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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 
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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 kN, and moments are in kN.m. 

Symbol Description 

As Area of steel 

Av 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 

f'c 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 

Mu Ultimate Bending Moment 

P Applied load  

Pu Ultimate load 

Vc Shear force carrying by concrete 

Vn Nominal shear capacity of section 

Vs Shear force carrying by stirrup. 

Vu Ultimate Shear Load 

ꞵ1 Concrete stress-block factor controlling the block height 

δs Deflection of member at service load 

εc Compressive strain in concrete 

εcu Ultimate compressive strain of concrete 

ρ Reinforcing bar ratio 

ρmax Maximum steel reinforcement ratio 

σc Axial stress in concrete 

𝑆 Spacing of stirrups 
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CHAPTER ONE 

IINTRODUCTIONI 

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 I 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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(1-a) (2-a) 

 

(b) 

(a):(1-a) and (2-a) represent Inverted T beam            (b):Inverted I 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 
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which support bridge girders over ledges close the bottom of the beam as 

shown in the Plate (1-1) [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] 

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

 

  

 

 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 

Plate (1-2): Precast concrete inverted T beam [5] 
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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(1-4): Retrofitting by steel plate [9] Plate(1-3): Retrofitting by CFRP [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]. 

 

 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] 

 

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]. 

(a) CFRP strengthening[22] 

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

(d) Repair historic old building[20]    (f) Strengthening girder bridge[21]  

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]. 

 

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]. 

 

 (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:Disadvantage 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.  
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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-It may available or may not be 

available in the place to work. 

4-Avialable everywhere and 

reasonable prices. 

5-Working with FRP required 

skilled workers and has work 

experience, because working with 

FRP required accuracy. 

5-Working with steel plate doesn't 

required skilled workers or skilled 

labor, as work with steel plate is fast 

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 
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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;  
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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.      
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CHAPTERITWO 

 REVIEWIOFILITERATURE  

 

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 



CHAPTERITWO                                                            REVIEWIOFILITERATURE 

 

15 

 

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). 

Figure (2-1): Structural load effects on Inverted T bent cap [34] 

 

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 
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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: 
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i. Significant reduction in the cracking and ultimate torque, spacing 

between  the diagonal cracks, stirrup strain in the flange and web. 

ii. Significant increase in the cracking load and failure load, cracking and 

ultimate shear, and rigidity in the post cracking torsional. 

iii. Beam failure that result from reduction in efficiency the stirrup which 

the diagonal failure in concrete rather than yield in the stirrup. 

 

 

 

 

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). 

 
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).          

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] 

 

                 *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] 
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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 ρ 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 (ρ) values the effect of CFRP sheets 



CHAPTERITWO                                                            REVIEWIOFILITERATURE 

 

28 

 

in increasing the flexural strength of the specimens, when compared with 

maximum value (ρ max). The strengthened beams with great reinforcing bar 

ratio, near to the maximum value of (ρ 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. 

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 : 

 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. 

 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: 

 Depending on the configuration and area the CFRP sheets ,the loads 

were enhanced from 2% to 35% . 

 When used multiple CFRP, the failure modes were desired compared 

with the single. 

 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. 

  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 



CHAPTERITWO                                                            REVIEWIOFILITERATURE 

 

33 

 

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 CFRP 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. 

 

 

 

(a)( (a) 

 

    (b) 

 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 CFRP 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] 

 

        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 (B90P), and cracked beam + epoxy injections + 90% CFRP plate 

(B90PC). The same concrete mix was used in casting each of the beams. The 

pre-cracking strengthening was intended in beam (B90PC) 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 

(B90PC), 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 ( B90PC) and 

(B90P) were carried out at the ultimate load failure of 71.6 kN 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 



CHAPTERITWO                                                            REVIEWIOFILITERATURE 

 

40 

 

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. 

 

 

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 (ρ) values the effect of CFRP sheets in increasing the 

flexural strength of the specimens, when compared with maximum value (ρ 

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 

EXPERIMENTALIWORK 

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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(a) 

 

 

 

 

 

 

 

 

                                                 (b) 

 

(a) Loading and supporting details of the beam 

                (b) Details of cross-sections of beams 

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 

No. 

Beam 

Designation 

Beam 

 

Type 

No. 

 

CFRP 

 

Strips 

 

or 

 

Steel 

plates 

Length 

CFRP 

Strips 

(mm) 

or 

Steel 

Plates 

(mm) 

Total 

Width 

CFRP 

Strips 

(mm) 

or 

Steel 

Plates 

(mm) 

1 -------- ITCC Control ----- -------- -------- 

2 

3 

4 

5 

6 

Group 

One 

ITF600 

ITF900 

ITF1200 

IT2F1200 

IT3F1200 

Group  

Strengthened  

With 

CFRP 

Strips 

1 

1 

1 

2 

3 

600 

900 

1200 

1200 

1200 

50 

50 

50 

100 

150 

7 

8 

9 

10 

11 

Group 

Two 

ITS600 

ITS900 

ITS1200 

IT2S1200 

IT3S1200 

Group  

Strengthened  

With 

Steel 

Plates 

1 

1 

1 

2 

3 

600 

900 

1200 

1200 

1200 

50 

50 

50 

100 

150 

12 

13 

Group 

Three 

IT3FR1200 

IT3SR1200 

Group 

Repaired 

With 

CFRP strips 

OR 

Steel Plates 

3 

3 

1200 

1200 

150 

150 
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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 

Meanings Specimens designation 

I: Inverted, T: T-section type beam, CC: Concrete 

Control Reference or control. 

 

ITCC 

I: Inverted, T: T-section type beam, F:  carbon Fiber with 

lengths (600, 900 and 1200) mm. S: Steel plate Sheet with 

lengths (600, 900 and 1200) mm. 

   

ITF600, ITF900, ITF1200 

ITS600, ITS900, ITS1200 

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 

IT2S1200, IT3S1200 

I: Inverted, T: T-section type beam, (3FR and 3SR), 

(3FR): three strips of carbon Fiber that used in repairing 

process with length 1200mm, and (3SR): three strips of 

Steel plate sheet that used in repairing process with 

length 1200mm. 

