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  بسم الله الرحمن الرحيم
 

ا الَّذِينا آمانُوا إِذاا   حُوا يَا أاي ُّها سَّ قِيلا لاكُمْ ت افا

إِذاا  ُ لاكُمْ ۖ وا حِ اللََّّ حُوا ي افْسا الِسِ فاافْسا جا فِ الْما

ُ الَّذِينا آمانُوا  قِيلا انشُزُوا فاانشُزُوا ي ارْفاعِ اللََّّ

ُ بِاا  اتٍ ۚ وااللََّّ مِنكُمْ واالَّذِينا أُوتوُا الْعِلْما داراجا

بِير  لُونا خا   ت اعْما
 العظيمصدق الله العلي 

 (11) المجادلة: من الآية 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 



 

 

Abstract 

This study includes rehabilitation of the damaged slabs subjected to 

repeated loads using external strengthening. For this purpose, ten two-way 

reinforced concrete (RC) slabs were constructed and tested under 

concentrated loads. All slabs are square in shape with the dimensions of 

)1050 x 1050 x 70(mm. The slabs are internally reinforced with φ8@150 mm  

steel bars and simply supported on the outer perimeter. Two of these slabs 

were tested as a reference without external strengthening and subjected to 

two types of concentrated loads up to failure. The first was subjected to 

monotonic loads and the second to repeated loads. The remaining eight slabs 

were divided into two groups. The first group loaded up to 50% of the 

damage load, and the second loaded up to 75%. Rehabilitation of both 

groups was done using carbon fiber-reinforced polymers (CFRP) sheets and 

textile- reinforced mortar (TRM) layers. Then the eight slabs were tested 

under repeated loads up to the failure point. The test parameters were the 

type of external strengthening system (CFRP or TRM), the ratio of damage 

in the slab (50, 75)% of the damage load, and the distribution method of the 

repair materials (orthogonal or parallel).The experimental results indicate the 

efficiency of both repair systems in rehabilitating damaged slabs and the 

superiority of the CFRP system by increasing the maximum load by about 

(41.25- 88)%, decreasing the final deflection by about (35- 69)%, and 

improving the structural properties compared to the reference slab. Whereas 

the use of TRM layers; increased the maximum load by about (9- 21.25)% 

and reduced the final deflection to about (8- 43.33)%. The best result was 

when the damaged slabs (at a ratio of 75%) were repaired using the 

orthogonal scheme in both repair systems (CFRP sheets and TRM layers). 
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Chapter One 

Introduction 

 

1.1 Background 

The rehabilitation of damaged concrete members is a critical topic 

requiring scientific research to find appropriate repair solutions and preserve 

the structure from collapse instead of removing it (Waryosh and Hashim, 

2020). Repair is a technical procedure for the rehabilitation of damaged 

elements. There are two types of repair: the first is a structural repair aimed 

to increase the resistance and stiffness or restore the original resistance of 

the structure (Jumaat et al., 2006); the second is a non-structural repair 

aimed to improve the appearance and function of the element. 

 

Rehabilitation of damaged concrete slabs is a structural repair to 

restore the original strength and increase its stiffness after cracking 

(Thanoon et al., 2005). For this, it is necessary to know the causes of 

cracking, the applied loads, the percentage of damage, the repair technique, 

the materials availability, and suitability to the environmental conditions. 

There are many methods for repairing concrete structures, one of which is 

the externally bonded reinforcement (EBR) technique  (Askar et al., 2022) 

by using fiber-reinforced polymers (FRP) or textile-reinforced mortar 

(TRM). FRPs are composites with high-performance mechanical properties 

that are fabricated by immersing fibers woven between resin layers. 

Recently, FRPs have been used in civil engineering works either for 

damaged structures rehabilitation or new structures construction (Frhaan et 

al., 2021). 
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FRPs have been used in many engineering projects and have been an 

essential subject for many scientific studies. Since there are some flaws in 

the FRP system, studies have tended to replace epoxy resin with organic 

materials such as modified cement mortar, a new form of external 

reinforcement known as TRM, which consists of one or more layers of tissue 

immersed in a modified cement matrix (Estevan et al., 2022).  

1.2 Components of Fiber-reinforced polymers 

1.2.1 Fibers 

The choice of fiber often controls the properties of composite 

materials. Carbon, Glass, and Aramid are three major types of fibers which 

are used in construction. The composite is often named by the reinforcing 

fiber, for instance, CFRP for Carbon Fiber Reinforced Polymer. The most 

important properties that differ between the fiber types are stiffness and 

tensile strain. 

1.2.2 Matrices 

The fundamental purpose of a matrix is to keep the fibers together, 

transfer weight to them, and protect them from external influences (Uomoto 

et al., 2002, Günaslan et al., 2014). Thermosetting resins (thermosets) are 

almost exclusively used. Vinylester and epoxy are the most common 

matrices. Epoxy is mostly favored over Vinylester but is also more costly. 
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Figure  1-1: FRP Matrix (Hamakareem, 2009).  

Epoxy has a pot life of around 30 minutes at 20 degree celsius but can 

be changed with different formulations. Epoxies have good strength, bond, 

creep properties, and chemical resistance.  

Table  1-1: Properties of thermoset resins for FRPs (Gudonis et al., 2013). 

Property Resin 

 Polyesters Epoxy Vinylester 

Density (gm/cm
3
) 1.1-1.4 1.2-1.4 1.15-1.35 

Tensile Strength (MPa) 34.5-104 55-130 73-81 

Young’s Modulus(GPa) 2.1-3.45 2.75-4.1 3.0-3.5 

Poisson’s ratio 0.35-0.39 0.38-0.4 0.36-0.39 

Saturation, % 0.15-0.60 0.08-0.15 0.14-1.3 

 o   i i nt o     r al 

  pansion (  -       ) 
55-100 45-65 50-75 

 

1.3 Types of Fiber-reinforced polymers 

Carbon, Glass, Aramid, and Basalt are the four main materials used to 

make fibers that are often used in the civil engineering industry: CFRP, 
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GFRP, AFRP, and BFRP, respectively (Figure ‎1-2). Rebar rod, tube, sheet, 

beam stirrup, plate, roving, and mesh fabric are examples of FRP composites 

that could be used as reinforcing with concrete in various shapes. Table ‎1-2 

shows the qualities of FRPs in comparison to traditional steel. 

CFRP GFRP AFRP BFRP 

Figure  1-2: Types of Fiber-reinforced polymer sheets. 

 

Table  1-2: Mechanical properties of FRPs types and steel(Ahmed et al., 2020). 

Property Material Type 

 

 
CFRP GFRP AFRP BFRP Steel 

Density 

(gm/cm
3
) 

1.5-2.01 1.25-2.5 1.25-1.45 1.9-2.1 7.85 

Tensile Strength 

(MPa) 
600-39620 483-4580 1720-3620 600-1500 483-690 

Young’s 

Modulus(GPa) 
37-784 35-5.0 41-175 50-65 200 

Elongation 

(%) 
0.5-1.8 1.2-5.0 1.4-4.4 1.2-2.6 6.0-12.0 

 o   i i nt o  

 in ar   pansion 

(  -      ) 

-0.9-0.0 6.0-2.0 -6.0-2.0 9.0-12.0 11.7 
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1.3.1 Carbon Fiber-reinforced polymers 

Carbon fibers have diameters limited between 5 and 10 micrometers. 

The reinforcement of CFRP composite is carbon fiber that affords strength, 

and the matrix is generally a polymer resin, for instance, epoxy, that binds 

the bars. CFRP is developed to strengthen existing RC structures, such as 

bridges, to avoid replacing constructions that function satisfactorily for 

many years (Breña et al., 2001). Although CFRP can offer 50%–60% mass 

reduction compared with alike elements in steel, the cost is 2 to 10 times 

greater when the costs of materials and processing are considered, as 

claimed by Amran et al. (2018). 

1.3.2 Glass Fiber-reinforced polymers 

Glass fibers, which are also known as fiberglass and usually added at 

0.5%–2.0% by weight to the composite, are referred to as fiberglass-

reinforced plastic (Amran et al., 2018). The properties of GFRP rely on the 

features of the type of polymer matrix, reinforcing fiber, fiber content, fiber 

orientation, and the bonding between fiber and matrix (Correia et al., 2005). 

GFRP is mostly used in the construction of secondary structures, such as 

bridges, domes, and building frames, or nonstructural elements, such as 

masonry walls (Correia, 2004). 

1.3.3 Aramid Fiber-reinforced polymers 

Aramid fibers are synthetic high-performance fibers that are strong 

and heat-resistant. It has strong synthetic fibers, great strength, and elastic 

modulus, heat resistance, 40% lesser density than GFRP, and slightly higher 

cost (Saleh, 2012). AFRP is a better option given its high resistance to 

alkaline environments and more economical than CFRP reinforcing bars 

(Sakurada et al., 2006), and it is often used in concrete structures (Deák and 
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Czigány, 2009), but industries restrict the use of AFRP in lightly loaded 

structures because aramid fibers own extremely low compressive strength 

and high tensile strength (Saleh, 2012). 

1.3.4 Basalt Fiber-reinforced polymers 

Basalt fibers are materials made from extremely fine fibers with 

nearly 10 and 20 micrometers in diameter. These materials are composed of 

minerals such as plagioclase, pyroxene, and olivine (Sakurada et al., 2006, 

Adhikari, 2009, Balea et al., 2014), it is a new promising technology for the 

construction industry and an alternative to GFRP bars (Dhand et al., 

2015).Considering the advantages of basalt fiber, applicable applications 

exist in the production of basalt–epoxy compounds, which are also feature 

robust load-bearing characteristics that are valuable in weighty vehicle 

industries and strengthening materials for structural RC members. 

1.4 Components textile-reinforced mortar 

TRM combines high-strength fibers in the form of textiles (with open-

mesh configuration) with inorganic matrices, such as cement or hydraulic-

lime-based mortars. 

1.4.1 Textile fiber  

Textile mesh materials used as reinforcement of TRM composite 

materials consist of fiber rovings arranged in two or more directions. The 

fiber rovings are spaced apart to allow for the formation of a mesh. 

Perforations between the fiber rovings enable some sort of mechanical 

interlock between the reinforcement and the matrix. Figure ‎1-1shows textiles 

that have been used as reinforcement in TRM systems. 
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Figure  1-3: Textile fiber: : (a) carbon fiber textile; (b) glass fiber textile; (c) 

basalt fiber textile; (d) polyphenylene bezobisoxazole  

fiber textile; and (e) steel fiber textile, (Koutas et al., 2019). 

