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Abstract

Several existing reinforced concrete structures (RC) require
improvement in performance for reasons of deterioration. This is due to
many factors such as the change in code requirements. The current
study was assisted by experimental models to investigate the behavior
of RC slabs strengthened with carbon fiber reinforced polymer (CFRP)
laminates and sheets. Seven RC slabs strengthened with CFRP
(laminates and sheets) were tested. The slabs were divided into four
groups. The first phase includes one slab without strengthening
(reference slab), the second phase includes one slab strengthened with
CFRP laminates, and the third phase includes one slab strengthened
with CFRP sheets. The fourth phase includes four slabs strengthened
with different areas of sheets. The major test parameters included the
different types of strengthening materials and the corresponding types of
epoxies used for each type of CFRP. A comparison between the two
types of CFRP was conducted. The load deflection, load strain and
mode of failure were investigated. Test results demonstrated that the
flexural strength increased, and the ductility reduced with the increase in
the area of CFRP sheets. for almost equivalent applied area, CFRP
Sheets has more significant influence on the behavior of the
strengthened slabs than laminates. Strengthening of RC slabs with
CFRP improves the flexural strength capacity for both types. For the
same CFRP strength, the sheets showed a cost reduction of 70%. The
difference is attributed to the difference in the mechanical properties and
the bonding quality of the CFRP material

1. Introduction

strengthening of concrete structures with fiberboard is an advanced method for increasing load-
bearing capacity and extending life. In recent years, carbon fiber reinforced polymer (CFRP)
composites have been widely used to repair and strengthen weak and damaged RC structures [1].
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There are several theoretical and experimental studies on the load-bearing behavior of CFRP
reinforced RC elements. Using CFRP laminates to reinforce RC panels is considered highly
beneficial if it increases the panel's bending capacity without affecting collapse modes [2]. The use
of FRP composites for strengthening reinforced concrete structures has the potential to be
significantly more durable and economically viable [3]. Applying strips of CFRP sheets in two
perpendicular directions and bonded to the bottom of the slabs improved the punching shear
strength of slab [4]. For panels with particularly pronounced bending behavior, FRP efficiency
decreases with increasing number of composite layers [5]. CFRP reinforcement significantly
improved the punch shear strength and predicted failure loads compared well with experimental
results [6]. Strengthening techniques have a great impact on increasing strength. The near-surface
(NSM) shear strengthening technique using CFRP laminates is very effective for his RC beams
with an average concrete compressive strength of 60 MPa [7]. There is an increase in strength and
deflection, over the unanchored but strengthened control counterparts [8]. Other research [9]
includes the use of end-anchoring techniques. The end-anchor technique increased the ultimate
failure load but could not prevent spalling. Reinforcement techniques using FRP include external
bonding of laminates to concrete slabs and beams and wrapping of concrete columns [10]. Using an
externally bonded (EB) FRP reinforcement system without end anchorages increased yield and
failure loads by about 38% and 46%, respectively [11]. In general, GRP materials are characterized
by high strength-to-weight ratio, corrosion resistance, short processing times and flexible use. These
materials are readily available in a variety of forms, from factory-made laminates to dry fiberboard
that can be wrapped to the shape of the structure. Recently, studies of slab systems have been
extended to topics related to environmental impact and sustainability, such as the sensitivity
analysis of the life cycle assessment [12] and the development of metamodels based on deep-
learning methods [13]. This study presents experimental investigations for the use of carbon FRP
laminates and sheets with different strengthening techniques and sheet arrangements. The effect of
CFRP bonded to the slabs is explored in terms of the mode of failure, load-deflection
characteristics, stress-strain characteristics.

2. Experimental Work

2.1 Materials

Seven RC slabs with dimensions (150 cm x 100 cm x 8 cm) were prepared. All slabs were
rectangular in cross-section and prismatic. The examined average compressive strength, tensile
strength and modulus of elasticity of concrete at 28 days were 30 MPa, 4 MPa, and 35 GPa,
respectively. The slabs were reinforced with five rebar of diameter 8 mm per meter length in short
direction and seven rebar of diameter 8 mm per meter length in long direction. The properties of the
CFRP (type laminates and sheets) were taken from the manufacturer's product data sheets and
installation instructions. Table 1 shows the mechanical properties of CFRP used in this study.

