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1. Introduction  
 

The provision of more strength for concrete structures 

during their service life is one of the essential difficulties 

facing structural engineers throughout the world. The 

strengthening is, however, required due to several reasons 

such as the increase in the magnitude of the loads to be 

applied, errors in the design and/or construction phase, 

corrosion and/or environmental damage, as well as aging 

(Tudjono et al. 2015, Haryanto et al. 2017a, Haryanto et al. 

2017b, Haryanto et al. 2018, Haryanto et al. 2019, Hidayat 

et al. 2019, Haryanto et al. 2021a). Meanwhile, the 

rehabilitation of the deteriorated structures can be achieved 

through the use of different methods such as steel or 
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concrete jackets (Chen and Tseng 2001, Aldhafairi et al. 

2020, Hwang et al. 2020, Zhang et al. 2018, Attar et al. 

2020), external post-tensioning (Tan 2014, Lee et al. 2018), 

section enlargement (Nuroji et al. 2020), externally-bonded 

(EB) steel plates (Alam et al. 2014) as well as the 

replacement of degraded members or the addition of extra 

members (Kaplan et al. 2011). These traditional repair 

methods have the ability to improve the strength capacity 

and stiffness of deficient concrete structures but they also 

increase the dead load and require more time. Therefore, 

there is a need to search for other alternative methods and 

materials to achieve more efficient results. 

The strengthening of structural members externally was 

initiated in 1949 (Asplund) through the concept of grouted 

or embedded reinforcement which involves the use of 

external steel bars to improve the strength of the bridge 

girders in flexure. Several studies have focused on the 

strengthening of reinforced concrete (RC) structures using 

externally bonded Fiber Reinforced Polymer (FRP) 

laminates and fabric sheets over the past 20 years 
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Abstract.  The application of Near Surface Mounted (NSM) method to strengthen reinforced concrete (RC) members in 

flexure through the use of Fiber Reinforced Polymer (FRP) rods has become a subject of interest to designers and researchers 

over the past few years. This technique has been extensively applied, and there is still a need for more experiments, analytical, 

and numerical studies to determine the effects of their parameters on the flexural performance of RC members. Therefore, a 

detailed 3D nonlinear finite element (FE) numerical model was developed in this study to predict the load-carrying capacity and 

the response of RC T-beams strengthened in the negative moment region accurately through the use of NSM FRP rods at 

different depth of embedment which are placed under three-point bending loading. The model was, however, designed with due 

consideration for the nonlinear constitutive material properties of concrete, yielding of steel reinforcement, NSM rods, and 

cohesive behaviors to simulate the contact between two neighboring materials. Moreover, the findings of the numerical 

simulations were compared with those from the experiments by other investigators which involve two specimens strengthened 

with NSM FRP rods added to one unstrengthened control specimen. The results, however, showed that the mid-span deflection 

responses of the predicted FE were in line with the corresponding data from the experiment for all the flexural loading stages. 

This was followed by the use of the validated FE models to analyze the effect of several properties of the FRP materials to 

provide more information than the limited experimental data available. It was discovered that the FE model developed is 

appropriate to be applied practically and economically with more focus on the parametric studies based on design to precisely 

model and analyze flexural negative moment strengthening for the RC members through the use of NSM FRP rods. 
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(Sherwood and Soudki 2000, Täljsten and Elfgren 2000, Hu 

et al. 2004, Al-Saidy et al. 2010, Xue et al. 2010, Lesmana 

et at. 2013, Lin et al. 2014, Salma et al. 2019, Nie et al. 

2020). This technology has been applied to different 

practical projects throughout the world. In recent times, the 

techniques of Near Surface Mounted (NSM) FRP 

reinforcement have been developed and practically 

implemented, thereby, leading to several comprehensive 

studies on the concept as observed in the experimental 

(Sharaky et al. 2013, Al-Bayati et al. 2016, Sabau et al. 

2018, Wang et al. 2019, Barris et al. 2020), numerical 

(Hawileh 2012, Zhang and Teng 2014, Sharaky et al. 2017, 

Sharaky et al. 2018, Firmo et al. 2018, Chellapandian et al. 

2019, Al-Abdwais and Al-Mahaidi 2020, Almassri and 

Halahla 2020, Stoner and Polak 2020), and analytical 

(Shakary et al. 2015, Yang et al. 2019, Chen et al. 2019, 

Abdallah et al. 2020) studies of the past few years with the 

findings showing its effectiveness in causing an increment 

in the flexural and shear capacities in RC structural 

members’ behavior. 