 

IT3FR1200, IT3SR1200 

 

         

        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. 
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 Group two:  consisted of five inverted T beams ITS600, ITS900, ITS1200, 

IT2S1200, and IT3S1200 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 Teqnique) 

 

 

 

 

 
 
 
 
 

 

 

 

 

 

ITF600 or ITS600 
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Table (3-3) : Details of three groups of inverted T beams (continue) 

 

 

 

 

 

 

 

  

 
 
 

 

 

 

 
 
  

 

 

 

 

ITF900 or ITS900 

 ITF1200 or ITS1200 

IT2F1200 or IT2S1200 

IT3F1200 or IT3S1200 
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Table (3-3): Details of three groups of inverted T beams (continued) 

Group Three (Repair Teqnique) 

 

 

 

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 Iraqi specification limits 

(I.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) 

Chemical Properties 
Test 

Results(%) 

Limits of Iraqi specification 

No.5/1984 

Lime (CaO) 62.79 - 

Silica (SiO2) 20.58 - 

Alumina (Al2O3) 5.6 - 

Iron oxide (Fe2O3) 3.28 - 

Magnesia (MgO) 2.79 ≤ 5%  

IT3FR1200 or IT3SR1200 
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Table (3-4): Chemical analysis and main compounds of cement (continued) 

Sulfate (SO3) 2.35 
if C3A < 5% ≤ 2.5% 

if C3A > 5% ≤ 2.8% 

Loss on ignition (L.O.I.) 1.94 ≤ 4% 

Insoluble residue (I.R.) 1.00 ≤ 1.5%  

Lime saturation factor (L.S.F.) 0.9 0.66-1.02 

Main Compounds (Bogue's Equation) 

Tricalcium Silicate (C3S) 50.12 - 

Dicalcium Silicate (C2S  21.26 - 

Tricalcium Aluminate (C3A) 9.29 - 

Tetracalcium Aluminoferrite 

(C4AF) 
9.98 - 

 

Table (3-5): Physical Properties of cement 

Physical Properties Test Result Iraqi specification No. 5/1984 

Specific Surface Area (Blaine 

Method) M
2
/Kg 

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 (I.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 

Properties 
Test 

results 
IQ.S No. 45/1984 zone (2) 

Specific gravity 2.63 - 

Fineness modulus 2.68 - 

Sulfate content (SO3)% 0.344 ≤ 0.5  

Materials finer than sieve 75 μm % 3 ≤ 5 

 

Table (3-7): Grading of Fine Aggregate 

No. Sieve size (mm) Passing % Limit of Iraqi Specification No.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 μm 42.7 35-59 

6 300 μm 22.1 8-30 

7 150 μm 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 (IQS) 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 IQ.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 

No. 
Sieve size 

(mm) 

Passing % 

Coarse Aggregate 
Limit of Iraqi Specification No. 

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 (Ø8) and (Ø6) 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 

Diameter 

(mm) 

Measured 

Diameter 

(mm) 

Yield 

Stress* 

(MPa) 

Ultimate 

Strength 

(MPa) 

Elongation 

Ratio % 

Modulus of 

Elasticity** 

(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 (CFRP) 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 

 

 

 

 

 

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 

quantities 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
3
) 207 

Cement (kg/m
3
) 423 

Fine aggregate (kg/m
3
) 732 

Coarse aggregate (kg/m
3
) 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 (Ø8) and (Ø6) were used, (Ø8) was used 

as the main reinforcement for the flange, the bar of size (Ø6) 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). 

 

 

 

 

 

 

 

 

Plate (3-7):Plywood formworks and Reinforcement cages in formworks 

 

 

 

 

 

 

 

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) 

 
 

spacers 

Plywood mold with reinforcement 

Plywood mold only 

 

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

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

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 

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. 

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

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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3.4.4  

 

 

 

 

 

 

 

 

 

 

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 

 
 

 

 
 

 

 
 

 

Put concrete in molds Vibration stage 

Casting completion stage 

Plastic 

sheets 

wet burlap 
bags 

Curing stage 

Painting stage 

Concrete surface modification 

Casting and curing of the cylinders, cubes and prisms 
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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). 

 

 

 

 

 

 
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) 

 

 
 

clean surface free of all dirt Surface grinding 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

 

 
 

 
 

 
 

CFRP measurement CFRP cutting Weighting Epoxy 

Mixing of Epoxy Preparation of the concrete 

surface by planning 
Placing Epoxy on CFRP  

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 45º, 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. 

 



CHAPTERITHREE                                                             EXPERIMENTALIWORK 

 

 

67 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cut steel plates by using the computerized laser chopping machine 

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

approximately  45º 

 
 

 

Mixing the Epoxy after weighing 
Preparation of the concrete surface by 

planning 
Placing Epoxy on Beam 

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. 

 

 

Cracks 

Surface preparation 

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 LVDT3 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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LVDT 

SHAPE 

Figure showing the sites of LVDT 

 

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. 

 

 

 

 

 

 

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.  

 

 

 

 
Roller Support Hinge Support 
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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. 

 

 

 

 

 

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 (150×150) mm and cylinders of 

dimensions (300×150) 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 

strength(MPa) 

Cube 31.84 35.65 40.55 

Cylinder 27.06 30.30 34.46 

 

 

 

 

 

 

 

 

 

 

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. 

 

 

 

 

Failure shape of cube 

Failure shape of cylinder Compressive test machine 
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Table (3-14): Splitting tensile strength test result 

Specimens No. Splitting tensile MPa at 28-

days 

Splitting tensile MPa at time 

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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       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 (100×100×400) 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 

 

 

 

 

 

 

Failure shapes of cylinders Machine of splitting test specimens 
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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 

(MPa) at 28-days 

Modulus of rupture 

(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 

 

 

 

 

 

 

 

 

 

 

 

 

 

Failure shapes of prisms Flexural test machine 

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

RESULTSIANDIDISCUSSION 

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 

no. 

Tested 

Beams  

Pc* 

(kN) 

Pu** 

(kN) 

Mid-span  

Deflection (∆u) 

(mm) 

***Percentage 

increase in ultimate 

load% 

------- ITCC 21 71.652 22.31 --------------------- 

Group 

one 

ITF600 22 78.690 24.35 10.2*** 

ITF900 24.2 85.754 11.79 19.7 

ITF1200 27.8 89.088 16.43 24.3 

IT2F1200 25 95.899 13.91 33.8 

IT3F1200 26.4 104.155 27.85 45.4 

Group 

two 

ITS600 23.3 78.654 22.41 9.8 

ITS900 25.7 72.160 26.41 0.7 

ITS1200 21.6 79.671 28.55 11.2 

IT2S1200 27 85.602 23.99 19.5 

IT3S1200 29 93.937 20.91 31.1 

Group 

three 

IT3FR1200 29.4 99.808 14.41 39.3 

IT3SR1200 21.6 92.877 27.84 29.6 

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

**…….Refer to load at ultimate level.    ***…….= 
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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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4.3.1.2: Group One (strengthening with CFRP 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 (ITF600) 

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. 

 

 
 

Continuity cracks in the flange of ITCC 

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

 

 

         

 

 

 

 

4.3.1.2.2 Strengthened Beam Specimen (ITF900) 

        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%. 

 

 
   Debonding in CFRP strip 

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

  

 

 

 

 

 

 

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 

(Ɛf = Ɛfu). 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 

 

 

 

 

cracks 

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

 

Debonding failure 



CHAPTER FOUR                                                          RESULTS AND DISCUSSION                

   

82 

 

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. 

 

 

 

 

 

 

 

 

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 

 

 
 

 

Rupture 

of CFRP 

 Plate (4-4): Crack pattern after failure for strengthened beam (ITF1200) 
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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. 