  The mesh size of commercially available nonmetallic textiles that are 

used for strengthening applications (i.e., carbon, glass, basalt, or 

polyphenylene bezobisoxazole fiber textiles) typically varies between 8 and 

30 mm, whereas their weight is usually between 150 and 600 g/m
2
, 

depending on the fiber material. Steel fabrics consist of unidirectional steel 

cords, each one comprising a number of twisted steel filaments; their density 

typically varies between 1 and 10 cords/cm 

1.4.2 Coating 

The coating of metallic textiles with polymers improves the stability 

of the textile material and the mechanical interlock between the textile and 

the matrix and the matrix. The coating of nonmetallic textiles with polymers 

improves the stability of the textile material and the mechanical interlock 

between the textile and the matrix. 

1.4.3 Mortar  

The composition of mortar used as matrix in TRM systems 

significantly affects its response as a composite material, because the 

impregnation of fibers with mortar is quite important for achieving a good 

bond between the fibers and the matrix. The mortar has to include fine 
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granules and should have a plastic consistency, good workability, low 

viscosity (for easy application to vertical or steep surfaces) and sufficient 

shear strength (to prevent the debonding of the composite material from the 

substrate); hence cement-based mortars are widely used as matrix of TRM. 

The mechanical properties of mortar, namely the flexural strength and the 

bond between the matrix and the fiber rovings, can be significantly 

improved by adding polymers (Koutas et al., 2019). 

1.4.4 The procedure of strengthening by TRM 

The procedure of strengthening with TRM jacketing includes the 

following steps: (1) surface preparation; (2) application of a first layer of 

mortar at the dampened concrete surface; (3) impregnation of the textile 

fibers with mortar (this operation is repeated until all textile layers have been 

applied and covered by mortar); and (4) application of a final layer of mortar 

on the top of the final textile layer (Koutas et al., 2019). 

1.5 Failure mechanism 

1.5.1 Structural members strengthened by FRP 

A significant amount of previous research has reported the common 

modes of failure of RC members externally strengthened with FRP (Toutanji 

et al., 2006, Esfahani et al., 2007). From this observation, the failure modes 

can be classified into two main modes which are full composite action 

failure modes and loss of composite action failure modes (Abdullah, 2011). 

Full composite action also has the following three sub-categories, 

schematically represented in Figure ‎1-4. 
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Figure  1-4: Common modes of failure of RC members externally strengthened 

with FRP, (Daud, 2015). 

Mode 1: Steel yielding followed by concrete crushing; flexural failure 

may occur with yield of the steel reinforcement in tension side followed by 

crushing of the concrete in the compression region. In contrast, there is no 

damage in FRP. 

Mode 2: Steel yielding followed by FRP rupture; this failure mode 

may occur for low ratios of both steel and FRP. 

Mode 3: Concrete crushing; the RC members may fail by the crushing 

of the concrete in the compression region, while both reinforcement steel 

and the FRP are intact.  

The possible failure modes for RC members that fail by loss of composite 

action are categorized as follows  (Daud, 2015). Schematically represented 

in Figure ‎1-5. 
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Figure  1-5: Debonding failure modes induced of flexural loading (Daud, 2015). 

 

1- Debonding failure modes induced by flexural loading. 

 Mode 1: FRP peeling- off at the outermost crack in the anchorage 

zone; when the shear stress in the concrete exceeds its shear strength 

and the outermost crack initiates, FRP separation in the anchorage 

zone will start. 

 Mode 2: FRP plate-end shear failure; this failure type may occur as a 

result of shearing fracture through the concrete at the end of the FRP. 

The failure mechanism begins with initiation of a vertical crack in the 

concrete at the externally bonded plate end near to the support and 

then propagates as an inclined shear crack. 

 Mode 3: FRP peeling – off at flexural cracks; peeling- off of the FRP 

causes in high moment regions far from the anchorage zone by 

flexural cracks in the concrete which will propagate and become 

wider. Thus, the shear stresses generated between the FRP and 

concrete surface lead to separation starting from the mid-span and 

propagate towards the FRP plate end  
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 Mode 4: FRP peeling-off occurred by shear cracking; inclined cracks 

in concrete created horizontal and vertical opening displacements due 

to dowel action effect and aggregate interlock.  

 Mode 5: FRP peeling-off due to unevenness of the concrete surface; 

localized debonding of the FRP may increase and lead to FRP peeling 

off due to the roughness and unevenness of the concrete surface. 

 

 

Figure  1-6: Debonding failure modes induced of the loss of adhesion between 

FRP and concrete substrate (Daud, 2015). 

2- Debonding failure modes induced of the loss of adhesion between 

FRP and concrete substrate. Shown in Figure ‎1-6 

Mode 1: Bond failure in the adhesive; the bonding failure which 

denotes as debonding through the FRP adhesive will occur when the strength 

in the adhesive is lower than the strength of concrete. However, the shear 

and tensile strengths of adhesive layer usually exceed those of concrete. In 

some cases a dramatic increase of temperature causes a pronounced drop in 

adhesive strength compared with concrete strength or very high tensile 

concrete strength. 

Mode 2: Bond failure in the interfaces between concrete FRP and 

adhesive;in the relatively rare case where the surface conditions during the 

FRP application are inadequate, bond failure may occur through the 
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adhesiveconcrete interface or FRP- adhesive. This failure type can easily be 

avoided by proper surface preparation for concrete and FRP. 

1.5.2 Structural members strengthened by TRM 

Despite the favorable characteristics of TRM composites, the 

adhesion property among the textile and inorganic mortars is not as effective 

as that of epoxy resins of FRP. Mortar particle size is too big to fit into the 

threads preventing them from accurately impregnating the textile. Because 

of this phenomenon, the stress transmission between the fibers and the 

matrix is not uniform, which causes "telescopic failure" or uneven slip 

without appreciable damage: the external textiles, in which the stress bond is 

highest, will rupture, whereas the internal ones which remain approximately 

free, will slip. The adhesive property between TRM components can be 

enhanced: by coating the fabric with epoxy resins before incorporating it 

with the modified mortar (Donnini et al., 2016, Homoro et al., 2020).  

TRM substrate failure usually occurs in three modes: (a) fibers 

rupturing in the specimen's center, (b) fibers rupturing close to the fastening 

zones, and (c) fibers slipping relative to the mortar matrix, typically close to 

the fastening zones. Research indicates that the effectiveness of TRM 

composites and failure patterns are affected by the fixing method of the 

substrate to the test device (De Santis et al., 2018). 

Koutas et al. (2019) published a review on the reinforcement of 

concrete beams and slabs using textile-reinforced mortar; they pointed out 

that several failure modes have been reported in the literature, highlighting 

the intricacy of the mechanical behavior of the TRM strengthening 

technique. Apart from failure modes similar to those for FRP strengthening 

techniques, additional failure modes have been observed in most of the 
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studies. Figure ‎1-7 shows schematically all the reported failure patterns. In 

general, an RC element strengthened in flexure with TRM may fail due to 

loss of the strengthening action Figure ‎1-7(a–f) or due to concrete failure 

Figure ‎1-7(g and h). The failure patterns can be classified as follows: 

(1)Slippage of the fibers within the matrix, Figure ‎1-7(a). (2) Debonding at 

the concrete–matrix interface, Figure ‎1-7(b). (3) Debonding at the matrix–

textile interface, or interlaminar shearing,  Figure ‎1-7(d). (4) Debonding 

from the concrete surface accompanied with peeling off of the concrete 

cover, Figure ‎1-7(e). (5) Fiber rupture, Figure ‎1-7(f). (6) Concrete crushing, 

Figure ‎1-7(g). (7) In the case of excessive flexural strengthening, shear 

failure of the element may precede flexural failure Figure ‎1-7(h). 

 

Figure  1-7: Scheme of all failures in the externally strengthened substrate by the 

TRM layers,(Koutas et al., 2019). 

1.6 Statement of the problem 

Repeated loading can lead to catastrophic failure and concrete 

collapse of some structures below the ultimate load level, e.g., car parks and 
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multi-story public buildings. These buildings are exposed to loading and 

unloading cycles during their service life, leading to the growth of cracks, 

weakening the concrete strength, and reducing operational life. Funding 

sources are not available to replace degraded buildings. Thus, corrective 

measures are needed to maintain damaged buildings with an effective and 

inexpensive repair technique. Therefore, it is necessary to search for suitable 

repair methods that restore the original resistance of the building while 

preserving the architectural design.  

1.7 Objectives and methodology of the research  

The main objective is to study the structural behavior of rehabilitated 

slabs subjected to repeated loads. The study is concerned with the 

rehabilitation of damaged RC slabs subjected to repeated compression loads 

concentrated in the middle of the slab. The external strengthening systems 

used in this study are CFRP sheets and TRM layers. The methodology of the 

research is investigating the structural behavior of the reference slab through 

a monotonic load test. This test detects the ultimate load, which will be used 

to determine the repeated loading pattern. Also, to investigate the structural 

behavior of reference and rehabilitated slabs under repeated loading. This 

test reveals the ultimate load and structural properties, which will be used to 

determine the effectiveness of CFRP sheets and TRM layers. 

1.8 Scope of study 

The  EBR technique is widely used in the structural modification of 

existing structures. This technique can enhance the overall strength of the 

structural element without changing its shape and size. According to the 

nature of the substrate surface, the EBR technique divides into organic and 

inorganic materials such as FRP and TRM, respectively. The scope of this 
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study is to highlight: the rehabilitation of damaged two-way RC slabs 

subjected to repeated loads using the EBR technique, the monotonic and 

repeated loading patterns, CFRP sheets, and TRM layers to repair the slabs. 

The following paragraphs briefly explain the scope of the study: 

1.8.1 Monotonic and repeated load testing 

Usually, a load test of concrete structures is carried out to determine 

the structural behavior, investigate reinforcement, develop and implement 

required corrective actions, and check the ability of the structural member to 

bear additional loads. There are two protocols for load testing: monotonic 

and cyclic. The selection of the load test protocol depends on several 

parameters, including the required time to complete the test, charges, and the 

load test purpose (Gustavo et al., 2014a). The method of monotonic load 

testing involves applying the load gradually in equal increments till reaching 

the magnitude of the test load. Whereas, the repeated load test protocol 

includes loading the structural member periodically by applying several 

cycles of loading and unloading till reaching the required load, using a 

hydraulic jack, and recording the deflection by linear variable differential 

transformer (LVDT) sensors. 

1.8.2 CFRP matrix 

The CFRP matrix consists of longitudinally woven carbon fibers and 

epoxy resins to bind the carbon fibers to the damaged slab. 

