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Abstract 

This paper presents a focused study on using different methods to enhance the ulti-
mate capacity of flexural behavior in RC slabs. Four RC specimens were casted with 
common compressive strength and reinforced with steel mesh. Specimens were 
strengthened with different methods such as usage of GFRP sheets, carbon fibers la-
minate strips and near surface mounted steel rebars. All specimens were subjected to 
two-point loading setup. Load was increased from zero to failure load. First crack 
was recorded and crack pattern was observed. The behavior of strengthened speci-
mens was compared to that of the control specimen to judge the efficiency of the 
used techniques. Test results showed that the used techniques were effective in en-
hancing the behavior of the strengthened slabs by noteworthy values. 
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1. Introduction 

There is no doubt that the problem of cracked concrete structures has become one of 
the most pressing problems that must join hands in efforts to reach a solution before 
cracks appear in structure. Some of concrete structures that were built in the past years 
were inadequate to carry service loads. This insufficient load carrying capacity has re-
sulted from poor maintenance, increasing in legal load limit, insufficient reinforcement, 
excessive deflections, structural damages or steel corrosion, which leads to cracks. Re-
pair, retrofitting and rehabilitation of existing concrete structures have become a large 
part of the construction activity; also the money spent on retrofitting of existing struc-
tures in recent years has exceeded that spent on new structures due to using traditional 
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techniques [1]. The restoration, strengthening and retrofitting of concrete are work of 
rehabilitation/treatment adjustments to the structural elements (such as foundations, 
columns, beams and slabs) so that beams are recorded soundness values in strengthen-
ing and retrofitting by using FRP in the worst case of loading such as cyclic loads [2]. 
Enhancing the cracking loads and mode of failure of slabs as flexural elements is de-
manding [3] [4]. Therefore, in this research, the problem was handled and studied by 
testing four RC slab specimens strengthened using three different techniques to judge 
their effectiveness in enhancing the behavior of the strengthened slabs in addition to 
one pilot specimen. Nowadays, generally new techniques appear in strengthening field. 
One of the important structural elements is slab which is may crack due to overloading, 
change of building function, or fabrication errors. In this research, efficiency of slab 
strengthening was judged by comparing the behavior of strengthened specimens from 
the point of view of cracking and ultimate loads, cracking mechanism, and mode of 
failure. This research was focused on studying three of the most popular innovative slab 
strengthening techniques: GFRP sheets, carbon fiber laminate strips, and near surface 
mounted steel rebars. 

2. Experimental Work Program 
2.1. Introduction 

One of these slabs was tested as reference (control) specimen. The rest three specimens 
were strengthened using three different techniques Glass Fiber Reinforced Polymer 
(GFRP) Sheets, Carbon Fiber Reinforced Polymer (CFRP) Laminate Strips and Near 
Surface Mounted Steel Rebars (NSMR). 

2.2. Manufacturing Procedures of Specimens 

Concrete dimensions for RC slabs are 140 mm thickness, 1000 mm length and 500 mm 
width. All slabs were reinforced with 3Y12, 6Y10 main reinforcement mesh in longitu-
dinal and short direction, respectively, Figure 1. Specimen’s forms, Figure 2 were pre-
pared to match the proposed specimen’s dimensions. Table 1 shows concrete mix de- 
 

 
Figure 1. Slab reinforcement mesh. 
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Figure 2. Specimen formwork. 

 
Table 1. Concrete mix design proportions. 

Coarse Aggregate kg/m3 Fine Aggregate kg/m3 Cement kg/m3 Water kg/m3 

1200 600 350 175 

 
sign proportions which were estimated according to British Standard [5] to obtain con-
crete mix with compressive strength equals 25 MPa. The mixing process of fresh con-
crete was made in the traditional technique using 230 liters concrete mixer. Specimens 
were compacted in a way to produce full compaction as much as possible by using the 
standard tamping rod. Finally, specimens were leveled at top to get smooth concrete 
surface as seen in Figure 3. 

2.3. Strengthening of Specimens 

The strengthening of RC slabs was made following the traditional procedure. Firstly, 
Slab surface were roughened to ensure good bond between repairing materials and 
concrete surface. GFRP sheets which were tailored to dimensions of 1000 mm length, 
500 mm width and 1.17 mm thickness. Suitable resin was used to glue GFRP sheets on 
concrete surface. Figure 4 shows the installation procedure of GFRP sheets. The second 
specimen was strengthened using two carbon fiber laminate strips of dimensions 1000 
mm length, 50 mm width and 1.2 mm thickness. Suitable epoxy adhesive was used to 
bond Carbon Laminates on concrete surface as shown in Figure 5. The third specimen 
was strengthened using two high grade steel bars with 12 mm diameter as near surface 
mounted rebars. Driller was used to engrave the positions of two bars then the main 
role of blower appeared to clean concrete surface before adding special adhesive epoxy 
to glue steel rebars. Figure 6 and Figure 7 show the installation process of the used bars 
in near surface mounted method. Table 2 shows the details of strengthening system 
used for each specimen. It should be noted that, the amount of strengthening materials 
was selected based on the relative cross-sectional areas and the material strengths in a 
way to achieve the same potential capacity. 
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Figure 3. Final casted specimen. 

