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Abstract 

This study aims to investigate the strengthening effect of GFRP bars on the capacity of RC slabs when subject 
to flexure loading. The objective is to show the effect of debonding failure on the capacity of the GFRP 
strengthened slabs relative to the different variables used. The variables used are different bonding lengths, 
diameters, and numbers of GFRP bars in strengthening RC slabs. The work presents the details of the adopted 
experimental investigation and the results of the flexural tests performed on twelve slabs with the different 
variables. These results are adopted to validate the currently available design provisions of the ACI code of 
practice for using NSM GFRP to strengthen RC slabs. The results showed that strength gain is directly proportional 
to the reinforcing ratio. However, the deflections of all strengthened and un-strengthened specimens did not 
significantly change. 
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1. Introduction 

Fiber Reinforced Polymers (FRPs) have been widely used to improve 
the structural performance of constructed reinforced concrete elements 
(Parvin et al., 2016). FRPs have several advantages compared to 
traditional steel reinforcement: they have a much higher strength to 
weight ratio (Parvin et al., 2016) and better fatigue properties (Behzard et 
al., 2016). When comparing FRP composites to steel, it was noticed that 
they are “unresponsive to the chloride-induce corrosion on account of its 
non-corrosive and non-metallic intrinsically” (Abbood et al., 2020). 

There are many different types of FRP: Carbon (CFRP), Glass (GFRP), 
Aramid (AFRP) and Basalt (BFRP). Despite not being the strongest FRP 
option, GFRP remains an attractive choice due to its cost-efficiency and 
moderate levels of strength and stiffness (Xing et al., 2018).  

There are different techniques to strengthen Reinforced Concrete 
(RC) elements with FRP, the most common of which are the Externally 
Bonded (EB) technique and the Near-Surface Mounted (NSM) technique.  

Fig. 1 shows the EB technique in which sheets of FRP are bonded to 
the external surface of the RC element. In NSM technique, a small groove 
is cut in the surface of the RC element in consideration in which an FRP bar 
is placed and bonded (Parvin et al., 2016). 

FRP strengthening with the NSM technique has two key advantages in 
comparison to the EB technique: NSM is far less susceptible to debonding 
(owing to the increased bond surface area created by the groove) and is 
typically faster and easier to install in the field (Coelho et al., 2015). The 
adhesive which covers the bars in the NSM technique also acts to protect 
the reinforcement from aggressive environmental factors. Consequently, 
NSM allows for more efficient and robust use of FRP.  

Like any FRP strengthening technique, the success of NSM hinges on 
establishing adequate bond between the FRP and the surrounding 
concrete; premature debonding will result in an ineffective intervention 
and an in-situ strength far below design calculations. Hence, the increase 
in strength of RC elements strengthened using GFRP bars may be limited 
by this premature debonding failure mechanism. Lately, the necessity of 
studying the increase in strength and the different modes of failure when 
strengthening RC elements with FRP bars is increasing. As well as studying 
the different bonding lengths, to reach the maximum possible strength 
without debonding failure, to be able to benefit from the various 
advantages of using FRP materials (Basaran and Kalkan, 2020). 

This work aims to investigate the effect of the diameter, volume, and 
numbers of GFRP bars (i.e., reinforcement ratio) on the flexural strength 
of concrete slabs. This research also studies the adequacy of ACI’s NSM 
development length provisions in preventing debonding failure, as well as 
the accuracy of its strength predictions, for NSM GFRP strengthened slabs.  

As per the ACI Code (ACI, 2008), the minimum dimension of the 
groove for the NSM technique is equal to 1.5 multiplied by the FRP bar 

diameter, to make sure enough adhesive fills the groove and covers the 
FRP bar. Therefore, the minimum dimension of the groove (ℎ𝑔 & 𝑡𝑔) is 12 

mm, 18 mm and 24 mm for 8 mm, 12 mm, and 16 mm bar diameters, 
respectively. Thus, a groove dimension of 20 × 20 mm was used for 8 mm 
and 12 mm bars, and a groove dimension of 25 × 25 mm was used for 16 
mm bars. 