1.8.3 TRM matrix 

The TRM matrix consists of carbon fiber woven into an orthogonal 

open mesh, a cement mortar, and the bonding agent between the damaged 

slab and the TRM matrix. 



Chapter One 

17 

 

1.9 Structure of the thesis 

•The first chapter briefly introduces the importance of repairing 

damaged reinforcement concrete slabs and provides a brief description of 

loading types and the repair materials used in this study.  

•The second chapter shows a review of previous literature studies 

linked to this topic; the structural behavior of slabs subjected to monotonic 

and repeated loads; the characteristics of CFRP sheets and TRM layers; 

methods of applying external strengthening;  flexural behavior of externally 

strengthened concrete members; and failure mechanism. 

•The third chapter describes the investigated models, as well as the 

materials and preparation of RC slabs, and the recommended slab 

strengthening strategies. 

•The fourth chapter, on the other hand, clarifies the experimental 

results and their discussion. 

•The research conclusions and recommendations for further work are 

presented in the fifth chapter. 
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Chapter Two 

Literature Review 

 

2.1 Introduction 

The study aims to restore the damaged RC slabs exposed to repeated 

loads using CFRP sheets or TRM layers. Many previous studies dealt with 

repairing concrete structures using FRP and TRM composites. The second 

chapter provides a detailed explanation of the prior research through three 

axes related to the current study: (1) Structural behavior of RC slabs 

subjected to monotonic and repeated loads. (2) Methods of applying external 

strengthening. (3) Flexural behavior of externally strengthened concrete 

members.  

2.2 Structural behavior of RC slabs subjected to monotonic and 

repeated loads 

Usually, the loading test is used to study the structural behavior of a 

member, including ultimate load, ultimate deflection, and failure pattern, and 

investigate structural retrofit (Gustavo et al., 2014b). Al-Sulayvani and Al-

Talabani (2015), evaluated the effect of CFRP strips on the strengthening 

and repair of circular RC slabs with openings. Thirteen circular RC slabs 

with dimensions of (1200 mm in diameter and 75 mm in thickness) were 

tested under repeated (Figure ‎2-1 shows the loading pattern) loading through 

an annular load subjected at the center of slabs. The slabs were simply 

supported on all edges. The experimental variables considered in this paper 

include the shape of openings (circle, square, and rectangular) and the 

strengthening schemes. The experimental results indicated that the use of 

CFRP strips to upgrade the circular RC slabs with openings has a significant 
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effect on ultimate load and deflection. Depending on the CFRP 

strengthening scheme used, the ultimate load capacity was increased by (27–

52)%. The role of CFRP strips in repairing circular slabs was found to be 

bigger than its role in strengthening circular. 

 

 

Figure  2-1: The pattern of repeated loading, adopted from 

  Al-Sulayvani and Al-Talabani (2015). 

Koutas and Bournas (2017) experimentally investigated the 

application of textile-reinforced mortar (TRM) as a means of increasing the 

flexural capacity of two-way RC slabs. The parameters examined include the 

number of TRM layers, the strengthening configuration (Figure ‎2-2), the 

textile fibers material (carbon versus glass), and the role of initial cracking in 

the slab. For this purpose, six large-scale RC slabs were built and tested up 

to failure under monotonic loading distributed at four points. It is concluded 

that TRM increases substantially the pre-cracking stiffness, the cracking 

load, the post-cracking stiffness, and eventually the flexural capacity of two-

way RC slabs, whereas the strengthening configuration plays an important 

role in the effectiveness of the technique. 
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Figure  2-2: Strengthening configuration at the tensile face of tested slabs adopted 

from Koutas and Bournas (2017), all dimensions in mm. 

Hamid and Mohammed (2018) studied the behavior of reinforced 

Reactive Powder Concrete (RPC) two-way slabs under static and repeated 

load. The experimental program included testing six simply supported RPC 

two-way slabs of 1000 mm length, 1000 mm width, and 70 mm thickness. 

All the tested specimens were identical in their material properties and 

reinforcement details except for their steel fiber content. In each pair, one 

specimen was tested under static load and the other under five cycles of 

repeated load (loading-unloading).  For the repeated load test, applying five 

cycles of repeated load to the steel fiber-reinforced two-way slab specimens 

led to a decrease in the ultimate load capacity, ultimate deflection, ultimate 

strain, and absorbed energy in a comparison with the corresponding static 
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test specimens, and that because of the loading-unloading process which 

causes a fluctuation of stresses and more damages in concrete. 

 

Al-shaarbaf et al. (2020) experimentally investigated the structural 

behavior of RC one-way slabs under monotonic and repeated loadings. Eight 

specimens were propped up in their outer circumference and subjected to a 

centered loading in the middle. Four slabs are experimented with monotonic 

loading, and the other four with two patterns of a repeated loading system. 

The first pattern (R1) includes applying more than forty cycles of variable 

amplitude until the failure, while the second pattern (R2) involves more than 

twenty cycles of variable amplitude until failure,as shown in Figure ‎2-3. It 

was concluded that the failure pattern of the slabs during monotonic and 

repeated loading was similar. Increasing the number of loading cycles leads 

to a decrease in the ultimate load and an increase in the deflection. 
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Figure  2-3:Loading historyof tested slabs under repeated load, adopted from 

 Al-shaarbaf et al. (2020). 

2.3 Methods of applying external strengthening 

Concrete slabs may be subjected to loading and unloading cycles that 

lead to the formation of structural cracks in the concrete slab and its failure 

with loads less than the design capacity. FRP composites are the most 

commonly used type of reinforcement, repair, or rehabilitation, which can be 

applied to the surface of the existing concrete substrate by an externally 

bonded reinforcement (EBR) method (Hasan et al., 2020, Shakir and Abd, 

2020, Arslan et al., 2022). The main disadvantage of this method (EBR) is 

the earlier removal of fiber-reinforced polymers from the concrete substrate. 

Many researchers presented several techniques to improve the bonding of 

fiber-reinforced polymers to the concrete elements, one of which is the 

“Grooving Method” (GM). 
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Figure  2-4:Surface prepartion; (a) EBP method, (b)in EBROG method, adopted 

from Torabian et al. (2020). 

 

Torabian et al. (2020) tested five flat reinforced concrete slabs under 

monotonic loading to verify the performance of the EBROG technique 

compared to the EBR in two different bending strength configurations. All 

slabs were reinforced using steel shear screws to prevent occurring of the 

expected punching shear failure before de-bonding the FRP sheets. The 

results showed the efficiency of the EBROG technique in delaying the de-

bonding of FRP sheets versus the EBR technique. The ultimate load of the 

EBROG technique-reinforced slabs increased compared to the reference slab 

without reinforcement and the EBR technique-reinforced slabs. 
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Figure  2-5 Methods for bonding of FRP on the concrete  

surface; (a) EBR; (b) EBROG (Torabian et al., 2020). 

Amiri and Talaeitaba (2020) studied the strengthening of flat slabs 

with Externally Bonded Reinforcement "On Grooves" (EBROG) and "In 

Grooves" (EBRIG) FRP strips. 28 slabs consisting of one control and 27 

strengthened were defined and analyzed nonlinearly. The EBRIG and 

EBROG strengthening configuration consisted of 1- or 2-layer FRP strips 

under slabs on 2 grooves of 4- or 8-mm width and 8, 10, or 12-mm depth. 

The analysis results of EBR, EBRIG, and EBROG strengthened specimens 

showed that the FRP strengthening of slabs in EBRIG and EBROG format, 

increased the punching capacity of the slab up to 60%, while EBR 

strengthening could increase this capacity by about 28%. The cracking load 

was increased by about 50% compared to EBR-strengthened specimens. 

Also, the EBRIG and EBROG strengthening in some of the specimens could 

change the slab failure from shear to shear flexure and the FRP rupture 

resulted in them. The grooves width and depth directly affected the cracking 

load, punching shear capacity, and failure type of slabs. 
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Figure  2-6 External reinforcement technique: (a) EBROG, (b)EBRIG 

(Saljoughian and Mostofinejad, 2020). 

 

2.4 Flexural behavior of externally strengthened concrete members 

2.4.1 Flexural behavior of FRP composites 

External strengthening with CFRP can improve the flexural behavior 

of the RC beams and slabs (Chajes et al., 1995, Aram et al., 2008). Zhou et 

al. (2020) conducted a test to study the bending strength of five concrete 

beams strengthened externally with carbon fiber-reinforced polymer sheets. 

The three parameters were concrete compressive strength, sheet width, and 

the method of fixing CFRP sheets on test specimens. The results indicate 

that the effect of the width of the sheets on the external strengthening was 

the most prominent one, especially with the high compressive strength. 

 

Balamurugan and Viswanathan (2020) presented an experimental 

study on finding an effective lamination system to increase flexural 
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resistance in two-way slabs, including the orientations of FRP sheets, using 

three techniques and two types of carbon fibers (CFRP versus GFRP). Each 

one includes a specific direction for the distribution of FRP sheets and the 

percentage of coverage area. It was concluded that all the lamination 

systems enhanced the flexural resistance of the two-way slabs. The 

efficiency of the lamination system depends on orientations and distribution 

of the FRP sheets and adhesive force with the slab. 

 

Mutlaq et al. (2020) studied repairing damaged slabs subjected to 

monotonic loads using external strengthening. 4 two-way RC  slabs were 

constructed and tested under concentrated loads. All slabs are square with 

dimensions 1050 × 1050 × 70 mm, internally reinforced with steel φ8@150 

mm, and supported on the outer perimeter by simple supports. One of these 

slabs was tested as a control and 3 strengthened by CFRP sheets. The test 

parameters were the damage ratio of the slab (50, 75) % of the ultimate load, 

and two distribution method of the repair materials, as shown in Figure ‎2-7 . 

It was concluded that The external CFRP sheets attached to the tensile faces 

of  RC slabs increased the hardness of the slabs at all stages of loading, thus 

reducing the deflection in the corresponding loads. The best result was in the 

slabs repaired by CFRP sheets for the best shape of repairing at a ratio of 

load damaged (50%) by increasing ultimate load about (26.7 %) compared 

with unrepaired slabs. 

 

With all of the above, two-way RC slabs with low or medium internal 

reinforcement suffer from flexural failure rather than shear failure. 

Therefore, external strengthing using FRP composites is desirable for ease of 

application. However, the disadvantage of using these composites in the 
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external reinforcement of concrete structures is the fragility of the FRP 

composites, which can cause a ductility decrease in the repaired concrete 

substrate, thus the occurrence of undesirable sudden failure (Mohammed et 

al., 2021). 

 

  

Figure  2-7: Two distribution method of the CFRP sheets adopted from 

 Mutlaq et al. (2020). 