The method of NSM is established on the bonding of 

FRP bars, laminates, or fabrics into pre-cut grooves of the 

cover of a concrete. It is possible to place these grooves in 

the RC members’ tensile surfaces for flexure reinforcement, 

beams sides for shear reinforcement, or along the columns 

heights as required. Pavin and Shah (2016) and Al-Saadi et 

al. (2019) critically reviewed previous studies on applying 

NSM FRP to structural members with the system reported 

to have several advantages over NSM steel as observed 

from its fatigue and corrosion resistance, high strength to 

weight ratio, durability, low density as well as the ease with 

which it can be shaped and installed. Moreover, it also has 

certain major advantages compared to the conventional 

externally-bonded FRP systems (De Lorenzis and Teng 

2007) and these include (1) convenient and minimum time 

of installation on site, (2) more effective bonding to the 

substrate concrete based on its full embedment in adhesives, 

and (3) protection from natural disasters using concrete 

cover and less exposure to inadvertent damages. 

Meanwhile, its performance is mainly affected by the 

materials used for bonding, the interaction of bond between 

the filling material and NSM bar, bond between concrete 

interface and filling material, groove size and its location 

from the edges (De Lorenzis and Teng 2007). Recently, 

Deng et al. (2021a) investigated the flexural behavior of 

reinforced concrete (RC) beams strengthened with near-

surface mounted (NSM) carbon fiber reinforced polymer 

prestressed concrete prisms (CFRP-PCPs), and found that 

the strengthened beams showed a higher first-cracking, 

yielding, and ultimate load as the bond length and prestress 

level of CFRP-PCPs increased up to a critical level. In 

addition, an experimental study of the shear performance of 

RC beams strengthened with NSM CFRP-PCPs showed 

that the shear capacity and deformation were enhanced with 

the increase of prestressing levels of CFRP rods and the 

decrease of CFRP-PCPs spacing (Deng et al. 2021b). 

FRP rods are, however, produced in different types 

which ranged between simple smooth and those treated and 

this is majorly due to the lack of firm standards. Meanwhile, 

the main processes developed for the improvement of bond 

behavior are categorized into two which are (1) outer 

surface deformation including ribbed, indented, and braided 

rods and (2) surface treatments such as sand grain-covered 

and epoxy coated rods (Cosezna et al. 1997). Cosezna et al. 

(1997) comprehensively reviewed studies on the bond 

behavior for several FRP rod reinforcement types in 

concrete in order to determine the bond between the rods 

and concrete. FRP bars that have efficient surface 

conditions were found to have the ability of achieving 

average bond stress which is the same as steel bars 

(Cosezna et al. 1997). 

The embedded depth of the FRP rods affects the bond 

between the rod and the epoxy resin as well as between 

epoxy resin and concrete. The rods’ position relative to the 

concrete surface is another factor influencing stress 

distribution in concrete (Budipriyanto et al. 2018). 

Moreover, the experimental research by Sapulete (2018) 

showed that the FRP rods implemented in line with the code 

ACI 440.2R-08 (2008) produced an 83% capacity 

improvement as well as a substantial enhancement for the 

ductility in comparison with members without external 

reinforcement. Finally, the mounting of FRP rods using 

only half of its area also has the ability to cause an 

increment at the moment carrying capacity of the member 

by 37%. Meanwhile, the ductility of the members was 

observed not to have improved substantially and without 

any pattern of yielding was noticed after yielding in 

conventional steel. It is, however, possible to use the half-

embedded FRP rods practically with due consideration for 

the manufacturer’s description in applying the bonding 

agent to the rods. 

NSM systems have been comprehensively applied but 

there is still a need for further investigation experimentally, 

analytically, and numerically to determine the effects of its 

strengthening parameters on RC members’ flexural 

performance. This research was, therefore, conducted to 

numerically develop a detailed 3D nonlinear finite element 

(FE) model with the ability to predict the load-carrying 

capacity and response of RC T-beams strengthened in the 

negative moment region. This involved the use of NSM 

FRP rods at different embedment depth under three-point 

bending loading through the help of the FE code ABAQUS 

(2011). The provision of more strength to concrete members 

in the negative moment region has been observed to provide 

greater attention in comparison with the positive region. 

Meanwhile, some physical challenges related to the 

application of strengthening in this region for a continuous 

span which is a vital zone based on the availability of 

significant shear and moments in similar area has been 

addressed by Jumaat et al. (2010). The availability of the 

columns in these areas forbids applying strengthening 

system on the beam’s web portion (Al-Khafaji and Salim 

2020).  

Another important aspect for consideration is the 

difference in the depth of embedment as observed in the 

frequent cases encountered by engineers concerning 
the inability to meet the standard required by ACI 440.2R-

08 (2008) for fields and structural frames of buildings 

(Sapulete 2018). The developed FE models have been 

confirmed to be effective through the comparison of its 
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predicted load and midspan deflection with experimental 

data in Sapulete (2018). It was also used to numerically 

determine the influence of FRP material properties on the 

response of RC T-beams strengthened in the negative 

moment region. Therefore, this research showed the finite 

element method is practical and valid to model RC T-beams 

strengthened in the negative moment region using NSM 

FRP rods at various depth of embedment. 

