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ABSTRACT
Fiber Reinforced Polymer (FRP) rods are considered to be the most effective in retrofitting to increase the 
strength of reinforced concrete (RC) structures through Near-Surface Mounted (NSM) technique. There 
are, however, frequent cases encountered by engineers where the embedment depth mandated by ACI 
440.2 R-08 code is not achievable in the field implementation. It has also been discovered that it is more 
challenging to strengthen the negative moment region of concrete members in comparison with the 
positive region. This research was conducted to determine the behavior of RC T-beams strengthened in 
the negative moment region using half-embedded NSM FRP rods. The findings were associated with the 
Modified Compression Field Theory (MCFT) which was applied in the analytical models. The model 
proposed was validated through a comparison with previous experimental study that showed half- 
embedded NSM FRP was effective as another method in comparison with the conventional soffit 
strengthening systems in retrofitting RC T-beams in the negative moment region, and good agreement 
was obtained. After that, a parametric analysis was initiated to determine the influence of FRP rod 
diameters, the compressive strength of concretes, the ratio of steel reinforcement as well as the materials 
used for the FRP on the flexural behavior of strengthened beams.
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1. Introduction

The worry created by the numbers of human beings lost and 
the financial casualties associated with inadequacy in structural 
performance observed as buildings age and degrade have led 
to an awareness of the urgent need to retrofit to increase the 
strength of reinforced concrete (RC) structures. Some of the 
other reasons to retrofit the strength of RC structures include 
concrete degradation, corroding bars, observable damage, 
aging concrete structures, unpredictable loads exposure as 
observed in strong earthquakes and shock loads, improvement 
in design standard codes, errors and mistakes made in the 
process of design and construction, and variations in the 
usage of a structure (Nordin and Täljsten 2006). It is, however, 
possible to resolve all these comprehensive structural defi-
ciency classifications through the use of Fiber Reinforced 
Polymer (FRP) composites as a feasible strengthening method 
for RC members (Lin et al. 2014).

FRP was produced through the embedment of continuous 
fibers in a polymeric resin matrix as a material to ensure the 
enhancement of RC structures’ serviceability and load-carrying 
capacity. It was widely accepted by engineers and applied as 
a substitute for other methods of strengthening, especially due 
to its several advantages such as the reduction in structure’s 
dead load, significant strength to weight ratio, resistance to 

corrosion, and durability which leads to its application in con-
struction projects where traditional materials are not allowed to 
be used (Bakis et al. 2002; Hollaway and Teng 2008). However, 
FRP has several drawbacks such as the lack of ductility (Peled 
2007; Zhang et al. 2019) and quick softening at high tempera-
tures (Firmo, Correia, and Bisby 2015; Fayed, Basha, and 
Hamoda 2019) but its application has been reported to be 
one of the most cost-effective methods of strengthening 
(Grace et al. 1999). It was observed to have a better perfor-
mance than steel plate, a popular traditional method of 
strengthening, which corrodes after exposure (Qeshta, 
Shafigh, and Jumaat 2016), experiences detachment and has 
several challenges due to the steel plates’ weight in beams with 
large span. Moreover, Raithby (1982) and MacDonald and 
Calder (1982) conducted exposure tests and found 
a significant amount of corrosion occurring at the interface of 
steel/epoxy, thereby, causing a reduction in the concrete’s 
strength and local debonding.

Strengthening the negative moment region of concrete 
members has been reported to be more challenging compared 
to the positive region. Jumaat, Rahman, and Alam (2010) 
addressed some practical problems associated with strength-
ening the negative moment region of a continuous span, which 
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is considered a critical zone due to the presence of large 
moment and shear at the same location. Moreover, the pre-
sence of the columns at such locations prevents the application 
of the strengthening system over the web portion of the beam 
(Al-Khafaji and Salim 2020). An experimental investigation has 
been conducted by Sapulete (2018) to evaluate the half- 
embedded Near-Surface Mounted (NSM) FRP rods strengthen-
ing techniques in the negative moment region of RC T-beams 
due to the frequent cases requiring embedment depth man-
dated by ACI 440 (2008) code but not achievable by engineers 
in the field due to structural frames of buildings. The results 
showed the FRP rods mounted only for half the area of the rod 
increased the moment carrying capacity of the member by 30% 
but ductility did not significantly improve and no clear pattern 
was noticed in conventional steel after yielding. This means it is 
possible to practically apply half embedded rods under the 
condition that the bonding agent is applied to the rods using 
the method stated by the producer.

