (Ercan et al.) [84], on seven beams, one of them represented the
control beam and other beams were, three of them were flexural retrofitting
by CFRP sheets and the other three were flexural retrofitting by steel plates.
This study examined the effectiveness of strengthening by epoxy CFRP
sheets and bolted steel plates on the flexural RC beam, and for comparing
between the retrofitting by the CFRP and the retrofitting by the steel plate.
They concluded from the results of an experimental test that the role of the
CFRP sheets in flexural retrofitting RC beams was preferable to the role of
steel plates. Also, the beams that were strengthened in flexural were subject
to shear failure, which indicates that the specimens had a flexural strength

that was increased.

Also, the authors conducted the analytical study by using the ATENA
program software (Finite Element Methods (FEM)), and prepared the three-
dimensional modeling of unstrengthening and strengthening RC beams.
Analytical results were given an indicator that the strengthened RC beams
had better moment capacity, The shear failure, however, was evident.
Although strengthened specimens were exposed to the shear failure, failure

was not brittle.

2.4.5 Experimental and Analytical studies of RC with
Retrofitting (Repairing with CEFRP or Steel Plate)

Hussian et al. (1995) [85] investigated an experimental program that
deals with the repair technique by bonding to the steel plate. The repair
process for the RC beams by bonding to a steel plate using different
thicknesses without and with end anchorages was carried out after loading

the RC beams to 85% of the ultimate load capacity. They concluded that the
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repaired beams were given a higher strength than the reference beams. The
failure pattern changed from the flexural to the permanent failure when the
thickness of the plate increased due to rupture of the plate causing a decrease
in ductility. The anchoraging bolts did not prevent permanent failure, but it

reduced the yield ultimate strength, and it also improved ductility.

Benjeddou et al. (2007) [86] tested three groups of the eight beams,
group one represented two control specimens, group two represented the
beam was reinforced directly by using CFRP by bonding with epoxy in the
tensile face and the beam was not damaged (not pre-cracked), group three
represented the remaining damaged beams and then repaired by using
different quantities of CFRP with various damage degree, the width of the
CFRP was also various and various the concrete strength types. Table (2-3)
was showed the different parameters for all the types of beams. Each of the
examined specimens had the same dimensions, the same longitudinal
reinforcement, and the same stirrups arrangement. The span length for the
tested beams was (1800 mm). The length of CFRP for the purpose of all
beams that were repaired was equaled (1700 mm). They concluded from the
tested results; the rigidity and load capacity for each tested beams with
damage degrees and then repaired were higher compared with the control
beams, the failure modes were changed for the repaired beams from the
interfacial debonding to the peeling off with increased the width of CFRP
from (50 to 100) mm and for any types of the concrete. The CFRP was given
a significant amount from load capacity and rigidity of the repaired beams.
Similar, the same observations as the result of the experimental study were
noted by the authors (Gao et al. in 2004) [87], except that the criterion
studied was the thickness of the CFRP layers.
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Table (2-3): Details of the various parameters of each beam[86]

Beam Concrete Designation Damage Width of
reference strength degree (%) laminate
fers (MPa) (mm)

CBI 21 Control beam - -

CB2 38 Control beam - -

RBI 21 Reinforced 0 100

RB2 21 Repaired 80 100
RB3 21 Repaired %0 100
RB4 21 Repaired 100 100

RB5 21 Repaired 90 50
RB6 38 Repaired 90 100

Hawileh et al. (2011) [88] conducted an experimental study on three
RC rectangular section beams for the purpose of knowing the behavior of
retrofitted beams by CFRP and epoxy injections. The experimental program
was as follows, the control primary beam (CB), primary beam +90% CFRP
plate (B90OP), and cracked beam + epoxy injections + 90% CFRP plate
(B90OPC). The same concrete mix was used in casting each of the beams. The
pre-cracking strengthening was intended in beam (B9OPC) by using the load
to 35 kN until the flexural cracks, which were 0.03 mm in width and were
seen with the telescope, and after obtaining the required crack width, the
load was removed immediately. Compared the (CB), (B90P), and the
(B9OPC), results appear as shown in Figure (2-11) as the following increased
the load capacity of beams when were used the epoxy injections more than
utilized the bonded CFRP plate, also the Figure showed a reduction of the
ductility with increased the strength of RC beams. The control primary beam
(CB) failed at a load equal to 48 kN, while the other beams ( B9OPC) and
(B90P) were carried out at the ultimate load failure of 71.6 kKN and 61.7 kN
respectively. Generally, the retrofitting beams gave effective results in

strength compared with the control beam.
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Figure (2-11): Load Response of the tested beams [88]

Ramachandary Murtha (2017) [89] investigated the experimental
work consisting of two sets, set-1 represented the damaging stage where the
RC beams were loaded to the load (70%) of yield load. Set-2 was the
laminates stage where these damaged RC beams were repaired with different
amounts of the CFRP laminates bonded externally to the RC beam'’s tension
face and were tested for failure. The experimental results were concluded as
follows, the ultimate load capacity for the strengthening beams were given
17% compared with the control beam when was the width and thickness of
CFRP and damage degree equal to (100mm), (1.2 mm), (and 70%)
respectively. The control beam failed in flexural but, when strengthened with
CFRP, the failure mode would flexural shear failure and was more
dangerous. When the strengthening was worked to the neutral axis of the
beam, the increase in ultimate load capacity was not significant and the cost
was higher three times when compared with the strengthening of the beam at

the bottom face only by CFRP sheets. Also, the analytical work was carried
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out and compared with experimental work for the purpose to utilize the
ultimate load capacity. The analytical work was given a lower value

compared with the experimental work.

In the same year, Sandle and Morgan [90] investigated experimental
test of 12 RC beams with dimensions (175, 300 and 3200) mm wide, deep,
and long respectively that consisted of three sets, set one consisting of two
referenced beams not repaired with steel plates were tested to failure. Set
two were pre-cracked to the serviceability load of the control beams and that
were repaired by the steel plate which used epoxy in the bonded and
consisted of the five beams, while set three were pre-cracked to 85% of the
capacity of control beams and consisted of five beams. The varied parameter
was the width of the steel plate that was used in the repair of beams, where
the increment in width of the steel plate was equal to 25 mm, and the width
varied from (75 to 175)mm. They found that carrying out the external steel
plates with epoxy bonded on the repaired RC beams gave an increment in
maximum load and stiffness and a decrease in the mid-span deflections. The
increment in the strength and rigidity of the repaired RC beams were

increased by increasing the ratio width to thickness of the steel plates.

Feng Ya et al.(2020) [91] determined effectiveness of the CFRP sheets
for RC beams as the flexural repair through the experimental study on the
ten RC beam, one control beam and nine RC beams with CFRP sheets under
pre-damaged load equal to 40% or 80% of yield load of the control beam.
Details dimensions and shape of the CFRP sheets and various reinforced of
the RC beams, for the ten beams, there were six of them reinforced with two
12mm steel bars in the tension area; the remaining four beams were
reinforced with two 16mm in the tension area and all the specimens of the

RC beams in the pressure area were reinforced with 10mm steel bar as
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shown in the Figure (2-12 ). Two types of failure modes for repaired beams
with CFRP sheets under pre-damaged load such as fracture failure and
debonding failure of the CFRP sheets. They were found that the flexural
capacity of the repaired RC beams was increased with increased the CFRP
layers or increased reinforcement ratio, while they were noted that it
decreased with increased pre-damaged load. The deflection for the RC
beams that repaired with CFRP decreases with the development of the CFRP
layer or the ratio of the steel reinforcement or a decrease in the level of the

pre-damage load.

___U-type CFRP stirrup
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- CFRP batten
1600 J0 JARil)
¢ 8(@100 JUpS,

2100
_U-type CERP stirrup
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Figure (2-12): Details of the dimension ,reinforcement and steel plate[91]
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2.5 Summary

From the previous studies (literature review) stipulated, it is clear that
the use of the method of external bonded reinforcement (EBR) for the
purpose of retrofitting (strengthening and repairing) the RC beams by means
of CFRP sheets or steel plates have been an effective and advanced method
so far. Several studies on retrofitting (strengthening and repairing) RC beams
by using CFRP sheets or steel plates, but there are very few studies in all
universities in the world about retrofitting (strengthening and repairing) an

inverted T beams by using CFRP sheets or steel plates.

The following main points can be summery from the available literature
review on reinforced concrete inverted T beams retrofitting by CFRP sheets

or steel plates:

* The flexural strengthening concept is to increase and improve the stiffness
and strength of RC flexural structures by bonding reinforcement to RC

tensile surface members.

* With the small (p) values the effect of CFRP sheets in increasing the
flexural strength of the specimens, when compared with maximum value (p

max).

* When the width or length of the CFRP sheets or steel plates to width or
length beam ratio increased, that leads to increase the ultimate load and

stiffness, also increased the cracking load and decreased the crack width.

* The number of failure modes types observed in RC beams bonded with
flexural strengthened with FRP sheets such as :

flexural failure, rupture FRP failure, cover delamination (shear delamination
of concrete cover), end debonding FRP failure, interfacial debonding FRP

failure, and shear failure.
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* The rigidity and load capacity for each tested beams with damage degrees
and then repaired with CFRP strips or steel plates were higher compared

with the control beams.

*When the strengthening was worked to the neutral axis of the beam, the
increase in ultimate load capacity was not significant and the cost was higher
three times when compared with the strengthening of the beam at the bottom

face only by CFRP sheets.

In the current study, in order to know the effective and appropriate
length and width of the strengthening, which gives effective results in
achieving the strength and stiffness required for the inverted T beams at the
lowest cost. In addition to repairing the inverted T beam and comparing the
results of strengthening with the repair and comparing the results of
strengthening by CFRP sheets with the results of strengthening by using
steel plates, as well as comparing the results of repair using CFRP sheets

and results of repair using steel plates.
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CHAPTER THREE

EXPERIMENTAL WORK
3.1 General

This chapter is an explanation of the proposed experimental work that
shows the effect of carbon fiber reinforced polymer (CFRP) strips and steel
plates on the structural behavior of strengthened and repaired RC inverted T
beam specimens.

The experimental work consists of three parts; the first part includes
details of the dimension of the inverted T beams, the arrangement of
reinforcing steel, and the strengthening and repair system. The second part
shows the properties of materials used in this research. In addition, many
required tests are worked to obtain certain mechanical properties such as
yield and ultimate strength for reinforcement steel and steel plate,
compressive strength, flexural strength, and splitting tensile strength for
concrete. Finally, the third part deals with the preparation and pouring of
specimens and also, the instruments utilized in this test, and the method of

testing the specimens.

3.2 Experimental Program

The experimental program includes 13 beam specimens consisting of
three groups of specimens, in addition to control or reference specimen. All
the specimens were represented by simply supported RC inverted T beams.
Two groups consisting of ten beam specimens represented the strengthening
system ( Group One consists of 5 beams strengthened with CFRP strips, and
the other 5 are represented by group two strengthened with steel plates).
Group three consisted of two specimens representing the repair system (one

Is repaired with CFRP strips, and the other specimen is repaired with steel
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plates). Figure (3-1) shows the 3D view for all the inverted T beam
specimens.

All inverted T beam specimens had similar dimensions and flexural
and shear reinforcement. Also, all the inverted T beam specimens had the
cross section (b=250, h=250, hf=50, bw=150)mm. The total length was
1700mm and the beams were tested under two-point top loading with a clear
span of 1500 mm. The ends of each beams expanded 100 mm behind a
support's centerline and the steel bar had a 135° hook at all end. Concrete
cover of 20 mm to prevent splitting failure. Details of the beam as shown in
Figure (3-2).

All the beams are designed according to the specifications of
the (ACI-Code 318-19) as shown in Appendix A. All specimens of the
inverted T beams were designed to have more strength in shear to ensure
flexural failure even after the strengthening. Also, all specimens were
designed on the least amount of reinforcing steel to conform to the effect of

the reinforcement represented by CFRP strips and steel plates.

Figure (3-1): The 3D view of the inverted T beam specimen
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Figure (3-2): Details of the beam (All the dimensions in mm)

Details, characteristics, and parameters investigates of the thirteen
tested RC inverted T beams are shown in the Table (3-1).
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Table (3-1):Details of the tested inverted T beams

NO. | Group Beam Beam No. Length | Total
No. | Designation Type CERP CFRP | Width
Strips | CFRP
STl (mm) | Strips
or or (mm)
Steel Steel or
plates Plates | Steel
(mm) | Plates
(mm)
1 |- ITCC Control |- |- |-
2 ITF600 Group 1 600 50
3 ITF900 Strengthened | 1 900 50
Group
4 o ITF1200 With 1 1200 |50
ne
5 IT2F1200 CFRP 2 1200 100
6 IT3F1200 Strips 3 1200 150
7 ITS600 Group 1 600 50
8 ITS900 Strengthened | 1 900 50
Group )
9 ITS1200 With 1 1200 |50
Two
10 IT2S1200 Steel 2 1200 100
11 IT3S1200 Plates 3 1200 150
12 IT3FR1200 | Group 3 1200 150
13 IT3SR1200 | Repaired 3 1200 150
Group With
Three CFRP strips
OR
Steel Plates
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Note: The characterization of the specimens designation and their

significance are found in Table (3-2).

Table (3-2): Significance of Specimens Designation

Specimens designation Meanings

I: Inverted, T: T-section type beam, CC: Concrete
ITCC Control Reference or control.

I: Inverted, T: T-section type beam, F: carbon Fiber with
ITF600, ITF900, ITF1200 lengths (600, 900 and 1200) mm. S: Steel plate Sheet with
1TS600, 1TS900, ITS1200 lengths (600, 900 and 1200) mm.

I: Inverted, T: T-section type beam, (2F and 3F): two
strips and three strips of carbon fibers with length 1200
mm. (2S and 3S): two strips and three strips of Steel
plate sheets with length 1200 mm.

IT2F1200, IT3F1200
17251200, 1T3S1200

I: Inverted, T: T-section type beam, (3FR and 3SR),
(3FR): three strips of carbon Fiber that used in repairing
IT3FR1200, IT3SR1200 process with length 1200mm, and (3SR): three strips of
Steel plate sheet that used in repairing process with
length 1200mm.

In this experimental work tested thirteen inverted T beams, the first
beam specimen represents the control concrete beam which is reinforced by
flexural and shear reinforcement without any CFRP strips or steel plates as
shown in Figure (3-2). The remaining twelve beams were divided into three

groups as follows:

Group one: consisted of five inverted T beams ITF600, ITF900, ITF1200,
IT2F1200, and IT3F1200 to study the effect of strengthening inverted T
beams with CFRP strips on the response for flexural capacity of inverted T
beams with variable length and width of the CFRP strips.

48



CHAPTER THREE EXPERIMENTAL WORK

Group two: consisted of five inverted T beams ITS600, ITS900, ITS1200,
IT251200, and 1T3S1200 which are tested to study the effect of
strengthening inverted T beams with steel plates on the response for flexural
capacity of inverted T beams with the constant thickness (0.8 mm) for all the

beams and variable length and width of the steel plates.

Group three: consisted of two inverted T beams (IT3FR1200 and

IT3SR1200) that were repaired by CFRP strips or steel plates after loading
the inverted T beams to 60% of the ultimate load obtained for control
inverted T beam ITCC, which were suggested and tested to find out the
response of the inverted T beam to the repair technique using CFRP strips or
steel plates and to know the difference in the flexural carrying capacity of
the inverted T beams for (strengthened and repaired) technique.

Details of the three groups of inverted T beams are shown in Table (3-3).

Table (3-3): Details of three groups of inverted T beams (continue)

Cross Section Bottom View

Group one and group two (Strengthening Tegnique)

150 - 4700
R z
T\ 280 |—_;1r‘o 2%
50

|;;| 600
—10

ITF600 or 1TS600
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Table (3-3) : Details of three groups of inverted T beams (continue)
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Table (3-3): Details of three groups of inverted T beams (continued)

Group Three (Repair Tegnique)

150 . 1700

217 et
6@ 100

206 250

206-\\ 250

xS ' 1200 |
- 5_
250 IT3FR1200 or IT3SR1200

3.3 Materials Properties
3.3.1 Cement

Ordinary Portland Cement (OPC) (type I) is used in casting each beams.
The properties of cement used are conformed to the Iragi specification limits
(1.Q.S.)NO.5/1984 [92].The chemical and physical properties of the ordinary
Portland cement used are given in Table (3-4) and Table (3-5) respectively.
For this cement, the physical and chemical properties have been tested in the

material laboratory of the civil engineering department at Babylon
University.

Table (3-4): Chemical analysis and main compounds of cement (continue)

) ) Test Limits of Iragi specification
Chemical Properties
Results(%) No0.5/1984

Lime (CaO) 62.79 -

Silica (SiO2) 20.58 -
Alumina (Al203) 5.6 -
Iron oxide (Fe203) 3.28 -
Magnesia (MgO) 2.79 <5%
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Table (3-4): Chemical analysis and main compounds of cement (continued)

if C3A <5% <2.5%
Sulfate (SO3) 2.35
if C3A>5% <2.8%
Loss on ignition (L.O.1.) 1.94 <4%
Insoluble residue (1.R.) 1.00 <1.5%
Lime saturation factor (L.S.F.) 0.9 0.66-1.02

Main Co

mpounds (Bogue's Equation)

Tricalcium Silicate (C3S) 50.12 -
Dicalcium Silicate (C2S) 21.26 -
Tricalcium Aluminate (C3A) 9.29 -

Tetracalcium Aluminoferrite
9.98 -

(C4AF)

Table (3-5): Physical Properties of cement

Physical Properties Test Result Iraqi specification No. 5/1984
SpeC|f|'(:v|Sel::;a:j(:)e'\,:\2r;le?g(Blalne 314 > 230
Initial Setting (minute) 121 > 45 min
Final setting (minute) 194 <600 min
Compressive Strength at:
3 Days (MPa) 20.8 >15
7 Days (MPa) 27.06 >23

3.3.2 Sand (Fine-aggregate)

Natural locally obtainable sand is used. Sand is washed and cleaned
several times with water and then left to dry before use. The mechanical and
chemical properties of sand as shown in table (3-6). The sieve grading

analysis result conformed to the Iraqi specification (1.Q.S) NO.45/1984 zone
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(2) [93] as shown in Table (3-7). Fine aggregate is tested at the Material

Laboratory of the civil engineering department at Babylon University.

Table (3-6) Mechanical and chemical properties for fine aggregate

) Test
Properties 1Q.S No. 45/1984 zone (2)
results
Specific gravity 2.63
Fineness modulus 2.68
Sulfate content (S03)% 0.344 <0.5
Materials finer than sieve 75 pm % 3 <5

Table (3-7): Grading of Fine Aggregate

No. | Sieve size (mm) Passing % | Limit of Iraqgi Specification N0.45/1984, zone (2)
1 10 100 100
2 4.75 94.5 90-100
3 2.36 83.3 75-100
4 1.18 72.8 55-90
5 600 pm 42.7 35-59
6 300 pm 221 8-30
7 150 pm 6.5 0-10

3.3.3 Gravel (Coarse Aggregate)

The maximum size (14 mm) of the crushed gravel is used. Also the
operation of washing and cleaning gravel with water several times is done
before the gravel is used, after that the gravel is spread and leave it in the air
to dry before it is used. The chemical and mechanical properties of the
coarse aggregate as shown in Table (3-8). The sieve analysis results showed
that the coarse grades conformed with the requirements of the Iraqi
Specification (1QS) No. 45/1984 [93] as shown in Table (3-9).
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Table (3-8 ): Chemical and Mechanical Properties of Coarse Aggregate

Properties Test results 1Q.S No. 45/1984
Specific gravity 2.68
Sulfate content (SO3) % 0.06 <0.1
Absorption % 0.65 -
Clay content % 0.4 <2

Table (3-9): Sieve Analysis Results of Coarse Aggregate

Passing %
Sieve size - _ -
No. Limit of Iragi Specification No.
(mm) Coarse Aggregate

45/1984
1 19 100 100
2 14 96 95-100
3 10 46.6 8-50
4 5 5.1 0-10
5 2.36 0.2 -

3.3.4 Mixing Water

The specimens in this work are casting and curing by using the normal

tap water.

3.3.5 Steel Reinforcing Bars

A tensile test was carried out two sizes (&@8) and (@6) mm of
Ukrainian steel reinforcing deformed bars that were used in each concrete
specimen. The tensile test of the main bars was taking place in the materials
laboratory at Babylon University according to the limits of (ASTM
A615) [94]. The characteristics of steel reinforcing as shown in Table (3-10).
The steel bars were checked by the digital machine as shown in the Plate (3-
1).
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Table (3-10): Testing results of steel Reinforcement

Nominal Measured Yield Ultimate ) Modulus of
. . Elongation o
Diameter Diameter Stress* Strength ] Elasticity**
Ratio %
(mm) (mm) (MPa) (MPa) (GPa)
6 5.7 420 520 7.4 200
8 7.9 523 694 10.34 200

* Each value is an average of three specimens (each 40 cm length).