Moreover, ACI 440.R2.2008 has a minimum dimension for the FRP bar 
bonding length to mitigate premature debonding failure. The purpose for 
having a limit for the bonding length is to delay the failure of the GFRP bar 
by detaching from the concrete. Eq. (1) is used to calculate the minimum 
bonding length for the FRP bar (𝑙𝑑𝑏) for the different used diameters. This 
equation is derived from equating the force applied on the bar which is 
equal to 𝐴𝑓 × 𝑓𝑓𝑑, to the circumference of the bar in contact with the RC 

which equals to 𝜏𝑏 × 𝑙𝑑𝑏  × 𝜋𝑑. 

      𝑙𝑑𝑏 =
𝑑𝑏

4(𝜏𝑏)
𝑓𝑓𝑑     (1) 

where, 𝐴𝑓 is the area of one bar, 𝑑𝑏 is the used GFRP bar diameter, τb 

is the design value bond strength and ffd is the short-term tensile stress. 
By applying Eq. (1), the minimum 𝑙𝑑𝑏  is 811 mm, 1095 mm and 1298 

mm for 8 mm, 12 mm, and 16 mm bars, respectively. 

 

Fig. 1 FRP strengthening (a) EBR FRP plate or sheet, (b) NSM 
FRP rod or bar, (c) NSM FRP laminate (Parvin et al., 2016). 
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2. Experimental Program 

Six sets of two slabs (for a total of twelve) were built and tested in the 
AUC structural engineering lab. Detailed dimensions are provided in Fig. 
2, and a summary of the characteristics of each set is provided in Table 1. 
The first set (S1) served as a control, consisting of two slabs with 10M 
reinforcing bars @ 200 mm and no NSM-GFRP bars. All subsequent sets 
had the same steel reinforcement as S1, but varying NSM-GFRP 
configurations. Sets S2, S3 and S4 tested the inclusion of a single NSM-
GFRP bar of constant bonding length (2.0 m) but varying diameter to test 
the effect of the GFRP diameter: S2 was strengthened with one 12M GFRP 
bar; S3 with one 8M GFRP bar; and S4 with one 16M GFRP bar. Set S5 was 
strengthened with one 12M GFRP bar, but the bonding length was cut to 
1.0 m (below the ACI limit) to examine the behaviour of a specimen with 
insufficient bonding length according to the ACI. Set S6 was strengthened 
with two 12M GFRP bars with a bonding length of 1.5 m to investigate the 
effect of increasing the reinforcement ratio used in the strengthening 
operation. Since, the ACI minimum bond length for GFRP bars with 8 mm, 
12 mm, and 16 mm diameters, is 811 mm, 1095 mm, and 1298 mm, 
respectively, the used length will be 2.0 m for series with GFRP bars of no. 
8 and no. 12 mm, which is greater than the accepted minimum, as the focus 
for these 3 series is analyzing the effect of using GFRP with different 
diameters. Moreover, the bonding length will be tested as a variable for 
series with GFRP bars of no. 16 mm where 3 different dimensions will be 
used equal to 1.0 m, 1.5 m, and 2 m, which are less, approximately equals 
to and greater than the calculated minimum, to be able to analyze the effect 
of the bonding length on the flexural capacity. 

 

 

Fig. 2 Series 1 cross-section drawings 

Se
ri

es
 No. 

of 
slabs 

Slabs 
dimensions 
(m) 

Groove 
(mm) 

GFRP 
length 
(m) 

# of 
GFRP 
bars 

GFRP 
dia. 
(mm) 

S1 2 1.0×2.4×0.1 - - - - 
S2 2 1.0×2.4×0.1 20 × 20 2.0 1 12 
S3 2 1.0×2.4×0.1 20 × 20 2.0 1 8 
S4 2 1.0×2.4×0.1 25 × 25 2.0 1 16 
S5 2 1.0×2.4×0.1 25 × 25 1.0 1 16 
S6 2 1.0×2.4×0.1 25 × 25 1.5 2 16 

 
One batch of ready-mix concrete was used to cast the twelve 

specimens. 12 (150 × 150 × 150 mm) sample cubes were cast from the 
same mix. The cubes were tested, and the 28-days compressive strengths 
was 36 ± 3.4 MPa. The average Young’s Modulus of elasticity of the cubes 
was 27,800 MPa and the ultimate strain is 0.003. The used steel has a 360 
MPa yield stress and 200,000 MPa Young’s Modulus of elasticity. 

