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Abstract

The utilization of near-surface mounted Fiber Reinforced Polymer (FRP) reinforcement as a method of strengthening in reinforced 

concrete structures has increased considerably in recent years. Moreover, the application of double-shear lap tests for this rein-

forcement method leads to the achievement of a local bond-slip behavior in a bonded joint. This research, therefore, focused on 3-D 

modeling of this type of test to suitably characterize the bond mechanics between FRP rods and concrete at various embedment depth. 

The use of different alternatives to represent the interface between the FRP rod and concrete were analyzed after which a comparison 

was drawn between the numerical finite element (FE) simulations and experimental measurements. The results showed the prediction 

of the load–slip corresponded with the data obtained from the experiment. Finally, the proposed model has the ability to express the 

relationship between the penalty stiffness parameters in shear direction Kss = (Ktt) and the embedment depth of FRP rods.
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1 Introduction
The increment in load for a structure as well as aging and 
environmental effects have the ability to reduce its capac-
ity to sustain new loads [1]. It has, however, been reported 
that an increment in the capacity of an affected structure 
through the use of different methods of strengthening is 
considered to be more rational and economical compared to 
the demolition and subsequent construction of new ones [2]. 
Moreover, Fiber Reinforced Polymer (FRP) composite has 
become popular compared to other strengthening materials 
such as steel due to its superior thermomechanical perfor-
mances [3, 4]. The FRP is commonly applied using Near-
Surface Mounted (NSM) which involves the introduction 
of FRP rods or strips into the surface grooves. These are 
usually cut along the concrete's cover through the process 

of flexural strengthening [5–7] on the tension side or shear 
strengthening [8, 9] in the web to ensure an increment in 
the load-carrying capacity. This method is beneficial due 
to the ease with which it can be installed, better bonding 
in comparison with the conventional method, provide more 
protection from natural hazards, and ensure the structure 
is less exposed to accidental damage [10].

An important aspect of using the NSM technique to 
improve structural performance is the bond behavior. This 
is due to the fact, that the popular modes of failure are the 
bond loss both at the adhesive layer and in the interfaces 
between FRP rod and adhesives or adhesives and con-
crete. Therefore, the reinforced elements' ultimate capac-
ity depends on the behavior of the bond. Several series of 
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test have been conducted up to the present time through 
the application of direct and beam pull-out tests to ana-
lyze the effect of important variables in the NSM method. 
The direct pull-out test involves the embedment of NSM 
rods on one or more sides of a square/rectangular concrete 
block [11–14] as observed in the double shear lap test in 
Fig. 1 [15]. The beam pull-out test specimen, however, 
has two concrete blocks which are connected using a steel 
hinged at the top and a FRP rod embedded in the concrete's 
cover on the blocks' lower face [16, 17]. These methods 
have both merits and demerits, and this has led to several 
attempts towards ensuring the reduction or total removal of 
the demerits [18, 19]. 

Several experimental studies have been developed up to 
the present time but due to a higher number of variables 
related to NSM bond performance in comparison with the 
externally-bonded FRP systems, different FRP which are 
available on commercial scale, and epoxy products, there 
is a need for a further experimental and numerical investi-
gation to completely analyze a bond model of NSM-FRP 
rods. This study was mainly conducted to develop a com-
prehensive nonlinear three-dimensional finite element (FE) 

model through the use of software code to accurately sim-
ulate the direct pull-out tests with double shear lap testing. 
The purpose was to suitably characterize the bond mechan-
ics between concrete and FRP rods and this involved plac-
ing special emphasis on modeling the interface behavior 
observed to be existing among NSM FRP rod and concrete 
through the adjustment of the behavior of contact inter-
action. Moreover, different embedment depths were also 
considered due to the challenges frequently encountered 
by engineers when the required standard mandated by 
ACI 440.2R-08 [20] is not achieved in the structural frames 
of buildings on the field [21].

2 Summary of the experimental program
The preparation and testing of double shear lap specimens 
were conducted under pull-out tension load in line with 
the experimental study of Budipriyanto et al. [22] to mea-
sure the ultimate failure of FRPs embedded in the con-
crete as depicted in Fig. 2 [22, 23]. 