** Assumed value.

Plate (3-1): Digital machine used for steel bars testing
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3.3.6 Carbon Fiber Reinforced Polymer (CERP) sheet

Sikawrap® 300C was used as externally reinforcement for
strengthening and repairing of the inverted T beams in the flexural as shown
in Plate (3-2). The properties of the CFRP used are shown in the product
data sheet in the Appendix C.

plate (3-2): CFRP sheet

3.3.7 Epoxy adhesive for CFRP sheet
Sikadur®-330 is the most proper adhesive substance for CFRP sheet as

shown in the plate (3-3). The type of the adhesive is represented by two
components. The compound A is represent the (white color) and the
compound B represent the (black color). The mix ratio for the two
compounds A:B is 4:1 respectively. The main properties of Sikadur®-330
are founded in the Appendix C.
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Plate(3-3): Epoxy adhesive for CFRP strips

3.3.8 Steel plates

Steel plates used in this work have a thickness of (0.8 mm). By testing
the two coupons to find out the actual yield and actual ultimate strength as
shown in the Plate (3-4). All steel sheets used must have a minimum
particular yield stress that is equal to or greater than (230) MPa (33 ksi) [95].
The "dog-bone™" specimens model that works for tensile testing were of
specific dimensions according to the specification ASTM (E8/E8M-
13a) [96] as shown in Figure (3-3). The two coupon specimens were
prepared by cutting using the computerized laser chopping machine as
shown in the Plate (3-5). Failure in the coupon specimens occurs in the
middle part as a result of high stresses in this part due to the clear and
sufficient difference in width between the middle and final parts of the
examined pieces. Tensile tests were conducted in the materials engineering
laboratory at the University of Babylon. The test results of the two steel

coupons are given in Table (3-11).
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Plate (3-4): The machine used for tensile testing and the tested coupons

200
A
e e o B
R1 J
— 50 =

All dimensions in mm

Figure (3-3): Dimensions of Standard Specimens According to ASTM (E8/E8M-13a)

Plate(3-5): computerized laser machine for chopping the coupons
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Table (3-11): Tested Results of two steel coupons

Specimens No. Yield Stress (MPa) Ultimate Strength (MPa)
1 266.9 359.54
2 264.7 364.6
Average 265.8 362.07

3.3.9 Epoxy adhesive for Steel Sheet

Sikadur®-31 CF Slow is the most proper adhesive substance for steel
sheets as shown in the Plate (3-6). The type of adhesive is represented by
two components. Compound A represents the (white color) and compound B
represents the (black color). The mix ratio for the two compounds A: B is
2:1 respectively. The main properties of the Sikadur®-31 CF Slow are
founded in Appendix C.

Plate (3-6): Epoxy adhesive for Steel sheets
3.4 Preparation of Test Specimens

3.4.1 Concrete Mix Proportions

Several experimental mixtures were carried out in order to obtain the

required compressive strength of 30 MPa after 28 days for normal-weight
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concrete according to the recommendations (ACI 211.1-97) [97]. The
guantities by weight for casting each beam's specimens were as follows (1
cement:1.73 sand:2.22 gravel). From the trail mix found that the mixture
used in this study produces good workability and a uniform mixture of
concrete without segregation. Table (3-12) shows the mixing ratios by

weight for the purpose of the selected normal-weight concrete mix.

Table (3-12): Proportions of Concrete Mix

Materials The selected concrete mix
Water/cement ratio 0.49
Water (kg/m°) 207
Cement (kg/m°) 423
Fine aggregate (kg/m®) 732
Coarse aggregate (kg/m°) 934

3.4.2 Formwork Fabrication and Reinforcement Cages

13 molds of plywood formworks were fabricated. The molds were made
as a T-section with the internal dimensions of 250mm total height, 250mm
width of the flange, 150mm width of the web and its height is 200mm,
50mm height of the flange, and 1700mm total length of the beam as shown
in the Plate (3-7). The deformed steel reinforcement is utilized to make the
reinforcement cages for all inverted T beams. Two sizes were used for each
concrete specimen. Bars of the size (d8) and (6) were used, (d8) was used
as the main reinforcement for the flange, the bar of size (@6) was used as the
main reinforcement for the flange and for top reinforcement, and as stirrups
to resists the shear force. Plate (3-8) shows the shape reinforcement bars
used in this experimental work. After completing the preparation of the
wooden molds, the reinforcement cage is carefully placed inside the wooden

molds while achieving the required cover by using plastic spacers on the
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sides and the bottom in order for the mold to be ready to cast as shown in the
Plate (3-7).

17
ol 4

Plate(3-8): The shape of reinforcement bars used in this experimental work

3.4.3 Concrete Casting and Curing

Thirteen beam specimens were poured and then cured under the
laboratory conditions of the civil engineering department at the University of
Babylon. Also, standard specimens such as (cylinders, cubes, and prisms)
were casted with dimensions (300x150) ,(150x150x150) and (100x100x400)
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respectively. The method of pouring and curing specimens is explained in
the following points below:

+ At first, the wooden molds of the beam specimens are lubricated
before placing the reinforcing iron cage or casting the specimens, as
well as the (cylinders, cubes and prism) molds are lubricated before
placing the concrete in the molds.

L)

% After that, the reinforcing iron cage is placed inside the wooden

D)

molds, while adjusting the side and bottom required cover accurately
by using plastic spacers so that the iron cage does not move and
remains stable after placing the concrete on it.

++ Concrete was poured into the wooden molds on two layers, and each

L)

layer was stacked using a mechanical vibrator that had a metal rod
with a diameter of 50mm for a period of 5 seconds. As well as for
pouring specimens of (cylinders, cubes and prisms), they were filled
with concrete on three layers and each layer stacked twenty five blow
using a steel bar. For all specimen, a hand trowel is used to level the
concrete face.

L)

% After 24 hours of casting, the molds are removed from the specimens.

D)

After that, wet burlap bags are placed on top of the beams, and then
plastic sheets are placed over them in order to prevent water
evaporation from the beams during the treatment days. During the
curing period, the burlap bags are monitored and remain wet
throughout the curing period until the end of the 28 days. Likewise for
cylinders, cubes and prisms, they are placed in water tanks and kept
wet, according to the standard specifications. After the 28 days are
over, they are taken out of the water and then tested. After the curing
period for beam specimens, the concrete surface are painted in white,
print the symbols and hang them on them, and then prepare them for
testing. Plate (3-9) show the casting, curing and painting stages.
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wet burlap §
bags

/e TR
Casting completion stage Curing stage

Painting stage

Plate(3-9): casting, curing and painting stages

3.4.4 Surface Preparation

The most important portion of any retrofitting application is a bond
between the surface to which the steel plates or CFRP strips are to be

attached. The appropriate bond is achieved when the force is effectively
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transferred from the structural member to the steel plates or CFRP. Before
placing steel plate or CFRP on the bottom of the surface of the beam, the
concrete surface of the beam is ground by using an electric manual grinder in
order to obtain the appropriate surface for pasting, clean the surface free of

all dirt and pollutants such as dust and cement as shown in the Plate (3-10).

Surface grinding clean surface free of all dirt

Plate (3-10): Concrete surface preparation

3.4.5 Retrofitting by Application of CFRP Composites or Steel

Plates

3.4.5.1 Strengthening by Application of CFRP Composites or Steel
Plates:

3.4.5.1.1 Strengthening by Application of CFRP Composites
External strengthening follows the manufacturer's recommended

procedure which is described in the following steps :
= At the beginning, the CFRP was cut into the wanted length and
widths. Then, before installing the CFRP on the surface of the
beam, the surface of the beam is cleaned to remove any dust, dirt,
oils or any kind of pollutants stuck on it.
= Mixing the two parts epoxy (Sikadur-330) adhesive (part A:white
color and part B:black color) together with proportions (4:1)
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respectively, until a homogenous grey color is obtained, then the
epoxy is shed on the surface of the beam and on the CFRP sheet
with a thickness of 1.5 mm.

» Put the CFRP strips on concrete surface of the beam, which was
previously covered with epoxy, and compress it sufficiently with a
rubber cylinder to install it in an exact and correct manner so that
the excess epoxy is released on the sides of the sheets and the air
behind the CFRP sheets is extracted, and then the excess epoxy is
removed on the sides of the CFRP sheets. Plate (3-11) shows the
steps of installing the CFRP strips on the RC beams.

i T
- \'. - "i& -
X
. : NS
({:‘ )
CFRP measurement CFRP cutting Weighting Epoxy
\ - \é 2\ N
3 \.: \ 4
Mixing of Epoxy Preparation of the concrete Placing Epoxy on CFRP
surface by planning
N . -
N
Placing Epoxy on Beam Putting CFRP on Beam Putting epoxy on top of
CFRP and pressing it
with a rubber cylinder

Plate (3-11): Steps of installing the CFRP strips on the RC beams
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3.4.5.1.2 Strengthening by Application of Steel Plates

External strengthening by using steel plate is explained in the

following steps:

= At the beginning, the steel plates was cut by using a computerized
laser chopping machine into the wanted length and widths. Then,
before installing the steel plates, the surface of the beam is roughened
with X-shaped marks at an angle of approximately 45°, in order to
increase the adhesion of the epoxy to the concrete surface and to
increase the bonding between surface, epoxy and the steel plate, and
then the surface of the beam is cleaned to remove any dust, dirt, oils or

any kind of pollutants stuck on it.

» Mixing the two parts epoxy (Sikadur®-31) adhesive (part A:white
color and part B:black color) together with proportions (2:1)
respectively, until a homogenous grey color is obtained, then the

epoxy is shed on the surface of beam with a thickness of about 2 mm.

» Put the steel plates on concrete surface of the beam, which was
previously covered with epoxy, and compress it sufficiently by using
an iron traps or something heavy to put on the steel plates to install it
In an exact and correct manner so that the excess epoxy is released on
the sides of the plates and the air behind the steel plates is extracted,
and then the excess epoxy is removed on the sides of the steel plates
and adjusted. Plate (3-12) shows some of the steps for installing the

steel plates on the RC beams.
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., '\ \
W
i\ t

ey

Cut steel plates by using the computerized laser chopping machine

Zn W

The surface is roughened in an x shape and at an angle of
approximately 45°

Preparation of the concrete surface by

Mixing the Epoxy after weighing .
planning

Placing steel plates on the beam and press it

Plate( 3-12): Steps of installing the steel plates on the RC beams
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3.4.5.2 Repairing by Application of CFRP Composites or Steel Plates

The same steps are followed in the strengthening using CFRP strips or
steel plates in terms of measuring the strips of CFRP or steel plates, cutting
them to the required size, weighing the epoxy, and mixing the epoxy, but
what happened in the repair was that the specimens were escalated to the
examination device and a load of (60%) of the ultimate load was shed for the
control beam on the specimens so that the appearance of cracks was
observed. After that, the specimens are downloaded from the examination
device, and begin to repair the specimens using CFRP strips or steel plates
by preparing the concrete surface and then shedding epoxy on the CFRP
strips or steel plates and on the concrete surface and then placing the CFRP
strips or steel plates on the concrete surface and placing epoxy on top of
them and pressing them and removing the excess of epoxy. Plate (3-13)
shows surface preparation and repair of inverted specimens using CFRP

strips or steel plates.

Surface preparation
= AT

mreud ™

o N i repair of specimens
Plate (3-13): Surface preparation and repair of inverted T beam specimens using
CFRP strips or steel plates
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3.5 Instrumentation

The beam test devices were arranged and designed in order to check

and monitor the properties of the structural behavior with each loading
stage. The devices, during the test, measured load and deflection in three
locations on the beam. also, the width of the crack is recorded during the
loading process.
*As for the measurement of deflection in the beam specimens, three sensors
called LVDT, which takes the applied pressure and translates it into
deflection, were placed as follows: LVDT1 in the middle, LVDT2 under
load and LVVDT3 placed at a one-third of the beam length in order to obtain
the correct shape of the deformation as shown in the Plate (3-14). The
crack-meter device is used for all beam specimens to measure the width of
the crack and works with an accuracy of 0.01 mm as shown in the Plate (3-
14).

Figure sh

S |

owing the site

Crack width /

measuring *\

- /

Plate (3-14): Instruments used in this testing
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3.6 Test Setup and testing procedure

After curing, the beam specimens were transferred to the
construction laboratory of the civil engineering department at the university
of Babylon for testing. Thirteen simply supported RC beams were tested
above 1500 mm span under the equal two concentrated static loads till
failure by utilizing a capacity 600 KN hydraulic testing machine. At the
loading points bearing plates with dimensions (500x100x10) mm and
supports with dimensions (300x100x10) mm, were used to prevent local
crushing of the concrete. The supports used for each beam were at one end
a hinge was placed, and at the other end a roller was placed, Figure (3-4)

shows the details of the supports used in this test.

Steel plate 10mm Steel plate 10mm
= -
Welding B th stainless == Smooth stainless
steel shaft @25mm steel shaft @2
Steel Beam Steel Beam
w‘m sﬁﬂemrs \Mﬁl siﬂmem

Roller Support

Hinge Support

Figure (3-4): Details of the supports

The load applied to the examined beam was transmitted from the load
cell and distributed by using the beam steel spread, Plate (3-15) shows details

the machine used in this test.
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Load control
device
Load cell I
Spread steel
beam

Two point
loads with
loading plates

Computer
data loader

Test specimen -
Device system

Three sensors ) A ‘ o Support with
called LVDT A ’ - bearing plates

Hydraulic
machine

“Mainbed

Plate (3-15) : Details of the flexural test machine

The beam specimens were painted white color before the test to watch
the development of cracks that were determined by the use of colored
pencils. For strengthening specimens, cracks were identified with colored
pencils. As for repair specimens, cracks before repair were identified with a
blue marker pencil, and after repair and test, cracks were identified with a
red marker pencil to distinguish them because cracks before repair are
different from cracks after repair. With the increase in the load, the first
cracked load, ultimate load, and deflection, in addition to the crack widths
are recorded during the test. After the test was completed, the failure mode

was studied, and then pictures of the concrete beam were taken.
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3.7 Tests of Fresh Concrete
3.7.1 Slump Test

The slump test of concrete was worked in accordance with (ASTM
C143/C143M, 2015)[98]. The cone and a tamping rod represented

equipment for the slump test. The dimensions of the cone were 30 cm in

height, 10 cm in diameter at the top, and 20 cm in diameter at the bottom.
The cone was filled in with concrete in three equal layers, all layer was
stroked 25 times by a steel rod and then, the cone slowly lifted. The slump
of concrete is measured by the difference in height between the top of the
mold and to concrete level after the concrete is slumped down. Plate (3-16)

shows the slump values ranged from (20-110) mm, as it is designed.

o

Plate (3-16): Slump test for fresh concrete

3.8 Mechanical Properties of the Hardened Concrete
3.8.1 The Test of Compressive Strength

The compressive strength test of the hardened concrete was
specified according to (BS. 1881: Part 116:1989) [99], (ASTM C 39-
2016) [100]. The cubes of dimensions (150x150) mm and cylinders of
dimensions (300x150) mm were tested in the construction laboratory of
the Department of Civil Engineering at the University of Babylon by
using a hydraulic compression machine of maximum capacity equal to
(2000kN). Table (3-13) show the test results of the average of six cubes
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and cylinders that were tested after 7 days and after 28 days and tested at
the date of the testing beams to obtain the compressive strength. Plates

(3-17) show the compressive test specimens and machine.

Table (3-13): Hardened concrete Compressive Strength test

Test At 7-day At 28-day | At time of testing
Compressive Cube 31.84 35.65 40.55
strength(MPa) Cylinder 27.06 30.30 34.46

Compressive test machine Failure shape of cylinder

Plate (3-17): Compressive Test Specimen and Machine

3.8.2 Splitting Tensile Strength

According to the (ASTM C496-2011) [101], the split-tensile strength test
was carried out on the average of six cylindrical concrete specimens
(150x300mm) as shown in the Plate (3-18) and Table (3-14) presents the

splitting tensile strength test results.
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Table (3-14): Splitting tensile strength test result

Specimens No. Splitting tensile MPa at 28- | Splitting tensile MPa at time
days of testing
1 4.23 4.47
2 4.20 4.81
3 4.12 4.45
4 4.09 4.27
5 4.10 4.64
6 4.21 4.52
Average value 4.16 4.53

Machine of splitting test specimens Failure shapes of cylinders

Plate (3-18): The test of splitting tensile strength and Machine

3.8.3 Flexural strength test (Modulus of Rupture)

The concrete prisms of dimensions (100x100x400) mm were tested at
28 days and at the date of testing according to ASTM C78-2010 [102] with
loading in third points. This test was conducted using the flexural test
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machine with a capacity equal to 150 kN, rate of the load was equal to 1
MPa per minute. Table (3-15) show the test specimens results and Plate (3-

19) shows the modulus of the rupture test and machine.

Table (3-15): The test results of Modulus of rupture

Specimens No. Modulus of rupture Modulus of rupture
(MPa) at 28-days (MPa) at time of
testing
1 4.22 4.79
2 3.99 4.11
3 4.10 4.43
4 4.14 4.63
5 4.18 4.67
6 4.42 4.95
Average 4.175 4.600

Plate (3-19): Modulus of rupture test specimens and machine
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CHAPTER FOUR

RESULTS AND DISCUSSION
4.1General

The main aim of this experimental work is to study the effect of
CFRP strips or steel plates on the structural behavior of strengthened and
repaired RC inverted T beams. The experimental work consisted of testing
thirteen specimens in three groups of reinforced concrete inverted T beams.
In additional control beam specimen, the first group consisted of five beam
specimens strengthening with CFRP strips, the second group consisted of
also five beam specimens strengthening with steel plates, and lastly, the third
group consisted of two beam specimens, one of them repaired with CFRP
strips and the other repaired with steel plates. The variables in this
experimental work include the length of CFRP strips, width of CFRP strips,
length of steel plates, and width of steel plate sheets on the behavior of
strengthened RC inverted T beams.

Also, the behavior and load-carrying capacity of repaired cracked RC
inverted T beams by CFRP strips or steel plates have been investigated in
this experimental work.

In this chapter, the test results from experimental work include,
ultimate load capacity, load versus mid-span deflection curves, flexural
crack patterns, mode of failure, cracking load, and ductility are also
prepared.

Each tested RC inverted T beam specimens had similar dimensions and,
flexural and shear reinforcement. The control, strengthened and repaired
cracked RC inverted T beams were tested to failure. It may be discovered
that the CFRP system or the steel plate system, is a highly effective
technique to increase the serviceability and ultimate flexural strength of RC
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inverted T beams, compared with control beam, thus the flexural strength of

RC inverted T beam can be restored by using CFRP or steel plate.

4.2 Test Results of Experimental work

The thirteen inverted T beams tested in this study were divided into three
groups, in addition to the control beam. Table (4-1) shows the results of the
cracking load, ultimate load, and mid-span deflections. The failure modes
occur for each inverted T beams were typical flexural cracks that cause
debonding of CFRP strips or steel plates located in the tensile zone at the
ultimate load level. The results obtained from all groups are discussed in the

following sections.

Table (4-1): Experimental results of the tested inverted T beams

Group | Tested Pc* Pu** Mid-span ***Percentage
no. Beams (kN) (kN) Deflection (Au) increase in ultimate
(mm) load%
------- ITCC 21 71.652 22.31
ITF600 22 78.690 24.35 10.2%**
ITF900 24.2 85.754 11.79 19.7
Group
ITF1200 27.8 89.088 16.43 24.3
one
IT2F1200 25 95.899 13.91 338
IT3F1200 26.4 104.155 27.85 454
ITS600 23.3 78.654 22.41 9.8
1TS900 25.7 72.160 26.41 0.7
Group
o ITS1200 21.6 79.671 28.55 11.2
0
1T2S1200 27 85.602 23.99 195
1T351200 29 93.937 20.91 311
Group | IT3FR1200 29.4 99.808 14.41 39.3
three | IT3SR1200 21.6 92.877 27.84 29.6
*

....... Refer to load at initiation of first flexural crack.

__ pu(ITF600)—pu(ITCC)
pu(ITCC)

. Refer to load at ultimate level. ***....... x 100.
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4.3 Cracking Behavior

During the testing phase, the crack formation was monitored in order to
know the behavior of the strengthened beam specimens and compare it with
the behavior of the unstrengthened (control beam). First cracking load, the
cracking patterns, and the crack width of all specimens explain in the next

subsections.

4.3.1 Cracking Patterns

All specimens are divided into the following sub-parts in order to know

the cracking behavior of each beam.

