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Abstract  

CFRP is an alternative technique for cracking control of high-chloride reinforced concrete 

(RC) beams. This research, therefore, investigates the strength performance and failure 

mode and cracking behaviour of RC beams incorporated with sea sand bonded externally 

with the carbon fibre reinforced polymer (CFRP) plate. Sea sand is used as a 100% 

replacement of fine aggregate. Three batches of RC beams were carried out in this research, 

including the control beam (no sea sand neither CFRP), RC beam with normal sand bonded 

with CFRP plate, and RC beam with sea sand and bonded with CFRP. A four-point bending 

test was performed under static loading for the specimens. Finite element simulation was 

modelled for further comparison. The experimental findings showed that the flexural 

capacity of the sea sand RC beam bonded externally with CFRP plate is 5.50% greater than 

the flexural strength of the beam without CFRP (control beam). Besides, results 

demonstrated that RC beams bonded externally with CFRP were failed by plate end 

debonding (PED) while the control RC beam without bonding was failed at the mid-span 

by concrete crushing. However, the bonded RC beams were stiffer, which could lead to 
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lower crack spacing. Finite element simulation showed very acceptable results compared to 

the experimental results. 

Keywords: Cracking patterns; Sea sand concrete; Flexural strength; CFRP; Finite element 

simulation 

1. Introduction  

A new form of concrete called "sea sand concrete" is a form that uses sea sand as a 

fine aggregate that, in recent years, has wide applications in the coastal zones [1]. Sea sand 

addresses the shortage of river sand and blends it with lower costs, as most ready-mixed 

firms use sea sand rather than standard sand even without treatment [2, 3]. The use of sea 

sand as an alternative for normal sand would be considered as a resource that provides 

sustainability to nature and enhances the mechanical characteristics of concrete [4]. A 

comprehensive review of the advantages of utilizing sea sand in concrete was carried out 

by Dhondy, et al. [4] and Xiao, et al. [5], concluding that most researchers have discovered 

comparable, if not better, mechanical characteristics of sea sand concrete than traditional 

concrete. They have found that sea sand concrete possesses/gets high early strength and 

higher compressive strengths compared to standard concrete. 

The salt content is the primary distinction between sea sand and normal sand. 

However, the internal steel bars undergo accelerated corrosion when sea sands aggregate, 

which comprises a wide range of chlorides, are utilized in concrete. Thus, before sea sand 

is used in concrete, chloride ions must be removed, which raises costs and risks [3]. Instead 

of eliminating chloride ions from the sea sand aggregate, researchers have proposed the 

utilization of fibre reinforced polymers (FRP) plates/sheets/meshes, which consider as 

non-corrosive material, as a solution [4-15]. Studies reported that the structures of fibre 

reinforced sea sand concrete is most desirable for the development of infrastructure in 

areas with restricted access to normal sand and freshwater but convenient access to sea 

sand and sea-water (e.g., offshore and coastal areas) [16]. Dong, et al. [3] have reinforced 

the sea-water sea sand coral concrete (Coral-SWSSC) beams with basalt fibre reinforced 

polymer (BFRP) bars. Authors replaced the top of the Coral-SWSSC beams with 

ultrahigh-performance concrete (UHPC) and replaced the longitudinal reinforcement bars 

and stirrups with BRRP bars as well as strengthened the tension face of the beam with 

BFRP wrapped steel tube (tensile reinforcement). The findings revealed a considerable 
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high enhancement in the ultimate bending capacity and displacement, energy absorption, 

and bending stiffness of the developed beams in comparison with the control.  

Meikandaan and Murthy [17] have investigated the efficiency of CFRP laminates to 

repair concrete damaged beams. They found that CFRP laminates enhanced the ultimate 

load carrying capacity of the strengthened beams by 17 % compared to that of the control 

beam. It also delayed the initiation of cracks. Remennikov et al. [18] have also externally 

bonded CFRP sheets to concrete beams and noticed an increase of 28.5% in the load 

capacity. CFRP sheets were also used to improve the performance of prestressed concrete 

beams by Wight et al. [19]. The findings were that CFRP reduced the strain in the 

reinforcements, delayed the reinforcement yielding, and significantly increased the 

ultimate strength of concrete beams. Furthermore, Hosny et al. [20] and Grace et al. [21] 

have reported that CFRP contributed greatly to the enhancement of the beam ultimate 

carrying capacity. Grace et al. [21] have also indicated that the use of CFRP reduced 

deflections and cracks that do occur are smaller and more evenly distributed. 

