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Abstract 

Carbon Fiber Reinforced Polymer (CFRP) is usually used to strengthen RC 

flexural members but most engineers do not consider in deflection aspect. In this 

paper, nine RC slab specimens, represented RC slab strengthened with CFRP, 

were tested under four-point and three-point bending in order to observe the 

deflection behaviour. It was found that using CFRP was effective to control the 

deflection of the slab. The deflection of strengthened specimens less than one of 

specimens without strengthening around 30% - 60%. The design charts based on 

Bischoff’s model, which can predict the deflection from test results in the elastic 

range, were constructed to support engineers for selecting a proper area of CFRP 

for deflection control of slab. 

Keywords: Deflection, Design chart, Fibre-reinforced polymer, RC slab, 

Strengthening. 
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1.  Introduction 

The buildings, which constructed with reinforced concrete slab usually have problem 

with crack when its age is above 10-30 years [1]. Sometimes crack pattern may be 

found at the bottom of the slab because of long term deflection. The causes of this 

scenario may come from many reasons such as creep of concrete, and deterioration 

of building from usage. Hence, rehabilitation is necessary for the building. In case of 

renovation building in order to have more service live load, the strengthening is 

required. Many techniques have been developed and succeeded in rehabilitating and 

strengthening the RC slab [2-4], including steel plate or steel beam bonding, external 

prestressing, section enlargement, reinforced concrete jacketing and ferrocement 

cover. The Fibre Reinforced Polymer (FRP) strengthening technique is the famous 

one that can be upgraded to the existing RC slab to carry out more service live load. 

Effectiveness characteristics of FRP composite materials such as high strength-to-

weight ratio, ease in installation, and high resistance to corrosion are helpful for 

strengthening RC slabs. Many researches [5-11] were focussed on the type of FRP, 

strengthening technique to increase flexural resistance and bonding strength of epoxy 

adhesive between concrete and FRP. In this study, deflection control of RC slab 

strengthened by CFRP plate is study. 

Moment capacity of a reinforced concrete section can be calculated according to 

ACI318-14 code [12]. The neutral axis of the section is located where the summation 

of compression and tension forces is zero, called equilibrium equation of section. 

Generally, the distance from the extreme compression layer to the neutral axis (c) is 

calculated from the equilibrium equation. Consequently, the moment capacity of the 

section is determined by the couple moment of compression and tension forces. For 

the RC section strengthened by external FRP, the moment capacity is calculated 

following ACI440.2R-17 [13]. As the same flexural theory provided by ACI318-14 

[12], the tension force from FRP is added in the equilibrium equation as shown in Eq. 

(1). After solving the length of compression zone (c), the moment capacity of the 

strengthened section can be calculated using Eq. (2). 
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where b is the width of the section 

 c is the distance from the extreme compression layer to neutral axis 

 d is the distance from the extreme compression layer to the centroid 

of tension reinforcement 

 h is the overall thickness of section 

 As  is the area of tension reinforcement 

 Ef is the tensile modulus of elasticity of FRP 

  is the compressive strength of concrete 

 fy is the yield strength of steel reinforcement 

 1 is factor shall be taken as 0.85 for concrete strength less than 30 MPa. 

For concrete strength 30 MPa up,  shall be reduced continuously 


cf
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at a rate 0.05 for 7 MPa increasing of concrete strength, but  shall 

not less than 0.65 

 cu  is the strain at concrete crushing = 0.003 

  is FRP strength reduction factor = 0.85 for flexure 

Guide for the design and construction of externally bonded FRP systems for 

strengthening concrete structures [13] does not give the equation for predicting 

deflection of members after strengthening with FRP, but it can be found in guide 

for the design and construction of structural concrete reinforced with FRP bar 

(ACI440.1R-06) [14], which is internally bonded in concrete. Gao et al [15] 

proposed the assumption for compute deflection is the same as a flexural theory by 

replacing the moment of inertia with an effective moment of inertia (Ie) based on 

the model by which, is adopt from Branson [16] model. The effective moment of 

inertia is depended on the ratio of cracking moment to apply moment (Mcr/Ma), 

which is accounted for nonlinear behaviour after concrete crack. It is gradually 

degraded from the moment of inertia of gross-section (Ig) to moment of inertia of 

cracked section (Icr). The equation for the calculated effective moment of inertia 