In order to continually expand the scope of the study con-
ducted by Sapulete (2018), this research developed an analy-
tical model to predict the flexural capacity of half-embedded 
NSM FRP rod-strengthened RC T-beams in the negative 
moment region based on Modified Compression Field Theory 
(MCTF) (Vecchio and Collins 1986) applied in a program, 
Response-2000, which is commonly known as R2K (Bentz 
2000). This combination, however, offers users the opportunity 
to fully comprehend and investigate the responses of beams 
and columns of any shape and material under the influence of 
moment, shear, and axial loads. Comprehensive outcomes 
were obtained from the experiments but they were specific to 
the particular placement of strain gauges and Linear Variable 
Differential Transformers (LVDTs) despite the huge cost and 
time expended on the process. Meanwhile, Huang et al. 
(2019) demonstrated an accurate simulation of the mean 
shear strain of specimens using R2K. The same method was 

also applied by Lam and Lumantarna (2011) to model the force- 
deformation behavior of cracked reinforced concrete with fiber 
elements and all specimens with varying cross-sectional areas 
were predicted to have comparable moments of resistance. 
Furthermore, Metwally (2012) gauged the efficiency as well as 
the validity of the R2K software to predict the shear capacities 
of reinforced and pre-stressed concrete elements and found its 
predictions concerning failure shear to be characterized by an 
average observed-to-predicted shear ratio equaling 1.05 and 
a coefficient of variation equaling 12%. Suryanto, Morgan, and 
Han (2016) also supported the accuracy of R2K to predict the 
load-deflection behavior demonstrated by shear-critical con-
crete beams up to the peak load.

2. Development of the analytical model

2.1. Description of experimental program

The analytical evaluation results were validated through 
a comparison with an experimental study conducted by 
Sapulete (2018) to investigate the behavior of RC T-beams 
strengthened in the negative moment region with two 
8 mm half-embedded NSM Carbon Fiber Reinforced 
Polymer (CFRP) rods (BS) along with unstrengthened speci-
men (BN). The beams were observed to have the ability to 
sustain an increment in one-point loading or three-point 
bending up to the moment the specimens experienced 
failure. The total length of the beam was recorded to be 
2500 mm with the distance from a center to another found 
to be 2300 mm while the total height of the T-section was 
300 mm with a web-width of 150 mm, flange-width of 
600 mm, and the flange-depth of 100 mm as shown in 
Figure 1. The average cylindrical concrete compressive 
strength was 36.29 MPa and the specimens were made to 
consist of two 19 mm ribbed bars in tension zone with 

Figure 1. The details of the experimental setup and tested beams (Sapulete 2018). (a) Test setup; (b) Specimen details and FRP rods placement; (c) Half-embedded FRP 
rod detail.
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407.90 MPa yield strength, two others with a diameter of 
16 mm in compression zone with 402.90 MPa yield strength, 
and steel stirrups with 6 mm diameter having 371.04 MPa 
yield strength spaced 250 mm apart. The CFRP rod mechan-
ical properties were obtained from PT. SIKA Indonesia with 
the modulus of elasticity recorded to be 148 GPa while the 
tensile strength was 3100 MPa. Meanwhile, the CFRP sheets 
had 225 GPa modulus of elasticity and 3850 MPa tensile 
strength, respectively, and were installed as shear strength-
ening along the entire span of the strengthened beam with 
100 mm width and a 130 mm space apart.