The experimental was set-up to ensure the bonded FRP 
rod fails due to the loss of bond by assuming it closely 
approaches the steel reinforcing bars bond with similar 
size and bond-length set at 100 mm. Moreover, the research 
conducted by Caro et al. [24] showed bond-length as part 
of the important variables influencing the mode of failure. 
This involved the arrangement of the tensile pull-off bar 
with 25 mm diameter as one solid element during casting 
to achieve the stability of the test specimen and centricity 
of the tensile force applied as shown in Figs. 3(a) and 3(b). 
Moreover, the universal testing machine (UTM) grips 
were appropriately arranged after which there was cutting 
of pull-off bar and placement of precision instruments as 
indicated in Fig. 3(c). A centric tensile load was applied by 
the UTM to the 25 mm bars and there was an increment of 
20 N/sec with close observation of the bonded FRP rods 
when the loading was increased in a monotonic manner.

The rods' embedded depth affects the bond it has with 
epoxy resin and concrete while its relative position to the 
surface of the concrete also influences distribution of 
stress. Higher values of stress were observed to have been 
induced close to the rod end based on the strains accumu-
lated during the tensile test [25]. However, the possible 
failure modes include concrete failure in shear and loss 
of bond between the concrete and epoxy interface as well 
as the rod and epoxy. The failures attributed to FRP rod 
in tension were ignored in this experiment based on the 
material's high tensile strength. The FRP rods' positions 
relative to the surface of the concrete were classified into Fig. 1 Double shear lap test
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Fig. 2 Experimental of FRP rod bond behavior

(b) FRP rod
Fig. 3 Assemblage and pull-off bar cutting

(a) Set up (c) Cutting of pull-off bar

three types as indicated in Fig. 4. Furthermore, the appli-
cation of RTF specimens was based on the code [20] at 
14 mm embedded depth which is known as the "full-em-
bedded". The code, however, requires the depth to be at a 
minimum of 1.5 of the rod diameters. Meanwhile, the RTE 
specimens had 75 % contact area having 10 mm groove 
depth and classified as edge-embedded while the RTH 
specimens had an interface which is one-half of the rod 
circumference and a 6 mm deep groove which is classified 
as half-embedded. There was preparation of four speci-
mens for each category.

3 Finite element model
3.1 Model description
Three models of FE were developed through the use of 
the finite element software, ABAQUS [26], after which a 
comparison was made between the values predicted and 
those obtained from the double shear lap specimens tested 
in the previous section. The models consist of nonlin-
ear constitutive laws for the concrete, steel, and FRP rod 
materials and the contact simulation behavior between the 
FRP rod and surfaces of the concrete. They were created 
based on the three embedded depths of the FRP rod which 
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are full-embedded, edge-embedded, and half-embedded. 
All the components and settings were built according to 
the experimental settings and the full-embedded model 
was selected for subsequent introduction for better under-
standing as shown in Fig. 5.

The model included concrete blocks, FRP rods, stir-
rups, longitudinal reinforcements, and tensile pull-off 
bars. The FRP rods were placed based on the length of the 
grooves to create two types of concrete blocks. The first 
type has a 250 mm grooves on its opposite sides while the 
second has 100 mm. The FRP rod has an 8 mm diameter 
and 400 mm length and connected the two concrete blocks 
by filling their grooves as shown in Fig. 6.

Multiple types of elements were employed to model 
the three specimens. This involved the use of 3D 8-noded 
hexahedral (brick) elements having decreased integration 
(C3D8R) to avoid shear locking effect in modeling con-
crete blocks, FRP rods, and the tensile pull-off bars. This 
type of element comes with 3 degrees of freedom in each 
node which are translations in the X, Y, and Z directions. 
Meanwhile, 2-noded truss elements (T3D2) were used to 
model the reinforcements. This type of element also has 
3 degrees of freedom in each node which are translations in 
the X, Y, and Z directions of the global coordinates system. 
Moreover, to limit the computation time, meshing was per-
formed without a mesh independency test. The summary 
of the elements is, however, presented in Fig. 7. 