 

 
Figure 4. Installing of glass fiber sheets. 

 

 
Figure 5. Installing of carbon laminate strips. 
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Figure 6. Drilled locations of steel rebars. 

 

 

Figure 7. Embedding process of the steel rebars. 
 
Table 2. Details of specimens.  

Specimen 
Strengthening  

Technique 
Young’s Modulus 

of Repairing Material 

Details 
of Strengthening  

Element 

Added Area 
of Strengthening 

Element 

S1 Control Non Non Non 

S2 GFRP Sheets 73 KN/mm2 
One sheet with 1000 mm 

length, 500 mm width  
and 0.6 mm 

300 mm2 

S3 
Carbon  

Laminate Strips 
165 KN/mm2 

Two strips 
with 1000 mm length,  

50 mm width and  
1.2 mm thickness 

120 mm2 

S4 
Near Surface  

Mounted Rebars 
200 KN/mm2 

Two steel bars 
with 12 mm diameter 

226 mm2 

2.4. Test Setup 

RC slabs were tested under main frame with load cell capacity of 500 KN. Test speci-
mens were tested under the effect of two-point static loads. Dial gauge was used to 
measure the maximum vertical deflection at middle span of slab. Load was increased 
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from zero to failure load. The first crack was recorded and crack pattern was observed. 
Figures 8-11 show the details of test setup, instrumentation and the mode of failure of 
the different tested specimens. 
 

 
Figure 8. Test setup & crack pattern-specimen (S1). 

 

 
Figure 9. Test setup & crack pattern-specimen (S2). 

 

 
Figure 10. Test setup & crack pattern-specimen (S3). 

 

 
Figure 11. Test setup & crack pattern-specimen (S4). 
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3. Analysis and Discussions of Test Results 

Test results of specimens are summarized in Table 3 and it is clear from Table 3 that 
the ultimate load of specimens strengthened with near surface mounted rebars, carbon 
Fiber laminate strips and GFRP sheets gives ultimate load higher than that for the con-
trol specimen by about 67%, 46% and 32%, respectively. Also, firmly it was established 
that, the percentage of cracking to ultimate load are in the range 56% to 72%. The 
maximum value of the (Pcr/Pult) percentage is related to specimen (S2) due to integrity 
of GFRP sheets to specimen with large cross-sectional area, which is, finally, leads to 
control cracks propagation and gained specimen more ductility in reducing cracks. The 
minimum value of the (Pcr/Pult) percentage respective to specimen (S4) because near 
surface mounted technique was made with steel reinforcements that is ductile and thus 
the behavior of the strengthened specimens remains ductile (under reinforced section) 
that is characterized by low percentage of Pcr/Pult. At the same load, deflection of spe-
cimen's recorded maximum value for specimen (S2) because of the low young’s mod-
ulus of GFRP sheets compared to the other strengthening materials used. It's worth 
mentioning that specimens (S3) and (S4) give the best values in ultimate load capacity 
due to higher young’s modulus of used repairing material (matrix) and the effect of 
high bonding of special epoxies used to concrete sofit. 

Figure 12 shows the load-deflection for the tested specimens and revealed that all 
strengthening techniques are effective in strengthening RC slabs in this research. They 
increase the initial stiffness of the control specimen by about one and half folds. The 
used strengthening techniques do not affect the ductility or the failure mechanism of 
the control specimen significantly (under reinforced section); this is clear from the pla-
teau portion of curve in the post cracking stage. It is also clear that, as unusual, using 
CFRP laminate strips or NSMR were not positively affecting the ductility of tested spe-
cimens, this may be attributed to the selected value of the ratio of the cross-sectional 
area of fibers to that of the reinforcing steel of the specimen, Af/As and the values of the 
modulus of elasticity of the used fibers. 
 

 
Figure 12. Relationship between load and deflection for strengthened slabs. 
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Table 3. Experimental results of tested RC slabs.  

Specimen Pcr (ton) Pult (ton) 
Pcr/Pult 

(%) 
Displacement 

Ductility Factor (%) 
Max. Def. 