By the application of the half-embedded NSM CFRP rods 
in the strengthened specimen (BS), an approximately 30% 
increase in ultimate load was observed compared to that of 
the control specimen as shown in Figure 2. It was also 
observed that the increases in the amount of mid-span 
deflection at ultimate load produced by CFRP strengthening 
was 5% compared to that of unstrengthened beam (BN). 

The first crack in the concrete’s tension area for BN occurred 
at a loading level of 30% of the ultimate load, while the 
reinforced steel yielded at a loading level of 96% of the 
ultimate strength. Owing to significant shifting of the neu-
tral axis toward the compression zone, the strains in the 
concrete fibers reached its failure-strain limit and the mem-
ber failed due to the crushing of concrete in the compres-
sion area. The member underwent large deformations from 
the prolonged yielding of the steel bars, resulting in a post 
peak curve. The BS beam with the half-embedded CFRP 
rods behave almost identically. The concrete in tension 
cracked at levels of 32% of the ultimate load. The conven-
tional steel bars yielded at around 100% of their controlling 
element’s ultimate load (Sapulete 2018). Those outcomes 
show the effectiveness of half-embedded NSM FRP method 
as an alternative to conventional soffit strengthening sys-
tems to improve the flexural capacity of RC T-beams in the 
negative moment region.

Figure 2. Summary of the experimental results. (a) Load–deflection curves of the tested beams; (b) Ultimate load of the tested beams.

Figure 3. Compression stress versus strain curve for concrete.
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2.2. Materials behavior

The non-linear characteristics of the concrete subjected to 
compression and stress-strain association were considered in 
the analytical models developed in R2K. The models expressed 
in Equations (1) to (3) were formulated by Popovics (1973) and 
slightly modified by Porasz (1989). Meanwhile, the stress versus 
strain curve for every concrete type is presented in Figure 3. 

fc ¼ �
εc

εco

� �

fc
0 n

n � 1þ εc=εcεco � εcoð Þ
nk ; (1) 

n ¼ 0:8þ fc
0
=17; (2) 

k ¼
1:0 if εc

εco
< 1:0

0:67þ fc
62 if εc

εco
> 1:0

(

; (3) 

where fc is compressive stress of concrete (MPa) at a particular 
strain value (εc), fc0 is compressive strength of concrete (MPa), 
εco is strain at peak compressive strength, n is curve fit para-
meter, and k is factor of loss in post-peak ductility for high- 
strength concrete. Equation (4) shows that R2K used the Bentz 
model for the non-linear material properties of concrete sub-
jected to tension (ft) (Bentz 2000). 

ft ¼ 0:45ðfcÞ0:4 ; (4) 

The stress-strain response of steel reinforcement usually has 
three components which are (1) the initial linear-elastic 
response, (2) the yield plateau, and (3) the strain-hardening 
phase which is either linear or non-linear until rupture. The 
subsequent discussion on hysteretic behavior indicates the 
explanation of the backbone curve presented in models pro-
posed by Seckin (1981) or Menegotto and Pinto (1973) through 
the monotonic stress–strain curve. Meanwhile, Equation (5) was 
used to compute the steel reinforcement stress, fs, for both 
tension and compression. 

fs ¼

Esεs for εs εy
fy for εy εs � εsh

fu þ fy � fu
� � εu� εs

εu � εsh

� �
for εsh εs � εu

0 for εu εs

;

8
>>><

>>>:

(5) 

The εs in the above equation denotes the strain (εs= |εs|), εy 

represents the yield strain, εsh is the initial strain at the begin-
ning of strain hardening, εu is the ultimate strain, Es is the elastic 
modulus, fy is the yield strength, fu is the ultimate strength, and 
P is the strain-hardening parameter. Moreover, the strain- 
hardening phases after the yield plateau have the potential to 
be linear (trilinear, P = 1) or nonlinear (P = 4). A perfectly elastic 
stress–strain curve was, however, generated by the trilinear 
option for the FRP rods used as the strengthening material. 
The stress–strain curve obtained for all type of steel reinforce-
ment and FRP materials is presented in Figure 4 with the strain 
hardening modulus Esh, if any, indicated in Equation (6) as 
follows: 