Table 1 Properties of Laminates® S512 and Sheets Hex® -230C

Properties Laminates® S512 properties Sheets Hex® -230C properties
Areal weight (£10) 230 + 10 (g/m?) 230 + 10 (g/m?)
Density 1.60 (g/cm3) 1.78 (g/cm3)
Adhesion to concrete 4 (MPa) 4 (MPa)

243




S.E. Alharty, STRENGTHINING OF REINFORCED CONCRETE SLABS USING CARBON FIBER POLYMERS

Fiber tensile strength (nominal) | 3100 (MPa) 4300 (MPa)
Fiber tensile modulus (nominal) | 165,000 (MPa) 234,000 (MPa)
Fiber breaking elongation 1.7 (%) 1.8 (%)

fabric design thickness 1.20 (mm) 1.13(mm)

2.2 CFRP Application

CFRP was applied after 28 days of slab water curing. The required area was polished followed by
water and air cleaning. The slabs were kept drying in the open air. Epoxy was finally applied in two
coats — above and underneath the CFRP sheet. A special steel roller was used to ensure the absence
of any air voids and ensure full contact of CFRP sheet to the concrete surface. The specimens were
kept for ten days in open air to cure, hardened and then tested (this is according to manufacturing
company recommendations).

2.3 Test Program

The slabs were examined statically by a self-made loading frame equipped with a single loading
hydraulic jack located at its center. A schematic view of experimental setup and the arrangement of
the measurement devices are shown in Figure 1. They were examined as one-way slabs along their
longest span. Figure 2 shows the reference slab without any strengthening. Details and description
of the tested specimens are shown in Figures 3, 4, 5 and 6. The slabs were divided into four groups.
List of slabs with different strengthening conditions are shown in Table 3. The first phase includes
one slab without strengthening (reference slab), the second phase includes one slab strengthened
with CFRP laminates, and the third phase includes one slab strengthened with CFRP sheets. The
fourth phase includes four slabs strengthened with different areas of sheets. The purpose of the
second and third phases of testing is to compare the degree of enhancement of CFRP to the stiffness
of slabs for the two types. The purpose of the fourth phase of testing is to capture the enhancement
in the stiffness of slabs with different areas of CFRP sheets.
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Figure 1-a Typical Section Showing Load, and LVDTs Locations
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Figure 1-b Strain Gauge Locations of Slabs Specimens
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Fig. 2 Details of reinforced mesh of the reference slab (RS).
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Fig.3 Fixing laminates and Sheets on the Tension Face of Slab.
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Table 2 explanation of the application of CFRP to the tested slabs

t B=

Carbon Fiber Type Carbon Fiber Type
oo samples Slab Laminates - sheets = Epoxy
P Code | Length | Width o f' Area | Length | Width o f' Type
2
(cm) (cm) strips (cm?) | (cm) (cm) strips
1 Reference Slab RS control slab without CFRP
(control)
Strengthen Sika
2 Slab with Ssc 150 5 A e e e I dure
Laminates -30
Strengthen
3 Slab With Ssweo | === | - | e 9000 150 60 1
sheets Sika
Strengthen Sswao | - | - | - 6000 150 40 1 dure
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Fig. 5 Details of CFRP Strengthening for Test Specimens.

3. Results and Discussions

The ultimate load and maximum deflection results for the control and reinforced slab samples are
tabulated below in Table 3. The results showed that the Failure Load increased, and displacement
decreased when implementing sheets, Fig. 6. When implementing sheets with equivalent force of
laminates, the failure load increased 1.5 times and the deflection decreased, Fig. 7. As shown in
Figure 8, as the area of the sheet increased, the ultimate load increased, and the displacement
decreased. The uniform distribution of CFRP sheets showed approximately the same performance
when applying the equivalent sheet area as one piece, Fig.9.
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Table 3 Maximum deflection and Ultimate load obtained for all the samples.