 

 

 

 

 

 

 

 

4.3.1.2.5 Strengthened Beam Specimen (IT3F1200) 

        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- 

 

 

 

 

 

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

 

 

 

 

 

 

 

 

 

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 (ITS600) 

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 

 

 

 

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

 

 

 

 

 

 

 

 

4.3.1.3.2 Strengthened Beam Specimen (ITS900) 

Beam specimen ITS900 was strengthened with a steel plate of length (900  

 

Plate (4-7): Crack pattern after failure for strengthened beam (ITS600) 
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4.3.1.3.2 Strengthened Beam Specimen (ITS900) 

      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 (ITS1200) 

      Beam specimen ITS1200 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. 

 

 

 

 

 

 

 

 

 

 

 

  

Mid span debonding 

Plate (4-9): Crack pattern after failure for strengthened beam (ITS1200) 
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4.3.1.3.4 Strengthened Beam Specimen (IT2S1200) 

        Beam specimen IT2S1200 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. 

 

 

 

 

 

 

 

 

 

 

  

Mid span 

debonding 

debonding 

 

Front 

steel plate 

Back   

steel plate 

Plate (4-10): Crack pattern after failure for strengthened beam (IT2S1200)  
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4.3.1.3.5 Strengthened Beam Specimen (IT3S1200) 

       Beam specimen IT3S1200 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.            

 

 

 

 

 

 

 

 

 

 
 

Bottom view of flange 

Partial debonding End debonding 

Front steel plate  

Middle steel plate  

back steel plate  

   Plate (4-11): Crack pattern after failure for strengthened beam (IT3S1200) 
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4.3.1.4: Group three (Repaired with CFRP 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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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: 

 

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

 

  

 

 

(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) 

 

Debonding 

three of CFRP 

strips 
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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 debonding failure 

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

       Plate (4-13): (a) Crack pattern (before repairing) for beam (IT3S1200) 

(b) Crack pattern (after repairing) after failure for beam (IT3S1200) 
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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 ITS1200 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 

no. 

Tested 

Beams  

First 

cracking 

load (kN) 

 

*Service 

load  

(kN) 

 

Crack 

width(mm) 

at service 

load 

 

Ultimate load 

(kN) 

Crack 

width(mm) at 

ultimate load 

------- ITCC 21 42.9912 0.25 71.652 4.63 

Group 

one 

ITF600 22 47.214 0.23 78.69 3.2 

ITF900 24.2 51.4524 0.21 85.754 2.4 

ITF1200 27.8 53.4528 0.19 89.088 2 

IT2F1200 25 57.5394 0.15 95.899 1.58 

IT3F1200 26.4 62.493 0.12 104.155 0.73 

Group 

two 

ITS600 23.3 47.1924 0.18 78.654 1.8 

ITS900 25.7 43.296 0.15 72.16 1.68 

ITS1200 21.6 47.8026 0.11 79.671 1.5 

IT2S1200 27 51.3612 0.8 85.602 1 

IT3S1200 29 56.3622 0.66 93.937 0.8 

Group 

three 

IT3FR1200 29.4 59.8848 0.19 99.808 0.67 

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. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4-1) Load versus crack width of inverted T control beam ITCC 

 

 Figure (4-2) Load versus crack width of strengthened inverted T beam ITF600 

 

Figure (4-3) Load versus crack width of strengthened inverted T beam ITF900 
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Figure (4-4) Load versus crack width of strengthened inverted T beam ITF1200 

 

Figure (4-5) Load versus crack width of strengthened inverted T beam IT2F1200 

 

Figure (4-6) Load versus crack width of strengthened inverted T beam IT3F1200 
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Figure (4-7) Load versus crack width of strengthened inverted T beam ITS600 

 

Figure (4-8) Load versus crack width of strengthened inverted T beam ITS900 

 

Figure (4-9) Load versus crack width of strengthened inverted T beam ITS1200 
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Figure (4-10) Load versus crack width of strengthened inverted T beam IT2S1200 

 

Figure (4-11) Load versus crack width of strengthened inverted T beam IT3S1200 

 

      Figure (4-12) Load versus crack width before and after repaired 

inverted Tbeam IT3FR1200 
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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 ITS600, ITS900, 

ITS1200, IT2S1200, and IT3S1200. 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 

 

          Figure (4-13) Load versus crack width before and after repaired inverted T 

beam IT3SR1200 
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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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Figure (4-14): Load Vs. Mid-Span Deflection Curve of inverted T beam (ITCC) 

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

 

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) 

 

Figure (4-18): Load Vs. Mid-Span Deflection Curve of inverted T beam (IT2F1200) 

 

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) 

 

Figure (4-21): Load Vs. Mid-Span Deflection Curve of inverted T beam (ITS900) 

 

Figure (4-22): Load Vs. Mid-Span Deflection Curve of inverted T beam (ITS1200) 
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Figure (4-23): Load Vs. Mid-Span Deflection Curve of inverted T beam (IT2S1200) 

 

Figure (4-24): Load Vs. Mid-Span Deflection Curve of inverted T beam (IT3S1200) 
 

Figure (4-25): Load Vs. Mid-Span Deflection Curve of inverted T beam (IT3FR1200) 
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        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.  

 

 

 

 

 

 

 

Figure (4-26): Load Vs. Mid-Span Deflection Curve of inverted T beam (IT3SR1200) 
 

 

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, ITS900, ITS1200, IT2S1200, and IT3S1200 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. 

 

 

 

 

 

 

 

        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 ITS1200 has the highest deflection. 

 

Figure (4-28): Load Vs. Mid-Span Deflection Curve of group two 

strengthened inverted T beams and control inverted T beam 
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        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.  

 

 

 

 

 

 

 

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): 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. 

 

 

 

 

 

 

 

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). 

 

 

Figure (4-31): Load Vs. Mid-Span Deflection Curve of retrofitted  

(strengthened and repaired) inverted T beams and control inverted T beam 
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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 (Δu) to yield deflection (Δy).  

       From the load-deflection curves, the yield deflection (Δy) 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 

Group no. Tested Beams  Pu (kN) Failure Modes 

------- ITCC 71.652 Flexural failure 

Group 

One 

ITF600 78.690 Flexural failure by CFRP debonding 

ITF900 85.754 Flexural failure by CFRP debonding 

ITF1200 89.088 Flexural failure by CFRP rupture 

IT2F1200 95.899 Flexural failure by mid span debonding of 

CFRP strips 

IT3F1200 104.155 Flexural failure by mid span debonding of 

CFRP strips 

Group 

Two 

ITS600 78.654 Flexural failure by steel plate  debonding 

ITS900 72.160 Flexural failure by steel plate  debonding 

ITS1200 79.671 Flexural failure by mid span debonding 

failure of steel plate  

IT2S1200 85.602 Flexural failure by front steel plate 

debonding 

IT3S1200 93.937 Flexural failure by front steel plate  

debonding 

Group 

three 

IT3FR1200 99.808 Flexural failure by three CFRP strips 

debonding 

IT3SR1200 92.877 Flexural failure by three steel plates  mid 

debonding 

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

 

 

 

 

 

 

 

 

 

 

        

       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. 