(Ie) is shown in Eq. (3) [15]. 
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where Mcr is cracking moment calculated from  0.5 /cr c g bM f I y   

 Ma is applied the moment 

 Ig is the moment of inertia of gross section 

 Icr is the moment of inertia of cracked section 

 d is reduction coefficient related to the reduced tension stiffening 

exhibited by FRP-reinforced members calculated from d = 

f/(5fb) where f  and fb is actual and balanced FRP reinforcement 

ratio, respectively 

Bischoff [17] proposes more accurately models, which account for the 

instantaneous tension-stiffening phenomenon. The rationally predicting value of Ie 

for both RC beams and FRP RC beams is expressed in Eq. (4). 
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The use of FRP plates for flexural strengthening of RC members has proven to 

be effective in enhancing both strength and stiffness [5-11]. The deflection of slab 

strengthened by using FRP strengthening technique is reduced significantly [5-6, 18]. 

However, engineers always abandon the reduction of deflection of the slab after 

strengthening with FRP technique because they believed that the moment of inertia 

of section after strengthening increase a little bit compared to the other technique such 

as steel plate or steel beam bonding. In addition, it is complicated to calculate the 

deflection of RC slab strengthened by FRP. The method that usually is selected for 

inspection of floor slab deflection after strengthening by FRP is in-situ full load test. 

However, it is expensive and consumes time for 4-5 day of testing. 

1
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This paper presents an effort of doing an experiment to investigate the deflection 

behaviour and proposing charts for selecting the area of FRP for control the deflection 

of RC slab. The charts can help engineers to quickly estimate a proper area of FRP 

according to the allowable deflection and applied load. 

2.  Experimental Program 

The slab specimens were designed and constructed to represent RC slab. The 

dimensions of specimens are 600 mm width, 100 mm thickness and 3,000 mm 

length. The longitudinal steel of 5 and 10 mm diameter deformed bars (s = 0.010), 

and the transverse steel of 12 and 9 mm rounded bars were used. There were two 

series of specimens, the 1st series was tested under four points bending while the 2nd 

series was tested under 3 points bending.  

Specimens of the 1st series consisted of one control specimen (C1) (represented a 

prototype without strengthening) and three strengthened specimens. The dimensions 

and steel reinforcement details of the strengthened specimens were identical with the 

control specimen but it was different in number and locations of the installed CFRP 

as shown in Fig. 1. In order to study deflection behaviour with different CFRP 

configurations, there are three configurations of 100 mm width and 1.2 mm thickness 

CFRP plate. The strengthened specimens consisted of one row-1 ply CFRP (S1-1 

specimen), two rows-1ply CFRP (S1-2 specimen) and one row-2 ply CFRP (S1-3). 

It should be noted that specimen S1-2 and S1-3 had the same area of CFRP plates, 

but it was different in locations of installation. Specimen S1-2 installed separately 

while specimen S1-3 installed overlapped in the same location. All specimens in the 

1st series were tested under four points bending through a 100 kN hydraulic jack and 

transfer beam. Schematic of tested set up for 1st series specimens is shown in Fig. 2. 

 

Fig. 1. Dimensions and reinforcement details of 1st series specimens. 
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Fig. 2. Schematic figure of 1st series test set up. 

Dimension and details of 2nd series specimens are shown in Fig. 3. This series 

consisted of 1 control specimen (C2) and 4 strengthened specimens. Specimen S2-

1 was strengthened with 1 row-1 ply CFRP plate 50 mm width and 1.2 mm 

thickness. Specimen S2-2 was strengthened with 2 rows- 1 ply CFRP. Specimen 

S2-3 was strengthened with 1 row-2 plies CFRP. Specimen S2-4 was strengthened 

with 2 rows-2 plies CFRP. All specimens in 2nd series were tested under 3 points 

bending. Tested set up is shown in Fig. 4.  