 

 

2. Experimental setup 
 

This numerical analysis conducted was founded on the 

experimental research by Sapulete (2018) to evaluate the 

response of the RC T-beams which were strengthened using 

NSM FRP rods considering different embedment depth in 

the negative moment region under a three-point bending or 

one-point loading which was monotonously increased until 

the specimen failed. The research involved the use of two 

strengthened RC T-beams as well as an unstrengthened 

specimen which was applied as the control (BM) with the 

beams having a total length of 2500 mm while the total 

height of the T-section was 300 mm, web-width was 

150 mm, flange-width at 600 mm, and the flange-depth at 

100 mm. Moreover, the ribbed steel reinforcement had two 

bars with 19 mm diameter in the zone of tension which was 

tagged bottom reinforcement, another two with 16 mm 

diameter in the zone of compression tagged the top 

 

 

reinforcement while steel stirrups with 6 mm diameter and 

spaced by 250 mm were applied as shear reinforcement, all 

in accordance with the code SNI 2052 (2017). Meanwhile, 

one of the two beams was strengthened with two 8 mm-

diameter FRP rods using an embedment depth stated by the 

code (BF) while the remaining beams were strengthened 

using FRP rods with the same properties but embedded only 

half of its area (BH). Furthermore, the FRP sheets applied 

for shear strengthening were installed along the entire span 

of the strengthened beam at 100 mm width and spaced at 

130 mm. The detailed setup and the loads applied to the 

beams tested are indicated in a schematic manner as shown 

in Fig. 1 while the complete experiment and factors have 

been described by Sapulete (2018). 

As in the experiment research by Sapulete (2018), the 

beams were all simply supported and subjected to a 

monotonic, increment deflection until failure. To detect the 

occurrence of buckling, two LVDTs (SD 100-C) with a 

sensitivity of 50×10-6 strain/mm were used to monitor the 

vertical deflection of the beam, while three LVDTs were 

used to measure the horizontal deformation of the beam. 

The load response was measured by a load cell. A one-point 

loading system was used to simulate a maximum bending 

moment in combination with a maximum shear at the mid-

point (Tudjono et al. 2017, Tudjono et al. 2018). To 

simulate a negative bending moment in the slab, the beam 

was turned upside down, as the load was induced with the 

help of a hydraulic jack that produced a downwards force. 

 
(a) Test setup and measuring instruments 

 
(b) Specimen details and FRP rod placement 

 

  

 

 (c) BF rod detail (d) BH rod detail  

Fig. 1 Experimental setup and beams detail (Sapulete 2018, Haryanto et al. 2021b) 
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The beam was tested with a deflection increment of 0.144 

mm/sec, and the data was recorded by the data logger 

(TDS-630), which was connected to a computer using the 

TDS-7130 software.  

 

 

3. Finite element (FE) modelling 
 

3.1 Description of the elements 
 

The simulation of the concrete was conducted with a 

three-dimensional composite solid element (C3D8R) which 

is a solid brick element with 8 nodes having three 

translation degrees of freedom in each node at x, y, and z 

directions and observed to be suitable to model the 

concrete’s nonlinear behavior due to its ability to crack in 

tension at three orthogonal directions, crush under 

compression, and ensure plastic deformation and creep. 

Meanwhile, the FRP rod was modeled using the same 

C3D8R element while the FRP sheet was by 4-noded linear 

elastic S4R shell element which is three-dimensional and 

has membrane or in-plane stiffness without bending or out-

of-plane stiffness, and three degrees of freedom in each 

node also at x, y, and z directions. It also has a varying 

thickness, significant deflection, stress tightening, and a 

cloth option used for a tension-only behavior. This non-

linear option behaved like a cloth such that tension loads 

were supported but compression loads caused the element 

to wrinkle. Furthermore, two-noded deformable truss 

elements having three-degrees of freedom with translations 

in x, y, and z global coordinate directions at each node 

(T3D2) were applied to simulate all the reinforcing bars. 

Steel reinforcements were embedded completely in the 

concrete materials and a perfect bond was assumed between 

the steel and surrounding concrete to simplify the modeling 

of such behavior. This assumption ignored the slip and 

shear stresses developed between the embedded 

reinforcement and surrounding materials. Moreover, the 

FRP sheets were created as a skin on the part of the 

concrete and this means there is complete bond between 

them. Therefore, no relationship was set between the FRP 

sheets and concrete since it was not needed but a contact 

interaction was modeled between the surrounding materials 

and FRP rod based on cohesive behavior with elastic 

response explained using an uncoupled traction-relative 

displacement law and the three traction stresses considered 

are presented in Eq. (1). 