4.3.1.1: Control beam (ITCC)

The control beam specimen represents an unstrengthened specimen. The
control specimen is tested for comparison with beams strengthened or
repaired with CFRP strips or steel plates. The control specimen behaves in
the expected shape under the influence of flexural loading. It is gradually
loaded until cracks appear. The first flexural crack appeared at (21 kN) in the
area of the constant moment and it is almost vertical. After an increase in the
load, flexural cracks increased and widen and continue to develop in the web
area as shown in the Plate (4-1). At load (45 kN), cracks are formed in the
area of shear span soon on the flexural area. At (68kN), no additional cracks
in the constant moment area continued to widen with increasing load to the
point of failure. Beam failure was typically a tensile flexural failure due to
the increase in flexural stresses in the constant moment area. Plate (4-1)
shows the crack pattern at the failure of the control beam (ITCC). No failure
occurred in the compression area, and the dominate failure was a tensile

failure.
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Continuity cracks in the flange of ITCC

Plate (4-1): Crack pattern after failure for control beam (ITCC)

4.3.1.2: Group One (strengthening with CEFRP Sheet)

This group of beam specimens shows the effect of the External Bonding
(EB) technique by using a CFRP sheet on the crack pattern after failure as

follows:

4.3.1.2.1 Strengthened Beam Specimen (I TF600)

The beam specimen (ITF600) is strengthened with only one strip of CFRP,
the length of the strip was (600 mm) and the width was (50mm). The first
cracking occurred at a load of (22 kN ) forming an initial crack in a constant
moment area. With increased load, new cracks were spreading in the beam
specimen. Crushing of concrete in the compression area also occurred as
shown in the Plate (4-2). Lastly, this beam is a failure by debonding the
CFRP strip as shown in the Plate (4-2). The debonding happened at (78.690
kN) which is higher than the control beam (ITCC) by 10.2%. Occurring the
debonding in CFRP strip for strengthened RC beam member due to high-
stress concentration in this region of the strengthened RC beam member.
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Debonding also occurred due to the presence of cracks and their propagation
in concrete parallel to bonded sheet and adjacent to the adhesive to the
concrete. These cracks begin from the critically stressed parts towards one of
the ends of the sheet. The term “debonding failure” is often indicated to
describe a significant decrease in beam member capacity due to the
propagation or initiation of a major crack in the vicinity of the interface area.
Plate (4-2) shows the crack pattern at the failure for the ITF600 beam and

debonding failure in this beam.

‘ £
\ Debonding In CFRP strip j

Plate (4-2): Crack pattern after failure for strengthened beam (ITF600)

4.3.1.2.2 Strengthened Beam Specimen (I TF900)

Beam specimen ITF900 was strengthened with CFRP strip of the length
(900 mm) and width (50 mm) and was installed on the tension bottom face
of the RC inverted T beam. Plate (4-3) shows the cracks pattern of this RC
beam specimen. The first crack appeared at a higher load than the control
specimen (unstrengthened beam ITCC). The first crack was seen at an
applied load of (24.2 kN). Interfacial debonding failure which was induced
by the generation and expansion of flexural cracks, occurred at load (85.754
kN) which is higher than the control beam (ITCC) by 19.7%.
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Flexural cracking occurs as a result of high stresses in the flexural area,
and then the cracking begins to multiply towards the end of the CFRP strip,
causing the CFRP strip to separate.

| Debonding failure

Plate (4-3): Crack pattern after failure for strengthened beam (ITF900)

4.3.1.2.3 Strengthened Beam Specimen (ITF1200)

Beam specimen ITF1200 was strengthened with only one CFRP strip of
length (1200 mm) and width (50mm). The first cracking was seen at a load
of (27.8kN), which was the initial crack observed in the constant moment
area. After that, the load was increased, forming new cracks. Beam failed
due to the splitting in the CFRP strip at load (89.088 kN) which is greater
than the control beam (ITCC) by 24.3%. The rupture of the CFRP strip
occurred due to the strain in the CFRP strip reaching to design rupture strain
(€f = €fu). In this beam, when the load reached the amount of 75.2 kN, it
began to decrease, and then the load rise to 75 kN and continued to rise until
the ultimate load. This behavior of the load, going up and down, explains the
steel reinforcement yields when the load went down and then the load
increased due to the presence of the CFRP strip and the role of its resistance

in this until the failure of the beam due to the rupture of CFRP. In this beam
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also occurred the crushing of concrete in the compression area was similar to
beam ITF600 but this beam failed by rupture of CFRP. Crack pattern after
failure for strengthened beam (ITF1200) as shown in the Plate (4-4). Noted
from this failure that the CFRP strip doesn’t debond, and this is evidence that
the length of the CFRP =1200mm is an appropriate length for strengthening
without occurring the phenomenon of debonding if compared to this the

length in previous beams of lengths 600mm and 900mm.
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Plate (4-4): Crack pattern after failure for strengthened beam (ITF1200)

4.3.1.2.4 Strengthened Beam Specimen (IT2F1200)

Beam specimen IT2F1200 was strengthened with two strips of the
CFRP sheet of length (1200 mm) and the total width of two CFRP strips was
(100mm) which the two CFRP strips were installed on the tension bottom
face of the RC inverted T beam. The cracks pattern after the failure of this
strengthened beam specimen is shown in the Plate (4-5). The first crack was
observed at a higher load than of an unstrengthened control beam specimen
ITCC. The first crack occurred at an applied load of 25 kN. Mid-span
debonding failure of this beam occurred at load (95.899kN) which is higher
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than the control beam (ITCC) by 33.8%. It was initiated by the flexural
crack. This failure occurred due to crack propagation in the concrete layer
that parallels the bonded CFRP sheet and adjacent to the adhesive to the
concrete interface. This failure is believed due to high interfacial normal
stresses concentrated at the crack along this beam.

Plate (4-5): Crack pattern after failure for strengthened beam (IT2F1200)

4.3.1.2.5 Strengthened Beam Specimen (1 T3F1200)

Finally strengthened beam specimen of group one was (IT3F1200),
which is strengthened with three CFRP strips of length (1200 mm) and the
total width of three CFRP strips was equal to (150 mm), the first cracking
occurred at the load of 26.4 kN. The initial crack observing in the constant
moment area. With increased load, new cracks were formed along this beam.
lastly, mid-debonding failure occurred at (104.155 kN) which is higher than
the control beam (ITCC) by 45.4%. Mid debonding in CFRP strengthened
RC beam formed in an area of high-stress concentrations, which are

associated with the found of flexural cracks. When occurring “mid-
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debonding failure” a significant decrease in the beam capacity due to
propagation and widening of a flexural crack in the flange area of this
strengthening RC inverted T beam specimen. The crack pattern after failure
for the strengthened beam (IT3F1200) is shown in the Plate (4-6).

Plate (4-6): Crack pattern after failure for strengthened beam (IT3F1200)

4.3.1.3: Group two (strengthening with steel plates)

This group of beam specimens shows the effect of the External Bonding
(EB) technique by using steel plate on the crack pattern after failure as

follow:

4.3.1.3.1 Strengthened Beam Specimen (1TS600)

Beam specimen ITS600 was strengthened with one steel plate of length (600
mm) and width (50mm). This beam specimen is similar to the beam

specimen (ITF600), but only the difference is the type of externally bonded
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technique. The first cracking was formed at a load of (23.3 kN) with forming
an initial cracks in the very near area of the constant moment area. when the
load was increased, the new cracks induced in the beam specimen. Crushing
in the concrete of the compression area followed by failed debonding in the
steel plate sheet at the load (78.654 kN) which is higher than the control
beam (ITCC) by 9.8%. The debonding occurs in this beam specimen due to
the propagation of the flexural cracks in the center moment area and heading
toward the end of the plate due to high-stress concentrations in this area. The
expression “debonding failure” is used often to characterize enough decrease
in beam capacity due to propagation or initiation of the flexure crack in the
vicinity of the interface area. Plates (4-7) show the crack pattern after failure
for the strengthened beam (ITS600).

Plate (4-7): Crack pattern after failure for strengthened beam (ITS600)
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4.3.1.3.2 Strengthened Beam Specimen (1TS900)

Beam specimen ITS900 was strengthened with a steel plate of length
(900mm) and width (50 mm), it was installed on the tension bottom face of
the RC inverted T beam. Plate (4-8) shows the cracks pattern of this RC
beam specimen. The first crack appeared at a higher load than the control
specimen (unstrengthened beam ITCC). The first crack was seen at an
applied load of (25.7kN). Crushing in the concrete in the compression area
followed by end debonding failure which was induced by the generation and
expansion of flexural cracks. It occurred at load (72.160 kN) which is higher
than the control beam (ITCC) by 0.7%. Flexural cracking occurs as a result
of high stresses in the flexural area, and then the cracking begins to multiply

toward the end of the steel plate, causing the steel plate to separate.

End debonding in steel plate

Plate (4-8): Crack pattern after failure for strengthened beam (ITS900)
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4.3.1.3.3 Strengthened Beam Specimen (1TS1200)

Beam specimen 1TS1200 was strengthened with one sheet of steel plate
of length (1200 mm) and width (50 mm), which the steel plate was installed
on the tension bottom face of the RC inverted T beam. The cracks pattern
after the failure of this strengthened beam specimen is shown in the Plate (4-
9). The first crack was observed at a higher load than of an unstrengthened
control beam specimen ITCC. The first crack occurred at an applied load of
21.6 kN. Mid-span debonding failure of this beam occurred at load (79.671
KN) which is higher than the control beam (ITCC) by 11.2%. Such a pattern
of failure can occur in regions adjacent to flexural cracks in regions of the
high flexural moment. This failure leads to the concentration of sufficient

stresses adjoining the edge of the crack.

Plate (4-9): Crack pattern after failure for strengthened beam (1TS1200)
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4.3.1.3.4 Strengthened Beam Specimen (1T251200)

Beam specimen 17251200 was strengthened with two sheets of the steel
plate of length (1200 mm) and total width were (100 mm), which the steel
plates were installed on the tension bottom face of the RC inverted T beam.
The cracks pattern after failure of this strengthened beam specimen is shown
in the Plate (4-10). First crack observed at a higher load than of an
unstrengthened control beam specimen ITCC. The first crack occurred at an
applied load of 27kN. The initial crack observing in the constant moment
area. One of the steel plates on the back side of the flange of the inverted T
beam had an mid span debonding followed the failure by debonding the front
steel plate at load (85.602 kN) which is higher than the control beam (ITCC)
by 19.5%. The debonding failure occurs due to the concentration of
sufficient stresses adjoining to the edge of the flexural cracks which

propagation towards the end of the plate.

IT2S 1200

I
!t Mid span

debonqu

Plate (4-10): Crack pattern after failure for strengthened beam (1T72S1200)
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4.3.1.3.5 Strengthened Beam Specimen (1T351200)

Beam specimen 1T3S1200 was strengthened with three sheets of steel
plate of length (1200 mm) and total width (150 mm), which the steel plates
were installed on the tension bottom face of the RC inverted T beam. The
cracks pattern after the failure of this strengthened beam specimen is shown
in the Plate (4-11). The first crack was observed at a higher load than of an
unstrengthened control beam specimen ITCC. The first crack occurred at an
applied load of 29kN. The initial crack forms in the center of the moment
area. The middle steel plate had a partial debonding, then the back steel plate
had a partial debonding as well. At a load of 93.937 kN, the beam specimen
failure occurred as a result of the end debonding of the front steel plate,
which was 31.1% higher than the control beam specimen. Flexural cracks
are formed, and then their growth and increase in their width and

propagation in this beam specimen was the reason behind the partial or end

debonding.

o8
I.

Plate (4-11): Crack pattern after failure for strengthened beam (1T3S1200)
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4.3.1.4: Group three (Repaired with CFERP strips or steel plates)

The group of beam specimens described the effect of the repair
technique by using CFRP strip or steel plate on the crack pattern after failure

, this group of beam specimens shows as follow:

4.3.1.4.1 Repaired Beam Specimen (IT3FR1200)

In this repair specimen, the loading was done in two stages, as follows:

1) The first stage is to apply a load of approximately 60% of the ultimate
load on the control specimen (ITCC). The visible cracks on the model
were indicated by a blue colored pencile to distinguish it on the stage
after repair. Plate (4-12) (a) is showed the crack pattern before
repairing for beam (IT3FR1200).

2) In the second stage, the beam is repaired with CFRP strip, then
applied the load from zero until failure load (99.808kN) which is
higher than the control beam specimen (ITCC) by 39.3%. Plate (4-12)
(b) show the crack pattern for this beam after repair (at the failure) for
the beam specimen (IT3FR1200). This beam is failed by debonding of
three CFRP strip. Debonding occurs from areas of high tensile stress
concentration and continues to the end of the strips, this is related to
the presence of the cracks, in addition to the properties of the bonding
materials and their resistance. The high tensile stress in concrete close
to the adhesive layer is the reason for removing CFRP strips from

concrete.
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(a) Crack pattern before repairing for beam (IT3FR1200)

_W o '

Debonding
three of CFRP
strips

k

(b) Crack pattern after repairing (after failure) for beam (IT3FR1200)

Plate (4-12): (a) Crack pattern (before repairing) for beam (IT3F1200)
(b) Crack pattern (after repairing) after failure for beam (IT3F1200)

4.3.1.4.2 Repaired Beam Specimen (IT3SR1200)

This beam specimen is similar to the beam specimen (IT3FR1200), but
only difference is the type of external bonded technique (repaired with steel

plate). Also the loading was done in two stages, as follows:
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1) The first stage is to apply a load of approximately 60% of the ultimate
load on the control specimen (ITCC). The visible cracks on the model
were indicated by a blue colored pencile to distinguish it on the stage
after repair. Plate (4-13) (a) is showed the crack pattern before
repairing for beam (IT3SR1200).

2) In the second stage, the beam is repaired with steel plates, then applied
the load from zero until failure load (92.877kN) which is higher than
the control beam specimen (ITCC) by 29.6%. Plate (4-13) (b) show
the crack pattern for this beam after repair (at the failure) for the beam
specimen (IT3SR1200). Crushing concrete in compression area
followed by failure by mid debonding of three steel plates. Mid
debonding occurs in the areas of high tensile stress concentration. Mid

debonding related to the initiation of flexural crack.

(a)Crack pattern before repairing for beam (IT3SR1200)

= Mid debond

ing failure
e .
i R
J I

" masr1200 7

e

A/ ﬂ'

Il
- ‘f-L y
& LE:

{
(b) Crack pattern after repairing (after failure) for beam (IT3SR1200)

Plate (4-13): (a) Crack pattern (before repairing) for beam (1T3S1200)
(b) Crack pattern (after repairing) after failure for beam (I1T3S1200)
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4.3.2 First cracking load and crack width

Steel plates strengthening technology of RC inverted T beam in group
two showed the highest first cracking load compared to the control
beam and the specimens in the first group (strengthening with CFRP strips
technology), except for the model, group one ITF1200, showed higher first
cracking loads when compared with 1TS1200 in group two as shown in
Table (4-2).

Crack measurement in this study was done by using the crack meter
machine. With an increase in the load, the formation of the first crack is
monitored and compared with the width of the rest of the cracks that appear
on the beam specimen during the test period, and recording which of the
cracks gives the largest width relative to the width of the first crack. Plate (4-
14) shows how to measure the width of cracks by using the crack meter
machine. The maximum crack widths occurred in the constant moment area.
Control beam specimen without strengthening exhibited given greater crack

width at the ultimate load as shown in the Table (4-2). Also, this table show

the details of measured crack width at the service load.

Plate (4-14): Measurement the width of the cracks by using the crack meter
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Table (4-2): Experimental first cracking load and crack width for flexural beams

Group | Tested First *Service Crack Ultimate load Crack
no. Beams cracking load width(mm) (kN) width(mm) at
load (kN) (kN) CLEEERTIES ultimate load
load
------- ITCC 21 42.9912 0.25 71.652 4.63
ITF600 22 47.214 0.23 78.69 3.2
ITF900 24.2 51.4524 0.21 85.754 24
Group
ITF1200 27.8 53.4528 0.19 89.088 2
one
IT2F1200 25 57.5394 0.15 95.899 1.58
IT3F1200 26.4 62.493 0.12 104.155 0.73
1TS600 23.3 47.1924 0.18 78.654 1.8
1TS900 25.7 43.296 0.15 72.16 1.68
Group
o 1TS1200 21.6 47.8026 0.11 79.671 1.5
0
17251200 27 51.3612 0.8 85.602 1
17351200 29 56.3622 0.66 93.937 0.8
Group | IT3FR1200 29.4 59.8848 0.19 99.808 0.67
three IT3SR1200 21.6 55.7262 0.16 92.877 1.5

* Assumed service load = 60% * Ultimate load [103].

It is clear from the above table that all beam specimens strengthened with

steel plate have a crack width at the service load and at the ultimate load less

than the CFRP beam specimens, this may be due to the rise of stiffness of the

strengthened steel plate beam specimens. However, the crack width at the

ultimate load of the strengthened or repaired beam (IT3F1200 or

IT3FR1200) is less than the crack width of all the beam specimens

strengthened or repaired with steel plate, this may be due to the fact that in

this beam the number of cracks increased and their width decreased. Also, a

note from the above table is that the width of the crack will be decreased

when the strengthening length or width became greater. This also shows in
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drawing Figures (4-1) to (4-13). These figures explain the relationship

between the applied load tracking with the crack width for all tested models.

_______________________________________

g 8

SR T TR T R |

Load (kN)
8 § 8 3 8 8

8

N
]

6

[+]

Load (kN)

: ' : ' : : ' ' ' :
o 0.5 ks 1.5 2 2.5 3 3.5 a 4.5 s
k Crack width (mm) /

Figure (4-3) Load versus crack width of strengthened inverted T beam ITF900
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Figure (4-12) Load versus crack width before and after repaired
inverted Theam IT3FR1200
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Figure (4-13) Load versus crack width before and after repaired inverted T
beam IT3SR1200

4.4 Load Versus Mid-Span Deflection Results

Thirteen reinforced concrete inverted T beams were strengthened or
repaired with CFRP strips or steel plates, in addition to the control beam
specimen, all these beams were tested under two-point loads to show the
effect of strengthening and repairing patterns on their behavior and ultimate
load capacity. To measure the deflection, three LVDT sensors were placed,
one at the mid-span point, under the load point, and at the third of the
supported length. This section shows the experimental work investigation on
the behavior of load versus mid-span deflection curves for these inverted T
beams. The load-deflection curves of the control beam (ITCC), group one,
group two, and group three of inverted T beams show in Figures (4.14) to
(4.26). Group one consisted of five strengthening inverted T beams
designated as ITF600, ITF900, ITF1200, IT2F1200, and IT3F1200. Group
two also consisted of five strengthening inverted T beams 1TS600, 1TS900,
ITS1200, 1T2S1200, and 1T3S1200. These inverted T beams differ from
group one in the type of strengthening. The load-deflection curves of the
repaired inverted T beams IT3FR1200 and IT3SR1200 of group three are

shown in Figures (4.25) and (4.26). From the load-deflection curves of tested
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inverted T beams, it can be discovered that the load versus mid-span

deflection response can be divided into three stages of behavior.

The first stage represents the linear behavior of the load-deflection
response. This stage covers up to the first crack load area (where the first
crack load is defined as the load corresponding to the first deviation from the
straight line in the load-deflection curve). Below this limit, the materials
were behaving in an elastic fashion and the cracks in the cross-section
specimens in the tension areas remain stable. After that, as the load
increases, the cracks begin to spread, and their width increases. The concrete

and reinforcement in the compression area are still stable.

The second stage of the load-mid span deflection curve represented the
behavior of the materials after the initial cracking in the composite section.
The stiffness of the beam was decreasing as indicated by the decrease in the
inclination relative to the load versus deflection curve. This stage can be

distinguished by the inelastic behavior with respect to steel reinforcement.

Finally, in the third stage, the load-mid span deflection curve was
distinguished by a decrease in its inclination. The tensile steel reinforcement
reaches the stage of strain hardening, as well as the applied load near its final

value.

For the control unstrengthened inverted T beams, the decrease in the
slope of the curve is more than the decrease in the slope of the curves of
strengthening inverted T beams. Also, it can be observed that the

strengthened inverted T beams failed suddenly and appeared no ductility.
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110

15 20
Mid-span deflection (mm)

Figure (4-14): Load Vs. Mid-Span Deflection Curve of inverted T beam (ITCC)

Load(kN)
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Figure (4-15): Load Vs. Mid-Span Deflection Curve of inverted T beam (ITF600)

110 +

100 +
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Figure (4-16): Load Vs. Mid-Span Deflection Curve of inverted T beam (ITF900)
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Figure (4-17): Load Vs. Mid-Span Deflection Curve of inverted T beam (ITF1200)
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Figure (4-19): Load Vs. Mid-Span Deflection Curve of inverted T beam (IT3F1200)
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Figure (4-20): Load Vs. Mid-Span Deflection Curve of inverted T beam (ITS600)
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Figure (4-21): Load Vs. Mid-Span Deflection Curve of inverted T beam (1TS900)
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re (4-22): Load Vs. Mid-Span Deflection Curve of inverted T beam (1TS1200)
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Figure (4-23): Load Vs. Mid-Span Deflection Curve of inverted T beam (1T2S51200)
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Figure (4-24): Load Vs. Mid-Span Deflection Curve of inverted T beam (1T3S1200)
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Figure (4-25): Load Vs. Mid-Span Deflection Curve of inverted T beam (IT3FR1200)
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Figure (4-26): Load Vs. Mid-Span Deflection Curve of inverted T beam (IT3SR1200)

Figure (4.27) exhibits the load-deflection curves for group one which
consists of the five inverted T beams that were strengthened with CFRP
strips ITF600, ITF900, ITF1200, IT2F1200 and, IT3F1200 and control
inverted T beam ITCC. Of those curves, it can be noticed that all the
strengthened beams give a higher ultimate load capacity compared to the
control beam. Also, it can be noticed that the deflection of the strengthened
beams ITF600 and IT3F1200 are more than that of the control beam because
those strengthened beams have sufficient yield and high plasticity than the

control beam.