 

2.4.2 Flexural behavior of TRM composites 

As earlier noted, FRP has many advantages over steel; but it still has 

some disadvantages, such as high cost, sensitivity to high temperatures, and 

inapplicability in wet or cold conditions. Therefore, textile-reinforced mortar 

(TRM) has been presented to deal with these disadvantages. Tetta et al. 

(2018) suggest that using TRM is as effective as FRP when used as 

externally bonded reinforcement. Few research studies have been reported in 

the literature on using TRM to strengthen RC slabs against punching shear 
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failure. Therefore a selection of previous works related to strengthening RC 

slabs, and beams will be presented here. 

 

Schladitz et al. (2012) conducted experimental research to examine 

the efficiency of the TRM layers in improving the bending strength of RC 

slabs dimensioned (1.6 × 0.1) m externally strengthened with textile-

reinforced concrete. Then, computation models were developed with 

dimensions (6.75 × 0.23) m to predict the maximum flexural load capacity 

for reinforced slabs. The results exhibited a significant increase in the ability 

of the slabs to bear additional loads compared to the unstrengthened slabs 

and a substantial decrease in deflection with increasing strengthening size at 

equal loading levels. 

 

Abbas et al. (2015) investigated the influence of CFRP sheets and 

TRM layers strengthened on the punching resistance of RC slabs. 12 RC 

slabs of (600 × 600 × 90) mm dimensions subjected to quasi-static vertical 

load. The slab specimens were cast with two different concrete grades (grade 

A = 39.9 MPa and grade B = 63.2 MPa, six slabs for each of them). Two 

slabs of each group served as control, while the other four were strengthened 

by CFRP and TRM. Based on the obtained results, the following 

conclusions were drawn: 

1. For slabs strengthened by CFRP, the load-carrying capacity was 

increased by 12.4% and 16.6% for concrete grades A and B, respectively. In 

addition, there is a significant improvement in the energy absorption 

capacity of slab specimens ranging between 65.5 and 66.1% for the two 

grades of concrete. 
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2. For slabs strengthened by TRM layers, the punching shear capacity 

was increased by 9.1% and 18.1% for concrete grades A and B, respectively. 

In addition, the improvement in the energy absorption capacity of slab 

specimens ranged between 22.0 and 58.7% for the two grades of concrete. 

3. It was shown that the CFRP sheet was more effective than TRM 

layers for enhancing the punching strength of flat slabs. 

 

Abbas et al. (2016) studied the efficiency of TRM layers in 

controlling the local damage in flat slabs tested under an impact load. Then, 

the findings were compared with that of conventional CFRP strengthening 

of flat slabs. Ten RC slabs of (600 × 600 × 90) mm were cast, six of them 

were strengthened by applying TRM and CFRP, as shown in Figure ‎2-8, 

Figure ‎2-9 and the other four were reference slabs. One layer of 

unidirectional CFRP sheet with fibers distributed along the span was used 

for the strengthening of RC slabs. While two layers of carbon fiber textile 

were used for TRM strengthening according to Al-Salloum et al. (2011) 

recommendations that a single layer of CFRP was found to be equivalent to 

two layers of textile. It was concluded that CFRP and TRM strengthening 

systems were effective in decreasing the local damage of flat slabs. By 

comparing the behavior of the two strengthening techniques, the TRM 

strengthening technique was slightly better. 
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Figure  2-8: Strengthening of slabs by CFRP sheets adopted from  

Abbas et al. (2016). 
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Figure  2-9: Strengthening of slabs by TRM layers adopted from 

 Abbas et al. (2016). 
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Raoof and Bournas (2017) conducted experimental research to 

investigate the flexural performance of RC beams strengthened with TRM 

and FRP. The results showed that the efficiency of TRM was less than FRP 

in improving the flexural capacity of the beams by about (46-80) %, 

according to the examined parameters. Providing a coating for the dry 

textiles improved the effectiveness of TRM and changed the failure mode. 

Doubling the layers of TRM  (from 1 to 3) doubles the efficacy of TRM 

compared to FRP. 

 

Koutas et al. (2019) published a review on reinforcement of concrete 

beams and slabs using the textile-reinforced mortar; in their study indicated 

the efficiency of using TRM composites in improving the flexural 

strengthening by attaching TRM layers to the tension surface, specifically on 

the underside of the slab. In the bending strength of one-way slabs, not all 

textile fibers are used to withstand tensile forces, only the fibers parallel to 

the axis of the reinforced member are activated, and the perpendicular fibers 

contribute to closer mechanical bonding. Therefore, the TRM effectiveness 

in a one-way slab strengthening may be costly, while in two-way, the textile 

is effective in both directions. 

2.5 Originality of research 

In this chapter, the review of previous studies was presented and 

discussed to identify the gaps in knowledge as follows: 

1- Some studies dealt with applying external strengthening using the 

GM method to strengthen concrete structures before the monotonic loading. 

As far as the researcher knows, there are few studies about the rehabilitation 

of damaged slabs using the GM method. 
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2- Very few scientific studies have dealt with the issue of 

strengthening concrete slabs before they are subjected to repeated loads 

using a CFRP or TRM system. Especially about the rehabilitation of the 

two-way RC slabs using these systems. 

3- A rarity of scientific studies on the rehabilitation of damaged slabs 

is subjected to cyclic compressive loads. 

 

2.6 Summary 

Scientific research confirmed the effectiveness of FRP and TRM 

composites in strengthening concrete structures. Until the preparation of this 

study, little research has been performed on the rehabilitation of damaged 

two-way RC slabs subjected to repeated loads. The study aims to 

experimentally investigate the effectiveness of external strengthening using 

the GM method; in restoring the original resistance of damaged slabs; using 

CFRP sheets and TRM layers. Experiment parameters: type of repairing 

system (CFRT sheets and TRM layers), slab damage ratio (50, 75)% of 

ultimate load, and repairing configuration (orthogonal or parallel); as well as 

studying the structural behavior of slabs subjected to repeated loads by 

analyzing the results and investigating the stiffness, ductility index and 

toughness before and after rehabilitation. Comparison of the results to 

choose the best repair system, commensurates with the conditions 

surrounding the concrete structure. 
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Chapter Three 

Experimental work 

 

3.1 General 

This chapter provides a detailed illustration of experimental work and 

a detailed description of the procedures used for: (1) Selection of materials. 

(2) Structural design of the concrete plates. (3) Preparation and testing of 

slab specimens under monotonic and cyclic compression load. (4) External 

repairing process. (5) Testing of rehabilitated specimens under repeated 

loading. 

3.2 Selection of materials 

Pouring of test slabs was done by using ready-made concrete 

consisting of (1) cement, (2) fine aggregate, (3) coarse aggregate, and (4) 

water. The test slabs were reinforced using steel bars of 8mm diameter. 

Rehabilitation of the damaged slabs was done by using CFRP sheets and 

TRM layers. Paragraphs below describe the properties of the materials used. 

3.2.1 Cement 

The ordinary Iraqi Portland cement known as Kar-Najaf was used to 

produce the concrete mixture. Table ‎3-1, Table ‎3-2, Table ‎3-3, and Table ‎3-4 

show the chemical and physical specifications of the cement used in the 

concrete mix production, all of which conform to the Iraqi specification 

(IQS 5, 1984). All test results are according to the quality certificate of the 

Kar-Najaf Cement Production Factory. 
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Table  3-1: Test results of cement soundness. 

The test name The test result IQS 5/2019 

Requirements 

Soundness Expansion (Le Chatelier) 0.5mm 10 mm (maximum) 

Finenesss by Blaine  3350 cm
2
/g 2800 cm

2
/g (minmum) 

 

Table  3-2: Test results of cement compressive strength. 

The age The test result IQS 5/2019 

Requirements 

2 days 26.9 MPa 20.0 MPa (minmum) 

28 days  47.7 MPa 42.5 MPa (minmum) 

 

Table  3-3: Chemical properties of Portland cement 

Chemical compound name 
Chemical 

label 

Actual 

content ratio 

% 

IQS 5/2019 

Requirements 

Silicon Dioxide SiO2 19.76  

Aluminum Trioxide Al2O3 4.62  

Ferric Oxide Fe2O3 4.34  

Calcium Oxide CaO 61.46  

Magnesium Oxide MgO 3.29 5%  (maximum) 

Potassium Oxide K2O 0.52 / 

Sodium Oxide Na2O 0.54 / 

Sulfate SO3 2.43 
2.8% maximum  

        (if  C3A≥ 3.5) 

Chloride Cl 
 
 0.027 0.1% (maximum) 

Loss On Ignition LOI 1.62 4.0% (maximum)  

Insoluble Residue IR 0.36 1.5%  (maximum) 

Lime Saturation Factor LSF 93.65  

Tricalcium Silicate C3S 55.76 54.1 % 
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Dicalcim Silicate C2S 14.62 16.6 % 

Tricalcium Aluminates C3A 4.9 10.8 % 

Tertecalcium Aluminoferrate C4AF 13.19 9.1 % 

Alkalis Equivalent AE 0.89  

 

Table  3-4: Test results of cement setting time 

Time  The test result IQS 5/2019 

Requirements 

Initial Time  165 Minutes 45 Minutes (minmum) 

Final Time  221 Minutes 600 Minutes (maximum) 

 

3.2.2 Fine aggregate 

The fine aggregate used in the concrete mix with a size of 4.75mm 

was from the local quarries. The specifications of the gradation and the 

proportion of harmful and soft materials are reported in Table ‎3-5 and 

Table ‎3-6, respectively; all results are according to the Iraqi specification 

(IQS 45, 1984). Gradient tests and the proportion of harmful and soft 

substances were conducted in the Karbala Constructional Laboratory. 

Table  3-5: Sieve gradient for fine aggregate. 

Sieve size (mm) % of passing Specification limits % 

10 100 100 

4.75 99 90-100 

2.36 84 75-100 

1.18 70 55-90 

0.6 59 35-59 

0.3 34 8-30 

0.15 9 0.0-10 
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Table  3-6: The content of harmful material in the sand 

Test name Test result Specification limits% 

% of passing material from 

the sieve number 200mm 
3.5 Maximum: 5% 

The % content of sulfur 

salts 
0.104 Maximum: 0.5% 

3.2.3 Coarse aggregate 

The coarse black aggregate used in the concrete mix with a size of 

20mm was from the local quarries.  The specifications of the gradation and 

the proportion of harmful and soft materials are reported in Table ‎3-7 and 

Table ‎3-8, respectively. All the results agreed with the Iraqi specification 

(IQS 45, 1984). Coarse aggregate tests were conducted by Karbala 

constructional Laboratory. 

Table  3-7: Gradation of coarse aggregate. 