Therefore, utilization of fibre-reinforced polymer (FRP) in civil and structural 

engineering applications has become very common around the world, due to its most 

remarkable advantages, including high resistance to corrosion, substantial improvement 

in the strength and stiffness of an established structural element with minimal impact on 

the environment, and high strength to weight ratio [22-28]. Therefore, a researcher claimed 

that when FRPs (carbon, glass, aramid, and basalt fibre) are utilized as concrete 

strengthening materials, sea sand can be utilized without even salt removal [3]. The failure 

modes or FRP retrofitted beams have been examined and observed the interfacial 

debonding and FRP sheet rupture as the main failure mode [29, 30]. Typically, the 

utilization of composite fibre plates like CFRP removes the risk of epoxy-platform 

corrosion and decreases the probability of bonding failure. However, various modes of 

failure for RC beams bonded externally with CFRP plates are illustrated in Fig. 1. These 

modes of failure are “flexural failure by FRP fracture, flexural failure by crushing of 

compressive concrete, critical diagonal crack (CDC), shear failure, plate end interfacial 

debonding, concrete cover separation, and intermediate crack (IC) induced interfacial 

debonding” [15, 31-33]. 
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Fig. 1. Typical modes of Failure of RC beams bonded externally with FRP plate [32, 33] 

RC structures externally attached to polymer composites are massively complicated in 

terms of cracking behaviour patterns. As well as transferring stress between steel bars and 

concrete, the transfers from the exterior plate to concrete must be taken into consideration, 

depending on the bonding laws of the interface. Previous studies have reported that RC 

beams externally bonded to CFRP and exposed to the wet and dry environment under sea-

water exposure have decreased their strength by 33 percent [34].  

The failure position along the beam and detached concrete thickness depends mainly 

on crack patterns and load arrangements [35]. Therefore, RC beam cracking control is 

typically attained by limiting the stress increase in the bonded reinforcement and 

confirming that the bonded reinforcement is appropriately distributed. Still, this way of 

cracking control is not sufficient enough for high chloride RC beams, which allow for 

corrosion of the bonded reinforcement and lead to high cracking propagation and low 

bending and shear resistance. In this respect, another tool for cracking control of high-

chloride RC beams is carbon fibre reinforced polymer (CFRP). This study, therefore, 

examined the strength and cracking patterns performance of RC beams incorporated sea 

sand bonded externally with CFRP plate. Three groups of RC beams named control beam, 

RC beam incorporated with sea sand and bonded with CFRP plate, and normal RC beam 

bonded with CFRP plate were fabricated and tested under four-point bending load. Each 

group had three replicates, and the average was then taken. 
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2. Experimental Program 

2.1 Materials 

Cement, fine aggregate, coarse aggregate, CFRP plate, and epoxy adhesive are the 

materials used. Type I ordinary Portland cement (OPC) having 3.15 specific gravity and 

2.2% loss of ignition and confirming the requirements prescribed in ASTM C150 [36] was 

utilized with the chemical composition shown in Table 1. 

Table 1. OPC chemical compositions [37, 38] 

Composition SiO2 Fe2O3 Al2O3 CaO MgO SO3 C3S C2S C3A 

OPC 

(%) by mass 
20.52 3.63 5.32 63.31 1.08 2.18 46.9 26.3 7.96 

The concrete mix design was determined for achieving concrete grade 50 in 

accordance with BS 1881-124:2015 [39], which was then used throughout the study. 

Wooden formworks were utilized to mould the specimens. The water to cement ratio was 

0.47. Crushed granite coarse aggregate with two sizes, nominal size of 10 mm and 

maximal size of 20 mm, was used together with fine aggregate (normal sand or sea sand) 

and OPC as the binding materials. The concrete mix design quantities are presented in 

Table 2. The sea sand (fine aggregate) was collected from a local west coast in the south 

of Kuala Lumpur, Port Dickson, Malaysia. The sand was passing through a 4.75 mm sieve 

and retailing on 75 mm. 