Concrete mix proportion for 1 cubic meter, using the ratio of water and cement 

of value 0.49, consisted of cement 282 kg, coarse aggregate 1015 kg, fine aggregate 

930 kg, admixture type B&D 700 millilitres and water 137 litres. Table 1 shows 

the properties of materials for all specimens. The unidirectional carbon-fibre 

reinforced panel with epoxy resin dipped and cured 50 and 100 mm width and 1.2 

mm thickness were used for this study. 

 

Fig. 3. Dimensions and reinforcement details of 2nd series specimens. 
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Fig. 4. Schematic figure of 2nd series test set up. 

Table 1. Properties of materials. 

Strength of bar DB10 

Yield strength 502.5 MPa 

Ultimate strength  538.0 MPa 

Strength of bar RB9 

Yield strength 353.2 MPa 

Ultimate strength  497.5 MPa 

Compressive strength of concrete (28 days) 

1st series 23.4 MPa 

2nd series 22.4 MPa 

Strength of CFRP plate 

Ultimate tensile strength 3,008 MPa 

Modulus of elasticity  165 GPa 

Epoxy adhesive 

Compressive strength 100 MPa 

Flexural strength 32 MPa 

Bonding strength to concrete 3.4 MPa 

Bonding strength to steel 25 MPa 

3.  Experimental Results 

All specimens were loaded until the specimens failed or the stroke of hydraulic 

jack reach its maximum displacement (60 mm).  The flexural cracks were 

observed at the bottom of all slab specimens as shown in Figs. 5 and 6. It was 

observed that the 1st series specimens had a number of cracks comparing with 

the 2nd series of specimens.  

The specimens of the 1st series were tested by four-point bending and the 

maximum moments were applied through the middle part of slabs. Therefore, the 

reinforcing bars resisted the distributed tension force and many cracks were 

observed. For 2nd series specimens, which were tested by three-point bending, the 

maximum applied moments were at the centre point and the reinforcing bars were 

applied by the concentrated tension force. The crack spacing observed in 2nd series 

specimens was larger than one observed in 1st series specimens. 
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(a) Specimen C1. (b) Specimen S1-1. 

  
  

  

(c) Specimen S1-2. (d) Specimen C2. 

 

 

(e) Specimen S2-2. 

Fig. 5. Crack patterns of specimens C1, S1-1, S1-2 and C2. 
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(a) Specimen S1-3. (b) Specimen S2-1. 

  

  

(c) Specimen S2-3. (d) Specimen S2-4. 

Fig. 6 Crack patterns and debonding of CFRP 

for specimens S1-3, S2-1, S2-3 and S2-4. 

The relationship between load and deflection for all  specimens are shown in 

Fig. 7 and Table 2 summarises the test results at yielding of longitudinal bars and 

failure mode.  Specimens C1, S1-1, S1-2, C2 and S2-2 were tested until the 

deflection reached maximum stroke of hydraulic jack (60 mm) while specimens 

S1-3, S2-1, S2-3 and S2-4 were failed by debonding of CFRP as shown in Fig. 6. 

The load versus strain for all specimens are plotted in Fig. 8. Comparing with the 

yield strain of longitudinal bars (2500 micron), the bars in all specimens were  
yielded except the specimens S1-3.  Specimen S1-3 failed by debonding of CFRP 

before yielding of longitudinal bars while specimens S2 -1, S2-3 and S2-4 failed 

by debonding of CFRP after yielding of longitudinal bars . It should be noted that 

engineers must carefully consider the strength of debonding of CFRP in order to 

ensure the ductility of the slab.  To define the mode of flexural failure, the strain 

of longitudinal bars from testing should more than an analytical value 

corresponding to the ultimate compressive strain of concrete (0.003). Based on 

the assumption that strain diagram of the section is linear, the analytical strains 

of longitudinal bars is equal to 0.003(d-c)/c where the compressive length (c) is 

calculated from equilibrium equation as expressed in Eq. (1). The strains of 

longitudinal bars from the experiment and the analysis are shown in Table 3. It is 
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indicated that the measured strains of longitudinal bars for all specimens except 

specimen S1-3 were more than the analytical values. This is implied that all 

specimens except specimen S1-3 were failed by flexural mode while the 

specimen S1-3 was failed by debonding of CFRP.  