120 4

100 4

Load(KN)
8

20 4

Mid-span deflection(mm)

Figure (4-27): Load Vs. Mid-Span Deflection Curve of group one
strengthened inverted T beams and control inverted T beam
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Figure (4.28) exhibits the load-deflection curves for group two which
consist of the five inverted T beams were strengthened with steel plates
ITS600, 1TS900, ITS1200, 1T251200, and 1T3S1200 and control inverted T
beam ITCC. Of those curves, it can be noticed that all the strengthened
beams give a higher ultimate load capacity compared to the control beam.
Also, it can be noticed that the deflection of all strengthened beams without
beam IT3S1200 are more than that of the control beam because those
strengthened beams have sufficient yield and high plasticity than the control

beam.

W0 y—-—————T-——————a-——————— ———————r-——————T7-——————~ —————— = '

—_—t = = — e = —— — — e ——— — e — ——— = ——— — — o ————— = =]
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_____'i'_______i _______ E_______i_______j:'_ -ITs1200
. | . | | — [T 251200

10 Y- - — e ——E - - - - ———mrssi200

ITcc

o s 10 1s 20 2s 30 35
Mid-span deflection(mm)

Figure (4-28): Load Vs. Mid-Span Deflection Curve of group two
strengthened inverted T beams and control inverted T beam

Figure (4.29) represented the load-deflection curves for group one
which consists of the five inverted T beams strengthened with CFRP strips
and group two which consisted of the five inverted T beams strengthened
with steel plates and control inverted T beam. Of those curves, it can be
noticed that all the strengthened beams give a higher ultimate load capacity
compared to the control beam. Also, it can be noticed when comparing the
strengthened beams with each other, it is noted that the beam IT3F1200 has
the highest strength, and the beam 1TS1200 has the highest deflection.
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Figure (4-29): Load Vs. Mid-Span Deflection Curve of group one and group two
strengthened inverted T beams and control inverted T beam

Figure (4.30) explain the load-deflection curves for group three which
consist of the two inverted T beams where one of them was repaired with
CFRP sheets IT3FR1200, and the other beam was repaired with steel plates
IT3SR1200. When comparing the results with the control beam, it was
noticed that both repaired beams gave the highest strength. Beam repaired
with CFRP strips gives the highest strength compared to the beam repaired

with steel plate and control beam, while the beam repaired with steel plate

gives higher deflection because steel plate is more ductility than CFRP sheet.
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Figure (4-30): Load Vs. Mid-Span Deflection Curve of group three
repaired inverted T beams and control inverted T beam
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Finally, Figure (4-31) represents the comparison between the control
beam and the two retrofitted beams or strengthened beams IT3F1200 and
IT3S1200 where these beams loaded until failure, and the other two
retrofitted or repaired beams IT3FR1200 and IT3SR1200 where these beams
preloaded until appeared the flexural cracks and then retrofitted or repaired
with CFRP strips or steel plates, then these beams loaded until failure. The
results of the comparison of the curves show that all the strengthened and
repaired beams give the highest strength when compared with the control
beam. The results also show that all the strengthened beams give more

strengthened when compared with the repaired beams.
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Figure (4-31): Load Vs. Mid-Span Deflection Curve of retrofitted
(strengthened and repaired) inverted T beams and control inverted T beam

4.5 Failure Modes and Ultimate Loads

The unstrengthened beam and all the strengthened beams were tested up
to failure except the two beams being preloaded then repaired and then tested
up to failure. The recorded failure modes and ultimate loads for these beam

specimens are founded in Table (4-3).
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Table (4-3): The failure modes and the ultimate loads for all tested beam specimens

Group no. | Tested Beams Pu (kN) Failure Modes
------- ITCC 71.652 Flexural failure
ITF600 78.690 Flexural failure by CFRP debonding
ITF900 85.754 Flexural failure by CFRP debonding
Group ITF1200 89.088 Flexural failure by CFRP rupture
One IT2F1200 95.899 Flexural failure by mid span debonding of
CFRP strips
IT3F1200 104.155 Flexural failure by mid span debonding of
CFRP strips
1TS600 78.654 Flexural failure by steel plate debonding
1TS900 72.160 Flexural failure by steel plate debonding
Group ITS1200 79.671 Flexural failure by mid span debonding
Two failure of steel plate
17251200 85.602 Flexural failure by front steel plate
debonding
17351200 93.937 Flexural failure by front steel plate
debonding
Grou IT3FR1200 99.808 Flexural failure by three CFRP strips
P debonding
three IT3SR1200 92.877 Flexural failure by three steel plates mid
debonding
4.6 Ductility

The ductility of reinforced concrete elements is defined as the ability to
resist inelastic deformation without any reduction in the bearing capacity
until failure. In other words, ductility can be defined as the ratio between the
deformations at the ultimate stage to the deformations of the yield. This
deformation can represent (curvatures, strains and deflections) [104]. In this
current study, the ductility index is calculated as the ratio between deflection
at the ultimate load (Au) to yield deflection (Ay).

From the load-deflection curves, the yield deflection (Ay) can be defined
as the intersection of the two straight lines for elastoplastic behavior; one

line represents the tangent and the other line represent the horizontal line
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which passed through the ultimate load as shown in the Figure (4-32). Table

(4-4) showed the ductility index results for all tested beam specimens.

TTTThTTTA

50 4 -&l-F-f--

=9
o
tallge

Load (kN)

w
o

Mid-span deflection (mm)

Figure (4-32): Typical diagram for calculating the ductility index of RC beams
(ITCC beam specimen)

From Table (4-4) can be noticed that all inverted T beam specimens in
the first group and the second group strengthened with CFRP strips or steel
plates, respectively, gave lower values of ductility index compared to the
control beam specimen, which depends on the values of deflections and may
also prove the brittle property possessed by CFRP that makes the current
ductility property unadaptable.

Finally, the ductile behavior in all inverted T beam specimens in the third
group repaired with CFRP strips or steel plates, respectively, also gave very

lower ductile index values compared to the control beam specimen.
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Table (4-4): Ductility index for the all tested beam specimens

Deflection (mm) Ductility index
Group no. | Tested Beams
Ay Au = (Au/Ay)

------- ITCC 2 22.31 11.16
ITF600 2.5 26.11 10.44
ITF900 15 11.79 7.86

Group
ITF1200 1.7 16.43 9.66

one

IT2F1200 1.4 13.91 9.94
IT3F1200 3.8 27.85 7.33
ITS600 2.9 2241 7.73
ITS900 2.8 26.41 9.43

Group
ITS1200 2.6 28.55 10.98

two

1T251200 2.2 23.99 10.90
IT3S1200 2 20.91 10.46
Group IT3FR1200 5.2 14.41 2.77
three IT3SR1200 5.8 27.84 4.80

4.7 Effect of the length or width of CFRP strips or steel plates
on the load capacity of RC inverted T beam specimens

CFRP strips or steel plates are an effective means to increase the
ultimate load capacity of the RC beam specimens in the flexure. Twelve RC
beam specimens were utilized to investigate the optimum or effective length
or width with different lengths or widths of CFRP strips or steel plates and in
different percentages relative to the total span length, as the details are
shown in Table (4-5). The relationship of ultimate loads capacity with the
percentage of lengths or widths of each beam specimens is shown in the
Figures (4-33), (4-34), and (4-35). From these figures, it was noted that in
strengthening CFRP strips groups in Figure (4-33) that the greater
percentage of the chosen length to the total span length, the greater of

ultimate load capacity. When the appropriate length of the reinforcement or
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strengthening is obtained, the length of the reinforcement is fixed and begins
with an increase in the width of the reinforcement or strengthening. Also,
when increased the percentage of the chosen width is to the total width, the
increased of ultimate load capacity. It was noted that the same behavior
occurs in the second group (strengthening with steel plates) as shown in
Figure (4-34) except that beam ITS900 gave less ultimate load capacity than
beam ITS600 despite the continuous increase in percentage in length and this
may be due to the weak link between concrete and steel plates or as a result
of the occurrence of debonding failed early as a result of the high
concentration of stresses caused by cracks in concrete material. Group three
was repaired group, which used the longest length and width, suitable for

obtaining the ultimate load capacity, as shown in Figure (4-35).

It can be concluded that the optimal ratio of length or width for CFRP
strips or steel plates in all cases and to increase the ultimate load capacity
was 80% and 60% respectively of the total length and width of the span, and
this has been chosen as the maximum optimum increase in length and width

to take into account the cost of materials.

In general, when comparing the CFRP strips group with the steel plates
group with respect to the investigation length or width of the strengthening
or the repair in order to increase the ultimate load capacity, it was noted that
all beam specimens that were strengthened or repaired by CFRP strips gave
the highest ultimate load capacity as shown in the Figures (4-36) and (3-37)
respectively.
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Table (4-5): Beam specimens evaluated in this study

Group Beam . L.
_ Description
no. Specimens
------- ITCC

ITF600 The effective length of CFRP strip represent 40%** of the total span length
The effective width of CFRP strip represent 20%*** of the total span width

ITF900 The effective length of CFRP strip represent 60% of the total span length

Group The effective width of CFRP strip represent 20% of the total span width

ITF1200 The effective length of CFRP strip represent 80% of the total span length
one The effective width of CFRP strip represent 20% of the total span width

IT2F1200 | The effective length of CFRP strips represent 80% of the total span length
The effective width of CFRP strips represent 40% of the total span width

IT3F1200 | The effective length of CFRP strips represent 80% of the total span length
The effective width of CFRP strips represent 60% of the total span width

1TS600 The effective length of steel plate represent 40%** of the total span length
The effective width of steel plate represent 20%*** of the total span width

1TS900 The effective length of steel plate represent 60% of the total span length

Group The effective width of steel plate represent 20% of the total span width

ITS1200 The effective length of steel plate represent 80% of the total span length
two The effective width of steel plate represent 20% of the total span width

1T2S51200 | The effective length of steel plates represent 80% of the total span length
The effective width of steel plates represent 40% of the total span width

1T3S1200 | The effective length of steel plates represent 80% of the total span length
The effective width of steel plates represent 60% of the total span width

IT3FR1200 | The effective length of CFRP strips represent 80% of the total span length

Elree The effective width of CFRP strips represent 60% of the total span width

three IT3SR1200 | The effective length of steel plates represent 80% of the total span length
The effective width of steel plates represent 60% of the total span width

** (600/1500)*100 | ***(50/250)*100

m Length CFRP strips
m Width CFRP strips

Length or width CFRP strips as % beam span

78.69 KN 85.754 KN 89.088 KN 95.899 KN 104.155 KN

Ultimate load (KN)

Figure(4-33):Group one, comparisons of the ultimate load capacity vs length or width
CFRP strips
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= Length steel plate sheets

= Width steel plate sheets

Length or width steel plate sheets as % beam span
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Figure(4-34):Group two, comparisons of the ultimate load capacity vs length or width
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Figure(4-35):Group three, comparisons of the ultimate load capacity vs length or width CFRP strips
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Figure (4-36): Strengthening groups, Ultimate load for experimental beam specimens
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Figure (4-37): Repairing groups, Ultimate load for experimental beam specimens

4.8 Stiffness Criteria

Stiffness is defined as the load needed to produce a unit deformation at
any time in a concrete member. In this study, the stiffness criterion was
represented by a slope of the secant line drawn in the load-deflection curve
at 0.75 times of ultimate load [105]. The stiffness calculations for all the
tested beam specimens are shown in Table (4-6). It was noted from this table
that the stiffness of all strengthening beam specimens in the first or second
group increases in comparison with the stiffness of the control beam
specimen. In the third group, the repaired beams were exposed to the load,
emptied, strengthened, and then subjected to the load, the CFRP strips tried
to restore the stiffness of the repaired beam to a value higher than that of the
control beam, also the steel plate restored the stiffness of the repaired beam

higher than that of the control beam.

It was also noted that the beam that has the longest strengthening length
and the widest strengthened was given more stiffness, because the beam that
Is strengthened with the longest strengthening length is more efficient in the
crack area because this sufficient length extends outside the region of the

maximum moment. In general, when compared to the strengthening system,
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CFRP is more effective in giving greater stiffness but in the repair system,

steel plate is more effective in giving greater stiffness.

Table (4-6): Stiffness parameter for the tested beam specimens

Group | Beamspecimens | pu*0.75 (kN) Deflection at 0.75 pu stiffness K
no. (mm) (KN/mm)
------- ITCC 53.739 3.6 14.928
ITF600 59.018 3.9 15.133
ITF900 64.316 3.7 17.378
STl ITF1200 66.816 433 15.431
o IT2F1200 71.924 419 17.166
IT3F1200 78.116 3.7 21.113
ITS600 58.991 38 15.524
ITS900 54.120 31 17.458
Group
e ITS1200 59.753 36 16.598
IT251200 64.202 3.77 17.030
IT351200 70.4523 36 19,570
Group IT3FR1200 74.856 4.99 15.001
three IT3SR1200 69.658 4 17.414

4.9 Moment-Curvature Relationships

The moment-curvature relationships for the test beam specimens can be

obtained by using the data of the experimental load-deflection.

The curvature of the tested beam specimens can be calculated depended

on the reference [106] as the following:

From figure (4-38) obtained on as following:
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OC'=0OD'=OE'=R ----------mmmmmmmmmmeeeee 2

Where the denote (R) means the radius of circle .

Using the pythagoream theorm:

OD"2=0C'2+ CD"2 ------mmmmmmmmmmmmmmeee 3

OC'=OM-CM"

=R-(Amid — AL)

Substituting this value in equation (3) and obtained:

2

L
2—(R2. 2) e
R2=(R 2Ry+y)+100 5
2, L?
L2 y +m
=(\v2 =
2Ry=(y? + 100) 2 R 2y 6

Substitute Equation (6) into Equation (1), produces the following:

1 2
Q:_R ) QZTYLZ ------------------------ 7
Y 100
y = Amid — AL --------------mmmmme - 8

Substituting equation (8) in equation (7) in order to obtain the curvature of

the tested beam specimen

2(Amid—AL)

T Amid—ALZ 41
(Amid—AL) e

9 which is required

Where :
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@=Curvature of tested beam specimens.

Amid=Deflection value from LVDT which placed in mid span.
AL=Deflection value from LVVDT which placed under the load.
L=The clear span length of tested beam specimens.

Moment can be calculated at mid span of simply supported beam as

followed:

_PL
"5

10 which is required

M

Where :

M=moment at mid span of the simply supported beam.
P= load of tested beam specimens.
L=The clear span length of tested beam specimen.

L/2.5 | L/5 | L/2.5

PL/5 PL/5

Bending moment diagram

Figure (4-38): Bending moment diagram and Deflection profile for tested beam
specimens (continue)
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Figure (4-38): Bending moment diagram and Deflection profile
for tested beam specimens (continued)

Applying Equation (9) and (10) to the load —deflection curves for the
test beam specimens, gives Figures (4-39) to (4-43) which represent the

moment —curvature relationship.

—ITCC

Moment(KN.m)

________________________________________________________________________________________________ ~——ITF600

~——ITF900
= [TF1200

——[T2F1200
~——IT3F1200

0.2 0.25 0.3 0.35 0.4 0.45
Curvature(1/m)

Figure(4-39):Moment-Curvature Relationship of CFRP strip Group with
Control beam specimen
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~——IT351200

0.4 0.6 08 1 12
Curvature(1/m)

Figure(4-40):Moment-Curvature Relationship of steel plate group with Control
beam specimen
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Figure(4-41):Moment-Curvature Relationship of all strengthening groups with Control
beam specimen
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Figure (4-42): Moment-Curvature Relationship of Repaired Group

A: Represent Moment-Curvature Relationship of inverted T beam specimen
before and after Repaired with CFRP strips.

B: Represent Moment-Curvature Relationship of inverted T beam specimen
before and after Repaired with steel plates.
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Figure(4-43):Moment-Curvature Relationship for specimens IT3FR1200
and IT3SR1200 (After Repair)
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4.10 Energy Absorption (EA)

In this section, the energy absorption (EA) is estimated by calculating
the areas under the curve of load versus mid-span deflection [107]. Figure
(4-44) shows how to calculate the energy absorption in this study. In general,
the results of the test in the Table (4-7), through which the energy absorption
was calculated, indicating that the ITF600 beam has higher absorption
energy compared to the control beam. Also, in the first group, an increase in
energy absorption was observed in the IT3F1200 beam, and this beam is of
sufficient length and width of carbon fiber, which in turn provides high
absorption energy. As for the second group, all beams strengthened with
steel plate gave higher absorption energy compared to the control beam. The
third group had a beam repaired with a steel plate, which also gave higher
absorption energy compared to the control beam and the beam repaired with
a CFRP strips.

80 -
ITCC

70 -

60 -

v
o

Load(KN)
S

Energy Absorption = Area Under
Load - Deflection Curve

w
o

N
o

[y
[=]

0 Ll L] L L] L L] Ll
0 5 10 15 20 25 30

Mid-span deflection (mm)

Figure (4-44): Example of diagram for determinations of area under
the load-displacement curve for Inverted T beam (ITCC)
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Table (4-7): The energy absorption capacity for the tested beam specimens

Group ) Energy Absorption
Beam specimens .
no. Capacity (kN.mm)
....... ITCC 1498.13
ITF600 1910.47
ITF900 856.44
Group
ITF1200 1268.23
One
IT2F1200 1114.26
IT3F1200 2770.47
ITS600 1753.93
ITS900 1784.89
Group
ITS1200 2074.19
Two
1T251200 1804.50
IT3S1200 1827.83
Group IT3FR1200 1048.85
Three IT3SR1200 2304.43
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CHAPTER FIVE

Finite Element Analysis

5.1General

Finite Element Analysis is an accurate, economical, and effective
method for studying the complex behavior of various structural elements in
civil engineering. The ABAQUS program is one of the most common
programs used in finite element analysis for the purpose of obtaining
accurate modeling results. In this study, ABAQUS/CAE 2019 is utilized for
simulating numerically the behavior of reinforced concrete (RC) inverted T
beams. The experimental test method is more reliable in order to know the
behavior of the structural structures, but despite that, this method has several
disadvantages, including that the results in each test can be different in
addition to that, the experimental test method is expensive and takes a long
time to complete. The importance of the finite element method, as well as for
comparing and verifying theoretical results with experimental results [108].
In this chapter, the results of the experimental tests will be compared with
the results of the analytical modeling for thirteen beams consisting of three
groups in addition to the control beam with and without strengthening and
repair by using CFRP sheets or steel plates, which were summarized in
Figure (5-1); details developed for a finite element model include the
element types, the constitutive model, the mesh size, and the boundary

conditions of each component. Finally, a parametric study will be conducted.
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~ .

Inverted T beams
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Strengthening Strengthening Repairing Repairing
with steel plates with CFRP strips with steel plates with CFRP strips

| IT35R1200 I IT3FR1200 ’

Figure (5-1): The selected inverted T beams for the theoretical study

5.2 Element Type and Material Properties

For modeling the truth behavior of reinforced concrete beams, the
modeled concrete according to recommended is with an 8-nodded linear 3D
brick solid element with reduced integration (C3D8R) [109], see Figure (5-
2a). The element type supplies dependable solutions to most applications.
All 3D solid elements consist of eight nodes with three degrees of freedom
per node. Also, it can be utilized for both linear and complex non-linear
analysis involving contact, plasticity, and large deformations. For steel
reinforcements used two nodded linear truss elements (T3D2), see Figure (5-
2b). In addition to the concrete beam, the three-dimensional solid element
(C3D8R) was selected to model the steel plates in both the supporting
situation and the loading situation. The third element type utilized in this
study for the purpose of modeling CFRP strips and steel sheets is the (S4R)
shell element, see Figure (5-2c) [110].
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(a) C3D8R element (b) T3D2 truss (c) Shell elements

Figure (5-2): Element type used in FE simulation [110],[111]

The used model in ABAQUS for simulating the behavior of concrete is
the concrete damaged plasticity model (CDP). Appendix B shows details of

the (CDP) model which includes the behavior and properties of the concrete.

5.3 Model Geometry and Boundary Conditions

Three-dimensional (3D) simulations were carried out to obtain an
approximate and accurate estimation of the behavior and failure modes of all
RC inverted T beam specimens with and without CFRP strips or steel plates.
All models were used in the simulation. Figure (5-3) gives a 3D view of the
geometry of the FE model developed for the control beam. The Z axis is

along the longitudinal direction of the beam, and the X-Y plane represents

the cross-section of the beam.