Table 2. Concrete mix design quantities 

Quantity  
OPC 

(kg) 

Water 

(kg/L) 

w/c ratio  

FA (kg) 
CA (kg) 

10 mm 20 mm 

Per m3 (to nearest 

0.25 kg) 
450 180 0.47 505 450 785 

FA denotes fine aggregate (either normal sand or sea sand), and CA denotes the coarse 

aggregate  

The CFRP plate utilized, as strengthening materials, was Selfix Carbofibre provided 

by the Exchem company with the cross-sections and mechanical properties shown in Table 

3. CFRP plate was bonded externally to the concrete using epoxy adhesive. The type of 

adhesive was Sikadur 30 supplied by Sika Kimia (Sika Kimia Sdn. Bhd., Negeri Sembilan, 

Malaysia), which has the same brand as the CFRP plate. The structural epoxy was mixed 

accordingly based on the manufacturer's recommendation for the bonding application with 
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a mix ratio of 3:1 (epoxy-hardener). The epoxy adhesive was then applied before and after 

placing the CFRP in order to ensure that it fully in contact with concrete. Table 4 shows 

the adhesive epoxy mechanical properties. 

Table 3. CFRP plate dimensions and mechanical properties 

Plate L (mm) W (mm) Thk (mm) TS (MPa) EM (GPa) E (%) 

CFRP 1400 50 1.2 3000 165 2.0 

L denotes Length, W denotes width, Thk denotes thickness, TS denotes tensile strength, EM 

denotes elastic modulus, and E denotes elongation  

 

Table 4. Mechanical properties of Epoxy 

Type  BS (MPa) TS (MPa) EM (GPa) CS (MPa) E (%) 

Epoxy > 3 30 2 70 1.0 

BS denotes bonding strength, TS denotes tensile strength, EM denotes elastic modulus, CS denotes 

compressive strength and E denotes elongation 

2.2 Specimens preparation  

Two batches of concrete mixes were prepared, namely normal concrete, sea sand 

concrete. Six cubes for each batch with characteristic strength of 50 MPa were cast and 

constructed following BS 8110 standard [40]. The mixture quantities are shown in Table 

2. In this study, samples in the form of RC beams were prepared to examine the flexural 

and cracking behavior of sea sand RC beam strengthened externally, in the tension face, 

with CFRP. In addition, 2T10 as hunger bars and 2T12 mm as tension reinforcement bars 

having yield stress (𝑓𝑦) and elastic modulus (𝐸𝑠) of 460 MPa and 207 GPa, respectively, 

were utilized in each specimen. The link diameter of R6-300 having 250 MPa yield 

strength and 200 GPa elastic modulus was used, as shown in the cross-section A-A (Fig. 

2). Three groups of RC beams with dimensions of 1600 mm length, 150 mm height and 

100 mm width subjected to four-point bending load (𝑃) were fabricated. The specimens 

were tested in accordance with ASTM D6272 [41] where the loading span is 1/3 of the 

support span. These three groups were control beam, RC beam incorporated with sea sand 

and bonded with CFRP plate, and normal RC beam bonded with CFRP plate. Each group 

had three replicates, and the average of the results was then taken. The curing process of 

the three RC beams was performed using the method of water retention by covering the 

sample for 28 days with wet rugs, as shown in Fig. 3. 
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The 1400 mm length and 1.20 mm thick CFRP plate is externally attached via the 

epoxy adhesive to the under-tension surface of the RC beam. For bonding purposes, the 

tension surface of the RC beams was exposed and roughened using an air tool hammer. 

The surface was then cleaned from any dust or any small concrete particles. Epoxy was 

carefully applied to the tension surface of the RC beams and into the surface of the CFRP 

plate. CFRP plate was then placed into the RC beam tension surface (Fig. 4) and pressed 

manually with hand homogenously throughout the bonded length to provide a firm bond 

between the CFRP plate and RC beam. 