It should be noted that the measured strains in 1st series specimens were less 

than the strains observed in the 2nd series of specimens. As described in the 

previous paragraph, the 1st series specimens were tested by four-point bending 

and the reinforcing bars resisted the distributed tension force through the middle 

part of slabs while the 2nd series specimens were tested by three-point bending 

and the reinforcing bars resisted the concentrated tension force at the centre point. 

The strengthening specimens had a significant reduction of slab deflection. 

Consider the control specimen C1 in the elastic range, the yield load was 10.4 kN 

with 42 mm of deflection. It found that, at the same load, CFRP strengthening could 

reduce deflection about 27 mm (reduce 36%), 20 mm (reduce 51%) and 19 mm 

(reduce 55%) for specimen S1-1, S1-2 and S1-3, respectively.  

The deflection behaviour for the 2nd series specimens trended to be the same as 

the 1st series of specimens.  Considering the control specimen C2 in elastic range, 

the yield load was 10.1 kN with 30 mm of deflection.  

The CFRP strengthening could also reduce deflection about 19 mm (reduce 

36%), 16 mm (reduce 46%), 14 mm (reduce 55%) and 10 mm (reduce 67%) for 

specimen S2-1, S2-2, S2-3 and S2-4, respectively. The specimens S1-3 and S2-3, 

which had CFRP configuration of 2 layers attached CFRP plates were more stiffed 

than the specimens S1- 2 and S2-2, which attached CFRP 2 rows and 2 plies.  This 

fact can be confirmed by the value of elastic stiffness in column 8 of Table 2.  The 

strengthened specimens have a higher value of stiffness than the control specimens. 

The comparison of the tested moment and moment capacity calculated from 

ACI318-14 [12] for control specimens and ACI440.2R-17 [13] for strengthened 

specimens are shown in Table 3. Based on perfect bonding between the CFRP plate 

and concrete, the equations from ACI318- 14 [12] and ACI440.2R-17 [13] can 

predict the moment capacity agreed with the tested result.  The moment capacity 

ratio of tested result per predicted equation is around 0.86-1.20 except the specimen 

S1-3 and S2-3, which the ratios are around 0.78-0.79. This is because the specimens 

S1-3 and S2-3 failed by debonding of CFRP before yielding of longitudinal bars.  

For the 1st series, the moment capacity was increased for strengthened specimens 

compared with control specimen, approximately 1.5 and 2.0 times depending on the 

amount of CFRP. For the 2nd series, the moment capacity had a similar trend as the 1st 
series.  It was increased about 1.6, 2.4 and 3.3 times for specimens strengthened with 

one plate, two plates and four plates of CFRP, respectively.  

However, the strengthened specimens with 1 row and 2 plies of CFRP plates 

(S1-3 and S2-3) was not successful to increase load capacity as expected because 

of premature debonding between CFRP and slab .  It is implied that the 

configuration that CFRP plate installed directly to the surface of a concrete slab 

is more efficient than the overlay installed CFRP configuration .  Design 

recommendation for overlay CFRP configuration maybe uses a maximum load 

around three-quarters of the calculated capacity. 
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(a) 1st series. (b) 2nd series. 

Fig. 7. Relationship between load and deflection. 

  

(a) 1st series. (b) 2nd series. 

Fig. 8. Relationship between load and strain of longitudinal bar. 

Table 2. Summary of experimental results. 