(mm) 
Strengthening 

Method 

S1 7.10 10.60 67% 180% 17.55 Control 

S2 10.20 14.00 72% 260% 18.48 GFRP Sheets 

S3 9.50 15.50 61% 257% 18.01 
Carbon Laminate 

Strips 

S4 10.00 17.70 56% 250% 19.53 
Near Surface 

Mounted 

4. Failure Mode of Specimens 

Crack pattern of (S1) started by small bottom flexural cracks then the propagation of 
the cracks increased. The narrow crack with angle equal 45o appeared at the edge of 
tested slab cohere with small bottom flexural cracks and by increasing load, the failure 
took place. The failure of specimen (S2) started with little small flexure cracks followed 
by debonding in GFRP sheets due to increasing in load and finally failure took place. 
Specimen (S3) failed by excessive shallow bottom flexure cracks confirmed with deep 
crack with angle equal 45o appeared at slab edge followed by debonding in carbon la-
minate strips and finally specimen failed. Sequence of crack mechanism for specimen 
(S4) befell by small bottom flexural cracks and deep crack with angle equal to 45o ap-
peared at slab edge. Large cracks lead to debonding of steel bars in lately state. Figure 
13 shows the crack pattern for different specimens. Almost, all specimens crack pattern 
can be classified as flexure failure with some shear cracks. 

5. Economical Study 

The economical study helps in taking the right decision for choosing the best method to 
use. Table 4 was prepared with credit point system, the large number represents the 
optimum and vice versa (max ten points in each item). The comparison was made con-
sidering many parameters already taken in this study. In overall, carbon laminate strips 
method superiority on the other methods. In the first case, all studied parameters were 
taken into consideration and the three innovative techniques nearby the same with 
small variation; also the technique of GFRP sheets drooped in the first case and rec-
orded the smallest value. If one ignores some parameters which are not significantly ef-
fective in ordinary buildings like deflection, Pcr/Pult and displacement ductility factor, 
carbon laminate strips technique came in the first class and can be classified as low cost 
to high efficiency followed by GFRP sheets/NSMR as appeared in the second case. For 
special structures which are subjected to earthquakes and lateral loads, the third case 
can represents these structures, carbon laminate strips and near surface mounted rebars 
methods appears as usual with their magical efficiency and performance. 
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Figure 13. Crack pattern for strengthened slabs. 
 
Table 4. Economical study to choose the suitable method to use. (a) First case; (b) Second case; 
(c) Third case. 

(a) 

Point of Comparison 
(S2) 

GFRP  
Sheets 

(S3) 
Carbon  

Laminate Strips 

(S4) 
Near Surface 

Mounted Rebars 

Ultimate Load 8 9 10 

Deflection 9.75 10 9.2 

Pcr/Pult 7.8 9.2 10 

Displacement Ductility Factor 10 10 10 

Cost/Labor 10 10 8 

Total Grade 45.6 48.2 47.2 

(b) 

Point of Comparison 
(S2) 

GFRP  
Sheets 

(S3) 
Carbon  

Laminate Strips 

(S4) 
Near Surface  

Mounted Rebars 

Ultimate Load 8 9 10 

Cost/Labor 9.75 10 9.2 

Total Grade 7.8 9.2 10 

(c) 

Point of Comparison 
(S2) 

GFRP  
Sheets 

(S3) 
Carbon  

Laminate Strips 

(S4) 
Near Surface  

Mounted Rebars 

Ultimate Load 8 9 10 

Pcr/Pult 7.8 9.2 10 

Displacement Ductility Factor 10 10 10 

Cost/Labor 10 10 8 

Total Grade 35.8 38.2 38 

Keys of Credit Points: Ultimate Load ≡ the highest ≡ 10; Deflection ≡ the least ≡ 10; Pcr/Pult ≡ the least ≡ 10; Dis-
placement Ductility Factor ≡ the highest ≡ 10; Cost/Labor ≡ the least ≡ 10. 
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6. Conclusion 

Strengthening RC slabs using GFRP Sheets/CFRP Laminate Strips or using NSMR is an 
effective technique. Using these techniques increases the initial stiffness of the original 
specimens by about one and half folds and keeps the ductile behavior of the original 
specimens. This can be achieved by accurate selection of the percentage of the 
cross-sectional area of the strengthening materials to that of the reinforcing steel, Af/As 
and the selection of strengthening materials with suitable modulus of elasticity that 
provides approaching of compatibility conditions. Also cost study in this research faci-
litates directing the end-users to choose the suitable technique considering the project 
conditions and the governing parameters. 
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