0 0

0 0

0 0

n nn n

s ss s

t tt t

t K u

t K u

t K u

     
    

=     
         

 (1) 

where tn , ts, and tt (all in N/mm2) indicate normal and two 

shear traction stress components, respectively, un , us , and un 

(all in mm) represents the corresponding separations while 

Knn, Kss , and Ktt  (all in N/mm3) are the penalty stiffness 

parameters. Table 1 summarizes the penalty stiffness 

parameters determined for the simulation based on the 

previous study by Haryanto et al. (2021c). 

 

3.2 Geometry of the developed FE models 

Table 1 Penalty stiffness variables for FE models 

Specimen 𝐾𝑠𝑠 (N/mm3) 𝐾𝑡𝑡 (N/mm3) 𝐾𝑛𝑛 (N/mm3) 

BH 8 8 3000 

BF 3.5 3.5 3000 

 

 
(a) y-z plane 

 
(b) x-y plane 

Fig. 2 Symmetry conditions of the models 

 
 

Similar dimensions, properties of materials, boundary 

conditions, and geometry were used for the models 

developed for the simply-supported beam specimens which 

were tested. Moreover, only ¼ of the beams were designed 

in the model to have symmetrical boundary conditions in 

two planes based on the symmetry of the geometry, 

loadings, and boundary conditions. This decision was 

favorable due to the decrease in the elements’ number by 

four and this further saved the time for computations. The 

symmetry was simulated by holding the displacement in the 

plane perpendicular to its plane (Fig. 2). The FE models 

developed in this study had the same notation as those 

obtained from the research conducted using experiments. 

An example of the models developed for the beams 

strengthened by placing the NSM FRP rod along the entire 

length is presented in Fig. 3(a) while the sectional detail of 

each model is indicated in Fig. 3(b). Meanwhile, the 

meshed FE model for the strengthened specimen is depicted 

in Fig. 3(c). 

 

3.3 Properties of the materials 
 

A nonlinear stress-strain model represented with Eq. (2) 

through (4) which was proposed by Hsu and Hsu (1994) 

was applied to the uniaxial concrete behavior in 

compression. It considered the effects of lateral steel or 

shear stirrups in confining the concrete and was based on 

the physically important variables which are determinable 

using experiments and has the ability to represent both 
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ascending and descending branches of the curve. 
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where, the 𝜎𝑐  is the compressive stress value after the 

yield point (at 0.5 𝜎𝑐𝑢 ) and the descending portion 

(to 0.3𝜎𝑐𝑢), and 𝜀0 is the strain at 𝜎𝑐𝑢. The units used are 

kips/in2 (1 MPa = 0.145037743 kips/in2). Meanwhile, the 

damaged parameters for the concrete were calculated using 

Eq. (5). 
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E E
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− −
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 (5) 

 

 

where 𝜂𝑐 and 𝜂𝑡 are the ratio of plastic strain to inelastic or 

cracking strain and were suggested to be 0.6 and 0.9 

respectively by Wei et al. (2014). 

The average cylindrical concrete compressive strength 

obtained was 36.29 MPa while the Poisson’s ratio was set at 

0.2. Meanwhile, Eqs. (6) and (7) were used to calculate the 

modulus of elasticity and tensile strength of the concrete in 

line with the ACI 318-14 code (2014) but reduced with 

Taiwanese code in designing the concrete structure 

(Construction Agency 2019). 

' '0.8 4700 3760c c cE f f=  =  (6) 

' ' '0.75 0.33 0.25t c cf f f=  =  (7) 

The applications of these equations and constitutive 

models on the 36.29 MPa strength concrete used in the 

model produced the concrete stress-strain relationships 

presented in Fig. 4.  

The two sections of the uniaxial stress-strain behavior 

 
(a) Schematic of one-quarter of the beam 

   

 

  

 

(b) Section detail for each model 

 
(c) Mesh generation 

Fig. 3 Detail of FE models 
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Table 2 Properties of the material for steel reinforcement 

No. 
Diameter 

(mm) 

Cross-sectional area 

(mm2) 

Density 

(ton/mm3) 

Yield strength 

(MPa) 

D6 6 28.274 

7.85 10-9 

371.04 

D16 16 201.062 402.18 

D19 19 283.539 407.90 

 

 

for the concrete in tension were indicated and the first 

involved the presentation of a linear elastic behavior to the 

tensile strength, ft, while the second was initiated with 

cracking and how it was propagated in the material of the 

concrete under tension which was indicated with a 

descending branch in the figure. The modeling of this phase 

behavior was through the application of a softening method 

which involved implementing stress-strain relationships 

which were linear, bilinear, or nonlinear (Belarbi and Hsu, 

1994). Moreover, a linear behavior was used with the 

ultimate cracking strain assumed to be 0.004 while the 

minimum tensile stress was set close to zero to avoid the 

potential convergence problem in the modeling process.  