Series Specimen 

Area 

(CFRP) 

(mm2) 

Pyield 

(kN) 
yield 

(mm) 

Pmax 

(kN) 
Max 

(mm) 

Stiffness 

(kN/mm) 

Failure 

mode* 

1st 

 

C1 - 10.40 41.8 13.39 60.8 0.249 Y and S 

S1-1 120 18.27 46.6 22.68 60.8 0.392 Y and S  

S1-2 240 21.58 44.7 26.94 60.8 0.483  Y and S 

S1-3 240 - - 20.48 39.9 0.513 D 

2nd 

C2 - 10.08 30.1 11.97 60.2 0.335  Y and S 

S2-1 60 14.49 30.1 18.59 50.0 0.481 Y and D 

S2-2 120 20.48 36.0 29.30 60.0 0.569 Y and S  

S2-3 120 17.01 28.1 20.48 34.9 0.606  Y and D 

:S2-4 240 35.28 46.1 39.38 58.0 0.766  Y and D 

*Y: Yielding of longitudinal bar, D: Debonding of CFRP, S: Stroke limitation. 
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Table 3. Moment capacity and strains of longitudinal bars. 

Series Specimen 

Maximum 

moment (kN.m) 

Strains of long. 

bars (micron) 
Ratio 

MTest/MPredict 
MTest MPredict Test Predict 

1st 

C1 12.50 11.20 8,000 7,020 1.12 

S1-1 21.17 19.80 3,000 3,100 1.07 

S1-2 25.14 23.86 2,940 2,240 1.05 

S1-3 19.11 24.18 1,625 2,240 0.79 

2nd 

C2 8.38 9.76 22,300 6,600 0.86 

S2-1 13.01 15.06 18,100 3,930 0.86 

S2-2 20.51 18.85 21,500 2,940 1.09 

S2-3 14.33 18.85 4,100 2,940 0.78 

S2-4 27.56 22.94 8,300 2,168 1.20 

4. Deflection Prediction 

An elastic deflection () at mid-span can be calculated based on the theory of 

structure as shown in Eqs. (5) and (6) [19] for 1st and 2nd series specimens, 

respectively.  

   2 23 4
24 c e

Pa
L a

E I
                 (5) 

 
3

48 c e

PL

E I
                  (6) 

where  P is load on the specimen 

L is the span of specimen 

 is shear span, which is equal to L/3 for 1st series 

E c is the modulus of elasticity of concrete 

Ie is an effective moment of inertia as previously shown in Eq. (4) 

based on Bischoff [17] model. 

The effective moment of inertia as expressed in Eq. (4) depends on the moment 

of inertia of cracked section (Icr) and the ratio between applied moment and cracked 

moment. The moment of inertia of cracked section (Icr) can be calculated as Eq. (7) 

by transforming the area of reinforcing bars and CFRP to be an area of concrete. 

The term kd is the depth of the neutral axis measured from extreme compression 

layer of concrete as illustrated in Fig. 9. Term k is calculated using the equilibrium 

of the transformed section as shown in Eq. (8). 
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where Es is the modulus of elasticity of steel 

 Ef is tensile modulus of elasticity of FRP 

 ns = Es/Ec  and nf = Ef/Ec 
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s is ratio of reinforcement = As/(bd)  

f is FRP reinforcement ratio = Af/(bd) 

 As  is the area of tension reinforcement 

 Af is the area of FRP external reinforcement 

h is the overall thickness of the section 

 

Fig. 9 Transformed section, strain and 

stress diagrams of strengthened RC section. 