Al sollfges MaXIm_um Max. Strain at % Increased %o Deflection
Slab | crack load Load Deflection . . )
code P P at middle middle span Capacity reduction
cr f A _ _
(KN) (KN) span(mm) X1076 (Pf - Ptrs)/ Ptrs | (Df - Dtrs)/ Dirs
RS 17.67 23.83 32.57 000 e o
Ssc 38.73 455 15 4500 90.9 53.9
Ssweo 49.73 69.74 19.8 7400 192.7 39.2
Sswao 42.28 49.45 22.38 6500 107.5 31.3
Sswao 34.03 47 22.905 5000 97.2 29.7
Ssw20 24.74 41 28.675 3500 72.1 12.0
Sswio 39.09 49.46 28.31 4500 107.6 13.1
90
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Fig.6 Relationship between load and mid-span displacement for different slabs
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Fig. 7 Relationship between RS, Ssc, S SW60 load and intermediate displacement
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Fig. 8 Relationship between load and intermediate displacement of slabs with different Sheet Areas.

4. Crack pattern and Failure Mechanism

Two types of failures were observed during testing. The reference slab had a crack parallel to the
support line and in the region of maximum positive moment (the bottom of the slab), resulting in a
flexural failure. The slab Ssc initially exhibited bending cracks initiated in the region of maximum
positive moment parallel to the support line. As the load increased, additional bending cracks
formed and widened. The main crack appears in the center. The failure was slightly sudden due to a
small area of fiber bond attached to slab surface as shown in Fig.10. Failure mode of the slabs
strengthened with sheets mainly due to debonding failure of the CFRP sheets, as shown in Figure
11. However, the rupture was preceded by the yielding of steel. The capacity at failure was
relatively greater for the CFRP strengthened slabs. This was attributed to the failure mode of slabs
strengthened with sheets gradually due to the large area of bond attached to slab surface.

The comparison between strengthening with laminates and Sheets shows that Strengthening using
Sheets was more effective than strengthening with laminates as it gives higher strength reach to
170%.
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Fig.11 Crack Pattern and Mode of Failure for Slab SSW60.
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5. Comparison of Experimental Results and Egyptian Code of Practice for CFRP.

5.1 Capacity calculated by code:
5.1.1 Slab strengthened with laminates (Ssc)

Figurel2 shows the Internal Strain and Stress Distribution for a Rectangular Section of the
reinforced concrete slab under Flexure at Ultimate Stage.
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o | ©
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(non linear for (equivalent stress
concrete stress) concrete block )

Fig.12 Internal Strain and Stress Distribution for a Rectangular Section under Flexure at Ultimate Stage.

Mu=Pu*L/4

Mu=As*fs*(d-a/2) + Af* Ffe*(h-a/2) Equ.1
a=(As* fs + Af * Ffe) / (0.67 * fcu * b / yc) Equ.2
Ff=Efefe/yf Equ.3
efe =Km efu* Equ.4
Km = 1/ (60 x efu*) x (90000/ n x Ef x tf) Equ.5
ef = ¢*fu =CE ¢fu Equ.6

CE=0.85 for elements exposed to environment (carbon/epoxy)
Ew=1.7% (strain at break) from sika data sheet ef=0.85 Exy
ye=150 ,ys=1.15 ,yf=1.40 For FRP laminates ,es=0.005  for grade 240/360

The experimental results were compared to the results obtained from Egyptian code mathematical
models for CFRP. Fig.13 and Table 5 shows the ultimate loads from the Egyptian code and the
experimental work. It can be shown that the differences in the results are in very good agreement
with a percentage difference of +10%.
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Fig.13 Comparison between Capacity obtained from CFRP code and Experimental Work

Table 5 Comparison between capacity obtained from Egyptian code and experimental results.

Collapse Load (KN)

Slab code
Egyptian code Experimental

RS 22.0 23.83

Ssc 43.5 45.5
Sswio 56.0 69.74
Ssw4o 47.0 49.45
Sswio 42.5 47
Ssw20 39.0 41
Sswio 43.0 49.46

It can be shown that the difference in failure load for laminates and sheets was attributed to
difference in strain, where from calculations the strain of sheets was higher than strain of laminates.
Calculated strength based on Egyptian code of practice for FRP showed 10% and 15% under
estimation for laminates and sheets, respectively.

6. Conclusions

Based on the experimental results, the following conclusions could be obtained.

1- CFRP sheets bonded to tension surfaces from the outside are highly effective in increasing the
ultimate load-bearing capacity of reinforced concrete slabs.