The nonlinear response of the steel reinforcement bars 

was assumed to be linear elastic-perfectly plastic while the 

Poisson’s ratio was made to be 0.3 and the elastic modulus 

was 200 GPa. The properties of the steel reinforcement used 

for simulation are, however, indicated in Table 2. 

FRP rod mechanical properties were obtained from the 

PT. SIKA Indonesia with the modulus of elasticity and 

tensile strength recorded to be 148 GPa and 3100 MPa, 

respectively. Meanwhile, it was only the modulus in fiber 

direction 𝐸11 and the tensile strength in fiber direction 𝑋1
𝑇 

which were provided for the FRP sheet by PT. SIKA 

Indonesia while other properties were in line with the TB-

06-CRP-1 (2007) as shown in Table 3. Moreover, a 

subroutine known as UMAT in ABAQUS which allows 

users to write their constitutive material model was applied 

 

Table 3 Material properties for FRP sheet 

Properties Description Value Unit 

𝐸11 
Young’s modulus along the fiber 

direction 
225 GPa 

𝐸22 
Young’s modulus perpendicular to the 

fiber direction 
16.28 GPa 

𝐺12 Shear modulus 4.31 GPa 

𝑋1
𝑇 Tensile strength in the fiber direction 3850 MPa 

𝑋1
𝐶 

Compressive strength in the fiber 

direction 
-2369.23 MPa 

𝑋2
𝑇 

Tensile strength perpendicular to the 

fiber direction 
109.58 MPa 

𝑋2
𝐶 

Compressive strength perpendicular to 

the fiber direction 
-286.28 MPa 

𝑆12 Shear strength 118.46 MPa 

S6666 Nonlinear shear parameter 4.64 e-25 Pa-3 

 

 

in the Tsai-Wu theory (Tsai and Wu 1971) to define the 

failure behavior of FRP sheet in the simulation. Finally, the 

Poisson’s ratio for FRP was set at 0.3 while FRP nonlinear 

response was assumed to be linearly elastic. 

 

 

4. Results and discussion 
 

4.1 The relationship between the results of numerical 
simulation and experiment 

 

The findings of the FE numerical simulations obtained 

from this study and the experiments of Sapulete (2018) 

were compared to analyze the FE model developed and 

determine whether it is valid. The experimentally recorded 

and numerically simulated load-midspan deflection of the 

control and two negative moment region strengthened RC 

T-beams with NSM FRP rods were compared and presented 

in Fig. 5. A reasonable agreement was, therefore, observed 

 

  

 

 (a) Compressive behavior (b) Compressive damage parameter  

 

  

 

 (c) Tensile behavior (d) Tensile damage parameter  

Fig. 4 Concrete stress-strain curve 
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(a) BM model 

 
(b) BH model 

 
(c) BF model 

Fig. 5 Experimental measurements and FE simulation 

comparison 

 

 

between the two findings at all stages of loading up to the 

time all the specimens failed. 

Similarly with Sapulete et al. (2018), it was observed 

that the control beam (BM) failed as an under-reinforced 

member. The first crack in the concrete’s tension area 

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 

neutral axis towards the compression zone, the strains in the 

concrete fibers reached its failure-strain limit and the 

member failed due to the crushing load of concrete in the 

compression area. The member underwent large 

deformations from the prolonged yielding of the steel bars, 

resulting in a post peak curve. The beam BH with the half-

embedded FRP rods and BF with the fully-embedded FRP 

rods behave almost identically. The concrete in tension 

cracked at levels of 32% (BH) and 43% (BF) of their 

ultimate load. The significant difference in behavior 

observed after the yielding was that the BH could only carry 

  
(a) FRP rods debonding and flexure cracks of BH specimen 

  

(b) Shear-flexure cracks and concrete interface failure at the 

rods of BF specimen 

Fig. 6 Failure mode of BH and BF (Sapulete 2018) 

 

Table 4 Experimental results and predicted FE analysis 

comparison 

Specimen 
Load, Pu (kN) Deflection, δu (mm) 

Experimental Numerical Experimental Numerical 

BM 90.54 92.39 18.49 20.67 

BH 129.23 117.31 19.50 24.67 

BF 173.51 142.07 32.69 32.00 

 

 

an additional 37% of the ultimate load of beam BM, 

whereas BF had an 82% capacity increase. 