X . .
a) inverted T beam concrete £ b) Reinforcement of inverted T beam

Figure (5-3): 3D view of the RC inverted T beam FE model
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The bond simulation between the concrete and the steel reinforcement
was by an embedded method. In this constraint, steel reinforcement bars
were chosen as the embedded region and the concrete served as the host
region, also, the constraint simulation between concrete and steel was a
perfect bond see Appendix B. A surface-to-surface option was the usual
connection between the beam and steel plates found in both loading and
supporting situations which represent a rigid body in the constraint manager.
The ability of the ABAQUS shown in Figure (5-4) in modeled variation

types of the elements during the constraints function.

Concrete

Embedded steel reinforcement bar

Steel loading plate

Reinforcement cages

Steel supporting plate

Surface to surface bond between the

beam and steel plates

Figure (5-4): FE model of the constraints function in ABAQUS (ITCC beam)

The RC inverted T beams had been analyzed in ABAQUS/Explicit by
utilizing static step analysis; a nonlinear dynamic implicit procedure was
preferred to analyze all the beams. The load was applied in the static analysis

as a displacement on the mid-point (reference point [RP]) of the upper steel
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loading plates. This applied displacement was 30 mm for all inverted T beam
specimens. The boundary condition of the beam supports of all inverted T
beams were represented by making a fix on the (reference point [RP]) and
the type of this fix is symmetry/antisymmetry/encastre as
(U1=U2=U3=UR1=UR2=UR3=0).

Figure (5-5) shows details boundary conditions for beam specimens

utilized in the simulations.

Displacement load

Fix support (rigid body)

Figure (5-5): Typical boundary conditions and apply load of modeled inverted T beams

5.4 Finite element Mesh and Convergence Analysis

The study of convergence is the main objective in determining the size
of the mesh for the purpose of modeling the beam model with fewer
elements and higher affinity with experimental test results. Practically, this is
achieved when there is a small effect on the results with a decrease in mesh
size when compared with the effect of structural analysis complexity and
processing time. The beam specimens molded with element size reduced
(Increasing the number of elements in each X, Y, and Z direction) (10,
15,20, 25), see Figure (5-6). The model was cut to match the nodes in each
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beam element to each other by creating a partition-type cell in a method
extend face for steel loading and support plates with beam, as shown in the
beam ITCC in Figure (5-6), while when adding strengthen or repair using
CFRP strips or steel plates, and for the mesh consistency, the cutting process
Is done utilizing a datum plane for each side of the CFRP strips or steel
plates as shown in the beam IT3F1200 in Figure (5-6). The convergence
analysis study, showed that the difference can be ignored when the number
of element increased from 15625 elements (mesh size of 20 mm) to 31250
elements(mesh size of 10 mm), therefore; the 20 mm model is suitable mesh
in the modeling for all tested specimens as shown in Figure (5-6). All beam
specimens were analyzed with the same load, as well as for material
properties, all beam specimens strengthened or repaired with CFRP strips
were similar in properties to each other, as well as beam specimens that were
strengthened or repaired with steel plates were also similar in properties to

each other.

(a) Mesh size 10mm (b) Mesh size 15mm

(c) Mesh size 20mm (d) Mesh size 25mm

(a),(b),(c) and (d) Irregular mesh

G Match the nodes in each beam element to each
Create partition 2 other by creating partition

ITCC beam

= Mesh size 20mm (Regular mesh)

Mesh of steel reinforcement

Figure (5-6): Typical mesh applied for the RC inverted T beams (continue)
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-

Datum plane

X IT3F1200 beam

Create partition by doing datum plane Match the CFRP strips or steel plates mesh with the beam mesh

5.9 4+———
585 4+—F——
5.8 4

57 41 L 11 |

5.7 14—
Convergence analysis |
565 4

56

Displacement at mid-span [mm]

555 4 —

55 i i i i
0 ‘\%@m J\,%@Q quago 'ﬂ@o ,5\60“ 'bbcpe

Number of elements

Figure (5-6): Typical mesh applied for the RC inverted T beams (continued)

5.5 CFRP strips or steel plates modeling
5.5.1 CERP strips Modeling

In the ABAQUS program, the CFRP strips are modeled as follows:

1. The CFRP strips sections are made as a shell layer with a thickness
equal to (0.167mm).

2. The CFRP strips material has defined in two stages :

(A) The first stage is represented as an elastic stage, CFRP strips are

represented as a laminate which formed of modulus of elasticity in two

directions longitudinal and transverse, Poisson's ratio in the longitudinal

direction and values shear modulus of elasticity in all directions as shown

in Table (5-1) [112].

(B) The second stage is represented as a plastic stage, this stage is defined

as the failure stage which is molded by utilizing the hashin model formed

of tensile strength, compressive strength, and shear strength in two

directions as shown in Table (5-1) [112].

130



CHAPTER FIVE FINITE ELEMENET ANALYSIS

3. Also, the completion of the definition of the behavior of the material,
in addition to knowing the elastic and hashin damage, is done by knowing
the density of the CFRP strips, which is equal to 1.82E-09. See the
Appendix B.

Table (5-1): Elastic and Hashin Damage Properties of CFRP strips Used in ABAQUS [112]

Parameter magnitude

Elastic properties

Elastic modulus of CFRP strips:

El 230 Gpa
E2 16.58 Gpa
Longitudinal Poisson’s ratio 0.3

Shear modulus:

G12 9188.5 MPa
G13 12259 MPa
G23 5911 MPa

Hashin Damage properties

Longitudinal tensile strength 3900 MPa
Longitudinal compressive strength 3120 MPa
Transverse tensile strength 210.6 MPa
Transverse compressive strength 643.5 MPa
Longitudinal shear strength 210.6 MPa
Transverse shear strength 276.9MPa

4. It is necessary to know the direction of the CFRP strips in order to know
the ABAQUS program that E1 is the initial Young’s modulus in the long
direction in the fiber direction and E2 is Young’s modulus in the short

direction in the direction perpendicular to the fibers as shown in the Plate (5.1).
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5.5.2 Steel Plates Modeling
In the ABAQUS program, the steel plates are modeled as follows:

1. The steel plates sections are made as a shell layer with a thickness of
equal to (0.8mm).
2. the steel plates material have defined in two stages:
(A) The first stage is represented as an elastic stage which is formed by
young’s modulus and Poisson's ratio as shown in Table (5-2).
(B) The second stage is represented as the plastic stage formed of yield stress
and plastic strain, yield stress, and plastic strain data obtained from the dog

bone test found in chapter three as shown in Table (5-2).

Table (5-2): Elastic and plastic Properties of steel plates used in ABAQUS

Parameter magnitude

Elastic properties

Young modulus 200000 MPa

Poisson’s ratio 0.3

Plastic properties (for two steel coupons)

Yield stress : Plastic strain :
1- 266.9 MPa 0
2- 264.7 MPa 0.19

3. Also, the completion of the definition of the behavior of the material,
in addition to knowing the elastic and plastic, is done by knowing the

density of the steel plates, which is equal to 7.85E-09.

5.6 Adhesive Interface Modeling

In this study, the surface-to-surface connection is used in the bond
between CFRP strips or steel plates and adhesive and between adhesive and

concrete in each strengthening and repairing, where the concrete connected
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to CFRP strips or steel plates are represented as the master surface, while the
slave surface represents CFRP strips or steel plates, as shown in the Plate (5-
2).

Slave Adjustment  Surface Smoothing  Clearance Bonding

® No adjustment

(Default)

oK Cancel

Plate (5-2): Adhesive Interface Modeling (IT2F1200 beam specimen)

The behavior of the bond interface between the CFRP composite strips
or steel plates and the concrete beam was modeled in ABAQUS by using the
cohesive surface interaction method. The surface is an epoxy that is
dependent on cohesive behavior and damage, epoxy is defined as a surface
interaction property. The response of the cohesive behavior interaction is
based on traction-separation behavior. The traction-separation behavior
consists of the initial stiffens in the normal direction in MPa/mm (normal
stiffness) (Knn) and the initial stiffens in the tangential direction in MPa/mm
(shear stiffness) (Kss = Ktt). The second contact property option of the
surface of epoxy was represented by damage behavior. The response of the
damage behavior interaction is based on maximum nominal stress. The
maximum nominal stress consists of the normal strength, on (MPa), shear-1
strength, tt (MPa), and shear-2 strength, ts (MPa). See appendix B. The data

of interaction property for epoxy was taken according to the requirements of
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previous research on strengthening concrete beams. Data of mechanical
properties of the bond interface material (epoxy resin) as shown in Table (5-
3) [113].

Table (5-3): Mechanical properties of the interface material (epoxy resin) [113]

Normal stiffness, Knn (MPa/mm) 626
Shear stiffness, Kss (MPa/mm) 626
Shear stiffness, Ktt (MPa/mm) 626
Normal strength, on (MPa) 1.81
Shear-1 strength, tt (MPa) 1.5
Shear-2 strength, ts (MPa) 1.5

5.7 Repaired Beam Modeling
The method used in this study for the purpose of modeling the repair of
RC beam with externally bonded CFRP strips or steel plates is as follows:

+ In the beginning, two models are made, one representing the previous
model (pre-loading model) (model-1) and the other representing the
model after adding CFRP strips or steel plates (model-2) (IT3FR1200
or IT3SR1200).

% Pre-loading model is the first model that is without any repair. In this
model, a pressure force distribution as total force and its value is 60%
of the ultimate load of the control beam and is divided by 2 in order to
put it on each load plate and as shown in the Plate (5-3). After that, an
incremental refined execution was employed to gain a solution for the

loading programs and analyzed beams.

K/
0’0

After completing the entries for this model (pre-loading model) as
explained in the previous paragraphs of this chapter, a (run) is made
for the pre-load model and the results are stored in a special case that
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IS made so that the results are called when needed in the second

model.

Plate (5-3): Apply load in pre-model (model-1)
¢ After that, the second model (model-2) is used and CFRP strips or

steel plates are added (repair phase) , and all the connection details
explained in the previous paragraphs of this study remain the same as

shown in a Plate (5-4).

Module: |Z] Assembly M Mode: |2 Model referance After CFRP strips ] Step: |Z Apply load ]

)

B o Fp it

T

Pkl §6E:
&
)

R adl™ 3 |

1X 43

Added CFRP strips or steel plates

Plate (5-4): assembly CFRP strips or steel plates with beam

¢ Then the outputs of the initial stress are selected from the first model
(model-1) and placed as the initial stress for the second model (model-

2) by creating a predefined field, step initial, and types for selected
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step stress as shown in a Plate (5-5). The increment value is taken
from the last increment in which the first model (model-1) was

executed and as shown in its Plate (5-5).

T ——rr————————

Plate (5-5): Applied initial stress from (model-1) to initial stress for (model-2)
5.8 Results of Finite Element Analysis and Discussion

5.8.1 Load - Deflection Response
The behavior of the study members is reflected in the relationship

between load and mid-span deflection during the study compared with the
results of the load-mid-span deflection responses obtained from FEM with

the experimental results of the control beam, group I, group Il and group I
of beams as shown in Figures 5-7, 5-8, 5-9 and 5-10 respectively. Load-mid-

span deflection expected by FEM was similar to the experimental data in
general. However, the results obtained from FEM showed more stiffness
compared to the results obtained from experimental specimens. There can be
several reasons behind the high stiffness in the FEM and the most important
these reasons are, it is the development of micro-cracks due to environmental
influences, dry shrinkage, and curing of concrete, in the case of experimental
examination results. These small cracks do not appear in the simulation by
FEM [114]. Also, the perfect bond between steel reinforcement rebar and
concrete is not actually ideal, the models in FEM represent the concrete to be
a homogeneous material, but it is a heterogeneous material in actually.
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Figure (5-7): Experimental and numerical load-mid-span deflection curves
for ITCC beam specimen
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Figure (5-8): Experimental and numerical load-mid-span deflection
curves for group I strengthening beams with CFRP strips (continue)
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e) IT3F1200 specimen
Figure (5-8): Experimental and numerical load-mid-span deflection curves for group I

strengthening beams with CFRP strips (continued)
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(c) 1TS1200 specimen
Figure (5-9): Experimental and numerical load-mid-span deflection curves for

group Il strengthening beams with steel plates (continue)
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Figure (5-9): Experimental and numerical load-mid-span deflection curves for group 11
strengthening beams with steel plates (continued)
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Figure (5-10): Experimental and numerical load-mid-span deflection curves for
group I repairing beams with (a) CFRP strips and (b) steel plates (continue)
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Figure (5-10): Experimental and numerical load-mid-span deflection curves for

group I repairing beams with (a) CFRP strips and (b) steel plates (continued)

All of these Figures usually consider a good agreement between the
experimental curves and the finite element method curves. Table (5-4) offers
summary results in the comparison between experimental and analytical
results for reference beam or control beam (ITCC), group | strengthening
beams with CFRP strips, group Il strengthening beams with steel plates, and
group Il repairing beams with (a) CFRP strips and (b) steel plates. The
maximum difference for all beams strengthened with CFRP strips or steel
plates varied in the results between the (-8.62%) reduction to (7.51%)
ultimate load increase. While the maximum difference in the maximum
deflection at mid-span was between (-15.04%) as a reduction to (4.43%) as
an increase. As for the beams repaired with CFRP strips or steel plates, the
maximum difference in ultimate load ranges from (1.2%) to (2.40%), and the
maximum deflection at mid-span varied in the results between (4.78%) to
(12.28%). However, there is an acceptable and good agreement between the

results from the FEM analysis and the experimental study results.
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Table (5-4): Experimental and Numerical Results for all tested beams

Beam

Ultimate loads

pu)FEM — pu) EXP|

Max. deflection

Au)FEM — Au)EXP

Lo pu) EXP (mm) Au)EXP
sSpecimens Pu)Exp PU)FEM % AUEXP | Au)Fe %
M

ITCC 71.652 75.764 5.74 2231 21.31 -4.48

1 TE600 78690 | 78.760 0.09 2435 | 25.35 4.11
ITE900 85.754 | 78.362 -8.62 11.79 | 11.19 -5.09
ITE1200 89.088 | 88.091 -1.12 16.43 | 15.90 -3.23
IT2F1200 | 95899 | 97.262 1.42 1391 | 13.47 -3.16
IT3F1200 | 104.155 | 106.301 2.06 27.85 | 26.06 -6.43
1 TS600 78.654 84.185 7.03 22.41 19.04 -15.04

1 TS900 72.160 77.578 7.51 26.41 27.58 4.43
1TS1200 79.671 79.571 -0.13 28.55 28.17 -1.33
1T2S1200 85.602 91.595 7.00 23.99 23.55 -1.83
1T3S1200 93.937 94.696 0.81 20.91 20.99 0.38
IT3FR1200 99.808 101.001 1.20 14.41 16.18 12.28
IT3SR1200 92.877 95.111 2.40 27.84 29.17 4.78

5.8.2 Behavior of Von Mises stress for inverted T beams

The distribution of concrete stresses for all tested flexural strengthened

and repaired beams at failure loading is illustrated in Figures (5-11) to (5-

16). The stresses were determined in units of (MPa). The stress gradient is

shown by a colored bar placed on the gantry of the specimens' shapes.
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Figure (5-11): Stresses distribution of FEM for flexural beam (ITCC)

1.0)

- Reinforcement bars stresses

5, Mises

g T8
457 000
418819
W03
e
e

]

BELE

S
E358

E1
(15

Il

ODB: Job-11.0db Abaqus/Standard 3DEXPERIENCE R2019x Thu Jul 07 20:17:39 Arabic Standart —
Step: load point

Increment 1464: Step Time = 1.000

Primary Var: S, Mises

(a) ITF600 beam

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)

ODB: Job-12f900.0db  Abaqus/Standard 3DEXPERIENCE R2019x Sat Jul 09 12:43:50 Arabic

Y
Z'I“ Step: Apply load

X Increment 1275: Step Time = 1.000
Primary Var: S, Mises

(b) ITF900 beam

Figure (5-12): Stresses distribution of FEM for strengthening beams with CFRP

strips (continue)
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Figure (5-13): Stresses distribution of FEM for strengthening beams with steel plates

(continued)
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Figure (5-15): Stresses distribution of FEM after repair beam by CFRP strips
(IT3FR1200)
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Figure (5-16): Stresses distribution of FEM after repair beam by steel plates
(IT3SR1200)
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5.8.3 Crack Pattern and Modes of Failure

The crack propagation patterns obtained from FEM analysis are similar

to the crack propagation patterns recorded in the experimental study. Figures
(5-17) to (5-22) show the comparison of crack patterns in FEM with
experimental specimens for each total of (control specimen) and specimens
strengthened or repaired with CFRP strips or steel plates. According to the
observations made in the experimental work, the first cracks occurred in all
cases in the bending regions. With the increase in load, cracks develop,
newer cracks are formed and the older cracks become deeper in the areas of
flexural. At the end, the failure observed in FEM for all beam specimens was
the same as the experimental failure.
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Figure (5-17): Cracking patterns of FEM versus experimental study for flexural
beam (ITCC)
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Figure (5-18): Cracking patterns of FEM versus experimental study for flexural
beams strengthening with CFRP strips (group one) (continue)
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Figure (5-18): Cracking patterns of FEM versus experimental study for flexural
beams strengthening with CFRP strips (group one) (continue)
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Figure (5-18): Cracking patterns of FEM versus experimental study for flexural
beams strengthening with CFRP strips (group one) (continued)
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(b) ITS900 beam

Figure (5-19): Cracking patterns of FEM versus experimental study for flexural
beams strengthening with steel plates (group two) (continue)
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Figure (5-19): Cracking patterns of FEM versus experimental study for flexural
beams strengthening with steel plates (group two) (continue)
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Figure (5-19): Cracking patterns of FEM versus experimental study for flexural
beams strengthening with steel plates (group two) (continued)
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Figure (5-20): Cracking patterns of FEM versus experimental study for flexural
beams (before the repair) with CFRP strips (IT3FR1200) and steel plates
(IT3SR1200)
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DAMAGET
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Debonding failure

Figure (5-21): Cracking patterns of FEM versus experimental study for flexural
beam (after repair) with CFRP strips (IT3FR1200)
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Figure (5-22): Cracking patterns of FEM versus experimental study for flexural
beam (after repair) with steel plates (IT3SR1200)
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5.9 Parametric study

In this study, the use of the FE model is developed in order to predict and
know more details of the understanding of the behavior of the inverted T
beams. The ABAQUS program achieved an acceptable level of accuracy to
conduct a parametric study for the purpose of studying the effect of some
variables on the behavior of the inverted T beam, which was not studied in
the experimental program. The parameters that have been studied are as

follows:

1- Increase the strengthening length of CFRP strips and also, increase the
strengthening length of steel plates.

2- Increase the strengthening width of the CFRP sheet.
3- Increase the thickness of the steel plates to (a) 2mm and (b)3mm.
4- Increase the number of layers of (CFRP) sheets.

The specimens developed and used in the (ABAQUS) program were

shown in Table (5-5) as follows:

Table (5-5): Specimens developed symbols

Symbol Details
IT3F1500 Inverted T beam three CFRP strips strengthening length 1500mm.
17351500 Inverted T beam three steel plates strengthening length 1500mm.

Inverted T beam CFRP sheets strengthening length 1500mm
ITF1500-w250 ) )
strengthening width 250mm.

Inverted T beam steel plates strengthening length 1200mm-2mm
ITS1200-2th
thickness numerical model.

Inverted T beam steel plates strengthening length 1200mm-3mm
ITS1200-3th )
thickness.

Inverted T beam three CFRP strips strengthening length 1200mm-
2 layers of CFRP strips.

IT3F1200-2La
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5.9.1 Increase the strengthening length

The best strengthening length selected from the numerical specimens,

which was estimated at a length of 1200 mm, was developed to the length of

the strengthening possessed by the analytical specimens, which was

estimated at a length of 1500 mm, for the purpose of discovering the effect

of increasing the length of the strengthening from CFRP strips or steel plates

on the behavior of the inverted T-beams. The comparison between the beams

on ultimate load and ultimate deflection is shown in Table (5-6). Figure (5-

23) explain the behavior of beams at the ultimate stage.

Table (5-6): Comparison between the beams on ABAQUS results for specimens

(IT3F1500, 1T3F1200, IT3S1500 and 1T3S1200)

Load Deflection Difference in Difference in
Specimens Capacity Capacity Ultimate Ultimate
kN mm Load % Deflection%
IT3F1500 108.073 29.33
1.67 12.55
IT3F1200 106.301 26.06
1T3S1500 97.795 22.89
3.27 9.05
1T3S1200 94.696 20.99
120
- ﬂ_‘_____;’-/j
20
% ITIF1500
3 L IT3F1200
IT351500
IT3S1200

40

20

=] 10

15

20 25

Mid-span deflection mm

30

35

Figure (5- 23): ABAQUS results for load-deflection response of beams 1T3F1500,
IT3F1200, IT3S1500 and 1T3S1200
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When the strengthened beam with a length of 1500mm of (CFRP) strips
(IT3F1500) is compared to the specimen (IT3F1200), the value of load
capacity increases (1.67%), and the value of deflection capacity increases
(12.55%). Also, when the strengthened beam with a length of 1500mm of
steel plates (IT3S1500) is compared to the specimen (IT3S1200), the value
of load capacity increases (3.27%), and the value of deflection capacity
increases (9.05%). The beam specimens (IT3F1500 and 1T3S1500) don’t
build and tested experimentally due to the time and high cost required, so the
beam specimens were completed through the ABAQUS program. Indeed,
increasing the strengthening length of (CFRP) strips increased load and
deflection. As a result, the beam specimens (IT3F1500 and 1T3S1500) give
the best result when compared to the other specimens (IT3F1200 and
IT3S1200).