2- The collapse load of CFRP strengthened slabs with strips (laminates) was twice than that of
reference slab. Deflection was found to reduce by 55%

3- The capacity of CFRP strengthened slabs (wrapping) was three times of reference slab.
Deflection was found to reduce by 45%

4- Reinforcing the flexure with CFRP strips can help disperse numerous hairline cracks and limit
the growth of wider cracks.
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5- The failure mode of all reinforced slabs using both CFRP systems starts with the yielding of the
rebar, followed by partial rupture of the CFRP sheets or strip, and finally cracking of the
concrete in the compression zone., it can be specified as flexural failure followed by interfacial
debonding.

6- CFRP sheet system improves maximum load-bearing capacity of reinforced concrete slabs by
170% of CFRP strip system, having same tensile strength. This agrees with the Egyptian Code
for CFRP.

7- The failure mode of slabs in case of strengthening with sheets was a gradual failure due to the
large area of fibre bond attached to slab surface, but in case of strengthening with laminates, the
failure mode was sudden due to the small area of fibre bond attached to slab surface as observed
in experimental work. This was attributed to the different mechanical properties and bonding
qualities of CFRP materials.

8- The distribution of CFRP sheets showed to be more efficient for improving the performance of
RC plates. We found that the bending capacity increased slightly when the panels were evenly
spaced across the slab width.

9- Calculated strength based on Egyptian code of practice for FRP showed 10% and 15% under
estimation for laminates and sheets, respectively.

4. References

[1] Rajai Z. Al-Rousan, Mohammad A. Alhassan, Esmail A. AlShugqari. “Shear Nonlinear
Behavior of plain concrete beams with DSSF strengthened in flexure with anchored CFRP
sheets—Effects of DSSF content on the bonding length of CFRP sheets.” Case Studies in
Construction Materials, 9(1), p. €195, (2018).

[2] Omar Al-Ghazawi and Rajai Z. Al-Rousan. “Response of Reinforced Concrete Slabs
Strengthened with CFRP.” Journal of Engineering Science and Technology Review 13 (6)
(2020) 125 - 129.

[3] Hamdy, K. S., Ahmed, S. E., and Kareem, A. E. “Strengthening of cutouts in existing one-way
spanning R. C. flat slabs using CFRP sheets.” International Journal of Concrete Structures
and Materials, 11(2) (2017), 327-341.

[4] Ferreiro-Cabello, J.; Fraile-Garcia, E.; Martinez de Pison Ascacibar, E.; Martinez-de-Pison, F.J.
Metamodel-based design optimization of structural one-way slabs based on deep learning
neural networks to reduce environmental impact. Eng. Struct. 2018, 155, 91-101.

[5] L.Michel, E.Ferriera, A.Agbossoub and P.Hamelina, “Flexural stiffness modelling of RC slab
strengthened by externally bonded FRP” Claude Bernard Lyon I university, Composites Part
B: Engineering Vol. 40, No.8, December 2009, PP. 758-765.

[6] F.Elgabbas, A.El-Ghandoura, A.Abdelrahmana, and S.EI-Diebb, “Different CFRP strengthening
techniques for prestressed hollow core concrete slabs: Experimental study and analytical
investigation” Ain Shams University, Composite Structures VVol.92, No.2, January 2010, PP.
401-411.

[7] S.J.E. Dias and J.A.O. Barros “NSM shear strengthening technique with CFRP laminates
applied in high-strength concrete beams with or without pre cracking” Composites Part B:
Engineering, VVol. 43, No.2 , March 2012, PP.290-301.

[8] Scott T. Smith , ShenghuaHu, Seo JinKim and Rudolf Seracino., “FRP strengthened RC slabs
anchored with FRP anchors” Engineering Structures, Vol.33, No.4, April 2011, PP.1075-
1087.