Esh ¼
fu � fy

εu � εsh

� �

; (6) 

3. Model validation

The developed analytical models were checked for validity and 
accuracy using two tested specimens, BN and BS beams, after 
which the data were compared with R2K predictions. The 
observed and predicted values of the load versus mid-span 
deflection at each loading are, however, presented in Figure 5 
while the values for the predicted and experimentally observed 
values of ultimate attained load (Pu) are compared in Table 1. 
Moreover, the ratio of the experimentally observed value of Pu, 
denoted by Pu-Exp, to the predicted value of Pu, denoted by Pu-An 

is also indicated in the Table.
Figure 5 shows the results of the experiment are comparable 

to the predicted responses with each beam found to initially 
show a linear-elastic followed by a transitional nonlinear and 
finally an almost linear response and this was observed to be 
continuous up to the peak load. This compatibility is significant 
due to its relation to the intricacy of the actual response caused 
by the promulgation of existing cracks and the development of 
new cracks. Consequently, a decline was discovered in the 
overall stiffness of the beam while the undesirable response 
was found near the peak with the ductility, particularly, found 
to likely be underestimated in the analytical predictions. 
Moreover, the normalized mean square error (NMSE) was 
recorded to be 0.007 based on the calculations from Table 1 

Figure 4. Tensile stress–strain curves. (a) Steel reinforcements; (b) FRP rods.
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and this means the situate is tolerable with consideration for 
the predicted flexural capacity, for example, as required from 
the design perspective. It should be noted that the developed 
analytical model did not take FRP sheets into consideration due 
to the limitations of the R2K program. However, it still can be 
used at this stage to determine the influence of FRP dimension, 
concrete compressive strength, the ratio of steel reinforcement, 
and FRP materials on the performance of strengthened RC 
beams through a design-oriented parametric study.

4. Parametric study

A design-oriented parametric study was conducted in this sec-
tion through the development and analysis of 20 more models 
to determine the effect of FRP rods’ diameters, compressive 
strength of concretes, ratio of steel reinforcement, as well as 
different types of the FRP rods on the flexural response and 
strength of the RC T-beams, which were strengthened in the 
negative moment region with NSM half-embedded FRP rods.

4.1. The effect of FRP rods diameter

Four models were used to determine changes in the response 
of the strengthened beams based on the adjustment of size or 
FRP rod diameter. One beam was not strengthened with FRP 
rods and used as the control specimen while the remaining 
specimens were strengthened using two half-embedded FRP 
rods with the diameters varied at 8, 10, and 12 mm to study the 
influence of change in dimension of FRP on the beams’ beha-
vior or response. The beams were all modeled to have a 30 MPa 
concrete compressive strength while designation for each as 
well as the summary and comparison between the predicted 

value of ultimate attained load (Pu) and the related value of 
mid-span deflection (δu) are presented in Table 2. Meanwhile, 
a graphical representation of the response curves to determine 
the correlation between the predicted load and mid-span 
deflection for all models is shown in Figure 6.

The information presented in Figure 6 and Table 2 shows the 
flexural strength and load-carrying capacity of the strength-
ened beams using the NSM technique with only half- 
embedded FRP were higher than the values recorded for the 
control beams (B-01), as predicted by the models. The speci-
men with 8 mm diameter FRP rods was significantly better, with 
41.10% compared to the control in terms of the load-carrying 

Figure 5. Comparison of experimental and predicted load-deflection curves. (a) BN beam; (b) BS beam.

Table 1. Verification of results from experimental and analytical models.

