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Abstract

This research investigates the bond behavior between concrete and ribbed reinforcement bars through numerical simulations of 

pull-out tests, focusing on three types of fiber-reinforced polymer (FRP) bars—Glass (GFRP), Aramid (AFRP), and Carbon (CFRP)—

alongside conventional Steel bars, all with diameters ranging from 10 to 14 mm. Steel bars are modeled using a bilinear elastic–plastic 

constitutive law, while FRP bars follow a linear elastic behavior. The concrete modelled using a Regularized Coupled Damage–Plasticity 

Drucker–Prager Microplane approach. The interaction between concrete and reinforcement is simulated using a Mohr–Coulomb-type 

contact interface with friction coefficients tailored to each bar material, also accounting for mechanical interlock through explicit 

modeling of the rib geometry. The simulation results from the pull-out tests are compared against analytical bond–slip models and 

predictive formulations for maximum bond stress reported in the literature. Based on these comparisons, a new adapted predictive 

analytical model is proposed, showing improved agreement with the simulation data. The results indicate that CFRP bars exhibit in 

general the highest bond stress performance, followed by AFRP, steel, and GFRP. For all bar types, both the maximum bond stress 

and the corresponding slip decrease with increasing diameter. Steel bars exhibit higher and less predictable slip as a result of plastic 

deformation, whereas FRP bars demonstrate more stable and predictable behavior owing to their linear elastic response.
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1 Introduction
In civil engineering, composite materials such as fiber 
reinforced polymer bars (FRP) are increasingly being used 
as substitutes for steel in reinforced concrete structures, 
especially in conditions where steel is exposed to corro-
sion [1]. Due to their enhanced resistance to corrosion and 
their lightweight nature, FRP bars constitute an attractive 
alternative to traditional steel bars  [2,  3]. Furthermore, 
the programmable integration of mechanical properties 
and surface characteristics during manufacturing orig-
inates from their well-understood and stable constituent 
materials (fibers and polymer) [1]. This foundational sta-
bility, combined with the wider variety of contact surface 
configurations achievable in FRP bars compared to steel, 
enables targeted bond optimization and enhances the con-
crete reinforcement interaction [4]. This study investigates 
the bond performance between FRP bars and traditional 

steel bars in concrete, using numerical simulations of pull-
out test as a key analytical method.

One of the major challenges to be addressed is to ana-
lyze the bond-slip behavior at the concrete-rebar interface 
through numerical simulation. In this context, discrepan-
cies often arise between numerical results, experimental 
findings, and analytical models. However, in modern prac-
tice, these limitations can be mitigated due to advances in 
computing technology and the widespread availability of 
various structural simulation software [5]. 

Among these tools, ANSYS and ABAQUS are widely 
used for the numerical simulation of the bond behav-
ior between concrete and rebars  [5,  6]. In this study, 
ANSYS was selected not only for its ease of use but also 
for its robust capability to model the interactive behavior 
between two surfaces of different materials in a unified 
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framework. Its advanced contact analysis features offer 
a  reliable tool for simulating the interaction between 
concrete and rebar, making it possible to develop a sim-
ulation of the pull-out test that closely replicates exper-
imental conditions  [7,  8]. This numerical approach will 
significantly reduce the need for complex experimental 
campaigns, particularly in emerging countries where FRP 
bar technology remains both recent and less explored, and 
where limited access to sophisticated testing equipment 
presents a major challenge. 