3.2 Material properties and constitutive laws
The same materials' properties of the different components 
in the experimental specimens were found to be applied in 
developing the FE models. Meanwhile, the concrete mate-
rial plasticity was determined through the application of 
the Concrete Damage Plasticity (CDP) model designed 
by combining isotropic tensile and compressive plasticity 
with continuum damage mechanics and scalar damaged 
elasticity concepts to ensure proper representation of the 
concrete's inelastic behavior [27]. The two major failure 

Fig. 5 FE model developed for full-embedded double shear lap specimen

Fig. 6 Geometry of double shear lap test model

(b) RTE
Fig. 4 Specimen classification

(a) RTF (c) RTH
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mechanisms for concrete materials, according to the basic 
assumptions of damage plasticity model, include tensile 
cracking and compressive crushing.

An average concrete compressive strength of 36.37 MPa 
was obtained on the testing day and the modulus of elas-
ticity of the material was considered to be E fc c= 4700 '  
based on ACI 318-14 [28] while the Poisson's ratio was 
recorded to be 0.2. Concrete's nonlinear behavior in com-
pression have been simulated in several previous studies 
such as Hognestad parabola [29], Vecchio and Collins [30], 
and Hsu [31]. An experimental data was, however, applied 
in this study as shown in Fig. 8. 

The two parts of the concrete's uniaxial stress-strain 
behavior in tension are indicated in Fig. 9 and the first 
involved showing a linear elastic behavior until the con-
crete tensile strength ft while the second was initiated 
with cracking and its propagation in the concrete mate-
rial under tension which is demonstrated by a descending 
branch in the diagram. This phase's behavior was modeled 
through the application of a softening procedure using lin-
ear, bilinear, or nonlinear stress-strain relationships [32]. 
For the purpose of this analysis, a linear behavior was 
applied with the ultimate cracking strain presumed to be 
0.003 while the minimum tensile stress was made close to 
zero to avoid the potential convergence problem and the 
ultimate tensile strength of the concrete was estimated to 
be f ft c

' '
.= 0 33  [33, 34]. 

The other parameters needed for the definition of the 
CDP model are the dilation angle (ψ), plastic potential 
eccentricity of concrete (e), ratio of compressive stress in 
the biaxial to the uniaxial state (σb0/σc0), shape factor (Kc) 
of the yielding surface in the deviatory plane, and the vis-
cosity. For e, σb0/σc0 and Kc are using the suggested value, 
while the values of ψ and viscosity parameter refer to the 
study conducted by Raza et al. [34]. 

The steel material's modulus of elasticity and yield 
strength were 200 GPa and 400 MPa, respectively in the 
experiment while the Poisson's ratio was estimated at 0.2 
and the nonlinear property was presumed to be elas-
tic-perfectly plastic [35] as shown in Fig. 10. The FRP 

rod mechanical properties are obtained from PT. SIKA 
Indonesia. The attained modulus of elasticity and tensile 
strength are 148 GPa and 3100 MPa, respectively. In addi-
tion, the Poisson's ratio for the FRP was estimated to 
be 0.33 while FRP rod's nonlinear response was presumed 
to be elastic-fully plastic [35] as demonstrated in Fig. 10.

3.3 Contact interaction
The contact surfaces were assumed to be perfectly bonded 
in the model and the built-in tie function in the program 
was selected to represent this behavior in the first stage 
of the study to ensure the stimulation of the interaction 
behavior among the concrete and tensile pull-off bar as 
well as the concrete and FRP rod. Moreover, tensile pull-
off bars were set as rigid bodies to ensure higher stiff-
ness compared to the concrete while the contact settings 
between the concrete and steel bars were represented by 
the built-in embedded region function in the program. 

Fig. 7 Element types

Fig. 8 Concrete compressive stress-strain curve

Fig. 9 Concrete uniaxial tensile stress-strain behavior and its softening 
branch assumptions



Haryanto et al.
Period. Polytech. Civ. Eng., 65(3), pp. 878–889, 2021|883

Finally, since the macroscopic properties such as stiff-
ness and strength of the epoxy resin as the adhesive mate-
rial are not available, it will be more appropriate to model 
the interaction behavior among the concrete and FRP rod 
using cohesive contact behavior at the second stage of the 
study [26]. The elastic response of the cohesive contact 
behavior was explained using an uncoupled traction-rela-
tive displacement law with the three traction stresses con-
sidered shown in Eq. (1).
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where tn, ts, and tt indicates normal and two shear traction 
stress components, respectively, un, us, and ut represent the 
corresponding separations while Knn, Kss, and Ktt are the 
penalty stiffness parameters. 