Sieve size (mm) % of passing Specification limits% 

37.5 100 100 

20 99 95-100 

10 44 30-60 

5 4 0-10 

Specific gravity 2.65 / 

 

Table  3-8: The content of harmful material in coarse aggregat. 

Test name Test result Specification limits% 

% of passing material from 

the sieve number 200mm 
0.19 Maximum: 3% 

The % content of sulfur 

salts (SO3) 
0.037 Maximum: 0.1 
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3.2.4 Internal reinforcement 

The steel used for internal reinforcement purposes was of Turkish 

origin (Grade 60) with a diameter of 8mm. The mechanical properties were 

tested at the laboratory of the University of Kerbala, as shown in Figure ‎3-1 

and Table ‎3-9.  

 

  

  

Figure  3-1: Steel bars testing a the laboratory of the University of Kerbala. 
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Table  3-9: Mechanical and geometrical properties of internal reinforcement. 

Nominal 

weight 

(kg/m) 

Nominal 

diameter 

(mm) 

Actual 

diameter 

(mm) 

Cross-

section 

area 

(mm
2
) 

Yield 

stress 

(MPa) 

Ultimate 

stress 

(MPa) 

Elongation 

% 

Nominal 

length 

(mm) 

 

0.157 

 

8 7.98 50.3 574.9 668.0 20.7 400 

 

3.2.5 CFRP sheets 

CFRP sheets are carbon fibers reinforced polymer matrix (Table ‎3-10) 

used for external laminating existing concrete structures. It consists of 

unidirectional woven black carbon yarn and white thermoplastic fibers in a 

weft direction, as shown in Figure ‎3-2, and epoxy resin as a binder 

(consisting of mixing two parts, the ratio between them 4:1). 

 

Table  3-10: General properties of  CFRP matrix. 

Properties of Carbon 

fiber according to the 

product data sheet 

(Appendix B, page 1) 

Amount Properties of Epoxy resin 

according to the product data 

sheet (Appendix B, page 5) 

Amount 

Thickness (mm) 0.167  Compressive strength (MPa) 82 

Tensile strength (MPa) 3500  Tensile strength (MPa) 33.8 

Modulus of elasticity (MPa) 225000 Flexural strength (MPa) 60.6 

Elongation % 1.59% Modulus of elasticity (MPa) 3489 
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Figure  3-2: CFRP sheets: black carbon fiber in the warp direction and white 

thermoplastic fibers in the weft direction. 

 

3.2.6 TRM layers 

TRM layers are a composite material consisting of a carbon textile 

submerged between two layers of cement mortar, used for external 

strengthening. The textile consists of warp and weft orthogonal carbon 

yarns. The warp yarn is 24000 filaments (12K × 2), and the weft is 24000 

(24K) filaments per tow. Filaments are in diameters between 5–8 

micrometers,  as shown in Figure ‎3-3. The mortar is composed of polymer-

modified cement mixed with water (in a ratio of 1:4). The epoxy resin was 

used as a bonding agent between the damaged slab and the TRM matrix.  

 

Table ‎3-11 shows the properties of the materials used to manufacture 

and bond the TRM matrix, according to the product data-sheet. 

 

Warp yarn Weft yarn 
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Figure  3-3: Carbon fiber textile consists of warp and weft orthogonal  

carbon yarns. 

 

 

Table  3-11: General properties of TRM matrix. 

Properties Amount 

Carbon textile according to the 

manufacturer (Appendix B, page 9) 
Weft yarn Warp yarn 

No. of filament 12k x 2 24k 

Mash size (mm) 20 20 

Weight (g/m
2
) 160 

Tensile strength (MPa) ≥ 3000 

Modulus of Elasticity (MPa) ≥ 240000 

Elongation % 2 

Cement mortar according to the manufacturer (Appendix B, page 10) 

Compressive strength 75 N/mm
2
 at 28days 

Bond strength   > 2 N/mm
2
 

Flexural strength 11 N/mm
2
 

Tensile strength 6 N/mm
2
 

Weft yarn Warp yarn 

20mm 
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Bonding agent between the damaged slab and matrix according to the manufacturer 

(Appendix B, page 13) 

Compressive strength 70 N/mm
2
 

Bond strength   > 10 N/mm
2
 

 

3.3 Structural design of the RC slabs 

This section includes: designing the slab specimens mold and 

calculating the weights of the concrete mixture according to the standard 

specifications. 

3.3.1 Mold design 

Ten reinforced concrete slabs are designed according to the yield line 

method and the ACI requirements (ACI 318R, 2019); see Appendix A. All 

wooden formwork was executed with internal dimensions of (1050 × 1050 × 

70) mm and the same internal reinforcement φ8@150 mm. Figure ‎3-4 and 

Figure ‎3-5 show the details of the mold design and slab supported along its 

four sides, respectively.  

 

 

Figure  3-4:Slab geometry and reinforcement details, all dimensions in mm. 
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Figure  3-5:Two-way slab with simply supported edges. 

3.3.2 Concrete design 

Three experimental mixes were examined according to ACI 

recommendations (ACI 211.1, 1991) to reach the homogeneous mixture to 

produce a concrete with a target compressive strength of 35 MPa at 28 days. 

Table ‎3-12 represents the weights of the concrete mix components. The 

slabs were cast using the ready-mix prepared by the concrete-mixing plant / 

Al-Abbas Holy Shrine.; Figure ‎3-6 shows the steps of pouring the concrete 

slab. 

Table  3-12: Weights of concrete mix components. 

Cement Sand Gravel Water 

340 kg/m
3 940 kg/m

3 1020 kg/m
3 175 L/m

3 
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Figure  3-6: Steps for pouring concrete slabs. 

3.4 Preparation and testing of slab specimens under monotonic and 

cyclic compression loads 

After 28 days from the casting date, the slabs were painted with white 

emulsion and encoded with symbols, as shown in Table ‎3-13,  supported by 

Figure ‎3-7. After that, it was divided into three groups: 

1-  The first group included two slabs: S1 and S2,  tested under two 

loading types (monotonic and repeated) and employed as reference slabs 

without using external strengthening. 
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2- The second group included four slabs: S3, S4, S5, and S6, tested 

under monotonic loading at 50% of the ultimate load. After that, they 

rehabilitated using one of the repair methods (CFRP sheets and TRM 

layers). Then it is tested under repeated loading up to failure. 

3- The third group included four slabs: S7, S8, S9, and S10, tested 

under monotonic loading at 75% of the ultimate load. After that, they 

rehabilitated using one of the repair methods. Then it is tested under 

repeated loading up to failure. 

Table  3-13: Experimental parameters. 

Group ID G1 G2 G3 

Damage ratio / / 50% of the ultimate load 75% of the ultimate load 

Type of 

repair 

material 

/ / CFRP TRM CFRP TRM 

Slab ID S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

Type of 

scheme 
/ / I II I II I II I II 

Loading type Monotonic Repeated 

 

 

Figure  3-7:Experiment specimens chart. 
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3.5 Mechanical properties tests 

The standard tests (compressive strength, tensile strength, and flexural 

strength) are employed to define the mechanical properties of concrete. The 

shapes of specimens used for tests were: (1) cubic to test the compressive 

strength; (2) cylindrical for splitting tensile strength; (3) prism for flexural 

strength testing, as shown in Figure ‎3-8. The following paragraphs describe 

the dimensions of the test samples and the standard specifications. All tests 

were conducted at the laboratory of University of Karbala. 

3.5.1 Testing of the Compressive Strength 

Three concrete cubes dimensioned with (150 ×150 × 150) mm, were 

modeled to test the compressive strength of concrete according to British 

specifications (BS12390-3, 2019). The test was carried out using a hydraulic 

press. The average value of three cubes was adopted at 28 days of age. 

3.5.2 Testing of the Splitting Tensile Strength 

Three concrete cylinders dimensioned with (150 × 300) mm, were 

modeled to test the tensile strength of concrete according to ASTM C496 / 

C496M (2017). The hydraulic press machine was employed to test the 

splitting tensile strength. The tensile strength testing was done using three 

cylindrial specimens after 28 days frm the day of casting the RC slabs. 

 

3.5.3 Testing Modulus of Rupture 

The prismatic specimens dimensioned with (100 × 100 × 500) mm 

were employed to test the flexural strength according to ASTM C78M 

(2021). Three simply supported prisms were tested to determine average 

flexural strength under three-point loading. 
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Figure  3-8: Mechanical properties tests : (a)numbers and shapes of specimens, 

(b)compressive strength, (c) splitting tensile strength, and (d) Modulus of Rupture. 

3.6 Testing slabs under monotonic loading 

All slabs were subjected to a concentrated load. The load was applied 

using a press machine (2000kN capacity) vertically attached to the stiff 

frame. The rate of monotonic load application was 5kN per 5min up to the 

ultimate load. A linear variable differential transformer (LVDT) was fixed at 

the bottom of a slab (at the center) to measure the central deflection. A 

( b) ( a) 

( c ) (d) 
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square steel plate of (240 × 240 × 40) mm was used below the loading point 

to prevent local failure in the compression area. Collecting the applied loads 

and deflection under the slab was done by the sensitive cells connected to 

the control computer connected to the LabView software. Figure ‎3-9 shows 

the test steps 

 

  

  

Figure  3-9: Multiple images represent the test stages of the slab, the steel frame  

,the LVDT, and the control computer. 
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3.7 Testing slabs under repeated loading 

Ten two-way RC slab specimens were used to conduct the 

experimental research. Nine of these slabs were tested under positive cyclic 

loading based on the result of the reference slab, which was tested 

monotonically, as shown in Figure ‎3-10.  Guided by the American Concrete 

Institute code (ACI 437.2, 2013)  and practical experience in some periodic 

loading cases, a cyclic loading history was proposed for specimen testing. 

The cyclic loading history in Figure ‎3-11 consists of three stages:  

(1) Stage I involves applying 5kN of monotonic load every 5 minutes 

up to 75% of the ultimate load. (2) Stage II involves applying twenty cycles 

with amplitude equal to 75% of the ultimate load at a fixed frequency (5 

minutes). (3) Stage III involves applying 5kN of monotonic load every 5 

minutes up to failure. 

 

 

Figure  3-10: Loading history of tested slab under monotonic loading pattern. 
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Figure  3-11: Loading history of tested slab under repeated loading pattern. 

3.8 External repairing process 

The EBRIG method used in the installation of CFRP sheets and TRM 

layers includes the formation of the groves grid. The repair material (TRM 

or CFRP) was externally bonded to the bottom of the slabs in an orthogonal 

and parallel scheme to a space of (1050 × 1050) mm, as shown in 

Figure ‎3-12. 