 

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

(ITCC beam specimen) 
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Table (4-4): Ductility index for the all tested beam specimens 

Group no. Tested Beams 
Deflection (mm) Ductility index 

= (∆u/∆y) Δy Δu 

------- ITCC 2 22.31 11.16 

Group 

one 

ITF600 2.5 26.11 10.44 

ITF900 1.5 11.79 7.86 

ITF1200 1.7 16.43 9.66 

IT2F1200 1.4 13.91 9.94 

IT3F1200 3.8 27.85 7.33 

Group 

two 

ITS600 2.9 22.41 7.73 

ITS900 2.8 26.41 9.43 

ITS1200 2.6 28.55 10.98 

IT2S1200 2.2 23.99 10.90 

IT3S1200 2 20.91 10.46 

Group 

three 

IT3FR1200 5.2 14.41 2.77 

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 

no. 

Beam 

specimens 
Description  

------- ITCC ------------------------------------------------------ 

Group 

one 

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 

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 

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 

Group 

two 

ITS600 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 

ITS900 The effective length of steel plate  represent 60% of the total span length 

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 

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

IT2S1200 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 

IT3S1200 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 

Group 

three 

IT3FR1200 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 

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 

 

Figure(4-33):Group one, comparisons of the ultimate load capacity vs length or width 

CFRP strips  
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 Figure(4-34):Group two, comparisons of the ultimate load capacity vs length or width 

steel plates 

 

   Figure(4-35):Group three, comparisons of the ultimate load capacity vs length or width CFRP strips 

or steel plates 

 

Figure (4-36): Strengthening groups, Ultimate load for experimental beam specimens 
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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, 

 

Figure (4-37): Repairing groups, Ultimate load for experimental beam specimens 
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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 

no. 

Beam specimens pu*0.75 (kN) Deflection at 0.75 pu 

(mm) 

stiffness K  

(kN/mm) 

------- ITCC 53.739 3.2 14.928 

Group 

one 

ITF600 59.018 3.9 15.133 

ITF900 64.316 3.7 17.378 

ITF1200 66.816 4.33 15.431 

IT2F1200 71.924 4.19 17.166 

IT3F1200 78.116 3.7 21.113 

Group 

two 

ITS600 58.991 3.8 15.524 

ITS900 54.120 3.1 17.458 

ITS1200 59.753 3.6 16.598 

IT2S1200 64.202 3.77 17.030 

IT3S1200 70.4523 3.6 19.570 

Group 

three 

IT3FR1200 74.856 4.99 15.001 

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:  

Ø=
 

   
   ------------------------- 1                        

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

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

Using the pythagoream theorm: 

OD'²=OC'² + CD'²  -------------------------3 

OC'=OM-CM' 

       =R-(Δmid – ΔL) 

OC'=R-y  -------------------------4 

Substituting this value in equation (3) and obtained: 

R²=(R²-2Ry+y²) +
  

   
  -------------------------5 

2Ry=(y² + 
  

   
  

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

Ø=
 

   
  Ø=

  

   
  

   

  -------------------------7 

y = Δmid – ΔL  -------------------------8 

 

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

the tested beam specimen   

 

Where : 

R=
𝒚𝟐 

𝑳𝟐

𝟏𝟎𝟎

𝟐𝒚
  -------------------------6 

Ø=
𝟐 𝚫𝐦𝐢𝐝 𝚫𝐋 

 𝚫𝐦𝐢𝐝 𝚫𝐋 𝟐 
𝐋 

𝟏𝟎𝟎

 -------------------------9   which is required  
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Moment can be calculated at mid span of simply supported beam as 

followed: 

 

Where : 

                    

 

 

 

 

 

 

 

 

 

 

 

 

 

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

specimens (continue) 

  

Ø=Curvature of tested beam specimens. 

Δmid=Deflection value from LVDT which placed in mid span. 

ΔL=Deflection value from LVDT which placed under the load.  

L=The clear span length of tested beam specimens. 

 

M=
𝐏𝐋

𝟓
 -------------------------10    which is required 

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.   
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        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.  

 

 

 

 

 

 

 

 

 

 

 

Figure (4-38): Bending moment diagram and Deflection profile  

for tested beam specimens (continued) 

 

 

Figure(4-39):Moment-Curvature Relationship of CFRP strip Group with  

Control beam specimen 
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Figure(4-40):Moment-Curvature Relationship of steel plate group with Control  

beam specimen 

 
 

 

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. 

 

 

 

 

 

 

  

Figure(4-43):Moment-Curvature Relationship for specimens IT3FR1200  

and IT3SR1200 (After Repair) 

 

A B 
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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. 

         

 

 

 

 

 

 

 

 

 

 

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 

no. 
Beam specimens 

Energy Absorption 

Capacity (kN.mm) 

------- ITCC 1498.13 

Group 

One 

ITF600 1910.47 

ITF900 856.44 

ITF1200 1268.23 

IT2F1200 1114.26 

IT3F1200 2770.47 

Group 

Two 

ITS600 1753.93 

ITS900 1784.89 

ITS1200 2074.19 

IT2S1200 1804.50 

IT3S1200 1827.83 

Group 

Three 

IT3FR1200 1048.85 

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. 

 

 

 



CHAPTER FIVE                                                      FINITEIELEMENET ANALYSIS 

125 

 

 

 

 

 

 

 

 

 

 

 

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]. 

 

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

 

 

 

 

 

 

 

 

 

 

 
(c) Shell elements (b) T3D2 truss 

element 

(a) C3D8R element 

 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. 

 

 

 

 

 

 

 

 

 

 

        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 

 

Concrete 

Reinforcement cages 

Steel loading plate 

Embedded steel reinforcement bar 

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) 



CHAPTER FIVE                                                      FINITEIELEMENET ANALYSIS 

128 

 

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.  

 

 

 

 

 

 

 

 

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 

 

 

Displacement load 

Fix support (rigid body) 

(U1=U2=U3=UR1=UR2=UR3=0) 

Figure (5-5): Typical boundary conditions and apply load of modeled inverted T beams 
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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),(b),(c) and (d) Irregular mesh 

  

Match the nodes in each beam element to each 

other by creating partition Create partition 

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

Mesh size 20mm (Regular mesh) 

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

(c ) Mesh size 20mm 

ITCC beam 

 

 
Mesh of steel reinforcement 

(d) Mesh size 25mm 
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5.5 CFRP strips or steel plates modeling 

5.5.1 CFRP 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].   

 

 

 

Datum plane 

IT3F1200 beam 

Create partition by doing datum plane 

 

 
CFRP strips or steel plates 

Match the CFRP strips or steel plates mesh with the beam mesh 

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

Convergence analysis 
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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.  