Specimens

Pu (kN) Ratio 
Pu-Exp/Pu-AnExperimental Analytical

BN 90.54 94.42 0.96
BS 129.23 141.88 0.91

Concrete compressive strength, fc
’=36.29 MPa 

Steel reinforcement ratio, ρ = 1.4% 
FRP rod diameter, d = 8 mm

Table 2. Impact of FRP rod diameter variation.

Designation
FRP rod 

diameter (mm) Pu (kN)

Percentage increase 
in Pu over the 
control beam δu (mm)

B-01 – 94.01 – 10.27
B-02 8 132.65 41.10 17.16
B-03 10 134.96 43.57 15.95
B-04 12 137.72 46.50 15.02

Concrete compressive strength, fc
’=30 MPa 

Steel reinforcement ratio, ρ = 1.4%

Figure 6. Influence of the dimension of FRP rod on beams’ performance.
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capacity (Pu), while an increment of 43.57% and 46.50% was 
observed in the flexural strength for specimens with 10 mm 
and 12 mm diameter of FRP rods, respectively, as shown in 
Table 2. This means there is a direct relationship with slight 
impact between the FRP rod diameter and the percentage 
increase in flexural capacity, given half-embedded rods. This 
effect is attributed to the fact that the increase in rod diameter 
causes an increment in the FRP rods’ tensile force, thereby 
leading to a higher flexural capacity of the reinforced beam. It 
was also observed in Figure 6 and Table 2 that the mid-span 
deflection (δu) of Pu is comparable for all the strengthened 
beam models. This means the technique used led to the 
enhancement of beam models’ strength while a nearly equiva-
lent increased level of ductility was simultaneously maintained 
in the beams and this shows the effectiveness of using the 
method as an alternative.

4.2. The effect of concrete compressive strength

The effectiveness of strengthened RC beams is usually influ-
enced by their compressive strength (fc

’). Therefore, six analy-
tical models were developed with three used as control while 
the others were strengthened with two 8-mm-diameter NSM 
half-embedded FRP rods and modeled to have 25, 35, and 45 
MPa compressive strength, respectively, and 1.4% steel reinfor-
cement ratio as shown in Table 3. Meanwhile, the predicted 
curves obtained by plotting the load against the mid-span 
displacement for each developed model are presented in 
Figure 7. The predicted values of the ultimate attained load 

(Pu) and related values of mid-span deflection (δu) are also 
compared in Table 3.

Table 3 and Figure 7 show the insignificant impact of the 
compressive strength on the performance delivered by the 
control beam specimen and this was observed to be mainly 
due to the significant effect of the reinforcement steel strength 
on the flexural strength which is reflected through under- 
reinforced beam specimens. Moreover, the response and load- 
carrying capacity of strengthened beams were moderately 
affected by the compressive strength with their load-carrying 
capacity found to be higher than the control specimen. This is 
evident in the 35.51% recorded for specimen B-08 (f’c 25 MPa), 
48.50% for B-09 (f’c 35 MPa), and 57.25% for specimen B-10 (f’c 

45 MPa). These numbers all refer to % of improvement over the 
control beam. This is likely due to the increment in the value of 
fc

’ leading to higher tensile strength (ft) for the concrete which 
ultimately affects the maximum local bond stress as well as the 
bond-slip behavior shown by the strengthening material, FRP 
rods in this case, and the concrete surfaces attached.