Figure (5-24) and Figure (5-25) shows the principle stress distribution
and crack pattern at the ultimate load formed by the FEM for flexural beams
(IT3F1500 and IT3S1500).

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

457.012

ODB: Job-14-1500CFRPstrips.odb  Abaqus/Standard 3DEXPERIENCE R2019x Wed Aug 10 16:37:10 Arabic Stal

Y x
z .y Step: Apply load
Increment 1594: Step Time = 1.000

Primary Var: S, Mises

Principle stress distribution

Figure (5-24): Principle stress distribution and crack pattern at ultimate load
formed by the FEM for flexural beams (IT3F1500) (continue)
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Figure (5-24): Principle stress distribution and crack pattern at ultimate load
formed by the FEM for flexural beams (IT3F1500) (continued)
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Figure (5-25): Principle stress distribution and crack pattern at ultimate load
formed by the FEM for flexural beams (IT3S1500)
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5.9.2 Increase the strengthening width of the CFRP sheet

With the development of the strengthening length to 1500 mm in specimen
IT3F1500 that was implemented in the ABAQUS program to obtain the best

result for the length of the strengthening, and as mentioned in paragraph

(5.9.1), in this paragraph, the width of the strengthening is developed to 250

mm on the width of the inverted T beam with fixing the length of the

strengthening 1500 mm to obtain the best and most accurate results from the

width and total length of the reinforcement. The comparison between the

beams on ultimate load and ultimate deflection is shown in Table (5-7).

Figure (5-26) explain the behavior of beams at the ultimate stage.

Table (5-7): Comparison between the beams on ABAQUS results for specimens
(IT3F1500-w250 and I1T3F1500)

Load
Deflection Difference in Difference in
Specimens Capacity ) ) ) )
o Capacity mm Ultimate Load % | Ultimate Deflection%
1T3F1500-w250 118.407 32.21
9.56 9.82
IT3F1500 108.073 29.33
140 -
120 -
100 -
= 80
-
E ITF1500-w250
- 60
——IT3F1500

0] 5 10

15 20
Mid-span deflection mm

2o 30 35

40

Figure (5- 26): ABAQUS results for load-deflection response of beams
ITF1500-w250 and 1T3F1200
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When the strengthened beam with a length of 1500mm and width of
250mm of (CFRP) sheets (ITF1500-w250) with compared to the specimen
(IT3F1500), the value of load capacity increases (9.56%), and the value of
capacity deflection increases (9.82%). The beam specimens (ITF1500-w250)
don’t build and tested experimentally due to the time and high cost required,
so the beam specimen was completed through the ABAQUS program.
Indeed, increasing the strengthening width of the (CFRP) sheet increased
load and deflection. As a result, the beam specimens (ITF1500-w250) give
the best result when compared to the other specimen (IT3F1500).

Figure (5-27) shows the principle stress distribution and crack pattern at
the ultimate load formed by the FEM for flexural beams (ITF1500-w250).
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(Avg: 75%)
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Figure (5-27): Principle stress distribution and crack pattern at ultimate
load formed by the FEM for flexural beams (ITF1500-w250)
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5.9.3 Increase the thickness of the steel plates to (a) 2mm and

(b) 3mm

The best thickness selected for experimental specimens according to

previous research is estimated at 0.8 mm. This thickness was developed by
the FEM analytical method to know the effect of increasing the thickness on
the behavior of the inverted T beams. The suggested thickness used in FEM
analytical was (a) 2mm and (b) 3mm. The comparison between the beams on
ultimate load and ultimate deflection is shown in Table (5-8). Figure (5-28)

explain the behavior of beams at the ultimate stage.

Table (5-8): Comparison between the beams on ABAQUS results for specimens
(IT3S1200-2th, 1T3S1200) and (1T3S1200-3th, 1T351200)

Load ) Difference in Difference in
) ) Deflection ) )
Specimens Capacity ; Ultimate Load Ultimate
Capacity mm )
kN % Deflection%
IT3S1200-2th 81.069 13.12
-14.39 -37.48
1T3S1200 94.696 20.99
IT3S1200-3th 82.243 13.24
-13.15 -36.92
IT3S1200 94.696 20.99

90 -
80 -
70 -
60 -
E ’
T 0 / —— T351200-2th
9 ' —[T351200
= - /
T351200-3th
30 -
20 -
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0 - . . . . .
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Figure (5- 28): ABAQUS results for a load-deflection response of beams
IT3F1200-2th, 1T3S1200 and 1T3S1200-3th
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In the FEM method, when a steel plate was used to strengthen the beam
with a thickness of 2 mm and 3 mm, similar results were observed in terms
of load and mid-span deflection between beams strengthening with steel
plates with thicknesses of 2 mm and 3 mm. The results of the beams
strengthened with thicknesses of 2 mm and 3 mm were compared with the
numerical results for the beam strengthened with steel plates with
thicknesses of 0.8 mm, the value of load capacity decreased to (-14.39% and
-13.15%) respectively, also the value deflection capacity decreased to
(37.48% and -36.92%) respectively.

Figure (5-29) and Figure (5-30) shows the principle stress distribution
and crack pattern at the ultimate load formed by the FEM for flexural beams
(ITF1500-2th and ITF1500-3th) respectively.
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Figure (5-29): Principle stress distribution and crack pattern at ultimate load
formed by the FEM for flexural beams (IT351200-2th) (continue)
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Figure (5-29): Principle stress distribution and crack pattern at ultimate load by
FEM for flexural beam (IT3S1200-2th) (continued)
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Figure (5-30): Principle stress distribution and crack pattern at ultimate load by
FEM for flexural beam (1T3S1200-3th)
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5.9.4 Increase the number of layers of (CERP) sheets

For the study, the effect increased the thickness of the CFRP sheets by
using double layers of CFRP sheets on the behavior of the inverted T beam.
Therefore, the specimen (IT3F1200-2La) is taken and compared with the
analytical specimen IT3F1200. The comparison between the beams on
ultimate load and ultimate deflection is shown in Table (5-9). Figure (5-31)

shows the behavior of beams at the ultimate stage.

Table (5-9): Comparison between the beams on ABAQUS result for the specimen
(IT3F1200-2La and IT3F1200)

Difference in | Difference in

_ Load Deflection _ _
specimens ) ) ultimate ultimate
capacity kN | capacity mm _
load% deflection%
IT3F1200-2La | 112.010 14.21
5.37 -45.47
IT3F1200 106.301 26.06
120
100 -
80 -
=
"%60
- IT3F1200-2La
40 | IT3F1200
20 -+
(0] |
(0] 5 10 15 20 25 30
Mid-span deflection mm

Figure (5- 31): ABAQUS results for a load-deflection response of beams
IT3F1200-2La and IT3F1200
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From comparing results between [T3F1200-2La and [T3F1200
specimens in a Table (5-9), appeared that the value of load capacity
increased to (5.37%) while the value of the deflection capacity decreased to
(45.47%). Don’t apply the IT3F1200-2La in experimental work because it
required added time and height cost, so this specimen study and completed
in ABAQUS program software. It was concluded from the use of a double
layer of CFRP sheets to increase the thickness of the layer, that the load
increased and the deflection decreased.

Figure (5-32) shows the principle stress distribution and crack pattern at
ultimate load formed by FEM for flexural beam IT3F1200-2La.

| B
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Increment 1871: Step Time = 0.2022
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Figure (5-32): Principle stress distribution and crack pattern at ultimate load by
FEM for flexural beam (IT3F1200-2La) (continue)
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Figure (5-32): Principle stress distribution and crack pattern at ultimate load by

FEM for flexural beam (IT3F1200-2La) (continued)

167



CHAPTER SIX CONCLUSIONS AND RECOMMENDATIONS

CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1General

The main objective of this study is to study the flexural behavior of
normal concrete simply supported inverted T beams retrofitted (strengthened
and repaired) with (EBR CFRP strips or EBR steel plates). This thesis
includes an experimental program in addition to the finite element model
software using (ABAQUS standard/Explicit 2019) that develops to predict
the flexural behavior of those tested RC beams. In this chapter, the
conclusions drawn from the experimental and analytical findings are
described and known. Also in this chapter suggestions are made for

additional work in the future.

6.2 Conclusions

Depending on the overall results obtained from the experimental work
and finite element analysis of externally retrofitted (strengthened and
repaired) reinforced concrete inverted T beams with CFRP strips or steel

plates failing in flexural, conclusions can be drawn as follows:

6.2.1 Conclusions from Experimental Work

1) In general, higher ultimate loads are achieved for inverted T
beams strengthened with CFRP strips compared with
(unstrengthened) control inverted T beam. The ultimate load
increased by (10.2% to 45.4%). Also, For inverted T beams were
strengthened with steel plates compared with (unstrengthened)
control inverted T beam. The ultimate load increased by (0.7% to
31.1%).
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2)

3)

4)

5)

6)

For inverted T beams repaired with CFRP strips in flexural, the
ultimate load increased by (39.3%) with respect to the ultimate
load of the control inverted T beam. Also, For inverted T beams
repaired with steel plates in flexural, the ultimate load increased
by (29.6%) with respect to an ultimate load of control inverted T
beam.

The presence of CFRP strips led to a decrease in the width of the
cracks. The average of this decrease was about (16% to 69%) of
the crack width in the control inverted T beam at ultimate load
levels. Also, in the case of the presence of a steel plate, the
average decrease in the width of the crack was about (17% to
39%) of the crack width in the control inverted T beam at ultimate
load levels.

In general, all the inverted T beam deflections strengthened by
steel plate were increased at load capacity if compared to the
ITCC control beam while I1T3S1200 beam deflection was
convergent. As for the deflections of the beam strengthened with
CFRP strips, the two beams (ITF600 and IT3F1200) recorded the
highest deflection if they were compared to the control beam, As
for the rest of the beams, the deflection values were recorded as
lower compared to the beam control. Finally, the repair group
recorded the highest deflection of the beam repaired with steel
plates compared to the control beam.

The nature of the failure in all inverted T-beams is ductile
according to what has been designed and according to the
requirements of the ACI Code 318, 2019.

A more stiffness response was observed for the inverted T-beams
retrofitted (strengthened and repaired) with steel plates or CFRP
strips compared to the control beam.
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7)

8)

9)

Each inverted T beam retrofitted (strengthened and repaired) with
CFRP strips or steel plates gave lower values of the ductility index
when compared to the control beam specimen.

The percentage of increase in the load carrying capacity of the
repaired inverted T beams (IT3FR1200 and IT3SR1200) is almost
similar to that of the corresponding strengthened inverted T beams
(IT3F1200 and 1T3S1200) respectively.

In each tested inverted T beams considered in the present study,
the failure mode of strengthened or repaired inverted T beams was
flexural cracks causing debonding from the middle of the beam or
its end or rupture of CFRP strips or steel plates located in the

flexural zone at ultimate load level.

10) The strength of inverted T beams increased with strengthening

length and width increased as compared with the response of the
control inverted T beam, where the optimal ratio of effective
length or effective width for CFRP strips or steel plates in all cases
and in order to increase the ultimate load capacity was 80% and
60% respectively of the total length and width of the span, and this
has been chosen as the maximum optimum increase in length and

width for the purpose of taking into account the cost of materials.

11) The best results reflected the good ability to increase the load

capacity of carbon fiber in retrofitting at a rate of (45.4%) by
using three strips of CFRP dimensions [length (1200mm) and
width (150mm)], as well as the case with the strengthened using
steel plates, where the increase in the load capacity is (31.1%).
This indicates that the dimensions of the length are 1200 mm and
the width is 150 mm, an important, clear, and effective factor in

increasing the resistance to inverted T-beam.

12) It was found that the CFRP strips used in the repair of the
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inverted T beam gave better and higher results in terms of the
ultimate load, crack width compared to the inverted T beam
repaired by steel plates.

13) The technique of retrofitting (strengthening and repairing) by
using steel plates gave a clear development in the energy
absorption capacity compared to the control beam, while the
retrofitted (strengthened and repaired) beams with CFRP strips
technology gave similar values and lower values than the energy
absorption capacity, except for beams ITF600 and IT3F1200
which gave higher values compared to control beam.

14) All inverted T beam specimens, whether strengthened or
repaired, had a higher ultimate load and a higher load at the
initiation of the first flexural crack (first crack load) compared to
the control inverted T beam specimen. This is evidence that the
use of CFRP strips or steel plates in retrofits has an effective role
in the development of the strength of the structure as well as an

effective role in delaying the appearance of the first crack.

6.2.2 Conclusions from the Finite Element Model
1) The 3D finite element model (ABAQUS 2019) used in the current

study is capable to simulate the behavior of externally retrofitted

reinforced concrete inverted T beams strengthened and repaired with
CFRP strips or steel plates in flexural. The correct choice used in
material modeling was one of the important choices used in this
analytical program. Good agreement of FEM analytical results for
ultimate load, load-deflection curves, and mid-span deflection with the
results of experimental work. The ratio of numerical results to

experimental results was (-8.62% decrease to 7.51% increase) in
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ultimate loads and (-15.04% decrease to 12.28% increase) in
maximum mid-span deflections at ultimate loads.

2) The crack patterns seen in the FEM models are similar to the crack
patterns that occurred in the experimental study.

3) To compare the best case for strengthening by CFRP strips (in the
percentage of the length of 80% and width of 60%), the results were
an increase in the ultimate load value of about (40.31%), as well as the
case when using the strengthening technique by steel plate, the results
were an increase in the ultimate load value about (24.99%).

4) Also, when comparing the best method for repairing by CFRP strips
or steel plates (in the percentage of the length of 80% and width of
60%), the models repaired with CFRP strips gave the highest increase
in the value of the ultimate load capacity, while the models repaired
with steel plate recorded a higher increase in the value of the
deflection capacity.

5) The high ability of the cohesive model to represent the bonding
behavior between CFRP sheets and concrete or between steel plates
and concrete.

6) When comparing the results with the value of the length of the
reinforcement of 1200 mm, increasing the length of the strengthening
for CFRP strips or steel plates to a value of (1500 mm) reflects the
good ability of this length to increase the load capacity to (1.67%) in
the beams reinforced with externally CFRP strips and to (3.27%) in
the beams reinforced externally with steel plates, and increased the
mid-span deflection to (12.55%) in the beams reinforced with
externally CFRP strips and (9.05%) in the beams reinforced externally
with steel plates respectively.

7) Compared with model 1T3F1500 with a width of 150 mm, the use of
the total strengthening width of 250 mm for model IT3F1500-w250 on
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the flange width of the beam gave an effective and sufficient role in
increasing the ultimate load capacity to (9.56%) and increasing the
maximum mid-span deflection capacity to (9.82%).

8) Increasing the number of CFRP layers to double layers in model
IT3F1200-2La for the purpose of increasing the thickness of the CFRP
strips increased the load capacity to (5.37%) and decreased the mid-
span deflection capacity to (45.47%). While a decrease was observed
in the ultimate load capacity and maximum mid-span deflection in the
case of increasing the thickness of the steel plate to (2 mm) and (3

mm) compared to the thickness of the steel plate (0.8 mm).

6.3 Recommendations for Future Work

Retrofitting (strengthening and repairing) the structural behavior of
reinforced concrete inverted T beams are done by flexural CFRP strips or
steel plates requires further investigation. The following recommendations

are proposed.

1) A similar experimental program can be made to enhance the T, I,
or L section reinforced concrete simply supported beams or
inverted T section reinforced concrete continuous beams.

2) Experimental work so as to check the maximum and minimum
spacing between strips of CFRP or steel plates can be
implemented.

3) Experimental work can be done similarly to repair fire-reinforced
concrete beams.

4) Shear strengthening of damaged reinforced concrete inverted T
beams.

5) An experimental program for studying the behavior of inverted T

beams with high-strength concrete or lightweight concrete
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strengthened or repaired with EBR CFRP strips or EBR steel
plates or Near Surface Mounted (NSM) CFRP composites.

6) Experimental study on the structural behavior of prestressed
reinforced concrete beams reinforced with carbon fiber or steel
plate compounds.

7) The same experimental work can be done to find out the behavior
of beams strengthened by CFRP strips or steel plates under
dynamic or impact loading.

8) The same experimental program is done with strengthening or
repair by a hybrid steel plate and carbon fiber reinforced polymer
sheet.

9) Studying the behavior of the inverted T-beam by making openings
in the inverted T beams, for example, making an opening in the
web or the flange or both, and then the places surrounded by the
openings are strengthened by carbon fiber reinforced polymer
composites.

10) A study of the behavior of the inverted T-beam when the load is
placed on the flange with strengthening with CFRP strips and steel

plates.
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APPENDIX (A) ANALYSIS OF REINFORCED CONCRETE BEAMS

——— e
ANALYSIS OF REINFORCED CONCRETE BEAMS

Each beams are designed according to ACI-Code 318M-19. The control
beam is designed in such a method to ensure the failure of flexural with a
tensile mode of failure.

1- To check the dimensions

> For the purpose of verifying dimensions of the beams according to
(ACI 318, section 8.10.20):

span
4

250 < liﬂ =375mm . O.K.

a)bs

b) 2= < 8hf

b bw

250-150
2

~50<8(50)=400mm . O.K. |

2- Location of neutral axes (N.A)

_YAiyi
Y Ai

_(150%200%100)+(50%250%225)

C (150%200)+(50%250)

C:137mm podods L4 IR IR TR T v a2 TIR IR TN
Figure (A-2): Details inverted T-beam

3- Effective depth calculation

YAl yi
YAi

y

(y': steel reinforcement center) .
?8

_(2* 7: *82)*4+(2* 7: *62)*3

d
e () Il o

y'=3.64mm

Figure (A-3): Effective depth calculation

A-1



APPENDIX (A) ANALYSIS OF REINFORCED CONCRETE BEAMS

d=h — cover — d stirrup - 3.64 (d: effective depth)
=250-20-6-3.64 ———> d=220.36mm

4- To check shallow beam

(a: the distance from one of the supports to one of the loads)

_ 600
220.36

ag = 2.72 > 2 O.K =»according to ACI-Code 318M-19

5- Check flexural capacity of section

The control beam consists of two bars of @8mm and two bars of @6mm
as flexural reinforcement at depth (d=220.36mm) and 2@6 mm as top
reinforcement at depth. The width of the cross-section for the flange of this
beam (bf=250 mm), the width web (bw=150mm), and the total height
(h=200 mm). The shear span is reinforced with @6mm@2100mm. The

concrete compressive strength (fc') is equal to 30 MPa.

As
bwxd

() (2

*62)

-> p=0.00475
150%220.36
— fer _ —
Pmax=0.85%B1* % *(—) > $1=0.85 ——> fc'=30 Mpa
=0.85%0.85* - *(—oro )
' ' 420 ‘0.003+0.004

PmMax=0.02212

p<pmax ..Singly Reinforced section analysis

pmin=max (ﬂ : Jre )
fy =~ 4xfy
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APPENDIX (A) ANALYSIS OF REINFORCED CONCRETE BEAMS

pmin= Max( = ,4@0 ) = (0.00333, 0.00326) = 0.00333

[pmin< p<pmax] .. O.K.

600
600+fy

pv=0.85+pux L2 ()

=0.85*0.85*—~~  —22°

420 600+420

> pb=0.03036

p< pb ————> ..under reinforce section (tensile failure)

__Asfy
0.85 fc'bw

:[(2*

)2

085%30%150

*62)]*420
> a=17.248mm

> Calculation of Internal Moment

Mn=As fy (d — g)

17.248
2

=[[(2 + —— + 82) + (2« ——x 62)] + 420  (220.36 —

)] * (10" — 6)
Mn=13.969 kN.m
> Calculation of External Moment

From figure (A-4) of shape bending moment diagram
External Moment = Internal Moment

0.3p=13.969

P=46.563 kN

~ P < Maximum load carrying by machine .. Ok.
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p/2 ’ ' p/2

0.6m | 03m | 0.6m
RA I | RB

+p/2

I — R

0.3P

Mn(kN.m)

Figure (A-4): Bending moment and Shear force diagram

6- Check shear capacity of section

Vo= /fc bud... ... ... (ACI 11— 3)
Where:

Vc= Shear force carrying by concrete.

bw=web width

d=ffective depth
Ve=[z V30 * 150 * 220.36] * (10" — 3)
Vc=30.778 kN

A-4




APPENDIX (A) ANALYSIS OF REINFORCED CONCRETE BEAMS

d 2 7
Vs=3 A%, ACI11562 < 2 JFC byd =4V ..... (ACI 1156.9)

Where:

Vs = Shear force carrying by stirrup
Av =Area of two legs of stirrups
S=Spacing of stirrups

Use @6@ 100mm a long span of beam

22036
100

Vs *(2*% * 62) * 420*(10"-3)

Vs=52.336 kN

Vs<4VC = 52.336 KN<123.112 KN = =eei». O. K.
Vn = (Vs + Vo)

Where:

Vn = nominal shear capacity of section

Vn= (52.336+30.778)

=83.114 kN

From figure (A-4) of shape shear force diagram

External shear force(from shear force diagram) =internal shear force(\Vn)

0.5p=83.114
P=166.228 kN

Pu=0.75*166.228
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APPENDIX (A) ANALYSIS OF REINFORCED CONCRETE BEAMS

-.shear failure load > flexural failure load
-.Flexural tension failure control

db = 8mm
Scmin={ . 25mm =25mm

3 max.size of agg.