 

Parameter magnitude 

Elastic properties 

Elastic modulus of CFRP strips: 

E1 

E2 

 

230 Gpa 

16.58 Gpa 

Longitudinal Poisson’s ratio 0.3 

Shear modulus: 

G12 

G13 

G23  

 

9188.5 MPa 

12259 MPa 

5911 MPa 

 

 

 

 

 

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  

 

 

 

 

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 

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

Plate (5-1): Determine the orientation of CFRP strips 

(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 : 

1- 266.9 MPa 

2- 264.7 MPa 

Plastic strain : 

0 

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). 

 

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, σn (MPa), shear-1 

strength, τt (MPa), and shear-2 strength, τs (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] 

Properties magnitude 

Normal stiffness, Knn (MPa/mm) 626 

Shear stiffness, Kss (MPa/mm) 626 

Shear stiffness, Ktt (MPa/mm) 626 

Normal strength, σn (MPa) 1.81 

Shear-1 strength, τt (MPa) 1.5 

Shear-2 strength, τs (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. 

 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). 

 

   

 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 

Added CFRP strips or steel plates 

 

 

 

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

 

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 II and group III 

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 

(a) ITF600 specimen 

 

 

(b) ITF900 specimen 

 

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) 

(c) ITF1200 specimen  

(d) IT2F1200 specimen 
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(a) ITS600 specimen 

 

(b) ITS900 specimen 

 

(c)  ITS1200 specimen 

Figure (5-9): Experimental and numerical load-mid-span deflection curves for 

group II strengthening beams with steel plates (continue) 
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(d) IT2S1200 specimen 

 

(e) IT3S1200 specimen 

 

 

    

(a) IT3FR1200 specimen 

Figure (5-9): Experimental and numerical load-mid-span deflection curves for group II 

strengthening beams with steel plates (continued) 

a-2) After repairing a-1) Before repairing 

Figure (5-10): Experimental and numerical load-mid-span deflection curves for 

group III repairing beams with (a) CFRP strips and (b) steel plates (continue) 
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(b) IT3SR1200 specimen 

Figure (5-10): Experimental and numerical load-mid-span deflection curves for 

group III 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 I strengthening 

beams with CFRP strips, group II strengthening beams with steel plates, and 

group III 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. 

b-2) After repairing b-1) Before repairing 
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Table (5-4): Experimental and Numerical Results for all tested beams 

Beam 

specimens 

Ultimate loads 

(kN) 
               

       
 

% 

Max. deflection 

(mm) 
             

      
 

% Pu)EXP Pu)FEM ∆u)EXP ∆u)FE

M 

ITCC 71.652 75.764 5.74 22.31 21.31 -4.48 

ITF600 78.690 78.760 0.09 24.35 25.35 4.11 

ITF900 85.754 78.362 -8.62 11.79 11.19 -5.09 

ITF1200 89.088 88.091 -1.12 16.43 15.90 -3.23 

IT2F1200 95.899 97.262 1.42 13.91 13.47 -3.16 

IT3F1200 104.155 106.301 2.06 27.85 26.06 -6.43 

ITS600 78.654 84.185 7.03 22.41 91.40 -91.04 

ITS900 72.160 77.578 7.51 26.41 27.58 4.43 

ITS1200 79.671 79.571 -0.13 28.55 28.17 -1.33 

IT2S1200 85.602 91.595 7.00 23.99 23.55 -1.83 

IT3S1200 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) 
 

Reinforcement bars stresses

 

 

 

Reinforcement bars stresses

 

(a) ITF600 beam 

 

 

 

Reinforcement bars stresses

 

(b) ITF900 beam 

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

strips  (continue) 
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(c ) ITF1200 beam 

 

(c ) ITF1200 beam 

 

 

 

 

 

 

 

 

 

(d) IT2F1200 beam 

 

 

 

 

 

 

 

 

 

          

 

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

strips (continued) 

 

Reinforcement bars stresses

 

CFRP strips 

 

 

 

Reinforcement bars stresses

 

 
Bottom view  

 
 
Reinforcement bars stresses

 

 
(e ) IT3F1200 beam 
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(a) ITS600 beam 

 

 

 

 

 

 

 

 

 

(b) ITS900 beam 

 

 

 

 

 

 

 

 

 

 

 
Reinforcement bars stresses

Debonding of 

steel plate 

 

 

 

 
Reinforcement bars stresses

 

 

 

Reinforcement bars stresses

 

(c) ITS1200 beam 

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

(continue) 
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(d) IT2S1200 beam 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

 (continued) 

 

 

Reinforcement bars stresses

 

 

 

Reinforcement bars stresses

 

(e) IT3S1200 beam 
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Figure (5-14): Stresses distribution of FEM before repair beam 
 
 

 

 

 

 

 

 

 

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) 

 
 

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.  

 

 
 

Stress in steel reinforcement 
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Figure (5-17): Cracking patterns of FEM versus experimental study for flexural 

beam (ITCC) 
 

 

 
 

 

 

 

 

 

 

(a) ITF600 beam 

Figure (5-18): Cracking patterns of FEM versus experimental study for flexural 

beams strengthening with CFRP strips (group one) (continue) 

 

 

 

 
 

Debonding failure 
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(b) ITF900 beam 

 

 

 

 

 

 

(c ) ITF1200 beam 

Figure (5-18): Cracking patterns of FEM versus experimental study for flexural 

beams strengthening with CFRP strips (group one) (continue) 
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failure 
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(d) IT2F1200 beam 

 

 
 

 

 

(e) IT3F1200 beam 

Figure (5-18): Cracking patterns of FEM versus experimental study for flexural 

beams strengthening with CFRP strips (group one) (continued) 
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failure 
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(a) ITS600 beam 

  

 

 
 

 

 

 

(b) ITS900 beam 

 

Figure (5-19): Cracking patterns of FEM versus experimental study for flexural 

beams strengthening with steel plates (group two) (continue) 

 

  

Debonding failure 

 

  

Debonding 

failure 



CHAPTER FIVE                                                      FINITEIELEMENET ANALYSIS 

153 

 

 
 

 

 

 

 

 

(c ) ITS1200 beam 

 

 

 

   (d) IT2S1200 beam 

Figure (5-19): Cracking patterns of FEM versus experimental study for flexural 

beams strengthening with steel plates (group two) (continue) 

 

 

Mode of 

failure 

 

 
 

Mode of 

failure 



CHAPTER FIVE                                                      FINITEIELEMENET ANALYSIS 

154 

 

 

 

 
 

 

 

 

(e ) IT3S1200 beam 

Figure (5-19): Cracking patterns of FEM versus experimental study for flexural 

beams strengthening with steel plates (group two) (continued) 

 

 

 
 

Figure (5-20): Cracking patterns of FEM versus experimental study for flexural 
beams (before the repair)  with CFRP strips (IT3FR1200) and steel plates 

(IT3SR1200) 

 

  

Mode of 

failure 
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Debonding failure 

 

 
Figure (5-22): Cracking patterns of FEM versus experimental study for flexural 

beam (after repair)  with steel plates (IT3SR1200) 

Figure (5-21): Cracking patterns of FEM versus experimental study for flexural 

beam (after repair)  with CFRP strips (IT3FR1200) 
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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.  