The comparison of deflections from the experiment and prediction using Bischoff 
[17] equation is shown in Fig. 10. It is indicated that the value of prediction is well 

agreed with the experiment results in elastic range but it cannot predict the deflection 

after the yielding of reinforcing steel. Daugevicius et al. [18], Al-Sunna et al. [20], 

Smith and Kim [21], Said [22] and Faruqi et al. [23] tried to predict deflection 

response for FRP strengthened beam and slab section for uncrack, crack and post-

yield stage. There are three main approaches for predict complete deflection response, 

effective second moment of area-based approaches [18, 22], assumed curvature 

distribution based approaches and local deformation [21, 23-25] and finite element 

modelling approaches [10-11, 26]. However, in a practical situation, allowable 

deflection of the slab is limited in the elastic range, which the reinforcement steel does 

not deform beyond its yield strain. The permissible deflection based on ACI318-14 

[12] is limited to L/180 for the slab, in which, not supporting or attached to 

nonstructural element likely to be damaged by large deflections. The calculated 

allowable deflection for all specimens with 2800 mm of span length was about 15 

mm. It can be noted that Bischoff [17] model is suitable to use for a practical design 

for slab strengthened by FRP composite material. 

  

(a) Specimen C1. (b) Specimen S1-1. 
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(c) Specimen S1-2. (d) Specimen S1-3. 

  

(e) Specimen C2. (f) Specimen S2-1. 

  

(g) Specimen S2-2. (h) Specimen S2-3. 

 

(i) Specimen S2-4. 

Fig. 10. Comparison of deflections from  

experiment and prediction using Bischoff’s equation. 
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5.  Proposed Charts for Deflection Control 

Two charts are proposed for estimating the area of CFRP that the effective moment 

of inertia (Ie) is stiff enough to control the deflection of RC slabs in-service stage. 

The charts are constructed from Bischoff [17] model and formatted in unitless. 

Equations (4) and (7) can be rewritten in a unitless format by dividing the moment 

of inertia of gross section as shown in Eqs. (9) and (10). 

  
   
       

            

2

/
1

1 1

cr ge

g
cr cr

g a

I II

I I M

I M

                (9) 

     
  

       
   

3
2234 12 1 12cr

s s f f
g

I d
k n k n h d k

I h
           (10) 

Chart no.1 (Fig. 11) is the relationship of the ratios of (Mcr/Ma), (Ie/Ig) and (Icr/Ig) 

constructed from Eq. (9). Engineers must know the cracking moment, an applied 

moment from service load, the moment of inertia of gross section, and effective 

moment of inertia for control deflection. Then, using chart no.1, the ratio of (Icr/Ig) 

can be obtained from the known values of the ratios (Ie/Ig) and (Mcr/Ma). 

 

Fig. 11. Proposed design chart no. 1. 

Chart no. 2 (Figs. 12-14) is the relationship of the ratio of (Icr/Ig), transformed 

area of reinforcement ratio (ns s) and transformed area of CFRP ratio (nf.f) 

constructed from Eqs. (8) and (10) by ratios of h/d equal to 0.6, 0.7, and 0.8. 

Engineers know the transformed area of reinforcement ratio (ns s) before 

strengthening and know the required ratio of (Icr/Ig) to control the deflection from 

the previous step. Then, using chart no. 2, the transformed area of CFRP ratio (nf 

f) can be easily obtained. 

To illustrate how to use the proposed design chart, the control specimens C1 

and C2 are picked to consider in deflection aspect. If the service loads are about 

two-thirds of the yield loads, the service load P is about 7 kN. The deflections from 

the experiment are about 28.9 mm and 19.5 mm for specimen C1 and C2 

respectively. It is shown that the deflections are larger than 15 mm of the control 
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deflection. The problem is how to select an area of CFRP to control the deflection. 

Table 4 shows the steps to obtain the amount of CFRP using the proposed chart. It 

is found that the proper area of CFRP must not less than 131 mm2 and 5 mm2 for 

specimen C1 and C2 respectively.  

 

Fig. 12. Proposed design chart no. 2 for d/h = 0.6. 

 

Fig. 13. Proposed design chart no. 2 for d/h = 0.7. 

 

Fig. 14. Proposed design chart no. 2 for d/h = 0.8. 
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Table 4. Illustration of using proposed chart for deflection control. 