_b—-2cover-2stirrup—ndbar

Sc=

n-—1

_150-2(20)-2(6)—2(8)
- 2-1

Sc=82mm > Scmin ~.0.K.

Details :

db=diameter of main bar

Sc=clear spacing between bars

n= number the main diameter of bar

max. size of agg.=maximum size of aggregate

***Details of the reinforcement of the analyzed beam are shown in figure
(A-5).
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APPENDIX (A) ANALYSIS OF REINFORCED CONCRETE BEAMS

P6@100mm |
i !
-
/ 20-
' 250
B~ = RS
1100 e——600 o300}~ 00— 100 -
- 1500
1700
—150—
]
206_AT 1
26@100—~11 250

]}

o6 t20d  \o6@200
L ]

Figure (A-5): Details of the reinforcement of the analyzed beam
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APPENDIX (B) PROPETIES of MATERAILS

MODELLING OF MATERIAL PROPERTIES IN
FINITE ELEMENT ANALYSIS

B.1 Introduction

The main components of an inverted T beam are the concrete and the
steel reinforcement bars embedded inside the concrete. Moreover, the EBR-
steel plates, the EBR-CFRP sheets, and the adhesive layer connecting steel
plates or CFRP sheets to beams are strengthened or repaired by the steel
plates or CFRP sheets technique. It is important to simulate the material
behavior of all components to provide an actual model of reinforced concrete

inverted T beams.
B.2 Material models:

B.2.1 Concrete

Concrete damaged plasticity (CDP) was one of the methods chosen to
simulate concrete behavior in ABAQUS software. The CDP is able of
modeling each structural type such as unreinforced or reinforced concrete or
quasi-brittle materials subjected to cyclic, monotonic, or dynamic loads. This
model is dependent on a coupled damage plasticity notion and the multi-
axial behavior of concrete in the damaged plasticity model governs by a
yield surface, which was proposed by (Lubliner et al.) [1]. Two supposed
main failure mechanisms in this model such as compressive crushing and
tensile cracking of concrete. Degradation of concrete for both tension and
compression behavior in dynamic and cyclic loadings is a calculation by
defining two scalar parameters; compressive damage parameter (dc) and

tensile damage parameter (dt).
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APPENDIX (B) PROPETIES of MATERAILS

B.2.1.1 Uniaxial Tensile and Compressive Behavior of Concrete

It is clear from figure (B-1), under uniaxial tension that the stress is with
an elastic linear relationship with strain, so the stress increases with strain up
to the ultimate tensile strength, Subsequently, microscopically micro-cracks
are formed with a tension softening response. In the ABAQUS program,
there are different ways of defining the tension softening response; stress-
displacement, stress-strain, or by utilization of fracture energy [2].

Gt 4

Oijg| ===

EO
2
7 n
/1
L]
72 T
‘ :
%% '
-~ ) 3
- !
2 A
AAl-d)Ey
¥ £ck T et
be——ate L Fot
~pl el
£} €

Figure (B-1): Uniaxial tensile behavior of concrete [3]

In ABAQUS, to know the tensile stress-strain relation of concrete, the
following entries must be used; stress (ot), young’s modulus (Eo), the
damage parameter values (dt), and cracking strain (et~<*) values for the
suitable concrete grade. The cracking strain (et~¥) must be calculated from

the total strain using the following equation (B-1):
et~ k= et — eot?! (B
Where:

eot® = ot/Eo , the elastic strain corresponding to the undamaged material

st = total tensile strain
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Figure (B-2) explains the uniaxial compressive behavior of concrete, a
linear elastic relationship between stress-strain until the yield is initial.
Nonlinear is formed after the failure of the connection between cement paste
and aggregates. The plastic response is defined when stresses major than
ultimate strength, stress hardening, and strain softening. In other words,

strain increases while the corresponding compressive stress decreases [3].

\

T

Ie
~ el
Pl Ec

Figure (B-2): Uniaxial compressive behavior of concrete [3]

In ABAQUS, to know the compression stress-strain relation of concrete
the following entries must be used; the stresses (oc), inelastic strains (ec™")
corresponds to stress values and damage properties (dc) with inelastic strains
in tabular Formula. So that, total strain values should be converted to the

inelastic strains using Eq. (B-2):
ec”m =g —goct! (B2

Where:
goc®! = oc/Eo, the elastic compression strain corresponding to the
undamaged material.

£c = compressive strain in concrete
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The following equations were utilized in obtaining the damage and
compression parameters which were developed successfully by (Birtel and
Mark) [4]. The level of damage parameters is represented by values ranging

from 0 (no damage) to 1 (fully damaged).

-1
d, =1 O Fe (B-3)

Pt (1/bc—1) + o E; 1

d, =1 0B ! (B-4)

— ol _
el (1/by-1) + o  EY

e’ = p, g (B-5)

e = b, g7k (B-6)

The (Birtel and Mark) [4] suggested bt=0.1 and bc=0.7.

B.2.1.2 Concrete Damaged Plasticity Parameters in Triaxial Loading
State
Completing the description of the plasticity behavior of concrete requires

entering five parameters into the ABAQUS program as follows:

¥, Dilation angle: the angle of inclination of the failure surface in the
direction hydrostatic axis. Physically, the dilation angle (V) is the internal
friction angle. The maximum value of the dilation angle is (56.3 degrees),

and its lowest value is close to (zero) [5].
FbO/fcO: is the proportion of initial equiaxial compressive yield stress and

initial uniaxial compressive yield stress [5]. The default value used in
ABAQUS software is (1.16).
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€. Plastic potential eccentricity, is defined as a small positive value and can
be calculated as the ratio of tensile strength to compressive strength. In the
CDP model it is desirable to assume (e = 0.1) [5].

K: defined as the ratio of the second stress invariant in the tensile meridian to
compressive meridian for any value of the pressure invariant at initial yield.
It is utilized to define the multi-axial behavior of concrete and is (0.5<Kc<l1)
[5]. The default value used in ABAQUS is (0.667).

u: 1s the viscosity parameter. contribute to converging in an
ABAQUS/Standard but it does not affect the ABAQUS/Explicit analysis.
According to (Malm) [6], the p must be equal to (10-7) because in

comparison with characteristic time increments it should be small.

B.2.1.3 Concrete Model Properties for FEM Analysis

The parameters of concrete material used in the (CDP) model are as

follows: the tensile and compressive strengths of concrete, Poisson’s ratio
(v), and the modulus of elasticity (Eo). Use the unconfined stress-strain
relationship model as proposed by (Popovics) [7] to simulate concrete with
normal compressive strength. This relationship depends on the concrete
cylinder strength, As shown in the equations (B-7) and (B-8).

f(: nx [EEC(;]

fT = e 10 (B-7)

c (n—1}+[€c‘;]

n=(0.4x 1073 x f.(psi)) + 1.0 (B-8)
Where:

fc'= the compressive strength of cylinder at maximum stress.
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€co= Strain of concrete at maximum stress.

n = a curve-fitting factor.

On the other hand, the stress-strain relationship (c-¢) is linear to uniaxial
tensile strength and then determined utilizing the exponential function in the
following equation (B-9) [8]:

(0.74+1000¢)
o=f.x|% =L (B-9)

£

B.2.2 Steel Reinforcement
It was used the plasticity model For steel reinforcement depending on the

use of elastic-plastic hardening material. The required input parameters in
ABAQUS software are defined for the material behavior of steel bars, which
contains density, elastic behavior which includes (Young’s modulus and
Poisson’s ratio), and plastic behavior which includes (yield stress and plastic
strain).
B.2.3 CFRP

The CFRP composite sheet was modeled as an orthotropic elastic material,

and relationships of stress with strain were represented by the expression

below:
oy (D1111 Di1122  Diias 0 0 0 €11
a3 D3s25 Dyz12 0 0 0 £22
93 | _ D333s 0 0 0 Ez3
T12 Djz1 0 0 Y1z B-10
T13 Sym. Di313 0 V13
T23 D Y23
- 2323

Equations below described the expression of the stiffness matrix which

consisted of nine independent elastic stiffness parameters (Dijki) [9]
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D111 = Ey(1 = vp3v32)y, B-11
Dy = Eo(1 —v43v31)Y, B-12
Dy333 = E3(1 = vi2v21)y, B-13
Di122 = Ey (Va1 = V31v33)y = B, (Vi3 — Vp¥13)y, B-14
D133 = E1 (Va1 — V21V32)y = E3(V1z — V12V23)y, B-15
Dy233 = E3 (Va2 — V12V31)Y = E3(Va3 — Vo1 V13)Y, B-16
Di212 = G12s D313 = (13, Dazpz = Gz B-17
Y= - B-18

1=V12V21=V23V22=V31V12=2V21V22V13

B.2.4 Modelling of Interaction

B.2.4.1 Linear elastic traction-separation behavior

Initially displays the traction-separation model linear elastic behavior,
then the damage begins to form and develops. In 3D FEM analysis, the
concept of initiation of the damage is expressed in terms of an elastic matrix,
this matrix is consist of the nominal traction stress vector, t, is consist of
three components: tn, ts, and tt, which are described in the interface plane's
normal and the two shear traction stresses along the local first and second

directions, respectively. This matrix can be seen in the description below:

tn Knn K?‘.'.S K}‘lt ET-'»
t=Jtst = | Kps Ko Ko |{€sp = Ke B-19
L Knt Kst Ktt €t

The nominal strains are the corresponding separations, represented by on, 0s,
and ot, divided by the initial constitutive thickness, denoted by To. The initial

constitutive thickness To was assumed to be equal to unity. Therefore, the
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nominal strain components are equivalent to the relative displacement

components.

5 &g
En —_ ES —_ Et —_ Fn..r (B-ZO)

B.2.4.2 Damage modeling

B.2.4.2.1 Damage initiation
There several damage initiation criteria are available, including:
1. Maximum nominal stress criterion.

2. Maximum nominal separation criterion.

1. Maximum nominal stress criterion

The damage initiates, when the maximum nominal stress ratio equals one

as shown in the criterion below:

{tn) t t
max {—E ;= —E] =1 B-21
2 0t

2. Maximum nominal separation criterion

The damage initiates, when the maximum nominal strain ratio equals one

as shown in the criterion below:

(€n) Es Et
T —_— —_ — B-22
max{ o’ g0’ Eg} =1

B.2.4.2.2 Damage evolution

The rate of deterioration of coherent toughness begins when the law of
damage progression begins once the damage initiation criterion is met. The
damage variable (D) represents the total amount of damage to the contact
surface, this variable must be a number that specifies the extent of damage

with a range of O if no damage is done and 1 if the item has lost its full
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power. The response of evolution to damage is estimated by the following

criteria;

A. Evolution based on effective displacement

This evolution is determined by the difference in potency displacement at

complete failure (6{ ), relative to effective displacement at starting damage

(62). The decrease in the degree of stiffness is achieved through developing

damage, three methods can be used.

A.l Linear damage evolution: Reduces damage variable (D), to the
equation offered by Camanho and Davila [10] [equation (B-23)] for linear
softening when ABAQUS has used an evolution of this variable as shown in
figure (B-3).

sl -5

D = _
s (&L -89 (B-23)
Traction +
___________ A
I Unloading/ Reloading path
t:‘;l(tsm’ t;n) _________ E- ________ I
km 1 '
. : 5

Figure (B-3): Typical traction-separation response [11]

A.2 Exponential damage evolution: Reduces damage variable (D), to the
equation (B-24) [12] For exponential softening when ABAQUS has used an
evolution of this variable as shown in figure (B-4).
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a0 -52
1-exp (—af t—=
p( (Sfisg ))

-1— ﬁ} __ \&-&)
b=1 {6}” 1 1-exp (-a) (B'24)
Traction
(1> S EERR— A
Unloading/ Reloading path
e (e e") [ Exponential damage response
] B

52(82,87) SO, ) sl(s!,8f)  Sepovation

Figure (B-4): Typical traction-separation response [12]

A-3 Tabular damage evolution: It is represented directly by the scheduling
function, which depicts the difference between effective displacement and
effective displacement at initiation. As shown in figure (B-5) [12], assessing
the damage variable D is As follows:

p = lefiTtm (p2s)
Terr

Traction 4

................. ' Effective response if damage was not defined
tﬁ”(t_f”, tfff) Damage
initiation

] G2 7 T2 I

Unloading/ Reloading path

t;:l(t;.“, t(’") SR AR S N Exponential damage response Linear
v
v damage response

~

B

52(52.62) 76T 6T) 8j(sl,6{)  Separation

Figure (B-5): Typical traction-separation response [12]

B. Evolution based on enerqy

This evolution is defined by the energy dissipated as a result of the

process of damage, also known as fracture energy. This evolution is
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estimated by the area under the traction separator curve. It can be defined in
ABAQUS software as a linear or exponential softening behavior depending

on the mechanical properties of the materials.

B-1 Linear damage evolution: ABAQUS software uses the damage

evolution variable for a linear softening by depending on the effective

displacement equation, however (6{ ) is calculated by this expression:

f_26° (g
5] _? (B-26)
Where:
(G°) is the mixed-mode fracture energy, [(G¢) = Gn+ Gt+ Gs]. Gn, Gt, and
Gs return to the work done by traction in the normal, first, and second shear
directions, as well as its conjugate relative displacement (6t0) is the effective

traction at damage initiation in the first direction.

B-2 Exponential damage evolution: ABAQUS uses an evolution of the

damage variable depending on the below formula for exponential softening

6{ Teffd§
b= I«S? G¢~Go

(B-27)

Where:

(Teff) is the effective traction at damage initiation.

(GO) is the elastic energy at damage initiation.

(69) is the effective traction at damage initiation in the first direction.
Determination of unloading/reloading stiffness is done by the following
formula: K= (I-D) K
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APPENDIX (C) Properties of CFRP sheets (Sikawarp-300C)
and properties of adhesives

Properties of CERP sheets (Sikawarp-300C)

BUILDING TRUST

PRODUCT DATA SHEET
SikaWrap®-300 C

WOVEN UNIDIRECTIONAL CARBOMN FIBRE FABRIC, DESIGNED FOR STRUCTURAL STRENGTHEM-
ING APPLICATIONS AS PART OF THE SIKA® STRENGTHEMNING SYSTEM

DESCRIPTION

SikaWrap®-300 C it a unidirectional woven carbon
fibre fabrie with mid-range strengths, designed Tor ine
stallation using the dry or wet application procsss.
Suitable for usein bot and trapical dimatic conditior.
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SikaWrap®-300 Cmay only be used by experisneed
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- fna‘.n&ﬂing the Sl.r&n,g_lh and ductility af ealumns
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rment
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strengthening Leehnigues
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= Pedand: Technical Apprevaal IBOIM Nr AT/ 200E-03-
03361, Praskewniki. prety, ksstatiki i maty kom-
poeylowe do wimarniania betanu o naiwie hand-
lowej: Zestaw materiahdw Sika CarbaDur® do wernae-
niania kanstrukeji abiektow mostowyeh.

= USA: ACI 440.2R-08, Guide for the Design and ean-
struetion ol Externally Bonded FRP Systems for
strengthening concrete stroctures, July 2008,

= LIK: Conerete Society Technical Repart Mo, 55, Design
guidanes for strengthening eonerete Siruelures using
fibre eompadite rmaterial, 2012,

PRODUCT INFORMATION
Construction Fibre arientation 0 junidirectianal |
Warp Mack carbon fikres 95 %
Welt White thermoplastic heat-set fibres
1%
Fibre Type Salected mid-range strength earban libres
Padkaging Fabric length per roll Fabrit width
= 100 rm 500 mrm
Shelf Life 24 moanths frem date of production

Frocuci Dats T
SkaMrap -3 ©

Ky 2017, Yemwmn 01001
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Properties of CFRP sheets (Sikawarp-300C)
and properties of adhesives

Storage oonditions

Store in urda

arigirnal i ey

atures betwesn +5 ~C and +35 ~C.
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direct sunlight_
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0 g/mZ [cartian fibres ooy}

Diry Fibire Tensile Strength

<2 DaOd B e

CISE 105 1E)

Diry Fibre Modubus of Elasticity in Ten-
siem

ZF3 OO0 Mfrmm T

CIS0 1OS1E)

Diry Fibre Elongation at Break 1.7

LI5S0 105 1E)

TECHMNICAL INFORMATION
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0167 mm

L i Cross

AEF mm® per

s weidth

Laminate Tensile Stremgth e pre

Cha Erd 25E1+)

= SO M M

q
3 200 kN.n'mmR [ASTRA O 20O39%)

Laminate Modulus of i Ten- Auerspe Cha Enni {EM 2561+
sian 235 kRS rmE 220 kM mrm?
O e e Characteristic [A=TRe £ 2AO35*)

230 kM

210 ke frmrn®

wmbamn

tacme ma et st b 0
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sio 1503 (AT D 23S
Tensile Aesistance B o e i JEr ZSE1)

SES HMy'mon

(AETa D 2035)

Tensile Stiffress B

dEPd Z5E2)

ET.E MM

EBT.E kM per So elarngs-

Rieey

2EF KM per S elorgs—
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B

(AETa D 2035)

6.7 Rk

SE.7 kMNSm per o slanga—
mion

251 KNS per He elornga—
tian

SYSTEMS

Syesberm Structure

The systerm build-up and
msibb @ eay

Concrete substrate adhesive primer

= Frvusn e Fully complied
nat be changed.

Sikadur S-S0

Impregnating # larminating re=in Sikadur=-Z30 or Sikadur>-3:00

Structural strengthening

fabric SikaAWrap=-300 C

For detailed

Rhe resin and Fabric et
200 Prodwct Data Sheer anl:l the relevant iethod Statement.

Sdkadur®-

farrmation an Sikadur®- 3:i|:| or Sikadur®-300, tagether with
refer Lo the Sikadur=-330 or

APPLICATION INFORMATIOMN

BUILODOING TRUST

Consumption Dy application with Sikadur®-330
First layer ineludirygg primer B 10 - 1.5 kEfrmd
Following layers 0.8 kgfm?
et Bom weith =300

Frirmer layer

0L - 0.6 kgl

Fabric layers

0.6 kg fm®

Pleaze also refer to the relevans Method Staterment for further informa-
i

APPLICATION INSTRUCTIOMS
SUBSTRATE QUIALITY

Rinimal substrate tensile strength: 1.0 Mfmm? or as
specified in the strengthening design.

Please also refer to the relevant Method Statement or
further irmform ation.

SUBSTRATE PREFAFRATIOMN

Cancrete rmust be cleaned and prepared te achiewve a
laitance and contaminant fres, open textured Surface.
Please also refer ta the relevant Methoed Statement for
further infonmation.

APPUCATION METHOD J TOOLS

The Fabric can be cut with special scissors or a Stanley
kriife [razer knife f bax-cutter knife). NMewver fald the
Fabric

=300 Cis applied using the dry ar wet apalic-
ation pro-osss.

Flease refer to the relevant Methad Statement for de-
rails oo the irmpe arirg e P ure

LINMITATIOMNS

- Sika\Wrap™-300 C shall anly be applied by trained and

P P
- & specialist structural engineer rmust be corsulted far
amy structural strengthening design calculation.
SikaWwrap®-300 C fabric is coated 1o ensurs rmax
um bond and durability with the Sikadur® i
impregnating / laminating resins. Te maintain and
ensure full systeasr (=3 v, o not inte =
Sysrem
Sal:aw.rap--JﬂEI Cean be owver coated with 8 cementi-
ticus overlay or ather coatings for assthetic and f or
pretective purpases. The aver eoating systern selee
tion i dependent on the expasure and the prajest
specific requirements. For additional U light procec-
whom i areas use d*-55.0 W Elastic 5]
or Sikagard*-580 SG_
Please refer o the Methad Statement of b A
rmanual dry apaplication, SikaWrap® manos | wet sp-
plication ar SikaWrap® machine wet application far
further infarrmatiaon, guidelines and lirnitatians.