 

Figure  3-12: Distribution of repairing materials on the tension face of the slab. 

0

10

20

30

40

50

60

70

80

90

0 20 40 60 80 100 120 140 160 180 200

A
p

p
li

ed
 l

o
a

d
 (

k
N

) 

Time (min) 



Chapter Three   

 

53 

 

 

3.8.1 Rehabilitation of damaged slabs using CFRP sheets 

The CFRP repair material was glued externally to the bottom of the 

slabs in an orthogonal and parallel pattern to an area of (1050 ×1050) mm. 

The repairing procedure included the following steps: 

 (a) before repairing, a thin layer of concrete was removed, and 

figuration of grid groves with 5 mm depth and 3mm width at the tension 

face to improve the bond between the damaged slab and repair materials;  

(b) application the first layer of epoxy resin using a brush in the 

quantity of approximately 1.5 kg/m
2
; 

 (c) carefully applying the carbon fiber into epoxy resin to achieve a 

face free of wrinkles;  

(d) finally, application of the second layer of epoxy resin to cover the 

carbon fiber with the using of a smooth trowel to removed air bubbles 

between the CFRP sheet and the damaged slab and impregnated carbon 

fibers with epoxy resin, as shown in Figure ‎3-13. The details of the 

orientation of the CFRP sheets on the tension face of the slab are shown in 

Figure ‎3-14. After seven  days of repairing, the slabs will be ready for 

testing. 
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Removing of a light layer of concrete  Groves formation 

Application of first layer of epoxy resins and fibers Application of seconde layer of fibers 

Application of seconde layer epoxy resins, scheme I Application of epoxy resins and fibers,scheme II 

Figure  3-13:Application of CFRP sheets at the tensile face of tested slabs. 
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3.8.2 Rehabilitation of damaged slabs using TRM layers 

The repair system using TRM consists of two layers of modified 

cement mortar interspersed with carbon fabric, in addition to the bonding 

agent between the damaged slab and the TRM matrix. The repairing steps 

included : (a) scraping a thin layer of concrete (0.5mm thick) and making a 

grid of grooves 5mm deep and 3 mm wide to receive the bonding material; 

(b) Applying a layer of adhesive bonding agent in an amount of 

approximately (0.5-1) mm thick by using a brush to bond the damaged slab 

with repair materials; (c) after one hour of application of adhesive bonding 

agent, an initial layer of mortar of 5 mm thick was applied to the surface of 

the damaged slab by using a hand trowel; (d) application two pieces of 

textile in an adjacent manner with dimensions (1050 × 1050) mm on the first 

layer of mortar then pressed by hand to ensure the interlocking of the textile 

through mortar; (e) brushing of the second layer of mortar with a thickness 

of 5 mm over the fabric; (f) curing of the TRM matrix with wet burlap for 28 

days, then the slab will become ready for testing, as shown in Figure ‎3-15. 

525 
1050 

1
0
5
0
 

5
2
5
 

1050 

1
0
5
0
 

(a) (b) 

Figure 3-14: Details of the orientation of the CFRP sheets on the tension face of the 

slab, (a) scheme I, (b) scheme II . 
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Groves formation Applying of a layer of bonding agent 

 
Putingt of the first layer of mortar Putingt of a layers of textile 

Putingt of the second layers of mortar Curing of the TRM matrix with a wet burlap 

Figure  3-15: Application of TRM layers at the tensile face of tested slabs. 
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The details of the orientation of the TRM layers on the tension face of the 

slab are shown in Figure ‎3-16. 

3.9 Testing of rehabilitated specimens under repeated loading 

Testing the eight rehabilitated slabs was under repeated load after the 

curing period. The loading pattern involved the application of 20 

compression cycles (loading and unloading) up to failure. The load and 

deflection readings at the center of the slab were documented by the 

electronic software LABVIEW, as will be explained in the next chapter.
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Figure 3-16: Details of the orientation of the TRM layers on the tension face 

of the slab, (a) scheme I, (b) scheme II . 
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Chapter Four 

Results and Discussion 

 

4.1 Introduction 

The principal aim of this study is to examine the efficiency of external 

reinforcement materials in restoring the original strength of damaged slabs 

subjected to repeated loads. The experiment parameters used in this study 

were the nature of the different external strengthening materials (CFRP, 

TRM), different ratios of slab damage (50%, 75%), and the distribution of 

the repair materials. The following paragraphs display and discuss the slabs 

test results: (1) mechanical testing results; (2) experimental results; (3) 

failure patterns; (4) load-deflection curve; (5) structural properties of 

rehabilitated slabs; (6) and the role of experiment parameters. 

4.2 Mechanical testing results 

The results of testing the mechanical properties of concrete were 

according to the standard specifications. Table ‎4-1 shows the results of three 

tests: compressive strength, tensile strength, and flexural strength. 

Table  4-1:Mechanical properties of concrete material. 

Testing type Average of three specimens (MPa) 

Compressive strength 44.2  (average values from three cubes ) 

Tensile strength 4.199 

Flexural strength 5.044 

 

4.3 Experimental results  

 The experiment results were collected using the LABVIEW program 

that gives the relationship between loads and deflections, which includes: (1) 
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the ultimate load (Pu); (2) maximum deflection at the middle of the slab 

(δu). The failure pattern was documented by the observed cracks, as shown 

in Table ‎4-2. 

Table  4-2: Applied loads and deflection. 

Slab 

ID 

Loading 

type 

Damaged 

% 

Repair 

material 

Repair 

scheme 

Pu 

(kN) 

δu 

(mm) 

Observed 

failure 

S1 Monotonic / / / 84 34 
A 

S2 

Repeated 

/ / / 80 30 

S3 

50 

CFRP 
I 130 11.5 

B 
S4 II 113 9.3 

S5 
TRM 

I 92 27.5 
C 

S6 II 87 24 

S7 

75 

CFRP 
I 150 17 

B 
S8 II 131 19.5 

S9 
TRM 

I 97 17 
C 

S10 II 94 27 

A: flexural, B: concrete crushing in the compressive zone and fibers rupture, C: Rupture of the carbon 

textile and formation of flexural cracks in the mortar of the TRM composites. 

4.4 Failure patterns 

The application of monotonic loads through the bearing plate led to 

the formation of weak flexural cracks in the middle of slab S1. The increase 

in applied loads led to the formation of new diagonal flexural cracks which 

extended to the supports. The flexural failure occurred at 84kN, while the 

LVDT recorded a deflection of 34mm. The reference slab S2 (tested under 

repeated load) failed after the development of large flexural cracks in the 

tension zone and the collapse of the concrete in the compression zone (it was 

combination of bending and punching shear), as shwon in Figure ‎4-1and 

Figure ‎4-2. The ultimate load and ultimate deflection were 80kN and 30mm, 

respectively. 
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Figure  4-1: Failure pattern of slab S1, (a) tension zone, (b) compression zone. 

 

  

Figure  4-2: Failure pattern of slab S2, (a) collapse of the concrete in the 

compression zone, (b) combination of flexural and punching shear. 

 

The test method for slabs S3 and S4 included: (1) applying monotonic 

loads up to 50% of ultimate load (40kN); (2) rehabilitation of the two slabs 

using two different CFRP sheet distribution schemes (I, II); (3) testing of 

(a) (b) 

(a) (b) 
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slabs S3 and S4 under repeated loads until failure. The test methodology of 

S7 and S8 was the same as S3 and S4 except for changing the ratio of 

monotonic loads to 75% of ultimate load ( equivalent to 60kN). The method 

of testing and rehabilitation slabs S5, S6, S9, and S10 using the TRM layers 

was similar to the CFRP sheets. 

 

  

Figure  4-3: Failure pattern in slab S3, (a) tension zone, (b) compression zone. 

In all the slabs rehabilitated with CFRP, a sudden failure occurred 

without giving precedent warnings before the collapse; in the other slabs 

rehabilitated using TRM, a gradual failure happened, which gave precedent 

warnings before the failure load. The reason is due to the nature of the 

bonding materials.The slabs rehabilitated with CFRP sheets failed with 

ultimate loads higher than the reference slab S2. The maximum recorded 

load for slabs S3, S4, S7, and S8 was 130, 113, 150, and 131kN, 

respectively. And the deflection was 11.5, 9.3, 17, and 19.5mm, 

respectively. The contribution of CFRP sheets in the repairing process led to 

an increase in the ultimate load by 63%, 41.25%, 88%, and 64%, 

(a) (b)  
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respectively. The failure pattern was a concrete crushing in the compression 

zone and a rupture of a small portion of fibers near the supporters in the 

tension zone (only in slabs S4 and S7), as shown in Figure ‎4-3, Figure ‎4-4, 

Figure ‎4-5, Figure ‎4-6 and Figure ‎4-7. 

  

Figure  4-4: Failure pattern in slab S4, concrete crushing in the compression zone 

and a rupture of a small portion of fibers near the supporters in the tension zone . 

 

 

Figure  4-5: Rupture of a Small portion of CFRP fibers near the supporters 

 in the tension zone (S4). 

 

Compression zone Tension zone 
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Figure  4-6: Compression zone after repeated loading at slabs S7 and S8. 

 

 

Figure  4-7: Rupture of a Small portion of CFRP fibers near the 

 supporters in the tension zone (S7). 

 

The sabs rehabilitated with TRM layers failed at a load slightly higher 

than the S2 reference slab load. The recorded ultimate load for slabs S5, S6, 

S9, and S10 was 92, 87, 97, and 94kN, respectively. And the deflection was 

27.5, 24, 17, and 27mm, respectively. Thus, the contribution of TRM layers 

to the increase in flexural capacity was 15%, 9%, 21.25%, and 18%, 

S7 S8 
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respectively. The failure was progressive due to the gradual rupture of the 

carbon textile and the formation of flexural cracks in the binder of the TRM 

composites,as shown in  Figure ‎4-8, Figure ‎4-9, Figure ‎4-10, Figure ‎4-11, 

Figure ‎4-12, Figure ‎4-13, Figure ‎4-14, and Figure ‎4-15. 

 

  

Figure  4-8: Rupture of the carbon textile and formation of flexural cracks in the 

mortar of the TRM composites (S5). 

 

 

Figure  4-9: Details of flexural cracks in 

 the mortar of the TRM composites (S5). 

Compression zone Tension zone 
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Figure  4-10: Rupture of the carbon textile and formation of flexural cracks in the 

mortar of the TRM composites (S6). 

 

 

Figure  4-11: Details of flexural cracks 

 in the mortar of the TRM composites (S6). 