 
Steps 

Specimens 

C1 C2 

1. Control displacement (mm) 15 15 

2. Service load P (kN) 7 7 

3. Required Ie (mm4) Eq. (4) 15.99×106 9.59×106 

4. Known Ig (mm4) 50.00×106 50.00×106 

5. Parameter Ie/Ig 0.32 0.19 

6. Mcr (kN-mm) 2,419 2,366 

7. Ma (kN-mm) 6,533 4,900 

8. Mcr/Ma 0.29 0.15 

9. Icr/Ig (from chart no.1, Fig. 10) 0.24 0.37 

10. ns = Es/Ec 8.80 8.99 

11. nf = Ef/Ec 7.42 8.42 

12. f = As/(bd) 0.010 0.010 

13. ns. f  0.09 0.09 

14. Parameter d/h 0.65 0.65 

15. nf. f  (from chart no. 2, Fig. 11 d/h = 0.60) 0.036 0.002 

16. nf. f  (from chart no. 2, Fig. 12 d/h = 0.70) 0.014 0.000 

17. nf. f  (interpolation for d/h = 0.65) 0.025 0.001 

18. Required Af  (mm2) 131 5 

6.  Conclusions 

From this study and test results, the conclusions can be drawn: 

 The deflection of RC slab strengthened with CFRP plate was reduced 

significantly about 36%-55% for the 1st series specimens and about 36%-67% 

for the 2nd series specimens. The moment capacity was increased about 1.5-3.3 

times depends on the area of the CFRP plate.  

 The effective configuration is that CFRP plates were installed directly to the 

surface of the concrete slab. It is not recommended to install CFRP by 

overlaying because there is a chance to fail due to debonding of CFRP before 

yielding of longitudinal bars.  

 The design charts for selecting the proper area of CFRP to control the deflection 

of the RC slab are proposed. The charts are constructed from Bischoff’s equation, 

which can predict the deflection agreed with the experimental results and 

formatted in unitless. Moreover, the charts are simple to estimate the area of 

strengthening the CFRP plate for controlling service deflection.  

 In this paper, the RC slabs strengthened by CFRP plate were studied in one-

way bending behaviour. Further study should be extended to investigate the 

deflection behaviour of two-ways slab or flat slab system. 
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Nomenclatures 
 

a Shear span, which is equal to L/3 for series 1 

Af Area of FRP external reinforcement 

As Area of tension reinforcement 

b Width of section 

c
 

Distance from extreme compression fibre to neutral axis 

d Distance from extreme compression fibre to centroid 

of tension reinforcement 

df Distance from extreme compression fibre to centroid 

of tension reinforcement 

Ec Modulus of elasticity of concrete 

Ef Tensile modulus of elasticity of FRP 

Es Modulus of elasticity of steel 

fy Specified yield strength of non-prestressed steel reinforcement 

cf   Specified compressive strength of concrete 

h Overall thickness of section 

Icr Moment of inertia of cracked section transformed to concrete 

Ie Effective moment of inertia 

Ig Moment of inertia of gross section 

kd Depth of neutral axis measured from extreme 

compression fibre 

L Span of specimen 

Ma Apply moment 

Mcr Cracking moment 

Mn Moment capacity of strengthened section 

nf Modular ratio of elasticity between FRP and concrete = Ef/Ec 

ns Modular ratio of elasticity between steel and concrete = Es/Ec 

P Load apply on specimen 
 

Greek Symbols 

1 Factor shall be taken as 0.85 for concrete strength up to and 

including 30 MPa. For strength above 30 MPa, 1 shall be 

reduced continuously at a rate 0.05 for each 7 MPa of strength in 

excess of 30 MPa, but 1 shall not be taken less than 0.65 

d Reduction coefficient related to the reduced tension stiffening 

exhibited by FRP-reinforced members  

cu Strain at concrete crushing = 0.003 

f FRP reinforcement ratio = Af/(bd) 

s Ratio of non-prestressed reinforcement = As/(bd) 

 FRP strength reduction factor = 0.85 for flexure 
 

Abbreviations 

CFRP Carbon Fibre Reinforced concrete 

FRP Fibre Reinforced Polymer 

RC Reinforced Concrete 
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