IT3S1500 Inverted T beam three steel plates strengthening length 1500mm.  

ITF1500-w250 
Inverted T beam CFRP sheets strengthening length 1500mm 

strengthening width 250mm.  

ITS1200-2th 
Inverted T beam steel plates strengthening length 1200mm-2mm 

thickness numerical model. 

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

thickness.  

IT3F1200-2La 
Inverted T beam three CFRP strips strengthening length 1200mm- 

2 layers of CFRP strips.   
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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, IT3F1200, IT3S1500 and IT3S1200) 

Specimens 

Load 

Capacity 

kN 

Deflection 

Capacity 

mm 

Difference in 

Ultimate 

Load % 

Difference in 

Ultimate 

Deflection% 

IT3F1500 108.073 29.33 
1.67 12.55 

IT3F1200 106.301 26.06 

IT3S1500 97.795 22.89 
3.27 9.05 

IT3S1200 94.696 20.99 

 

 

Figure (5- 23): ABAQUS results for load-deflection response of beams IT3F1500, 

IT3F1200, IT3S1500 and IT3S1200 
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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 IT3S1500) 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 IT3S1500) 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). 

 
Figure (5-24): Principle stress distribution and crack pattern at ultimate load 

formed by the FEM for flexural beams (IT3F1500) (continue) 

 

Principle stress distribution 
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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) 

 

 

 

 

 

 

Crack pattern 

Principle stress distribution 

Crack pattern 

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 IT3F1500) 

Specimens 

Load 

Capacity 

kN 

Deflection 

Capacity mm 

Difference in 

Ultimate Load % 

Difference in 

Ultimate Deflection% 

IT3F1500-w250 118.407 32.21 
9.56 9.82 

IT3F1500 108.073 29.33 

 

 

 Figure (5- 26): ABAQUS results for load-deflection response of beams 

ITF1500-w250 and IT3F1200 
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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). 

 

 

 

 

 

Torn CFRP sheet 

Stresses in CFRP sheet 

Crack pattern 

Principle stress distribution 

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, IT3S1200) and (IT3S1200-3th, IT3S1200) 

Specimens 

Load 

Capacity 

kN 

Deflection 

Capacity mm 

Difference in 

Ultimate Load 

% 

Difference in 

Ultimate 

Deflection% 

IT3S1200-2th 81.069 13.12 
-14.39 -37.48 

IT3S1200 94.696 20.99 

IT3S1200-3th 82.243 13.24 
-13.15 -36.92 

IT3S1200 94.696 20.99 

 

 

  Figure (5- 28): ABAQUS results for a load-deflection response of beams  

IT3F1200-2th, IT3S1200 and IT3S1200-3th 
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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. 

 

 

 

 

Figure (5-29): Principle stress distribution and crack pattern at ultimate load 

formed by the FEM for flexural beams (IT3S1200-2th) (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) 

 

 

 

 

 

 

 
 

 
 

Figure (5-30): Principle stress distribution and crack pattern at ultimate load by 

FEM for flexural beam (IT3S1200-3th) 
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5.9.4 Increase the number of layers of (CFRP) 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) 

specimens 
Load 

capacity kN 

Deflection 

capacity mm 

Difference in  

ultimate 

load% 

Difference in 

ultimate 

deflection% 

IT3F1200-2La 112.010 14.21 
5.37 -45.47 

IT3F1200 106.301 26.06 

 

 

 Figure (5- 31): ABAQUS results for a load-deflection response of beams 

IT3F1200-2La and IT3F1200 
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        From comparing results between IT3F1200-2La and IT3F1200 

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. 

 

 

 

 

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) 
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CHAPTER SIX 

CONCLUSIONSIANDIRECOMMENDATIONS 

 

2.1General 

         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. 

2.2 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%).  



CHAPTER SIX                            CONCLUSIONS AND RECOMMENDATIONS 

 

169 

 

2) 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.    

3) 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.  

4) 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 IT3S1200 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. 

5) 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. 

6) 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) 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. 

8) 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 IT3S1200) respectively. 

9) 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 IT3F1500 with a width of 150 mm, the use of 

the total strengthening width of 250 mm for model IT3F1500-w250 on 



CHAPTER SIX                            CONCLUSIONS AND RECOMMENDATIONS 

 

173 

 

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 

 

 

  

     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): 

a) b ≤ 
    

 
   

250 ≤ 
    

 
 =375mm  ⸫ O.K. 

b) 
    

 
 ≤ 8hf  

    
       

 
 =50≤8(50)=400mm  ⸫ O.K. 

2- Location of neutral axes (N.A) 

C=
      

   
 

C=
                          

                  
 

C=137mm. 

3- Effective depth calculation 

y'=
      

   
          (y': steel reinforcement center) 

=
(  

            

 
   )   (  

             

 
   )  

(  
            

 
   ) (  

             

 
   )

 

y'=3.64mm 

 

  2.T-beam 1.Inverted T-beam 

 

Figure (A-2): Details inverted T-beam 

ANALYSIS OF REINFORCED CONCRETE BEAMS 

Figure (A-1):Shape of beams 

A-1 

y' 

Figure (A-3): Effective depth calculation 

Ø6 

Ø8 
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d=h – cover – d stirrup - 3.64         (d: effective depth) 

=250-20-6-3.64                        d=220.36mm 

4- To check shallow beam 

 

=
   

      
                   

 

 
        O.K     according to ACI-Code 318M-19 

5- Check flexural capacity of section 

    The control beam consists of two bars of Ø8mm and two bars of  Ø6mm 

as flexural reinforcement at depth (d=220.36mm) and 2Ø6 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 Ø6mm@100mm. The 

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

𝜌 =
  

    
 

 =
(  

            

 
   ) (  

             

 
   )

          
                      𝜌=0.00475 

𝜌𝑚𝑎𝑥=0.85 𝛽1   
   

  
  ( 

   

         
)                 𝛽1=0.85               fc'=30 Mpa   

=0.85*0.85*
  

   
*(

     

           
  

𝜌max=0.02212 

𝜌< 𝜌max     ⸫Singly Reinforced section analysis 

𝜌𝑚𝑖𝑛=𝑚𝑎𝑥 (
   

  
 , 

√   

    
 ) 

𝑎

𝑑
                    (a: the distance from one of the supports to one of the loads) 
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𝜌𝑚𝑖𝑛= max( 
   

   
  , 

√  

     
  ) = (0.00333, 0.00326) = 0.00333 

[𝜌𝑚𝑖𝑛< 𝜌< 𝜌max]     ⸫ O.K. 