 

Compression zone Tension zone 



Chapter Four 

 

67 

 

  

Figure  4-12: Rupture of the carbon textile and formation of flexural cracks in the 

mortar of the TRM composites (S9). 

 

 

Figure  4-13: Details of flexural cracks 

 in the mortar of the TRM composites (S9). 

 

Compression zone Tension zone 
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Figure  4-14: Rupture of the carbon textile and formation of flexural cracks in the 

mortar of the TRM composites (S10). 

 

 

Figure  4-15: Details of flexural cracks 

 in the mortar of the TRM composites (S10). 

4.5 Load-deflection curve 

The curves of load-deflection are distinguished into four zones: (1) 

Zone I: starting from the beginning of the loading until the appearance of the 

first crack, which is the stage of elastic behavior. (2) Zone II: starts from the 
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first crack formation up to the yielding of steel reinforcement; at this zone, 

flexural cracks begin to appear due to loading and unloading cycles. The 

mouth of cracks opened during loading and closed in the unloading phase, 

and with the increase in the number of loading cycles, the cracks developed 

and remained open. (3) Zone III: the plastic behavior stage; starts from the 

post-yielding of steel to the ultimate load. At this stage, the cracks spread 

rapidly from the center of the slab toward the edges. (4) Zone IV:  is the last 

stage; the curve begins to descend due to increasing in the deflection without 

additional load. Figure ‎4-16 represents the stages of monotonic and repeated 

loading. Repeated loading reduced the ultimate load of slab S2 by 5% 

compared to the corresponding slab S1 under monotonic loading. 

 

 

Figure  4-16: Load-deflection curve of monotonic and repeated loading. 

 

Figure ‎4-17 and Figure ‎4-18 represents the stages of loading the 

rehabilitated slab S3 with CFRP sheets (scheme I) after the damage rate of 

50%. The initial monotonic load for slab S3 was 40kN, and after being 
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rehabilitated with CFRP sheets, it became 130kN. The increasing rate of 

loading bearing capacity was 63% compared to the reference slab S2 

(without strengthening). 

 

Figure  4-17: Load-deflection curve of slab S3. 

 

 

Figure  4-18: Details of applying twenty loading cycles on slab S3. 
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Figure ‎4-19 and Figure ‎4-20  represents the stages of loading the 

rehabilitated slab S4 with CFRP sheets (scheme II) after the damage rate of 

50%. The initial monotonic load for slab S4 was 40kN, then increased by 

41.25% (113kN) after being rehabilitated with CFRP sheets compared to the 

reference slab S2. 

 

Figure  4-19: Load-deflection curve of slab S4. 

 

Figure  4-20: Details of applying twenty loading cycles on slab S4. 
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Figure ‎4-21and Figure ‎4-22 represents the stages of loading the 

rehabilitated slab S7 with CFRP sheets ( scheme I). The initial monotonic 

load for slab S7 was 60kN. Then, after repairing became 150kN. The 

increase in bearing capacity was 88% compared with corresponding slab S2. 

 

Figure  4-21: Load-deflection curve of slab S7. 

 

Figure  4-22: Details of applying twenty loading cycles on slab S7. 
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Figure ‎4-23 and Figure ‎4-24 represents the stages of loading the 

rehabilitated slab S8 with CFRP sheets ( scheme II) after the damage rate of 

75%. The initial monotonic load for slab S8 was 60kN, then increased by 

64% (131kN) after being rehabilitated with CFRP sheets compared to the 

reference slab S2. 

 

 

Figure  4-23: Load-deflection curve of slab S8. 

 

Figure  4-24: Details of applying twenty loading cycles on slab S8. 
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Figure ‎4-25and Figure ‎4-26 represents the stages of loading the 

rehabilitated slab S5 with TRM layers ( scheme I) after the damage rate of 

50%. The initial monotonic load for slab S5 was 40kN. Then, after being 

rehabilitated with TRM layers, it became 92kN. The increase in bearing 

capacity was 15% compared with corresponding slab S2. 

 

Figure  4-25: Load-deflection curve of slab S5. 

 

Figure  4-26: Details of applying twenty loading cycles on slab S5. 
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Figure ‎4-27and Figure ‎4-28 represents the stages of loading the 

rehabilitated slab S6 with TRM layers ( scheme II) after the damage rate of 

50%. The initial monotonic load for slab S6 was 40kN, then increased by 

9% (87kN) after being rehabilitated with TRM layers compared to the 

reference slab S2. 

 

Figure  4-27: Load-deflection curve of slab S6. 

 

Figure  4-28: Details of applying twenty loading cycles on slab S6. 
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Figure ‎4-29 and Figure ‎4-30 represents the stages of loading the 

rehabilitated slab S9 with TRM layers ( scheme I) after the damage rate of 

75%. The initial monotonic load for slab S9 was 60kN. Then, after being 

rehabilitated with TRM layers, it became 97kN. The increase in bearing 

capacity was 21.25% compared with corresponding slab S2. 

 

Figure  4-29: Load-deflection curve of slab S9. 

 

Figure  4-30: Details of applying twenty loading cycles on slab S9. 

0

20

40

60

80

100

120

0 5 10 15 20 25

A
p

p
lie

d
 L

o
ad

 (
kN

) 

Central Deflection (mm) 

Slab S9 

Slab S9

0

10

20

30

40

50

60

70

0 2 4 6 8 10

A
p

p
li

ed
 L

o
a

d
 (

k
N

) 

Central Deflection (mm) 



Chapter Four 

 

77 

 

Figure ‎4-31and Figure ‎4-32 represents the stages of loading the 

rehabilitated slab S10 with TRM layers ( scheme II) after the damage rate of 

75%. The initial monotonic load for Slab S10 was 60kN. Then, after being 

rehabilitated with TRM layers, it became 94kN. The increase in bearing 

capacity was 18% compared with corresponding slab S2. 

 

Figure  4-31: Load-deflection curve of slab S10. 

 

Figure  4-32: Details of applying twenty loading cycles on slab S10. 
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4.6 Structural properties of rehabilitated slabs  

The stiffness of the rehabilitated slabs and the toughness were 

calculated from the load-deflection curve. Table ‎4-3 illustrates the test 

results analysis. The stiffness was calculated from the tangent of the curve. 

The toughness was calculated from the area under the curve. As shown in 

Table ‎4-3, the application of repair materials (CFRP or TRM) enhanced the 

structural properties of rehabilitated slabs compared to the reference slab S2. 

The rehabilitation process was sensitive to the examined parameters, such as 

the type of repair material, the slab damage rate, and the repairing 

configuration. 

Table  4-3: The structural behavior of the tested slabs. 

Slab 

ID 

Stiffness 

(kN/mm) 

% of increase 

in stiffness 

Toughness 

(kN.mm) 

% of increase 

in toughness 

S2 3.5623 / 1805.389 / 

S3 12.628 776.39 15822.17 254.49 

S4 9.8263 1113.17 21902.4 175.84 

S5 3.7256 15.133 2078.586 4.58 

S6 4.0051 1097.39 21617.62 13.833 

S7 9.6641 856.55 17269.41 171.29 

S8 7.5534 1325.77 25740.63 112.04 

S9 5.3136 434.51 9649.967 49.16 

S10 4.0038 82.68 3298.084 12.39 

 

4.6.1 Type of repair material used in the rehabilitation 

The results of the experiment indicated the efficiency of the repair 

materials in increasing the ultimate load and decreasing the ultimate 

deflection, as shown in Table ‎4-4, Figure ‎4-33, and Figure ‎4-34, 

respectively. 
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Table  4-4: Percentage of ultimate load increase and deflection decrease. 

Slab ID Ultimate 

load (kN) 

Ultimate load 

increase (%) 

Ultimate 

deflection (mm)  

Ultimate deflection  

decrease (%) 

S1 84 / 34 / 

S2 80 / 30 / 

S3 130 63 11.5 62 

S4 113 41.25 9.3 69 

S5 92 15 27.5 8.33 

S6 87 9 24 20 

S7 150 88 17 43.33 

S8 131 64 19.5 35 

S9 97 21.25 17 43.33 

S10 94 18 27 10 

 

 

 

Figure  4-33: Ultimate load for test slabs under repeated loading. 
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Figure  4-34:Ultimate deflection for test slabs under repeated loading.  

The structural behavior of the reference slab S1 was identical to the 

design, and the slab failed by flexural. The bending cracks formed at the 

beginning of the loading at the middle of the slab; developed into diagonal 

cracks after yielding the internal steel rebars and concrete crushing at the 

compressive zone. The reference slab S2 failed in bending and shear due to 

concrete collapse after the yielding of the steel rebars. Repeated loading led 

to the fluctuation of applied pressures and additional damage to concrete. 

 

The rehabilitated slabs with CFRP sheets failed due to the concrete 

crushing in the compression area and rupturing a small part of carbon fibers 

near the supporters after yielding the internal steel rebars. The failure 

occurred at a load level higher than the designed level caused by the 

contribution of CFRP sheets in strengthening the tensile area. The slab 

failure was sudden due to the brittle properties of epoxy resin. 
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The slabs rehabilitated with TRM layers failed at a load slightly 

higher than reference slab S2. The failure was progressive due to the gradual 

rupture of the carbon textile and the formation of flexural cracks in the 

binder of the TRM composites. The nature of the failure is flexible due to 

the properties of the modified cement used in the preparation of the mortar. 

The increasing rate of the ultimate load using CFRP sheets and TRM layers 

was about (41.25- 88)% and (9- 21.25)%, respectively, and associated with 

decreasing the deflection rate of the rehabilitated slabs using CFRP sheets 

and TRM layers by about (43.33- 69 )% and (8.33- 43.33)%, respectively. 

 

In comparison to the reference slab S2, the application of the  CFRP 

layers increased the toughness and the stiffness by about (776- 1326)%, and 

(112- 254)%, respectively; As for the application of TRM layers, the above-

mentioned structural properties increased by (15- 1097)%, and (4- 49)%, 

respectively. 

Figure ‎4-35 shows the increase in the stiffness after using external 

strengthening.  The stiffness in rehabilitated slabs S3, S4, S5, S6, S7, S8, S9, 

and S10 was about 3.56, 12.64, 9.83, 3.73, 4.05, 9.66, 7.55, 5.31, and 

4.0kN/mm, respectively, whereas the stiffness of reference slab S2 was 

3.56kN/mm. The reason is due to the saturation of the surface of the 

damaged slab with epoxy resins of a liquid consistency, which helped to 

close the old cracks and delay the formation of additional ones. 