The specimens were cured for 28 days to achieve the target strength. The sample was 

then able to be set up and instrumented experimentally. The study aimed at the 

determination and observation of the ultimate load, deflection behavior, and cracking 

pattern and mode of failure of the RC beams. Therefore, linear variable differential 

transducer (LVDT), load cell, and data logger were the only instruments utilized. To 

measure the displacement under a four-point bending load, three LVDTs were placed on 

the beam tension face. The LVDTs are placed in the tension face of the RC beams on three 

different positions along the beam, which are at mid-span and at 300 mm from the middle 

for both sides. However, the data taken to plot the graph is for the LVDT placed on the 

mid-span. Fig. 5 shows the testing set-up and LVDTs locations. 
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Fig. 2. RC beam bonded with CFRP configuration and load arrangement 

 

Fig. 3. Casting and curing of RC beams 

 

Fig. 4. CFRP bonded externally to RC beam 
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Fig. 5. Instrumentation and testing set-up (Schematic and laboratory diagrams) 

3. Finite element analysis (FEA) 

 The nonlinear behavior of the beams was modeled using an FEA technique. For the study, 

the finite element modlling (FEM) kit Abaqus 6-13 [42] was used. 

3.1 Material Properties and Constitutive models:  

a) Concrete 

 To describe concrete behaviour, the concrete damage plasticity model (CDP) implemented 

which some studies recommend simulating concrete behaviour because of its ability to deal 

with the 3D nonlinear inelastic behaviour of concrete as well as the confinement and damage 

mechanism, compressive, tensile, and plastic properties in the inelastic range [43-45]. Lubliner 

et al. [46] first introduced CDP then a development proposed by Lee and Fenves [47]. CDP 

can assume that there are two main failure modes are (1) tensile cracking and (2) compressive 

crushing. The behaviour of concrete in tension and compression is illustrated in Fig. 6. 
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Fig. 6. Behavior of concrete under uniaxial load in (a) tension and (b) compression [48] 

 The CDP model in Abaqus 6-13 [42] consists of plastic behaviour, compressive behaviour, 

and tensile behaviour of concrete. For plastic behaviour, five parameters need to be defined 

which are: a) dilation angle (ψ) which is a result of volume strain over shear strain. Its value is 

ranged between 20o – 40o, b) the plastic potential eccentricity of concrete (ε), c) the ratio of 

compressive stress in the biaxial state to the compressive stress in the uniaxial state (σb0/σc0), 

d) the shape factor of the yielding surface in the deviatoric plane (Kc), and e) viscosity 

parameter. Table 5 summarizes the parameters and their defined values.  

Table 5. plasticity model parameters 

ψ ε σb0/σc0 Kc Viscosity parameter 

30 0.1 1.16 0.667 0.0055 

 Compressive behaviour of concrete in CDP model introduced according to Eurocode EN 

1992-1-1 [49]. Which described in the following equations (Eqn. 1 – 4): 

𝜎𝑐 = 𝑓𝑐
′ 𝑘𝜂−𝜂2

1+(𝑘−2)𝜂
                                                                                                                           (1) 

Where : 

𝑘 = 1.05𝐸𝑐
|𝜀𝑐1|

𝑓𝑐
′                                                                                                                          (2) 



11 
 

𝜂 =  
𝜀𝑐

𝜀𝑐1
                                                                                                                                                       (3) 

Where 𝐸𝑐 is the modulus of elasticity of concrete: 

𝐸𝑐 = 22 [
𝑓𝑐

′

10
]

0.3

                                                                                                                          (4) 

 𝜀𝑐1 is the strain corresponding to 𝑓𝑐
′, and 𝜀𝑐 is the concrete strain at a stress of 𝜎𝑐. The 

equations proposed by Majewski [50] were used to find 𝜀𝑐1 and the ultimate strain 𝜀𝑐𝑢 of the 

concrete as presented by the following equations (Eqn. 5 & 6) 

𝜀𝑐1 = 0.0014[2 − 𝑒−0.024𝑓𝑐
′

− 𝑒−0.14𝑓𝑐
′
]                                                                                  (5) 

𝜀𝑐𝑢 = 0.004 − 0.0011[1 − 𝑒−0.0215𝑓𝑐
′
]                                                                                     (6) 