4.3. The effect of steel reinforcement ratio

This study also explored how the performance of strengthened 
RC beams is affected by the steel reinforcement ratio (ρ) 
through the development of 6 analytical models out of which 
3 were used as control while the remainder were strengthened 
using two half-embedded 8-mm-diameter NSM FRP rods. Steel 
flexural bars with three different areas including 2D19-mm, 
3D19-mm, and 4D19-mm with ρ values of 1.4%, 2.1%, and 
2.9% respectively were used in the model while the compres-
sive strength was 20 MPa as shown in Table 4. Moreover, the 
predictions of the curves obtained by plotting the load against 
the mid-span deflection for each model are shown and com-
pared in Figure 8 and the under-reinforced beams with 
a reinforcement ratio of 1.4% were observed to have a high 
percentage increase in ultimate load-carrying capacity by being 
28.28% higher than the control while over-reinforced speci-
mens with higher reinforcement ratios of 2.1% and 2.9% had 
low percentage increment of only 2.01% and 2.34%, respec-
tively. Therefore, the transition from under-reinforcement to 
over-reinforcement leads to a higher steel reinforcement ratio 
and consequently greater reduction in the percentage incre-
ment in flexural strength of specimens strengthened using half- 
embedded NSM FRP rods. This means that as a strengthening 
material, the use of half-embedded NSM FRP rods has good 
effectiveness to retrofit the under-reinforced beam members.

Table 3. Impact of varying the compressive strength of concrete.

Designation fc
’ (MPa) Pu (kN)

Percentage increase 
in Pu over 

control beam δu (mm)

B-05 25 93.79 – 10.90
B-06 35 94.38 – 9.89
B-07 45 95.58 – 9.31
B-08 25 127.09 35.51 16.59
B-09 35 140.15 48.50 18.44
B-10 45 150.29 57.25 21.51

Steel reinforcement ratio, ρ = 1.4% 
FRP rod diameter, d = 8 mm

Figure 7. Influence of compressive strength on beams’ performance.

Table 4. Impact of different values of steel reinforcement ratio.

Designation ρ (%) Pu (kN)

Percentage increase 
in Pu over 

control beam δu (mm)

B-11 1.4 93.34 – 11.70
B-12 2.1 121.61 – 12.83
B-13 2.9 126.13 – 10.70
B-14 1.4 119.74 28.28 15.46
B-15 2.1 124.06 2.01 12.06
B-16 2.9 129.08 2.34 10.43

Concrete compressive strength, fc
’=20 MPa 

FRP rod diameter, d = 8 mm
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4.4. The effect of FRP material

The effect of the type of FRP materials on RC beams with half- 
embedded FRP rods flexural behavior was determined by 
developing and analyzing four analytical models with one 
used as control while the others were strengthened using two 
8-mm-diameter Carbon Fiber Reinforced Polymer (CFRP), Glass 
Fiber Reinforced Polymer (GFRP), and Aramid Fiber Reinforced 
Polymer (AFRP) rods with 22.5 MPa compressive strength and 
1.4% steel reinforcement ratio as shown in Table 5. Moreover, 
the designation of the beams, as well as the results anticipated 
for Pu and δu, are summarized in Figure 9 and Table 6.

Table 6 and Figure 9 show an increment in the values of the 
load-carrying capacity predicted for the strengthening of the 

RC beams using half-embedded CFRP, GFRP, and AFRP was 
32.17%, 25.94%, and 30.66%, respectively, in comparison with 
the control and they were all observed to have the same 
response. This, therefore, means all types of the FRP rods 
used here can provide positive retrofitting effects for RC 
T-beams with half-embedded technique, while CFRP shows 
slightly better performance than the others based on the pro-
posed analytical models. Meanwhile, it is important to note that 
these results depend on the properties of the FRP rods and 
there is a chance for difference based on the preference of the 
manufacturers.

5. Conclusions

Some models were developed in this research to analyze the 
flexural behavior of T-section RC beams strengthened in the 
negative moment region through the use of half-embedded 
FRP rods with the application of NSM technique. The models 
were validated through a comparison of two specimens’ beha-
vior and response with the findings of an experiment con-
ducted by another researcher and a good relationship was 
established between the two studies. This was followed by 
the utilization of the validated models in the investigation of 
the effect of the size of the FRP rods, the compressive strength 
of the concrete, the ratio of steel reinforcement, and the type of 
the FRP on the flexural capacity of the strengthened beams 
using a design-oriented parametric study. The conclusions and 
observations from the research are, therefore, summarized as 
follows:

● The analytical models were observed to have the ability to 
imitate the specimens’ flexural behavior with and without 
the application of half-embedded FRP rods.