The GFRP bars were obtained from Schoeck Bauteile GmbH 
(Germany). Straight ComBAR GFRP bars are certified worldwide and are 
following ACI 440.R2 (Schoeck, 2018). As per the Schoeck Combar 
material manual, the GFRP bars have a tension modulus of elasticity equal 
to 60,000 MPa, compressive modulus of elasticity is 80% of E (i.e Ec is 
equal to 48,000 MPa). The design value bond strength is equal to 3.7 MPa 
and the tensile strength depends on the bar diameter ranging from 1200 
to 1500 MPa. (Schoeck, 2018). 

The slabs were tested in a displacement control protocol under three-
point bending, as shown in Fig. 3. The load was applied on a 1 m loading 
beam gradually using an Enerpac 100-ton hydraulic jack and was 

monitored over the course of the test using a load cell. Three LVDTs were 
used to measure deflection. As shown in Fig. 3, LVDT 1 is located at the top 
of the concrete surface, LVDT 2 located at the midspan to measure the 
maximum deflection and LVDT 3 below the beam used as a support, to 
monitor its movement. Strain gages were applied to the concrete top and 
bottom surfaces to measure the concrete strain in compression and in 
tension. Strain gauge arrangement is shown in Fig. 3 where strain gauge 1 
is 10×10 mm2 and is placed on the steel reinforcement primary bar in the 
middle of the sample, strain gauge 2 is 30×30 mm2 and is placed at the top 
surface of concrete to measure the concrete’s strain in compression, strain 
gauge 3 is 60×60 mm2 and is placed at the bottom surface of concrete, to 
measure the concrete’s strain in tension, strain gauge 4 is 30×30 mm2 and 
is placed at the epoxy surface to measure any movement in relevance to 
the GFRP, strain gauges 5 and 6 are 6×6 mm2 and 10×10 mm2 and are 
placed on the 8 mm and 12 and 16 mm bars, respectively.  

3. Results and Discussion 

Table 1 shows a summary of the following results for each sample: the 
experimental failure moment, the failure mode, and the ratio between the 
experimental failure moment to the control sample. Figs 4 to 9 show the 
failure mode, and the load strain curves for each series. Before testing 
Series 4 Sample 2, a concrete block fell on it causing minor damage. 
However, it was repaired using Grout and was tested. Figs 10 and 11 show 
the load displacement graphs for series 1 to 6. 

 

   

Fig. 3 Test Setup showing LVDT (left) and strain gauge locations 
(right) 

 
 

Fig. 4 Series 1 sample 1 failure and load strain graph 

 
 

Fig. 5 Series 2 sample 2 failure and load strain graph 

 

 

Fig. 6 Series 3 sample 1 failure and load strain graph 

 
 

Fig. 7 Series 4 sample 2 failure and load strain graph 
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Fig. 8 Series 5 sample 1 failure and load strain graph 

 

 

Fig. 9 Series 6 sample 1 failure and load strain graph 

Table 1 Results summary 

Sample GFRP bars 
Exp. 
𝑀𝑓 

(kN·m) 

Exp. Failure 
Mode 

𝑀𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝑀𝑐𝑜𝑛𝑡𝑟𝑜𝑙

 
 

S1-1 Control 17.6 Flexural steel 
yielding 100% 

S1-2 Control 17.1 Flexural steel 
yielding 100% 

S2-1 1 no.12-2m 22.0 Flexural steel 
yielding 127% 

S2-2 1 no.12-2m 22.0 Flexural steel 
yielding 127% 

S3-1 1 no.8-2m 18.7 Flexural steel 
yielding 108% 

S3-2 1 no.8-2m 20.4 Flexural steel 
yielding 117% 

S4-1 1 no.16-2m 23.7 Flexural steel 
yielding 137% 

S4-2 1 no.16-2m 27.5 Debonding 159% 

S5-1 1 no.16-1m 25.9 Concrete 
crushing 149% 

S5-2 1 no.16-1m 22.0 Concrete 
crushing 127% 

S6-1 2 no.16-1.5m 34.7 Debonding 200% 
S6-2 2 no.16-1.5m 35.8 Debonding 206% 

   

Fig. 10 Series 1 to 3 load displacement graphs (Engauge Digitizer 
Software) 

 

Fig. 11 Series 4 to 6 load displacement graphs (Engauge Digitizer 
Software) 

4. Analysis and Summary 

Comparing ACI’s Provisions to the Experimental Results 
As per ACI 440-R-08 2008, the failure load for the control samples was 

calculated using force equilibrium and strain compatibility. After that, the 
corresponding bending moment at failure was calculated. Table 3 shows 
the comparison between the calculated failure moments and the predicted 
mode of failure with the experimental findings. 