4 Results and discussion
4.1 Model validation
The main idea to develop a perfect bond model was to rep-
resent, in a simplified way, the pull-out behavior, using pre-
vious results on double shear lap specimens. The predicted 
perfect bond model and measured load–slip responses for 
the tested specimens are demonstrated in Fig. 11.

The predictions made by the models with a perfect 
bond assumption for failure load in the numerical simu-
lation showed a reasonable agreement with an average of 
7.55 % disparity as shown in Table 1. However, the results 
obtained from the models depicted greater stiffness and 
this was explained by the assumption of a perfect bond 
which ignores the bond-slip relationship, consequently, 
increasing the models' stiffness. 

The main objective of the simulation conducted with 
the use of cohesive contact behavior to model surface 
interaction between concrete and FRP rod was to repre-
sent the load-slip behavior of the double shear lap tests 

(a) RTH model

(b) RTE model

(c) RTF model
Fig. 11 Load versus slip for a perfect bond model

Fig. 10 Stress-strain curves for steel material and FRP [35]
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more accurately. Moreover, in the second phase of the 
simulation, the same value of penalty stiffness parame-
ters was presumed for shear direction and this reduced the 
requested parameters to two. Therefore, setting Kss = (Ktt) 
as the independent variable and Knn as the control vari-
able for the FE analysis showed the change of Kss = (Ktt) 
has a great influence on the simulation results. Fig. 12 fur-
ther shows the stiffness of the load-slip curve increases 
and move closer to the value obtained for the perfect bond 
model as Kss = Ktt moves higher. 

Meanwhile, the use of Knn as an independent vari-
able and Kss = (Ktt) as the control variable indicates the 
change in Knn has a little effect on the analysis compared to 
Kss = (Ktt) as shown in Fig. 13. Thus, knowing the influence 
of Knn and Kss = (Ktt) on the analysis results,  was defined 
as a certain value in the simulation for its little effect on 
the analysis results, and the value of Kss = (Ktt) was defined 
by numerical validation. Table 2 summarizes the penalty 
stiffness parameters determined for the final simulation.

The influence of varying the embedment depth of FRP 
rods was studied in the simulation with due consideration 
for the cohesive contact behavior to model the surface inter-
action between concrete and FRP rod (final simulation). 
The numerical result for the half-embedded (RTH) model 
showed an ultimate load of 42.55 kN while edge-embedded 
(RTE) had 49.79 kN. Meanwhile, 58.97 kN was achieved by 
the RTF model with a full-embedded depth of 14 mm con-
sidered to be the same with a depth of 1.5 of the rod diam-
eters required by the code. These values clearly showed 
the ultimate load was increasing with an increment in the 
depth as observed in RTE and RTF having a corresponding 
increase of 17.03 % and 37.66 %, respectively, compared 
to RTH while an enhancement of 17.63 % was recorded 
between full-embedded (RTF) and edge-embedded (RTE) 
models. These findings underlined the results of the study 
conducted by Caro et al. [24] on the bond performance of 
deep embedment FRP bars epoxy-bonded into the con-
crete. The value of slip was also found to have increased 
with an increment in the FRP rod’s embedment depth with 
the highest, 5.95 mm, exhibited by the model with full-em-
bedded FRP rod (RTF). Table 3 presents the summary of 
the result of the FE model with cohesive contact behavior.

The results of the 3D final numerical simulations were 
analyzed and likened to the experimental findings in 
terms of applied load versus slip as depicted in Fig. 14 and 
the simulations were able to meet the experimental curves 

Table 1 Experimental results vs FE perfect bond model

Specimen Pu(Exp) (kN) Pu(FE-PB) (kN) Difference (%)

RTH 43.15 48.92 11.79

RTE 53.57 57.37 6.62

RTF 59.21 61.83 4.23

(a) RTH model

(b) RTE model

(c) RTF model
Fig. 12 Kss = (Ktt) influence on the model
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(a) RTH model

(b) RTE model

(c)
Fig. 13 Knn influence on the model

Table 2 Penalty stiffness parameters for the final simulation

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

RTF 3.5 3.5 3000

RTE 5 5 3000

RTH 8 8 3000

Table 3 Results of the FE model with cohesive contact behavior

Specimen Pu(FE-CB) (kN) Slip(FE-CB) (mm)