 

Toughness is a measure of energy absorption; a good balance between 

strength and flexibility leads to high toughness.The toughness for slabs S3, 

S4, S5, S6, S7, S8, S9, and S10 was 1805,15822, 21902, 2078, 21617, 
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17269, 25740, 9650, and 3298kN.mm, respectively, whereas the toughness 

of slab S2 was 1805kN.mm, as showm in Figure ‎4-36. 

 

 

Figure  4-35:Stiffness for test slabs after repeated loading. 

 

Figure  4-36:Toughenss for test slabs after repeated loading. 
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4.6.2 Slab damaged ratio 

The percentage of slab damage affected the effectiveness of the repair 

materials. Experimental results showed the efficiency of  CFRP sheets and 

TRM layers in restoring slab strength when the damage percentage was 

75%. The reason may be due to the development of bending cracks and the 

increase in the penetration of strengthening materials through the damaged 

slab, thus, increasing the contribution of external strengthening in the 

flexural resistance. When the damage was 50%, the flexural cracks were 

capillary in the middle of the slab, and the internal rebar did not reach the 

yielding stage. At this point, the flexural strength depends on the internal 

reinforcement and a small part of the external strengthening. 

4.6.3 Configuration of the repair materials 

The comparison between slab S3 with S4  and slab S7 with S8 clarify 

that covering the tension face with two perpendicular pieces of carbon fiber 

is more effective in increasing the maximum load and decreasing the 

deflection. That is due to the activation of the carbon fibers in both 

directions, which leads to an increase in the bending resistance. In addition, 

the application of the carbon fiber sheets in an orthogonal scheme delay or 

stop the development of diagonal cracks. While the stiffness and toughness 

showed a slight sensitivity when changing the distribution of CFRP sheets. 

  

Also, for slabs rehabilitated with TRM layers, the comparison 

between S5 with S6 and S9 with S10 shows that using the orthogonal 

scheme to rehabilitate the damaged slabs was more efficient than the 

parallel. In both, the number of TRM layers was equal. In the orthogonal 

one, the TRM activity concentrated below the loading area and 
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perpendicular to the diagonal flexural cracks, which led to delaying the 

development of the flexural cracks, increasing the load capacity. 
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Chapter Five 

Conclusions and Suggestions 

 

5.1 Introduction 

This chapter presents the conclusions obtained from laboratory work 

and experimental results analyzing and provides suggestions for future 

studies. 

5.2 Conclusions 

The current study presented experimental research to verify the 

efficiency of external strengthening systems (CFRP sheets and TRM layers) 

in rehabilitating damaged slabs subjected to repeated loads by three 

parameters: (1) the type of repair material (CFRP or TRM); (2) slab damage 

rate (50,75)%; (3) repairing configuration (orthogonal or parallel). The 

extracted results from this study point to the following conclusions: 

1- As designed, the reference slab S1 (tested under static loading) 

failed in flexure after yielding the steel reinforcement and the development 

of significant flexural cracks. Applying twenty cycles of repeated load to 

slab S2 led to a decrease in the ultimate load capacity, the deflection, and the 

occurrence of bending failure in comparison with the corresponding static 

test specimen S1 due to the loading-unloading process that causes an 

inconstancy of stresses and more damage in concrete. 

2- The effectiveness of the CFRP sheets in increasing the loading 

bearing capacity of the rehabilitated slabs was more than that of TRM layers 

by about (30-55)%.. 

3- Rehabilitation of damaged RC slabs with CFRP sheets led to an 

increase in the load-bearing capacity of about (41.25- 88) %, whereas the 
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amount of increase in the slabs that were rehabilitated by TRM layers was 

about (9- 21.25) %. 

4- Using CFRP sheets significantly reduced the final deflection of 

slabs subjected to repeated loads by (35- 69)%.  When using TRM layers, 

the decrease was slight compared to the reference slab by (8- 43.33)%. 

5- Four types of failure patterns were observed during the laboratory 

work : (a) flexural in the slab subjected to monotonic loads; (b) combination 

of flexural and shear in the slab subjected to repeated loads; (c) concrete 

crushing in the compressive zone and fibers rupture in the slabs rehabilitated 

with CFRP sheets subjected to repeated loads; and (d) Rupture of the carbon 

textile and formation of flexural cracks in the mortar of the TRM composites 

in the slabs rehabilitated with TRM layers subjected to repeated loads. 

5- According to the experimental results, the structural properties of 

the damaged slabs (stiffness and toughness ) improved after being 

rehabilitated with CFRP sheets and TRM layers. The best results were when 

the experimental parameters were: slab damage percentage of 75% and 

orthogonal scheme. 

5.3 Suggestions 

This study presented a new idea to rehabilitate the damaged slabs. The 

thought of repeated loading patterns originated from the cases of loading and 

unloading in buildings and multi-story car parks. The plan of this study 

included a specific number of tests on two-way RC slabs, two repair 

systems, and one method to bond the repair materials with the concrete 

substrate. The research proposition for future studies includes: 

1- Studying the structural behavior of other types of slabs under the 

influence of different protocols of repeated loading. 
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2-Studying new methods for bonding external strengthening materials 

to the concrete substrate. 

3- The study results can be used to guide researchers toward verifying 

the efficiency of TRM as a promising material in strengthening concrete 

structures and study the effect of other variables, such as using different 

types of textile (basalt, glass) and other mesh sizes (10, 12, 25) mm in 

addition to studying the role of the number of TRM layers. 

4- To avoid concrete collapse, it should investigate the relationship 

between the compressive strength of the concrete substrate and the 

properties of the external strengthening materials. 

5- The results of this study benefit those responsible for the 

maintenance of service and heritage buildings who are interested in the work 

of restoring damaged slabs without removing them.     
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Appendix (A) 

Designing of the concrete slabs using the (ACI 318-14) code as well as the 

yield line method 

Asmin = 0.002bh 

Asmin = 0.002 * 1000 * 70 = 140 mm
2
/m 

ρmax  =  0.85 β1 (fc  /fy)(0.003/0.003+£t)  

β1     = 0.85 – (0.05/7)(     -28)               if       ≥ 28 

β1        = 0.8 

        = 0.85 * 0.8* (35/575)(0.003/0.007) 

 ρmax    = 0.01774   

d = 70 - 28 =42 mm 

Amax = ρmax bd 

         =  0.01774 * 1000 * 42 = 745 mm
2
/m 

Let φ8@150 mm 

ρ = As /bd = 352 /(1000*42) = 0.0084 

Mu = ∅ρbd2
 fy(1-0.59ρ  y/(fc      

    = 0.9*0.0084*1000*(42)
2
*575(1-0.59*0.0084(575/35)) *10

-3
= 7kN.m 

Pu = 8Mu  = 56kN 

(Check shear) for plate (240*240*40) mm 

b° = (240+42)*4=1128mm,   λ=1,     β=1,     ∝s=40,          b° d=282280 

Vc=0.17(1+(2/β) λ   c
 
) b° d = 143kN 

Vc=0.083((∝s d)/b°) +2)λ (fc
 
) b° d) = 81kN 

Vc=0.33λ        b° d =  92.5kN 

 

 

 



 

 

 

Appendices (B) 

Carbon fiber 
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Epoxy Resin 
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Carbon Textile 
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Cement Mortar 
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Bonding agent between the damaged slab and matrix 
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Appendix (C) 

  

  

  

Figure B-2: Steps of application CFRP sheets. 
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Figure B-4: Steps of application TRM layers. 
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Figure B-5: TRM layers application steps. 
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Figure B-7: Tension surface of slab S1 under monotonic loading. 
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Figure B-8: Tension surface of slab S2 under repeated loading. 
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 الخلاصة

 قىَتانخٍ حؼشضج لأدًال يخكشسة بأسخخذاو انخ انًخضشسةحضًُج هزِ انذساست اػادة حأهُم انبلاطاث 

غظ وأخخباس ػششة بلاطاث خشساَُت يسهذت ثُائُت الاحجاِ حذج أدًال ض صب زا انغشض، حىه. نتانخاسجُ

انبلاطاث داخهُا  سهُخيهى؛ حى ح(  64 × 9444 ×9444 ) يشبؼت انشكم بأبؼاديشكضة ؛ جًُغ انبلاطاث كاَج 

اثُخاٌ يٍ هزِ  أخخبشث بسُطت؛ يساَذفٍ يذُطها انخاسجٍ بىاسطت   اساَذهايهى و 7φ@944بانفىلار 

انبلاطاث كبلاطاث يشجؼُت بذوٌ حقىَت خاسجُت وحؼشضج نُىػٍُ يٍ الأدًال الاَضغاط دخً انفشم9 

ج لادًال سحُبت، وانثاَُت لادًال يخكشسة؛ انبلاطاث انثًاَُت انًخبقُت يقسًت انً يجًىػخ9ٍُ الاونً حؼشض

؛ حى اػادة يٍ انذًىنت انقصىي ػهً انخشحُب %64وانثاَُت %، 44بُسبت  بًسخىي حذًُمالاونً حى حذًُهها 

انًلاط  وطبقاث (CFRP) انبىنًُشاث انًقىاة بانُاف انكاسبىٌ او صفائخحاهُم كلا انًجًىػخٍُ باسخخذ

 يخغُشاث؛ ثى حى اخخباس انبلاطاث انثًاَُت بادًال يخكشسة انً دذ انفشم. كاَج (TRM) انًقىي بانُسُج

( %، وطشَقت 64 , 44انبلاطت ) حضشس َسبت(، CFRP , TRM) الاخخباس9 َىع َظاو انخؼضَض انخاسجٍ

جشَبُت انً كفاءة َظايٍ الاصلاح فٍ اػادة انُخاىج انخ ثشاسأيخىاصٌ(.  ,حىصَغ يىاد الاصلاح )يخؼايذ 

% ( 77 -39.34 (بُسبت يٍ خلال صَادة انذًىنت انقصىيCFRP وحفىق َظاو  انًخضشسةحأهُم انبلاطاث 

فٍ دٍُ  انبلاطت انًشجؼُت.ب يقاسَت الاَشائُتوحذسٍُ انخىاص % (58- 24بُسبت )َذشاف انُهائٍ وحقهُم الا

َذشاف انُهائٍ وحقهُم الا %(39.34- 8صَادة انذًىنت انقصىي بُسبت )، ادي انً TRMاٌ اسخخذاو طبقاث 

% باسخخذاو 64كاَج افضم انُخائج ػُذيا حى اػادة حأهُم انبلاطاث انًخضشسة بُسبت  %.(32.22 -7بُسبت )

 ( وطبقاثCFRPانخىصَغ انًخؼايذ فٍ كم يٍ اَظًت الاصلاح صفائخ انبىنًُشاث انًقىاة بانُاف انكاسبىٌ )

  .(TRMلاط انًقىي بانُسُج )انً
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