BASIS OF PRODUCT DATA

Al eechnical data stated in this Data Sheet are based
on laboratory teats Actual reessured dats may wary
due to circurnatanoss beyosod aur eantral_

LOCAL RESTRICTIOMNS

Please note that as a result af specific lacal regula—
tions the declared data and recommendsd uses for
this product may wary Trom country Lo country. Pleass
consult the local Product Data Shest for the exact
product data and uses._

ECOLOGY, HEALTH AND SAFETY

This produwet is an article as defined in article 3 of regu-
latian (EC) Mo 1507 /2006 [REACH). It contains no sub-
stances which are imtended to be released from the
articde under normal or reasonably foreseeable cond
tions af use_ A safety data sheet following article 31 of
the sarme regulation is not needed vo bring the product
o the market, 10 ransport or o use it. For safe use
Tallowm the instmeelions gheen in this product data
sheet Based on aur current knowledge, this produacs
daes not eontain SYHC (substances of wery high comn—
cern) as liszed in Annex 00 af the REACH regulation ar
onthe candidate list published by the European Chem-
icals Agency in concentrations above DUL 36 (o)

BUILDING TRUST



APPENDIX (C) Properties of CFRP sheets (Sikawarp-300C)
and properties of adhesives

LEGAL NOTES

The information, and, in particular, the recommenda-
tinns relating to the application and end-use of Sika
products, are given in good faith bazed on Sika's cur-
rent knowledge and experience of the products when
properdy stored, handled and applied under rarmal
eonditions in accordance with Sika's recomrvenda-
tians. In practice, the dilferencss in materials, sub-
sirates and actual site conditions are such that na war-
ranty in respect of merchantability or of fitness for a
particular purpase, nor any lability arising out of any
Iegal relationship whatsaever, can be inferred either
fram this information, ar from any written recam-
mendations, ar frorm any other advics offered. The
user of the product must best the praduct’s suitability
for the intended application and purpose. Sika re-
serves the right bo change the praperties of its
products. The proprietary rights af third parties rmust
be observed. All orders are accepted subject 1o aur
current terms of sale and delivery. Users must always
refer to the meodt recent issue of the local Produet Data
Sheet for the praduct eorcerned, capies af which will
be supplied on request.

SINA NODATHERN GULF SHASOUTHIFEN GULF SHA AL ARRELA
EBabrain f Qutar f Kuwai UAL § Dman [ 5IC Fiyadh | leddah [ Demmam
Tel:=973 17T JELER Tel: =971 4 £33 82 Tk =DE4 L1 217 £532

ks gubfbbaimnn mizirukyron ofusnmn

Foo knoom e b som Fukacoo

Sl 300C an_AE (152007 1 1.pcé

Froduct Dats Showt
ShaWnap a0 C

Wiy 2017, Vervion 0100
COTLA0EN 2 DO LODDoOLL

BUILDING TRUST
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APPENDIX (C) Properties of CFRP sheets (Sikawarp-300C)
and properties of adhesives

Properties of adhesives

A. Epoxy Sikadur®-330 for CFRP sheets adhesive

PRODUCT DATA SHEET
Sikadur®-330

BUILDING TRUST

2-COMPOMENT EPOXY IMPREGMNATION RESIN

DESCRIPTION

Sikadur®-330is a 2-carmponent, thixotropic epoy
based impregnating resin and adhesive.
Suitable far use in hot and tropical dimatie eanditions.

USES

Sikadur®-330 may only be used by experienced prafes-

sianals.

Sikadur®-330is used as:

= Impregration resin for SikaWrap® fabrie reinforee-
rent for the dry application methad

= Prirmer resin for the wet application system

= structural adhesive for bonding Sike® CarbaDur®
plates into slits

CHARACTERISTICS f ADVANTAGES

= Easy mix and application by trowel and impregnation
roller

= Manufactured lor manual saturation reethads

= Excellent application behaviour 1o vertical and over-
head surfaces

= Gosod adhesion to many substrates

= High mechanical properties

= Mo separate primer required

APPROVALS / STANDARDS

= Anis Technique N® 3/10-662 [annule et rernplace N
3/07-502) Sika®™ CarboDur®, SikaWrap®

= Road and Bridges Research Institute (Poland): IBDGM
Mo AT/200E-03-336,1

= Adhesive for structural bonding tested acmrding to
EM 1504-4

PRODUCT INFORMATION
Chemical base Epsaocy resin
Packaging Skpla+B)
Colour Companent A: white paste
Carnponent B: grey paste
Companents A+ B: light grey paste
Shelf lfe 24 ronths fram date of production
Starage conditions Stare in original, unopened, sealed and undamaged packaging in dry eondi-
tiars 8t termperatures between +5 *Cand +30 "C. Protect from direct sun-
light.
Density ~1.30 kgl {rnixed component A& + B mixed) {+23 *C}
Visensity Shear rate: S0/
Temperature Wiseosity
+10 "C =10 000 mPas
+23 "C =6 000 mPas
+35 "C =5 000 mPas

Procuct Cuts $haet
Sikadur®-130

Fabruary 2007, Vendon 0201
0020804 00 10000004

C-4



APPENDIX (C)

Properties of CFRP sheets (Sikawarp-300C)
and properties of adhesives

TECHNICALINFORMATION

of B ~3 800 PATImME (T d. =23 "C) doira Era 2assh
Tensile Strength ~ZD HSmmE [F d. =23 "C) 5o 527
of Scity @ i ~4 500 NSmmI (7T d, =23 "C) =0 s27h
Elongation at Break ~0.9 % {7 d, +23 ) =0 sz7h

Tensile Adhesion Strength

Concrets fracture = 4 MAmmY) an sandblasted substrate

(En 150 eszah

Coefficent of Thermal Expamsion

4.5 = 10-5 1/K (Temperature range -L0 "C min. £ +300 °C )

[E=r ]

Glazs Transition Temperature Curing time

Curimg temperat- TG {Era 1zema]

e

=D A =30 "C +SE TC
Hear D poa T - Curing time Curing tesmperat-  HOT [ASTr D e

wre
Fa =10 "C FETT
Fo =33 “C AT T
o =3 O +53 T
i e i B re wap R 445 O

Service Temperatne -a0 TC m S s
S¥WSTEMS

Byt Sruct re

Substrate primer:

Sikadur=-3 0

B resin: Sikadusr®-330.

s,
Structiiral strengthenang Tabric: StkaWirap® type b Suit requirements.

APPLICATION INFORMATION

Mining ratic Caomponent A - Component B =4 - 1 [by weight]
WWhen using bulk material the exact Mixing ratic must be safeguarded by
socurately weighing and dasing each eompomsmt.
Consumption See the "hiethod Staternent far SikaWWrap® macual dry apelicatiaon™
Guide: 0.7 - 1.5 kgfm?
i oG =10 "Comim. f +35 "C max

Dhewwe Point

Beware of condensation.

Subst
POt

laring rust be an least 3 "C abowe cews

Substrate Temperatures

=10 "Cmin. # +35 "C mas

re O

= 96 pha

BUILDING TRUST

Fot Life h e Pot life Dipen ticme [Er 1S 9524
=10 "C ~o0 min [5 kel ~90 rmiin
=23 " —E0 min (5 kgl S0 rpdn
=35 " =30 min [5 kgl ~Z[ rpin
ran ramsn mrsd s sscel I in dharter
o tm T a L The 2] = el tha Fak m T
PRt o s e ras e, the s o e sy b Shased Y

APPLICATIONIMNSTRUCTIOMNS
CSUBSTRATE CHLIALITY

Substrate mus: be sound and of sufficient tensile
=rergth te @ pul h af
1 MRS T ar as per :h.= regquirements :rr-:l—u= design
=pecificatian.

See also the “hMethod Statement for SikaWrap™ mano—
al dry apphcation™

SUBSTRATEPREFARATION

See the "MMethod Statement For SikaWWrep™ manual dey
apphcation™

P LNG

Pre-batched unitss

Plix components A=0 together for at least 3 minubes
waith a mixing spindle attached to a slow spesd electibc
il frnaxirmu s 300 npana) uetil the material Becames
smooth in consistency and a wnifarm grey colour.
Anseid seration whils mixing. Then, pour the wabole mix
into a dean conm@iner and stir again for approsimanes by
1 mare minute at low speed o kesp air enfrapment as
& minimum. BMix onky that quantity which can be used
waithri ks ot Bife.

Bulk packing, not pre-bate bed:

First, stir mach compoment thoroughly. Add the com-
panEnis in the carrect proportions inko a suitable i
img pail and stir correctly using an electric low speed
smixer 2 abouve for pre-batched wnits.

APPLICATION METHOD f TOOLS

See the "Method Statemens for Sika'Wrapg™ manoal dey
application™

CLEAMENG OF TOCDLS

Cl=an all equi i by smiith Sika™ Calma
Cheanmr. Cumed miaterial £ae only be remowved mechan
aealby

LIMITATIOMNS

Sikadur®-330 must be protested from rain faor ae lecast
24 hours after application.

Ensure placsment of Fabric and laminating with raller
takes place within open time.

Al bempeeratures and F ar high relative humidizy, a
tacky residue (Bluzh] may form on the surface of the
cured = £ an i wal laye=r of fakb-
ric or a coating is o be applied onto the cured =posy,
this residos must first be remenced with werm, saapy
waater to ensure adequate bond. In any case, the swr-

Face must be wiped dry prior to application of the mexe
lay=r or coating.

For application in cold ar hot conditions, pre-cond
tion material far 24 howrs in temperature cantrolled
s 0 improve masng, appcation and

For Further information on ower coating, numbsr af
laye=rs ar ercep, please consult a Strsctural enginesr
For caloulations and see also the ~his=thod Statement
For SikalWrap™ maneal dry applicatien™.

Sikadur= resins are formulated (o have low creep une
Her permanent loading. Hewewesr dss to the crecp be—
haviowr of all polymer materials snder load, the lons
term stroctoral design load mest aceount for creep.
Generalby the long term structural design load must be
lerwwer tham 20 te 25 % of the failure load_ Please con-
sult & strsctural enginesr for load calculations for the
specific applicstion.

BASIS OF PRODUCT DATA

Al Rechmical data stated in this Data Sheet are based
on labaratory tests_ fActual measured data rmay vany
due te circumstances boyand cur comtrel

LOCAL RESTRICTIOMNS

Flease note that as a result of specfic local regula-
tions the declared data and recammended uses for
this product may wary from cauntry ta csuntry. Please
consult the local Prodsct Data Sheet for the exsct
product data and wses.

ECOLOGY, HEALTH AMD SAFETY

For infarmation and aduice an the safe handling, stor—
age and users shall refer
Eo the mest rmm s=r.=a=-r Da!a Shees (SDS) cantaining
physical and other safety-re—
lared dags

BUILDING TRUST



APPENDIX (C)

Properties of CFRP sheets (Sikawarp-300C)

and properties of adhesives

B. Epoxy Sikadur®-31 CF Slow for steel plate adhesive

PRODUCT DATA SHEET
Sikadur®-31 CF Slow

BUILDING TRUST

2-COMPONENT THIXOTROPIC EPOXY ADHESIVE

DESCRIPTION

Sikadur®-31 CF Slow is a moisture tolerant, thisotropic,
struetural 2-eompanent adhesive and repair martar,
based on epoxy resing and special fillers for use at
higher temperatures between 25 "Cand +45 "C.

UsSES

Sikadur®-31 CF Show rmay anly be used by experienced
profedsionals.

As a dtructursl sdhesive and martar far:

= Capcrete elements

= Hard natural stone

» Caramics, fibre perment

= Martar, Bricks, Masanry

= Steal, Iron, Aluminium

As a fast setting rapid repair adhesive and mortar:
= Corners and edges

= Haldes and void filling

= Far vertical and overhead use

Jaint filling and erack sealing:

= loint arris repair and erack sealing

CHARACTERISTICS / ADVANTAGES

Sikadur®-31 OF Slaw has the fallowing advantages

= Eagy to mix and apply

= Wery good adhesion to mail corstrodion materials

= High strength adhesive

= Thimotrapie: nor-sag in vertical and averhead applica-
tians

= Harders without shrinkage

= Dilferent coloured camponents (far mixing eantral]

= Wit = Mo prirmer needed
* Palyester, Epasy = High initial and ultimate rechanical strength
= Glass = Good abrasion resistance
= Irnperrneable to liquids and water vapaur
= Good chemical resistance
PRODUCT INFORMATION
Compasition Epoxy resin
Patkaging 30 kg (A+8) Pre-batched unit
& kg |A+B} Pre-batched unit
1.2 kg [A+E) Pre-batched unit
o of 6% 1.2 kg
Colaur Carmpanent A- grey
Carmpanent B: black
Carmpanents A+8 mixed: conerete grey
Shelf life 24 moanths frem date af production

Storage conditions

Store in original, unopened, sealed and undamaged packaging in dry condi-

tions at termperatures between +15 "°C and 230 °C. Protest frem direet sun-

light.

Dendity

193 + 3.1 kgfL {companent A+5 mixed) [at #23 "C) (evacuated)

Froduct Dats Sheet
Sihador®-31 CF Sow
Decembar 201E, Version 0LO2
DU 100 LImOoDL



APPENDIX (C) Properties of CFRP sheets (Sikawarp-300C)

and properties of adhesives

TECHMNICAL INFORMNMUAT IO N

Compressine Strensth Pp——— & Curing termperature COirs £ 18E)
a2s-c +3s —c =as -c
T daw 23 - 5=
[y
= daws R
S
F daws S= - &=
P e
Podulus of Elastecity b O a ~ 2 500 P AAsTRA O e8]
B2 i —— PR ——— (Oirs Era 1860
=as
T daw —as- ==
Pa e
= daws — =0 - 30
raFrnen?
T daws == - 3=
PaF e
Tensite Strensthn Curing time  Curing termperatwre TR
S=s-c +3s sas =&
T daw == - ~= - 15 —a0- 15
rafererad rasreen® raFrnere
= daws =a-1s ~ 1o - 18 SEEEE
P Serm® Fafrum [Ny
F daws —1o- 18 ~ 10 -1 ~3a- =0
P e ® P

Modulus of Elastecity fn Tension ~ 3 0O P mE (1 days an +23 ) n=o 52w

Elongation at Break 0.6 £ DL %6 (7 days at +35 ~C) n=o sz

Tenszile Adhesion Strength o r———— Substrate CEM IS0 2624, B0

1=az. Er 333188 ac

T day=s Toncrete dry +as =)
Fas Concrete moiet == riferien® =
T Gaws Ste=l A= rifram

[ e —— - —

S e b e
Coafficient of Thermal Expansion

Hardens without shrinksge.
7.9 x 105 per ~C | Temp. ramge +23 “C — 60 “C)

dEra AT
e 7=y

Hear 5

i tEn e Curing temperat- HDT
sy

T daws
Lt men 10 e

APPLICATION INFORMATION

+35 SSoO-C

MExing Fuasso Carmpanent A= component B = : 1 by weight

CO s B B The cansump

ess

m ool Sikaduar® S0 CF Shaw is ~1 9 kgfrm® per room alf thick-

Layer Thickmess EE
e using moltiple units, ooe after the other D not i the following
URit uREl the previous one bhas Besn used i order 2o asvoid a reduction in
iesnlang Eirme

O wertical surfaces it is non-sag o Lo 1S mes thickmess

dEra 1Fas)

Praduct Temperatuns Sikadur

=45 L.

BUILOING TRUST

-21 CF Slow can be applied at temperatures betwesn =25 “C and

Ambient Air Temperature

25 "C mmin. J +45 TC rmax.

Drewr Prosnt

Beware of condersation.

Substrate termperature during application must be at least 5 "C abawe dews

paint_

T

=25 "C rmiin. ) 45 O rman

Substrate Maoisture Content Substrate st

be dry o mat damp (na standing sater]

Bruzh the adhesive well into the substrate

Pot Life Temperature Polife™ Dpen time (EM IS0 =3514)
#325 "C ~TAXD min —
+35 "C ~ 7D min p—
45 "C ~ 45 min ~ G0 min
B T e——
[T toree The rtity mized, the shoroer the pociife. To obtadnlonger workabiliby ot

ik the msed
T S~ B before mibdog then (ot Seice

iy b Shvicied intn porson s Ancther cethod b tochill oso poa-
+5 ).

APPLICATION INSTRUCTIOMNS
SUBSTRATE QULALITY

Mortar and concrete rmust be older than 2E days. (de-
pends on minimal requirement of strengths).

Werity the substrate strength (concrete, masanry, nat-
uralszone).

The substrate surface (all types] rmust be clean, dry o
mat darmp {na standing water} and free frarm contam-
inants swch as dirt, ail, grease, existing swrface treat-
ments and coatings ete._

Steel substrates must be de-rusted similar to S5a 2.5
The substrate must be sound and all loose particles
must be removed.

SUBSTRATE PREFPARATHOMN

Comcrete, mortar, store, bricks: Substrates muost be
sound, dry or mat damp no standing water), clean and
Free frarm laitance, ice, standing water, grease, ails, ald
surface treatments or coatings and all loose or Friable
partidles rmust be removed to achieve a lsitance and
cormtarninant fres, open textured surfasce_

Steel: Pust be deaned and prepared thoraughly ta an
acceptable quality i.e. by blastcleaning and wacuwrr.
Avvoid dew point conditions.

MIMING

Pre-batched wnits:

Mix companents 8+8 together for at least 3 minutes
wiith a rmixing spindle attached to a slaw speed slectric
drill {rmax. 300 rpm) until the material becomes
smooth in consistency and a wnifarrm grey calaur.
Foeoid aeration while mixing. Then, pawur the wihole rmis
into a clkean container and stir again far ~ 1 rminute at
law speed Lo keep air entrapment at a rminimum. Mix
arily that guantity which can be used within its pot life.

APPLICATION METHOD f TOOLS

Wehen using athin layer adhesive, apply the mixed ad-
hesive 10 the prepared surface with a spatula, trawel,
natched trowel, [or with hands pratected by gloves)
When applying as a repair mortar use some formvwork.
Wehen using for bonding rmetal profiles anto wertical
surfaces, press uniformly using props for at least 12
haurs, dependent on the Layer thickness applied [mot
more than 5 mrm) and the room temperature.

Onee hardened check the adhesion by tapping with a
hamrmer.

CLEANMIMNG OFF EXCELI

BAENT

Olean all teals and application equipment with Sika®
Colma Oeaner immediately after use Hardened
cured rmaterial can anly be mechanically removed.

IMPORTANT CONSIDERATIONS

Sikadur® resing are formulated o have koo cresp wn-
der permanent loading. However due to the cresep bee
haviaur af all palymer raterials urnder load, the long
term structural design losd must account Tor ereen.
Generally the long term structural desipn losd must be
lowrer than 20-25 %6 of the failure load.

A structural enginser must be cormulted for load cal-
eulations for the sperific application.

BASIS OF PRODUCT DATA
Al technical data stated in this Dats Sheet are based

wn laboratory tests. Sctwal measured data may wary
due to circurnsianoes beyond our contral.

BUILDIMNG TRUST



APPENDIX (C)

LOCAL RESTRICTIONS

Mobe that as a rewlt of specilic boeal regulations the
dedared data and recommended uges for this product
may wary frarm country to country. Cansult the lecal
Product Data Sheet for the exact product data and
ugas,

ECOLOGY, HEALTH AND SAFETY

Far infarrmation and advice on the safe handling, stod-
age and dispazal of ehemical produdts, users shall refer
to the mast recent Salety Data Sheet (SD5] containing
phrysical, ecalagieal, toxiealagical and ather safaty-re-
lated data.

FT.. Siica Indonauin Hewd THice and

IL Ay Cizinong-Belni Km 10
Lirrwreres nggea -0 ke unggud

Eopor 1631 0Hndonmia

Tol. sbi2 TL E23NI2, Facc +£1 11 BI04
Wek: ifnadeacomi

Errait nicscare gl skasom

5 M

ra==
e

| = F=

Frocuct Dot Shest
Shador®-31 CF dow
Dezembar 200E, Verdon OLO1
OG0 100 LODDO0SEL

Properties of CFRP sheets (Sikawarp-300C)

and properties of adhesives

LEGAL NOTES

The information, and, in particular, the recommenda-
tions relating to the application and end-use of Sika
products, are given in good faith based on Sika's eur-
rent knowledge and experience of the products when
properly $tared, handled and applied under normal
wondition: in accardanee with Sika's recormmenda-
tiona. In practice, the differences in materials, sub-
atrated and actual site conditions are such that no war-
ranty in respedt of merchantability ar af fitneds for a
particular purpote, nar ary liability ariging out of any
legal relationship whatsoever, ean be inferred gither
Iram this infermation, or frarm any written reeem-
mendations, of lrom amy other advice olfered. The
uzet of the product mudt test the product’s suitability
far the intended application and purpase. Sika re-
ferves the right to change the propertied af its
praducts, The proprietary rights of third parties must
be abierved. All arders are aceepted subjedt 1o our
current terrms of sale and delivery. Users must ahuays
reder ta the most recent issue of the loeal Product Data
Sheet for the product concerned, copies of which will
be supplied an regquest.

Sikachar-SLCT S cow-prA | 12200 H)-1- 2 ped
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