RTH 43.15 4.09

RTE 53.57 5.86

RTF 59.21 5.95

(c) RTF model
Fig. 14 Load versus slip for FE model with cohesive contact behavior

(b) RTE model

(a) RTH model
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by considering the cohesive contact behavior to model 
the surface interaction between the concrete and FRP 
rod (Table 4). The implemented models were particularly 
able to follow all the applied loading stages up to failure 
as shown in the load-slip diagrams. Moreover, the final 
numerical results are very similar but, generally, showed 
a slightly lower value in the slip with an average of 0.46 % 
difference while the ultimate load also demonstrated a bit 
lower peak with an average of 3.37 % difference.

4.2 Model behavior
As previously reported by Budipriyanto et al. [22], the 
RTH specimen failed due to the loss of bond in the rod- 
epoxy interface based on the small area of contact 
observed to by just one-half of the rod. Meanwhile, the 
RTE specimen failed in the concrete area adjacent to the 
rod and this is identical to what was observed with the 
RTF specimen. Therefore, the failure was unmistakable in 
the concrete area. Meanwhile, the 3D numerical analyses 
performed using the model described in Section 4.1 were 
unable to capture some important features in the exper-
imental tests despite their ability to simulate the overall 
loading process effectively. The numerical simulations in 
Fig. 15 particularly showed no evidence of any stress con-
centration to suggest the mode of failure for the experi-
mental specimens.

4.3 Penalty stiffness parameter vs embedment depth
This study only discussed the relationship between the 
penalty stiffness parameters in shear direction Kss = Ktt 
and the embedment depth of the FRP rod. This is due to 
the little effect of those in normal direction Knn on the sim-
ulation results and because they are set as an arbitrary 
fixed value in the simulation. Therefore, the defined val-
ues of the parameters in shear direction Kss = Ktt are shown 
in Fig. 16 after the comparison with the experimental data 
presented in Fig. 12. The results showed the relationship 
between the penalty stiffness parameters in shear direc-
tion Kss = Ktt and the embedment depth of FRP rods can be 
expressed using the following Eq. (2).

K K r rss tt= = − +( ) .3 12 15 3125
2  (2)

where r represents the ratio of embedment depth to the 
diameter of the FRP rod.

5 Conclusions
There was the development of a 3D FE numerical model to 
determine double shear lap tests performance for the bond 
of near-surface mounted FRP rods in concrete through the 
application of various embedment depth. The focus of this 
study was on two different approaches which include a 
numerical method with (a) perfect bond assumption and 
(b) consideration of cohesive contact behavior to model 
surface interaction between concrete and FRP rod. The 
results, therefore, showed the following:

• The use of the perfect bond model led to a predic-
tion for failure load with reasonable agreement due 
to its 7.55 % average disparity, but the results showed 
higher stiffness.

• The consideration of the cohesive contact behavior 
to model the surface interaction between concrete 
and FRP rod produced simulations which had a sim-
ilar trend with the experimental curves.

• The final numerical results were very similar but 
generally showed a slightly lower value for the slip 
with an average difference of 0.46 % and the ulti-
mate load also had a bit lower peak with an average 
of difference 3.37 %.

• The pull-out capacity was improved by an increase 
in the embedded depth as observed in the corre-
sponding increment of 17.03 % and 37.66 % for RTE 
and RTF respectively in comparison with the RTH.

• The numerical simulations showed no evidence of 
any stress concentration which suggests the mode of 
failure in the experimental specimens.

• The proposed model is able to express the relation-
ship between the penalty stiffness parameters in 
shear direction Kss = Ktt and the embedment depth 
of FRP rods.

Table 4 Experimental results vs FE model with cohesive contact behavior

Specimen
Ultimate load Displacement

Pu(Exp) (kN) Pu(FE-CB) (kN) Difference (%) Slip(Exp) (mm) Slip(FE-CB) (mm) Difference (%)

RTH 43.15 48.92 -1.43 4.28 4.09 -4.48

RTE 53.57 57.37 -7.59 6.18 5.86 -5.51

RTF 59.21 61.83 -1.09 5.44 5.95 8.61
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(a) RTH model

(b) RTE model

(c) RTF model
Fig. 15 Model behavior
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