The percentages of strength enhancement are calculated for the 6 
groups and presented in Fig. 12.  As shown in the Fig., series 2, 3, 4, 5 and 
6 have a 27%, 13%, 48%, 38% and 103% strength increase when 
compared to the control specimen. This proves the efficiency of 
strengthening using NSM GFRP bars, even when there was premature 
debonding in series 5, there is an increase in moment.  

Table 2 Comparison Summary 

Series 
ACI Failure 
Moment 
(kN·m) 

ACI 
Predicted 
Failure Mode 

Exp. Failure 
Moment 
(kN.m) 

Exp. Mode of 
Failure 

S1 12.98 Flexural 17.35 Flexural steel 
yielding 

S2 24.21 Debonding 22.00 Flexural steel 
yielding 

S3 17.12 Debonding 19.55 Flexural steel 
yielding 

S4 33.17 Debonding 25.60 
Flexural steel 
yielding, 
Debonding 

S5 33.17 Debonding 23.95 Concrete 
crushing 

S6 54.30 Concrete 
Crushing 35.25 Debonding 

As shown in Fig. 13, the calculated failure loads for series 1 and series 
3 are lower than the actual failure load. his is due to differences in the 
dimensions, workmanship, or steel reinforcement yield strength. 
However, since for series 3 the comparison to series 1 showed an increase 
in strength lower than the calculated increase in strength as per ACI 
equations, it shows that the calculations are underestimated for no.8 GFRP 
bar diameter.  

However, for Series 4, 5 and 6 the calculated failure load is more than 
the actual failure load, which means that the code design equations are 
overestimated for no.16 GFRP bar diameter and for the series where the 
used bonding length is less than the minimum bonding length, this is due 
to their rapid premature failure due to debonding. As in series 5 the 
bonding length is equal to the minimum bonding length set in the code and 
in series 6 the bonding length is less than the minimum bonding length set 
in the code. 

 

 

Fig. 12 Percentage Increase in Experimental Moment from Control 
Sample Moment 

The GFRP reinforcement ratio is calculated for each sample, where the 
GFRP reinforcement area is divided by the concrete sample area. The 
higher the GFRP reinforcement ratio, the higher increase in failure load 
with a linear behavior as shown in Fig. 14.  
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(a) 

 

(b) 

Fig. 13 (a) The ratios between experimental and ACI’s failure 
moments. (b) A comparison between actual and calculated failure 
loads 

 

Fig. 14 Percentage increase in failure load (Pf) vs. GFRP 
reinforcement ratio 

The GFRP development length to the GFRP bar diameter is calculated. 
The higher the GFRP length to diameter ratio, the lower the increase in 
failure load as shown in Fig. 15. 

However, for the series with the lowest length to diameter ratio equal 
to 62.5 and development length 1000 mm, the percentage increase was 
lower than series with higher length to diameter ratio. As its development 
length is smaller than the minimum specified by the code and its mode of 
failure was due to debonding.   

 

Fig. 15 Percentage increase in failure load vs. the GFRP 
development length to diameter 

5. Conclusion 

Considering the materials used, sample design, steps of execution and 
test parameters associated with this study, the following conclusion can 
be stated: 

Strengthening of RC Slabs using NSM GFRP showed a significant 
increase in strength and load carrying capacity. Where no. 8 increased the 
load by 13%, no. 12 by 27% and no. 16 by 48%. 

Given a constant number of bars, the larger the GFRP bar diameter, the 
higher the strength of the RC slab. 

The volume and reinforcement ratio of the GFRP bars used is 
proportional to the increase in strength. 

ACI NSM GFRP code is accurate for length to bonding length greater 
than the minimum. As the mode of failure was due to flexural failure, the 
calculated failure load was less than the experimental for GFRP diameter 
no.8, equals to the experimental for GFRP diameter no.12 and was less 
than the experimental for GFRP diameter no.16.  

ACI NSM GFRP code is unconservative for length to bonding length 
equal to the minimum. As the mode of failure was due to debonding of the 
GFRP bars and the calculated failure load was more than the experimental 
load. 

The displacement of the specimens was an average of 57.6 mm vs. an 
average displacement of 60 mm for the control specimen. There is no 
specific pattern for the decrease and increase in displacement due to the 
use of GFRP. It needs further testing. 
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