 The compression damage dc is calculated as follow (Eqn. 8): 

𝑑𝑐 = 1 −
𝜎𝑐

𝜎𝑐𝑢
                                                                                                                               (8) 

 For tension behaviour of concrete in CDP model according to relation presented in [51] 

(Eqn. 9): 

𝜎𝑡 =  𝐸𝑐𝑚𝜀𝑡       𝑖𝑓     𝜀𝑡 ≤  𝜀𝑐𝑟                                                                                                   (9) 

𝜎𝑡 =  𝑓𝑡

(𝜀𝑡)

𝜀𝑐𝑟

0.4

       𝑖𝑓     𝜀𝑡 ≤  𝜀𝑐𝑟 

 The tensile strength (𝑓𝑡) can be obtained as follows [49] (Eqn. 10): 

𝑓𝑡 = 0.3(𝑓𝑐𝑘)2/3                                                                                                                       (10) 

 The tension damage dt is calculated as follow(Eqn. 11): 

𝑑𝑡 = 1 −
𝜎𝑡

𝜎𝑡0
                                                                                                                            (11) 

 For an elastic definition, the Poisson ratio is assumed to be 0.2. 

 Several studies observed a reduction in modulus of elasticity when fine aggregate is 

replaced partly or fully with sea sand or seashells [5, 52-54]. Ming et al. [54] studied the 

mechanical properties of sea sand concrete. In their conclusion, they observed that the modulus 

of elasticity of sea sand concrete is 9% lower than normal concrete. They explained that 

hydration of cement leads sodium chloride to crystals and expand in volume causes internal 
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cracks in the concrete. Therefore, this study considers 9% reduction in modulus of elasticity 

for sea sand concrete.  

b) Steel reinforcement  

 The steel was assumed to be an elastic–perfectly plastic material and identical in tension 

and compression. Material properties are described in section 2.2. 

c) CFRP 

 The material properties of the elastic behaviour of CFRP are assumed to be isotropy. This 

assumption made based on the conclusion made by Obaidat et al. [55]. They concluded that 

assuming CFRP is isotropic leads to closer results to orthotropic assumption.  Hence, define 

the material as isotropy reduce computation complexity so analysis time will be shorter.  

d) Element selection and interaction 

 The model in this study was constructed using 3D elements. To model concrete and 

supports, an 8-node linear brick element with reduced interaction and hourglass control 

(C3D8R) was selected. Reinforcements were represented using a 2-node truss element with 

three degrees of freedom at each node (T3D2). The CFRP material was modeled using 4-node 

shell with reduced integration and hourglass control (S4R). The fine mesh was applied to 

ensure results accuracy.  

 The interaction between concrete and reinforcement is assumed to be a perfect bond by 

applying the “Embedded region”. Two types of interaction were implemented to study their 

effect on beam load capacity:  

i. Perfect bond: This definition means that CFRP is firmly adhered to concrete and assures 

that the relationship between concrete and CFRP does not lead to a failure. This 

interaction is applied by defining the “Tie” constrain between concrete and CFRP. 

ii. Cohesive-behaviour contact: the concept is to model the adhesive contact properties to 

define the interaction between concrete and CFRP. The type of interaction is “Surface-

surface contact” where the concrete is the master part and CFRP is the slave. Contact 

properties is cohesive-behaviour, Table 6 shows Epoxy properties defined in Abaqus. 

Table 6. Epoxy properties defined in Abaqus 

E G tAdhesive Knn= E/ tAdhesive Kss= G/ tAdhesive Ktt= G /tAdhesive 
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2 GPa 0.665 GPa 0.1mm 20 6.65 6.65 

E denotes elastic modulus, G denotes shear modulus, tAdhesive denotes adhesive thickness, Knn,Kss,Ktt 

denotes stiffness Coefficients 

e) Boundary conditions and model configuration  

 Boundary conditions for supports were applied “Pin” for support 1 and roller for support 

2. For applied load, displacement concept adopted where the two point-loads are constrained 

by “Coupling constraint” to a master point at the centre of the beam to ensure simultaneous 

movement. Fig. 7 illustrates the boundary conditions and model configuration. 