𝜌b=0.85 𝛽1   
   

  
  ( 

   

      
) 

=0.85*0.85*
  

   
 

   

       
                     𝜌b=0.03036 

𝜌< 𝜌b                     ⸫under reinforce section (tensile failure) 

a=
     

          
 

 =
*(  

            

 
   ) (  

             

 
   )+    

          
                      a=17.248mm 

 Calculation of  Internal Moment 

Mn=As fy (  
 

 
  

=[[(  
            

 
   )  (  

             

 
   )              

      

 
           

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                                              
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6- Check shear capacity of section 

Vc= 
 

 
 √𝑓    bwd…  …  … (ACI 11 – 3)  

Where: 

Vc= Shear force carrying by concrete. 

bw=web width 

d=ffective depth 

Vc=[
 

 
 √                       

Vc=30.778 kN 

 

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

Vn(kN) 

Mn(kN.m) 
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Vs = 
 

 
   Av fy  ACI 11.5.6.2  ≤  

 

 
  √𝑓    bwd  = 4Vc  ….. ( ACI 11.5.6.9) 

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 

Vs=
      

   
 *(2*

 

 
        *(10^-3) 

Vs=52.336 kN 

Vs<4Vc                   52.336 kN<123.112 kN                ⸫O.K. 

Vn =  (Vs + Vc)  

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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⸫shear failure load > flexural failure load  

⸫Flexural tension failure control 

Scmin={

    𝑚𝑚
  𝑚𝑚

 

 
 𝑚𝑎𝑥 𝑠𝑖𝑧  𝑜𝑓 𝑎   

    =25mm 

Sc=
                       

   
 

=
                   

   
 

Sc=82mm > Scmin       ⸫O.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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Figure (A-5): Details of the reinforcement of the analyzed beam 

                              

                             

 

 

Ø6@100mm 
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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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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]. 

 

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 (σt), young’s modulus (E0), the 

damage parameter values (dt), and cracking strain ( 𝑡   ) values for the 

suitable concrete grade. The cracking strain ( 𝑡   ) must be calculated from 

the total strain using the following equation (B-1): 

     = 𝜖𝑡 −       

Where: 

𝜖𝑜𝑡  = 𝜎𝑡/𝐸𝑜 , the elastic strain corresponding to the undamaged material 

 𝑡 = 𝑡𝑜𝑡𝑎𝑙 𝑡 𝑛𝑠𝑖𝑙  𝑠𝑡𝑟𝑎𝑖𝑛 

(B-1) 
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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].  

 

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 (σc), inelastic strains (      ) 

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): 

      = 𝜖  −          (B-2) 

Where  

      = 𝜎 /𝐸𝑜, the elastic compression strain corresponding to the 

undamaged material. 

   = compressive strain in concrete 

 

B-3 



APPENDIX (B)                                                              PROPETIES of MATERAILS  

 

 

     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). 

 

 

 

      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: 

 

Ψ, Dilation angle: the angle of inclination of the failure surface in the 

direction hydrostatic axis. Physically, the dilation angle (Ψ) 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]. 

 

Fb0/fc0: 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). 

B-4 
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ϵ: 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 (ϵ = 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≤1) 

[5]. The default value used in ABAQUS is (0.667). 

 

μ: is the viscosity parameter. contribute to converging in an 

ABAQUS/Standard but it does not affect the ABAQUS/Explicit analysis. 

According to (Malm) [6], the μ 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 (𝛦0). 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). 

 

  

 

Where: 

fc'= the compressive strength of cylinder at maximum stress. 
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𝜖 𝑜= strain of concrete at maximum stress. 

n = a curve-fitting factor. 

 

     On the other hand, the stress-strain relationship (σ-ԑ) is linear to uniaxial 

tensile strength and then determined utilizing the exponential function in the 

following equation (B-9) [8]: 

 

 

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: 

  

 

     Equations below described the expression of the stiffness matrix which 

consisted of nine independent elastic stiffness parameters (Dijkl) [9]  
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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: 

 

The nominal strains are the corresponding separations, represented by δn, δs, 

and δt, divided by the initial constitutive thickness, denoted by TD. The initial 

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

components.  

 

 
 

  

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: 

 

 2. Maximum nominal separation criterion 

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

as shown in the criterion below: 

 

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 0 if no damage is done and 1 if the item has lost its full 

(B-20) 

 

B-21 

B-22 
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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 (  
 
 , relative to effective displacement at starting damage 

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

damage, three methods can be used. 

 

A.1 Linear damage evolution: Reduces damage variable )D(, to the 

equation offered by Camanho and Dávila [10] [equation (B-23)] for linear 

softening when ABAQUS has used an evolution of this variable as shown in 

figure (B-3). 

 

 

 

 

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). 

(B-23) 
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 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:  

  

 

 

 

 

  

 

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

B. Evolution based on energy 

  

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

process of damage, also known as fracture energy. This evolution is 

(B-24) 

(B-25) 
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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    
 
  is calculated by this expression: 

 
 

Where: 

 (  ) is the mixed-mode fracture energy, [(  ) = 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 ( 𝑡0) 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 

 

 

Where: 

(Teff) is the effective traction at damage initiation. 

(G0) is the elastic energy at damage initiation. 

   
   is the effective traction at damage initiation in the first direction. 

Determination of unloading/reloading stiffness is done by the following 

formula:  ( 

 

 

(B-26) 

(B-27) 
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Properties of adhesives 

A. Epoxy Sikadur®-330 for CFRP sheets adhesive 
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B. Epoxy Sikadur®-31 CF Slow for steel plate adhesive 
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 الخلاصت

 

( اىَقيىثخ ٍِ T) اعزبةوأداء  هى اىزؾشٌ عِ عيىك هزا اىجؾشاُ اىغشض اىشئُغٍ ٍِ        

اىخشعبّخ اىَغيؾخ ثبعزخذاً ٍغَىعخ ٍزْىعخ ٍِ اىزعذَو اىزؾذَضٍ )اىزقىَخ واىزصيُؼ( ثىاعطخ رقُْخ 

أو الاىىاػ اىفىلارَخ ىزشقُخ اىهُبمو  ((CFRPثششائؼ اىُبف اىنبسثىُ  (EBR)اىشثظ اىخبسعٍ 

اىجؾضُخ اىؾبىُخ ٍِ عضأَِ. اىغضء الاوه رضَِ رنىّذ اىذساعخ  .الاّضْبءاىؾبىُخ وصَبدح قذسرهب عيً 

ٍقغَخ  ( اىَقيىثخT) لأعزبةٍِ اىعزجبد اىخشعبُّخ اىَغيؾخ  عشش اىغضء اىعَيٍ ىزهُئخ وفؾص صلاس

اىَغَىعخ الاوىً رأىفذ ٍِ خَغخ  .او عزت اىغُطشح اىً اىعزت اىَشععٍ ثبلإضبفخاىً صلاصخ ٍغبٍُع 

ىجُبُ رأصُش اىطىه  ((CFRP ُ ششائؼ اىُبف اىنبسثىى ثبىشثظ اىخبسعٍ ٍقىاح ( اىَقيىثخT) اعزبة