● A direct relationship with a slight impact was established 
between FRP rod diameter and percentage increase in 
flexural capacity with the specimens strengthened using 
half-embedded FRP rods having 8, 10, and 12 mm dia-
meter observed to have increased the flexural strength by 
41.10%, 43.57%, and 46.50%, respectively.

● The compressive strength of the concrete was discovered 
to have a less substantial influence on the strengthened 
specimens’ performance with the compressive strength at 
25, 35, and 45 MPa causing an increment of 35.51%, 
48.50%, and 57.25% respectively in the load-carrying 
capacity.

● A significant influence of the steel reinforcement ratio was 
observed in the RC T-beams strengthened using half- 

Figure 8. Influence of steel reinforcement ratio on the beams’ performance.

Table 5. FRP materials attributes.

FRP 
material

Ultimate tensile strength 
(MPa)

Ultimate strain 
(%)

Elastic modulus 
(GPa)

CFRP* 3100 2.1 148.0
GFRP** 825 2.0 40.8
AFRP** 1480 2.1 68.6

*Sapulete (2018). 
**Panahi and Izadinia (2018).

Figure 9. Influence of different FRP materials on beams’ performance.

Table 6. Effect of different FRP materials.

Designation FRP materials Pu (kN)

Percentage increase 
in Pu over the 
control beam δu (mm)

B-17 – 93.50 – 11.24
B-18 CFRP 123.58 32.17 16.11
B-19 GRFP 117.75 25.94 17.24
B-20 AFRP 122.17 30.66 18.82

Concrete compressive strength, fc
’=22.5 MPa 

Steel reinforcement ratio, ρ = 1.4% 
FRP rod diameter, d = 8 mm
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embedded FRP rods in the negative moment region with 
the increment of 28.28%, 2.01%, and 2.34% recorded at 
1.4, 2.1, and 2.95 reinforcement ratio, respectively.

● An increment in steel reinforcement ratio was found to 
reduce the percentage of the flexural strength for the 
half-embedded reinforced beam specimens and this 
further confirmed the effectiveness of this method in 
strengthening under-reinforced beam elements in the 
negative moment region.

● The properties and types of FRP were also found to have 
a substantial influence on the strengthened RC T-beams’ 
performance with the CFRP rods discovered to have the 
highest value of flexural strength enhancement at 32.17% 
compared to the control specimen while the others 
including GFRP and AFRP rods had 25.94% and 30.66%, 
respectively.

● Since the developed analytical model did not take FRP 
sheets into consideration, the results reported herein 
should be considered in the light of some limitations 
that should be addressed in future research.

Nomenclature

ACI 
American concrete institute

AFRP 
Aramid fiber reinforced polymer

CFRP 
Carbon fiber reinforced polymer

Es 

elastic modulus of steel

Esh 

strain hardening modulus of steel

fc 

compressive stress of concrete at a particular strain value

fc
’ 

compressive strength of concrete

FRP 
fiber-reinforced polymer

fs 

stress of steel

ft 

tensile strength of concrete

fu 

ultimate strength of steel

fy 

yield strength of steel

GFRP 
glass fiber reinforced polymer

k 
factor of loss in post-peak for high-strength concrete

LVDT 
Linear variable differential transformer

MCFT 
Modified compression field theory

n 
curve fit parameter

NMSE 
Normalized mean square error

NSM 
Near-surface mounted

P 
strain-hardening parameter

Pu 

ultimate load

Pu-An 

ultimate load of analytical result

Pu-Exp 

ultimate load of experimental result

R2K 
Response-2000

RC 
Reinforced concrete

δu 

mid-span deflection at the ultimate load

εc 

particular strain value of concrete

εco 

strain at peak compressive strength

εs 

strain of steel

εsh 

initial strain at the beginning of strain hardening

εu 

ultimate strain of steel

εy 

yield strain of steel

ρ 
steel reinforcement ratio
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