 

Fig. 7. Boundary conditions and model configuration 

4. Results and discussion  

4.1 Compressive strength test  

The first part of the experiment examined the concrete strength to meet the specified 

strength (50 MPa). The result of the cube test at 7 and 28 days of curing is shown in Fig. 

8. The result indicates that the sea sand concrete inherited early high compressive strength 

at seven days, contrasting with normal sand concrete. However, the compressive strength 

at 28 days was found to be mostly the same (50.23 MPa for normal sand concrete and 

49.63 MPa for sea sand concrete). The early high strength that sea sand concrete achieved 

is due to the combination of chlorides that contain in the sea sand with cement (OPC). 

This finding is in line with the literature reviewed by Dhondy, et al. [4] and Xiao, et al. 

[5]. 
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Fig. 8. Compressive strength test results 

4.2 Deflection performance  

Fig. 9 reveals the graph of load vs. deflection at the mid-span of the three tested beams 

(control beam, RC beam incorporated sea sand and bonded with CFRP (sea sand beam), 

and RC beam bonded with CFRP (normal sand beam ) subjected to static four-point 

bending load. It can be seen that the control RC beam behaves approximately linearly 

between the applied load and deflection until it reached the maximum applied load of 25.7 

kN and optimal deflection of 15.6 mm. However, the RC beam strengthened with CFRP  

behaves linearly between the applied load and deflection until it reached the maximum 

applied load of 31.7 kN and optimal deflection of 6.3 mm while the RC beam incorporated 

sea sand and externally bonded with CFRP behaves gradually increasing until it reached 

the maximum applied load of 26.1 kN and maximum deflection of 6.8 mm. Based on the 

result obtained it can be seen that the strength performance of RC beam incorporated with 

sea sand and externally bonded with CFRP is 5.50% greater than the control beam 

strength, which indicates good performance. In contrast, the normal beam bonded with the 

CFRP plate shows high strength performance compare to the control and sea sand RC 

beams. 

Based on the load-deflection relationship of the beams at mid-span, the more strength 

capacity is the beam, the more improvement of deflection can be obtained. Besides, it can 

be observed that the improvement in deflection capacity indicated an increase in beam 

stiffness strengthened by the CFRP plate compared to the unstrengthened control beam. 

Also, it can be revealed that the stiffness of the RC beam incorporated with sea sand and 
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bonded externally with CFRP  plate is lower than the normal RC beam bonded externally 

with CFRP plate. 

 

Fig. 9. Load vs. deflection relationship  

In general, strengthening reinforced concrete beams with CFRP plate improved the 

load-deflection behaviour of the beams. Additionally, both RC beams that strengthened 

with CFRP plate shown better deflection behaviour than the unstrengthened control beam. 

The differences between the two RC beams strengthened were the amount of deflection 

that can be standing by the strengthened beam.  

4.3 Cracking patterns  

Cracking patterns is an important parameter in structure elements which required 

observation and measurement during experimental work. Cracks can be either flexural or 

shear cracks. The flexural crack pattern is almost a vertical crack and perpendicular to the 

principal stress, while the shear crack is the inclined cracks that approach the shear region. 

Fig. 10 shows a view of crack patterns on the side of the three beams tested under the static 

loading. It can be seen from the side view that at the beginning of the applied load, flexural 

cracks were formed in all of them. However, the cracks began to appear to be like shear 

cracks as the applied load increased. 

Based on the observation and from Fig. 10, the RC beam mixed with sea sand 

strengthened with CFRP  started to crack when the applied load reached the value of 3.3 

kN with deflection of 1 mm, while the normal beam strengthened with CFRP  started to 

0

5

10

15

20

25

30

35

0 2 4 6 8 10 12 14 16 18

L
o

ad
 (

k
N

)

Mid span deflection (mm)

normal sand beam Sea Sand Beam Control Beam



16 
 

crack when the applied load reached the value of 9.4 kN with deflection of 2 mm. 