Furthermore, Sapulete (2018) stated that FRP sheets 

confinement has slightly effect on BH specimen since it 

was collapses due to FRP rods debonding, thereby making 

the beam more ductile. The beam demonstrated severe 

flexure cracks at the mid-point (Fig. 6(a)). In contrast, BF 

specimen showed that the concrete material did not crush 

when it reached the ultimate strain value of 0.003. This 

condition is influenced by the confinement of the FRP 

sheets on the concrete in the compression area. BF was 

characterized by shear-flexure failure and large diagonal 

cracks that propagated from the tensile fibers of the 

concrete at and around the mid-point up till the compression 

zone (Fig. 6(b)). Finally, the values for ultimate load and 

corresponding deflection were also compared for the 

predicted and experimented studies and the results are 

presented in Table 4 where the normalized mean square 

error (NMSE) for the ultimate load as well as the 

corresponding deflection were found to be 0.024 and 0.017 

respectively for all the specimens. 

 
4.2 Analytical approach 

 

The ultimate load, Pu, for the strengthened beams 

obtained from the experiment and numerical analysis were 

compared with the analytical model from ACI 318-14 

(2014) as indicated in Fig. 7. The comparison was, 

however, made by assuming the plane sections are still 

plain after they have been loaded, a perfect bond exists 

between steel reinforcement and substrate of the concrete, 
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the concrete’s ultimate compressive strain is 0.003, FRP 

behaves linearly elastic, and steel reinforcement behaves 

elastic-perfectly plastic. It should be noted that the 

analytical approach did not take FRP sheets into 

consideration. 

Effective concrete strain (𝜀𝑐),  steel reinforcement 

strains (𝜀𝑠𝑠1, 𝜀𝑠𝑠2, 𝜀𝑠𝑏 , 𝜀𝑠
′ ),  and FRP rod strain (𝜀𝑓)  are 

calculated using Eq. (8) in line with the strain compatibility 

𝜀𝑓

𝑑3 − 𝑐
=

𝜀𝑠𝑠2

𝑑2 − 𝑐
=

𝜀𝑠𝑏

𝑑 − 𝑐
=

𝜀𝑠𝑠1

𝑑1 − 𝑐
=

𝜀𝑠
′

𝑐 − 𝑑′
=

𝜀𝑐

𝑐
 (8) 

where 𝑑 (mm) is distance between the beam top and main 

steel reinforcement, 𝑑′ (mm) is distance between the beam 

top and top steel reinforcement, 𝑑1  (mm) is distance 

between the beam top and upper layer of flange steel 

reinforcement, 𝑑2 (mm) is distance between the beam top 

and lower layer of flange steel reinforcement, 𝑑3 (mm) is 

distance between the beam top and FPR reinforcement, and 

𝑐 (mm) is neutral axis depth from the top. The equilibrium 

of internal forces was fulfilled using Eqs. (9) to (15) 

𝐶𝑐 + 𝐶𝑠 = 𝑇𝑠𝑠1 + 𝑇𝑠𝑏 + 𝑇𝑠𝑠2 + 𝑇𝑓 (9) 

𝐶𝑐 = 𝛼𝑓𝑐
′𝛽𝑐𝑏 (10) 

𝐶𝑠 = 𝐴𝑠
′ 𝐸𝑠𝜀𝑠

′  (11) 

𝑇𝑠𝑠1 = 𝐴𝑠𝑠1𝑓𝑦𝑠𝑠1 (12) 

𝑇𝑠𝑏 = 𝐴𝑠𝑏𝑓𝑦𝑠𝑏 (13) 

𝑇𝑠𝑠2 = 𝐴𝑠𝑠2𝑓𝑦𝑠𝑠2 (14) 

𝑇𝑓 = 𝐴𝑓𝐸𝑓𝜀𝑓 (15) 

where 𝑇𝑠𝑠1, 𝑇𝑠𝑏, 𝑇𝑠𝑠2  (N) are steel reinforcement tension 

forces, 𝑇𝑓 (N) is FRP reinforcement tension force, 𝐶𝑐 (N) 

is concrete compression force, 𝐶𝑠  (N) is steel 

reinforcement compression force, 𝐴𝑠𝑏 (mm2) is main steel 

reinforcement cross-sectional area, 𝐴𝑠
′  (mm2) is top steel 

reinforcement cross-sectional area, 𝐴𝑠𝑠1 and 𝐴𝑠𝑠2  (mm2) 

are flange steel reinforcement cross-sectional area, 𝐴𝑓 

(mm2) is FRP rod cross-sectional area, 𝜀𝑠
′  is top steel 

reinforcement strain, 𝜀𝑓 is FRP reinforcement strain, and 

𝐸𝑓 (MPa) is FRP reinforcement elastic modulus. The stress 

block parameters 𝛼 and 𝛽 are equal to 0.85 according to 

the ACI 318-14. 