 عيً رصشف اىعزجبد و ععخ اىزؾَو. ((CFRPاىفعبه واىعشض اىفعبه ىششائؼ اىُبف اىنبسثىُ 

ىجُبُ  ثبىشثظ اىخبسعٍ ىلأىىاػ اىفىلارَخ( اىَقيىثخ ٍقىاح T) اعزبةرأىفذ ٍِ خَغخ  اىضبُّخاىَغَىعخ 

أٍب  اىزؾَو. رصشف اىعزجبد وٍقذاس عيًىلأىىاػ اىفىلارَخ به واىعشض اىفعبه رأصُش اىطىه اىفع

 ( اىَقيىثخT) اعزبةىيزؾشٌ عيً رؾَو ورصشف  ( اىَقيىثخT)ٍِ عزجُِ  رأىفذاىَغَىعخ اىضبىضخ 

او  ((CFRPىششائؼ اىنبسثىُ فبَجش  (EBR)اىَزشققخ واىَصيؾخ ثىاعطخ رقُْخ اىشثظ اىخبسعٍ 

اىَقيىثخ مبُ ىهب ّفظ الاثعبد وّفظ قضجبُ ؽذَذ اىزغيُؼ ىيشذ  (T)الاىىاػ اىفىلارَخ. عَُع أعزبة 

اىَقيىثخ رؾذ ظشوف الاعْبد اىجغُظ. الاعزبة فٍ   (T)عزبةأواىضغظ واىقص. فؾصذ عَُع 

ضخ فغيظ عيُهب اىَغَىعخ الاوىً واىضبُّخ رٌ فؾصهب اىً ٍشؽيخ اىفشو ثَُْب الاعزبة فٍ اىَغَىعخ اىضبى

اىؾَو اىً ٍشؽيخ اىزشقق وثعذ رصيُؾهب عيظ عيُهب اىؾَو اىً ٍشؽيخ اىفشو. اىْزبئظ اىعَيُخ اظهشد 

اىفىلارَخ ؽغْذ ٍِ  أو الأىىاػثبُ اعزخذاً رقُْخ اىزقىَخ ثبىشثظ اىخبسعٍ ثششائؼ اىنبسثىُ فبَجش 

(  T) اعزبةاُ ّغجخ صَبدح رؾَو . و(  اىَقيىثخT)اىخشعبُّخ اىَغيؾخ  ىلأعزبةعيىك وععخ اىزؾَو 

ٍِ ٍقذاس رؾَو  %45.4و   %10.2اىَقىاح ثششائؼ اىُبف اىنبسثىُ فبَجش رشاوؽذ ثُِ  اىَقيىثخ

 ثبلأىىاػ(  اىَقيىثخ اىَقىاح T) اعزبةواُ ّغجخ صَبدح رؾَو اىعزت اىَصذسٌ )اىعزت غُش اىَقىي(, 

. و (ىي)اىعزت غُش اىَقاىَصذسٌ ٍِ ٍقذاس رؾَو اىعزت  %31.1و   %0.7رشاوؽذ ثُِ  اىفىلارَخ

ٍيٌ( عيً  150وٍيٌ 1200طىه وعشض ) ثقُبط ثششائؼ اىنبسثىُ فبَجشبُ اىَْىرط اىَقىي ىىؽع ث

عْذ اىَقبسّخ ٍع الاّىاع الاخشي ٍِ الاعزبة اىَقىاح اعطً اعيً صَبدح ثبىؾَو الاقصً اىزىاىٍ 

اىْزبئظ ٍقبوٍخ اّضْبء عبىُخ عْذ اعزخذاً رقُْخ اىزقىَخ ثششائؼ  ثششائؼ اىنبسثىُ فبَجش. اَضب اظهشد

اىنبسثىُ فبَجش ثبىَقبسّخ ٍع اىْىع الاخش ٍِ رقُْخ اىزقىَخ ثىاعطخ الاىىاػ اىفىلارَخ.  اىْزبئظ اىعَيُخ 

 اىَقيىثخ( T) اعزبةعبدح رأهُو اَضب رضَْذ دساعخ رأصُش الاىىاػ اىفىلارَخ واىُبف اىنبسثىُ فٍ أ



 

 

 

اىفىلارَخ واىُبف اىنبسثىُ فٍ  ىلأىىاػعنغذ ريل اىْزبئظ اىقبثيُخ اىغُذح  شعبُّخ اىَغيؾخ, فقذاىخ

و  6..2%)ثْغت رزشاوػ ثُِ  ىلأعزبةاىَزضشسح ؽُش صادد قبثيُخ اىزؾَو  الأعزبةرأهُو 

 الاعزبةاىطشَقخ اىَفضيخ لأعبدٓ رأهُو  أُثوأظهشد اىْزبئظ  .اىَصذسٌ ثبىعزتٍقبسّخ  )3..%3

ٍع الاىىاػ  ثبىَقبسّخششائؼ اىنبسثىُ فبَجش  عزخذاًأثمبّذ  ( اىَقيىثخT) لأعزبةاىخشعبُّخ اىَغيؾخ 

اىزؾيُو اىلاخطٍ ثىاعطخ طشَقخ اىعْبصش اىَؾذدح  ثبعزعَبهاىفىلارَخ. اىغضء اىضبٍّ رضَِ اىذساعخ 

. رٌ رَضُو اىَْبرط اىعذدَخ اىَقيىثخ (Tاىخشعبُّخ اىَغيؾخ ) ىلأعزبةلاقزشاػ اىزصشف اىلاخطٍ 

. طشَقخ اىعْبصش اىَؾذدح أعطذ ّزبئظ ABAQUS Standard/Explicit 2019عزخذاً ثشّبٍظ أث

ىغَُع عزجبد  راد رقبسة عُذ ٍع اىْزبئظ اىعَيُخ ؽُش مبُ الاخزلاف فٍ ٍقذاس اىزؾَو الاقصً

يً رىافق عُذ ثُِ وأَضب رٌ اىؾصىه ع  %7.51.اىً  %8.62-اىزعذَو اىزؾذَضٍ َزشاوػ ثُِ 

 اىهطىه فٍ اىغضء اىزؾيُيٍ واىغضء اىعَيٍ.-ٍْؾُْبد اىقىح

ىزطىس اىذساعخ امضش  ABAQUS Standard/Explicit 2019أَضب رٌ اعزخذاً ثشّبٍظ        

اىَضَذ ٍِ اىْزبئظ ىفهٌ اىغيىك اىؾقُقٍ ىزؾيُو اىعزجبد اىخشعبُّخ اىَغيؾخ اىَقيىثخ راد  ولإعطبء

 CFRP).اىنبسثىُ ) ثأىُبفو ثىىَُش ٍقىي أذىخ ثىاعطخ ىىػ فىلارٌ خبسعٍ ( اىَعTاىشنو )
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