However, the initial crack of the unstrengthened control beam was at an applied load of 

0.8 kN with deflection of 1 mm. as a result, at those points of initial cracks of each beam, 

the concrete is exceeding the yield strength. When the applied load reached the maximum 

strength, the loads started to decrease, and the cracks became bigger. 

 

Fig. 10. Cracking patterns A) Control beam, B) Normal sand beam bonded with 

CFRP , C) Sea sand beam bonded with CFRP 

4.4 Failure modes 

Additionally, Fig. 11(a, b) shows the plate debonded with concrete. It can be seen that 

the cracks increase toward the region between the CFRP  and  concrete. However, as the 

cracks approach into the shear region, the bonding strength between CFRP and  concrete 
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started to decrease and suddenly debonded the plate from the concrete, as shown in Fig. 

11b. On the other hand, Fig. 12 shows the failure of the unstrengthened control beam. It 

can be seen that the control beam with no bonding fails with concrete crushing at the mid-

span of the beam. 

 

Fig. 11. Failure mode of a) Normal sand RC beam bonded with CFRP , B) Sea sand 

RC beam bonded with CFRP 

 

Fig. 12. Failure mode of control beam 

Table 7 shows the crack’s behaviour and failure modes of the tested specimens. The 

spacing between the cracks was determined at the tension side of the beams. It is observed 

that the spacing of the cracks for the beam bonded externally with CFRP plate was on the 

average of 30 mm, while the spacing of the cracks on the tension side of the control beam 

without externally bonding with CFRP plate was on the average of 55 mm. 
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 As a result, the spacing of the cracks for the beams bonded externally with CFRP plate 

was less than the spacing of the cracks of the control beam without bonding CFRP plate. 

The rigidity of the refined concrete will in other words influence the cracking behaviour 

of the beams bonded externally with CFRP. Additionally, it can be seen that strengthening 

the RC beam with CFRP  at the tension side may cause a reduction of cracks spacing. The 

spacing range from 12 – 57 mm for the normal sand beam strengthened with CFRP  and 

varied from 14 – 59 mm for the sea sand beam strengthened with CFRP plate and varied 

from 27 – 84 mm for the control beam, as shown in Table 7. So, we can say that the 

average spacing for beams strengthened with CFRP plate was approximately 29 % to 55 

% lower than the average spacing of the control beam. 

Table 7. Cracking behaviour and failure Modes of the tested RC beams 

Beams 

Ultimate 

Load 

(kN) 

Number of cracks 
Range crack 

spacing(mm) 

Average 

spacing(mm) 

Failure 

mode Shear CMR Total 

Normal Sand 

beam with 

CFRP  

31.7 6 4 10 12 – 57 27 PED 

Sea Sand beam 

with CFRP  
26.1 5 8 13 14 – 59 33 PED 

Control beam 25.7 7 5 12 27 – 84 55 CR 

[CMR – Constant Moment Region; CR – Concrete Crushing; PED – Plate End Debonding] 

4.5 Finite element analysis Results  

4.5.1 Load-Deflection comparison 

The load-deflection curves obtained for the control beam and strengthened beams from 

experiments and FEM analysis are shown in Fig. 13. Two different bonding models for CFRP 

and concrete were used. 

There is good agreement between FEM and experimental results in terms of maximum 

load capacity for all three specimens. However, there is a significant difference in deflection 

between experimental and FE results. This difference can be related to human error during 

experimental measurements or as described by Obaidat et al. [55] that perfect bond assumption 

may produce stiffer models. Even though the deflection in the three graphs differs, the load 

capacity results showed agreement ranged from 79.06% - 93.8%.  
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The effect of interaction type seems insignificant when observing FE results in Fig. 13 (a, b). 

the perfect bond assumption gives similar results as cohesive-behaviour contact. Therefore, 

implement either tie or cohesive-behaviour contact will lead to having similar results. 

However, in such cases “tie” constraint is favourable regarding its simplicity and time 

inexpensive analysis.  

Beam's ultimate load capacity is taken after the first drop in the graph. In Fig. 13 (a, b) 

both models over-estimate the beam stiffness and continue to increase the load after a slight 

drop. This drop starts at values equivalent to experimental ones. The continuity beam stiffness 

can be attributed to CFRP resistance. The experimental and FEM simulated ultimate load 

capacity of the beams are compared in Table 8. 