The beam’s ultimate flexural moment 𝑀𝑢 (Nmm) was 

later determined using Eqs. (16) to (22) as follows where 

 

 

Fig. 8 Summary of different methods of investigation 

 

 

𝑀𝑢 = 𝑀𝑐 + 𝑀𝑠′ + 𝑀𝑠𝑠1 + 𝑀𝑠𝑏 + 𝑀𝑠𝑠2 + 𝑀𝑓 (16) 

𝑀𝑐 = 𝐶𝑐 (𝑐 −
𝛽𝑐

2
) (17) 

𝑀𝑠 = 𝐶𝑠(𝑐 − 𝑑′) (18) 

𝑀𝑠𝑠1 = 𝑇𝑠𝑠1(𝑑1 − 𝑐) (19) 

𝑀𝑠𝑏 = 𝑇𝑠𝑏(𝑑 − 𝑐) (20) 

𝑀𝑠𝑠2 = 𝑇𝑠𝑠2(𝑑2 − 𝑐) (21) 

𝑀𝑓 = 𝑇𝑓(𝑑3 − 𝑐) (22) 

𝑀𝑐 (Nmm) is concrete moment contribution, sM  (Nmm) 

is top steel reinforcement moment contribution, 𝑀𝑠𝑠1 

(Nmm) is upper layer of flange steel reinforcement moment 

contribution, 𝑀𝑠𝑏  (Nmm) is main steel reinforcement 

moment contribution, 𝑀𝑠𝑠2 (Nmm) is lower layer of flange 

steel reinforcement moment contribution, and 𝑀𝑓 (Nmm) 

is FRP reinforcement moment contribution. The analytical 

ultimate load-carrying capacity 𝑃𝑢−𝑡ℎ  (kN) was later 

calculated using the following Eq. (23). 

𝑃𝑢−𝑡ℎ =
4𝑀𝑢

𝑙
× 10−3 (23) 

where 𝑙 is clear span of the beam which was 2300 mm. 

A reasonable agreement was obtained for all the specimens 

between experimental, numerical, and analytical ultimate 

load results for RC T-beams strengthened using NSM FRP 

rods in the negative moment region. The values from the 

analytical approach were discovered to be relatively under-

predicted and tend towards the numerical values in 

comparison with the experimental findings as indicated in 

Fig. 8. The analytical evaluation also showed BM only had 

 
Fig. 7 Theoretical model at the ultimate stage 
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(a) BH models 

 
(b) BF models 

Fig. 10 Response of load-deflection for strengthened 

beam models using several sizes of FRP sheets 

 

 

a 3.38% disparity load while BH and BF had a 8.53% and 

7.82% deviation load in terms of the ultimate load when 

compared with the numerical result. 

 

4.3 Parametric study 
 
The numerical FE model developed was used in the 

 
 

second part of this research to analyze the behavior of 

specimens which were not tested or produced using the 

experiment, and were not examined in the previous work by 

Haryanto et al. (2021b) that investigated 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, particularly strengthened in the negative moment 

region with NSM half-embedded FRP rods. Four models 

were developed and analyzed to numerically determine the 

effect of varying the FRP sheet width and determine the 

contribution of FRP rods and sheets. Meanwhile, models 

without FRF rods or sheets were also developed and 

compared with other parametric models with the details 

discussed in the following sub-sections. Fig. 9 shows 

schematic of the parametric study. 

 

4.3.1 Effect of FRP sheet width 
The original FRP sheets in the experimental research 

were 100 mm wide with 30 mm spacing between each 

placed on the web of T-beams while its coverage was 

reported to be 72%. The parametric models were, therefore, 

designed with the use of 75 mm and 25 mm wide FRP 

sheets covering 54% and 18% respectively to achieve 

economic benefits. The effects of applying different FRP 

sheet widths in the FE model on the effectiveness of RC T-

beams strengthened using FRP rods in the negative moment 

region are represented in Fig. 10. Meanwhile, the ultimate 

strength enhancement of the beams under different FRP 

sheet coverage of the models is presented in Fig 11. It was, 

however, discovered from Fig. 10 that an increment in the 

width of the FRP sheet increased the post-yielding stiffness 

for both BH and BF. This is important because post-

yielding stiffness is one of the important variables 

associated with inelastic characteristics of structures 

affecting the dispersion of seismic response and a higher 

   
100 mm wide of FRP sheets 75 mm wide of FRP sheets 25 mm wide of FRP sheets 

 

  

 

 FRP rods only FRP sheets only  

Fig. 9 Schematic of the parametric study 
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positive value for this parameter produces more uniform 

distribution of energy dissipation (Ye et al.2008). 

Furthermore, Fig. 11 shows the ultimate load 

enhancement of only-FRP rods strengthened beam (FRP 

sheets 0% coverage) in BF models, which is 33.50%, is 

much higher than that of 4.50% in BH models. Also, Fig. 11 

shows more FRP sheets coverage led to better ultimate load 

enhancement in BF and had slight effects in BH models. 

These findings indicated the presence of FRP sheets is 

effective for the improvement of beams’ ultimate load either 

in BH or BF models while the width also has some 

influence. Therefore, an increment in FRP sheets coverage 

is recommended to ensure an effective increment in the 

 

 

 

beam’s ultimate load. 