252


https://www.sciencedirect.com/science/article/pii/S1359836809001486#!
https://www.sciencedirect.com/science/article/pii/S1359836809001486#!
https://www.sciencedirect.com/science/article/pii/S1359836809001486#!
https://www.sciencedirect.com/science/article/pii/S1359836809001486#!
http://www.sciencedirect.com/science/journal/13598368
http://www.sciencedirect.com/science/journal/13598368
https://www.sciencedirect.com/science/article/pii/S0263822309002980#!
https://www.sciencedirect.com/science/article/pii/S0263822309002980#!
https://www.sciencedirect.com/science/article/pii/S0263822309002980#!
https://www.sciencedirect.com/science/article/pii/S0263822309002980#!
http://www.sciencedirect.com/science/journal/02638223
http://www.sciencedirect.com/science/journal/13598368
http://www.sciencedirect.com/science/journal/13598368
https://www.sciencedirect.com/science/article/pii/S0141029610004384#!
https://www.sciencedirect.com/science/article/pii/S0141029610004384#!
https://www.sciencedirect.com/science/article/pii/S0141029610004384#!
http://www.sciencedirect.com/science/journal/01410296

JES, Vol. 51, No. 4, Pp. 242-254, July 2023 DOI: 10.21608/JESAUN.2023.189658.1202 Part A: Civil Engineering

[9] LJ.Lia, Y.C.Guoa, F.Liua and J.H.Bungeyb., “An experimental and numerical study of the
effect of thickness and length of CFRP on performance of repaired reinforced concrete
beams” Construction and Building Materials, VVol.20,No.10,December 2006, pp.901-909.

[10] R. Al-Rousan, M.Issa and H.Shabila. “Performance of reinforced concrete slabs strengthened
with different types and configurations of CFRP” Department of Civil and Materials
Engineering, Composites Part B: Engineering Vol. 43, NO.2, March 2012, PP. 510-521.

[11] Tamer EI Maaddawy and Khaled Soudki “Strengthening of reinforced concrete slabs with
mechanically-anchored unbonded FRP system” Construction and Research Materials,
Vol.22, No.4, April 2008, PP. 444-455.

[12] Ferreiro-Cabello, J.; Fraile-Garcia, E.; Martinez-Camara, E.; Perez-de-la-Parte, M.
Sensitivity analysis of life cycle assessment to select reinforced concrete structures with
one-way slabs. Eng. Struct. 2017, 132, 586-596.

[13] Ferreiro-Cabello, J.; Fraile-Garcia, E.; Martinez de Pison Ascacibar, E.; Martinez-de-Pison,
F.J. Metamodel-based design optimization of structural one-way slabs based on deep
learning neural networks to reduce environmental impact. Eng. Struct. 2018, 155, 91-101.

253


https://www.sciencedirect.com/science/article/pii/S0950061805001790#!
https://www.sciencedirect.com/science/article/pii/S0950061805001790#!
https://www.sciencedirect.com/science/article/pii/S0950061805001790#!
https://www.sciencedirect.com/science/article/pii/S0950061805001790#!
https://www.sciencedirect.com/science/article/pii/S1359836811003842#!
https://www.sciencedirect.com/science/article/pii/S1359836811003842#!
http://www.sciencedirect.com/science/journal/13598368

S.E. Alharty, STRENGTHINING OF REINFORCED CONCRETE SLABS USING CARBON FIBER POLYMERS

05281 LT ) padd g9 aladiialy daducal) il Ad) Sl ane XS

csll) CFRP (5o SU Gl alaiad 401Sa) (s2a (g (g8aill 031 ) o oaa yad el g il Al all s2a i
13 Al Al UL (e e Aaaas JLa 5 aainal &5 Aadusall Al Al ) o gl (a3 (0
Ae) A58 e Anilu A Adad e 3 )be Gl sda Gl cliad) Joa CinTan Av X Ve x VO R
o) s Aglu a b £CFRP )5l ol s il ja Dl CFRP )y of sie daibu ja Adadle (pSal)
=S5 £l sl s 4l ol sa (e Al £ Y A 1) HLEAY) ) ppiie Catanal ) ) (e Adlide Cilalisag
A5 gaaill aaig and i) (Juedi¥le slga¥) af dissiy 2a ) 5.CFRP 15l (e g 53 U0 deriinuall Aladll
5% (e Jls CFRP oo 5 pladiuly 4y 68l o A jall o3¢d A il geilial) il Jpanill ol cildadlll laed)
G & jelal CFRP J) Aaluse el Jaibo Al il el jad s ¢ claiV) dagliag ¢ dal W15 ¢ Jaadl)
iy 481K & Lalials) g (50 ,SH ) ol of sl @lls e e elins) daglia 5 )08 8 G () s3SI 200 i o) iall

CFRP 5alal Ll jill 83 9 5 4,S551S0all Gl sl 3 oD ) DAY (5 jod 7V

254