Table 8. Comparison between experimental and FEM simulated ultimate load capacity of the 

beams 

Model 
Ultimate Load (kN) FE/Exp 

ratio Experimental FEM 

Control Beam 25.7 30.365 1.265 

Normal sand beam bonded with CFRP 

(Perfect bond) 
31.7 

33.805 1.066 

Normal sand beam bonded with CFRP 

(Cohesive-behaviour contact) 
34.32 1.083 

Sea sand beam bonded with CFRP (Perfect 

bond) 
26.1 

32.27 1.246 

Sea sand beam bonded with CFRP 

(Cohesive-behaviour contact) 
32.76 1.245 

From the table, it can be notice that sea sand beams bonded with CFRP are higher than 

control beam. These results agreed with experimental observation. It shows that CFRP 

strengthening improved the performance of the sea sand concrete beam.  In contrast, normal 

sand beam bonded with CFRP give the highest ultimate load.  
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(a) 

 
(b) 

 
(c) 

Fig. 13. Load-Deflection curve obtained from experiment and FE: a) Control Beam, b) 

Normal sand beam bonded with CFRP , c) Sea sand beam bonded with CFRP 
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4.5.2 Crack pattern  

The crack pattern is an important parameter to test the model's ability to capture the 

mechanism of fracture of the beam. Since this study focuses on the performance of sea sand 

beam bonded with CFRP. Then, a crack pattern for sea sand beam bonded with CFRP is 

presented in this section and compared with the experimental results. On the other hand, the 

crack pattern of thenormal sand beam bonded with CFRP is presented to compare interaction 

model's ability to show crack development.  

 Cracks forming at the material integration stage are not included in the concrete 

damaged plasticity model.  However, in order to achieve graphical simulation of cracking 

patterns on the concrete structure, the idea of an effective crack direction can be introduced. 

Various parameters for the description of the direction of cracking may be used within the 

context of scalar-damage plasticity. According to Lubliner et. al., [46], cracking starts at points 

where the equivalent tensile plastic strain exceeds zero and the maximum main plastic strain is 

positive. 

Fig. 14 demonstrates that both interaction models are able to capture crack patterns of 

the specimens. Cohesive-behaviour contact showed quite a better crack pattern than perfect 

bond however this advantage is not remarkable. 
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Cohesive-Behaviour 

Fig. 2. Crack pattern of  FE models a) Normal sand RC beam bonded with CFRP , 

B) Sea sand RC beam bonded with CFRP 

4.5.3 Failure mode 

Since the perfect bond model excludes bond fracture, it is unable to model the debonding 

fracture mode observed in the experiments. On the other side, the cohesive model will reflect 

debonding. Debonding fracturing happened while the cohesive bond model was used. This is 

illustrated in Fig. 15. 

 

Perfect bond Cohesive-Behaviour 

Fig. 3. Failure mode of FE models a) Normal sand RC beam bonded with CFRP , B) 

Sea sand RC beam bonded with CFRP 

5. Conclusion  

CFRP plate increases the stiffness capacity of the RC beam, which increases the 

strength performance of that beam. However, several conclusions can be made to the 

strength performance and cracking patterns behaviour of the RC beam incorporated sea 

sand and bonded with the CFRP plate. 

1. Based on the compressive strength results, it can be concluded that the concrete was 

not affected by mixing the sea sand as fine aggregate as the compressive strength was met 

the target strength after 28 days.  

2. Based on load-deflection behaviour, it can be concluded that RC Beams bonded 

externally with CFRP plate had higher stiffness compared to the control beam without 

bonding. 

3. CFRP plates are suitable for strengthening materials that can improve the sea sand RC 

beam strength or normal sand RC beam. 

Debonding 
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4. RC beams bonded externally with CFRP plate failed in plate end debonding (PED) of 

the CFRP  plate while the control beam without bonding failed in concrete crushing at the 

mid-span of the beam. 

5. Strengthening the RC beam with CFRP  can improve the cracking performance of the 

concrete beam.  

6. Finite element simulation showed a very acceptable results compared to the 

experimental results. 
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