 

4.3.2 Contribution of FRP rods and FRP sheets 
The tensile damage contours for the monolithic beam 

which is the control specimen, only-FRP rods strengthened 
and half-embedded, and only-FRP sheets strengthened 
beam models at different load are shown in Fig. 12.  

The tensile damage contour is represented by parameter 

𝑑𝑡 in the Concrete Damage Plasticity (CDP) model and is 

defined as the ratio of the cracking strain to the total strain. 

The red color in the contour shows 𝑑𝑡 is close to 1 and this 

means tensile damage will occur. Fig. 12, however, shows 

the tensile damaged area of the beam at the support reduced 

 

  

 

 (a) BH models (b) BF models  

Fig. 11 Effect of FRP sheet sizes on the enhancement ratio of ultimate load 

   

(a) Unstrengthened beam at 60 kN 
(b) Only-FRP rods strengthened beam 

at 60 kN 

(c) Only-FRP sheets strengthened 

beam at 60 kN 

   

(a) Unstrengthened beam at 80 kN 
(b) Only-FRP rods strengthened beam 

at 80 kN 

(c) Only-FRP sheets strengthened 

beam at 80 kN 

   

(a) Unstrengthened beam at 90 kN 
(b) Only-FRP rods strengthened beam 

at 90 kN 

(c) Only-FRP sheets strengthened 

beam at 90 kN 

Fig. 12 Comparisons of tensile damage contours at different load 
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(a) BH models 

 
(b) BF models 

Fig. 13 Contribution of FRP rods and sheets 

 

 

under the same load after FRP rods reinforcement and this 

shows the material was effective in improving the beam’s 

tensile strength at the bottom. Meanwhile, the FRP sheets 

reinforcement increased the tensile damaged area at the 

beam web along its own area and this indicates this material 

was able to uniformly transmit external forces to the beam 

web to limit the possibility of stress concentration problem 

in an unstrengthened beam. 

Furthermore, the contribution of FRP rods and sheets on 

the performance of strengthened beams is shown in Fig. 13 

with either observed to have a certain effect. However, the 

FRP rod was observed to be related to the strengthening of 

yield load while the FRP sheet is more related to the 

ductility of the specimen, apart from the ability of the FRPs 

to cause an increment in the ultimate load. 

 

 
5. Conclusions 

 
An FE numerical model was developed in this research 

to ensure the accurate simulation of the response to be 

provided by RC T-beams strengthened in the negative 

moment region through the use of NSM FRP rods and 

sheets as the shear reinforcement. The contact interaction 

between the surrounding materials and FRP rod through the 

use of cohesive behavior, nonlinearities in the compression 

and tension of the concrete material, steel reinforcement 

yielding ability, and FRP linearly elastic behavior were 

considered in the model. It was further used to predict the 

ultimate load of the beams placed under three-point bending 

and further validated through a comparison between 

numerical simulations for the FE and corresponding 

experimental findings retrieved from three tests conducted 

in previous studies. Moreover, the effect of varying the 

width of the FRP sheet as well as the contributions of the 

FRP sheets and rods were examined on the performance of 

the specimens using a parametric study. The findings from 

this research are, therefore, presented as follows: 

• A reasonable agreement was established concerning 

the response of load-deflection in all flexural loading 

stages up to when the specimens failed between the 

findings from the numerical simulations and the data 

provided by the experimental research. 

• The analytical approach showed BH only had a 2.96% 

disparity load while BF had a 6.58% deviation load 

when compared with the numerical result. 

• An increment in the width of the FRP sheets was found 

to have caused an increase in the post-yielding stiffness 

for both BH and BF and a higher stiffness usually 

produce more uniform distribution of energy dissipation. 

• The tensile damaged area of the beam at the support 

reduced under the same load after FRP rods 

strengthening and this shows the material was effective 

in improving the beam’s tensile strength at the bottom.  

• The FRP sheets strengthening increased the tensile 

damaged area at the beam web along its own area and 

this indicates this material was able to uniformly 

transmit external forces to the beam web to limit the 

possibility of stress concentration problem in an 

unstrengthened beam. 

• The FRP rods were observed to have more ability to 

strengthen yield load while FRP sheets focused more on 

the specimen ductility. 

• The finite element model developed and validated in 

this research is considered appropriate to model and 

analyze RC T-beams which are strengthened in the 

negative moment region through the use of NSM FRP 

rods. It also has the ability to perform accurate and 

efficient parametric studies which are focused on 

designs of several configurations of strengthening using 

FRP materials. 

• The findings of this study have to be seen in light of 

some limitations; FE mesh improvement should be 

addressed in the future research to avoid the localized 

crack formation. 
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