Several studies focus on numerical simulation of pull-
out tests. Among these, Ibrahim  et  al.  [9] conducted 
a  numerical study on Basalt FRP (BFRP) bar–concrete 
bond mechanisms using finite element method (FEM) in 
ANSYS. The concrete was modelled with Hognestad's 
nonlinear compressive law and the ACI tensile model, 
alongside shear transfer coefficients. The bar–concrete 
interface was simulated using spring elements calibrated 
against an experimental pull-out data with Bilinear with 
Plateau and Exponential decay (BPE) bond–slip model. 
However, the BFRP bars were represented as linear elastic 
materials using smooth circular cross section bar without 
ribs geometry. In the study of Orlando and Benvenuti [10], 
a 3D regularized eXtended FEM (XFEM) approach was 
developed to simulate the steel/FRP–concrete interface 
behavior. The model incorporates a Rankine-type elas-
tic damage law for concrete. The bar–concrete interac-
tion neglects rib effects by representing both smooth and 
deformed bars as idealized smooth profiles, with calibrated 
damage parameters. Fava et al. [11] in their paper investi-
gation on the bond of GFRP rebars and concrete, simulated 
pull-out tests in which bars were modeled as linear elastic 
and transversely isotropic, with a simplified smooth geom-
etry without ribs geometry. Concrete was modeled using 
a linear elastic constitutive law, and the interface is sim-
ulated using a bonded surface by Virtual Crack Closure 
Technique (VCCT) for crack propagation and debonding. 
Zanuy et al.  [12], simulated a pull-out test using ANSYS 
by modeling concrete as a nonlinear behavior combined 
with Willam-Warnke failure criterion. The  interface was 
modeled using surface-to-surface contact elements, with 
Mohr-Coulomb friction and progressive debonding, with 
implicit integration of rib effects through adjusted param-
eters (cohesion, elevated friction), leading to a simplified 
smooth bar. A more advanced model for concrete Damage 
Plasticity (CDP) model, was employed by Tabatabaei 
Mirhosseini et al. [13] in their 3D finite element study using 
ABAQUS to investigate bond–slip behavior in reinforced 

concrete. The contact was simulated using an elastoplas-
tic ring contact element to replicate concrete degradation 
at the interface. The rebar was modeled as a smooth, rib-
less round bar, while the effect of the ribs was implicitly 
incorporated through the adoption of the CEB-FIP code 
for bond stress–slip law governing the reinforcement–con-
crete interaction. Zhao and Zhu [5] and Wei-ping [14] con-
ducted two studies on the bond behavior between concrete 
and reinforcement using pull-out simulation test. They 
adopted a multilinear isotropic (MISO) model combined 
with the Willam-Warnke multiaxial failure criterion for 
concrete, also considering the mechanical interlock, and 
they simulated the bar's rib geometry with a simplified 
profile, describing its mechanical behavior with a bilinear 
elastoplastic model, and representing the steel-concrete 
interface as a Coulomb-type frictional contact. However, 
the bond behavior analysis was confined to a single rib, 
thereby limiting the study to a local scale. A distinct con-
crete modeling approach presented by Eddy  et  al.  [15] 
using the 3D Rigid Body Spring Model (RBSM) incorpo-
rates a Voronoi-based random mesh to realistically simu-
late crack propagation in concrete. An interfacial transition 
zone (ITZ) near the reinforcement is included, while a sim-
plified rib geometry was initially considered for rebar mod-
eling to capture mechanical interlock effects. In a recent 
study by García Sánchez et al. [16] the bond strength was 
analyzed employing numerical pull-out simulations. Using 
a microplane concrete damage model and frictional inter-
action contact, they compared auxetic rebars with conven-
tional rebars. Two additional studies by Jin et al. [17] and 
Jiang et al. [18] focus on mechanical interlock by modeling 
the rebar with realistic geometry based on actual bars. Both 
studies employed the Concrete Damage Plasticity (CDP) 
model  [13] for concrete and neglected chemical adhe-
sion; however, the effect of friction was considered only 
in the first study [17]. Unlike all previous studies that used 
a static simulation approach, Panteki et al. [19] employed 
a dynamic simulation using LS-DYNA. The model incor-
porated the Soil and Foam Failure model for concrete, cal-
ibrated with triaxial experimental data. A tiebreak contact 
simulated initial adhesion, followed by steel–concrete fric-
tion after separation. The geometry included an explicit 3D 
representation of the rebar ribs, with the Piecewise Linear 
Plasticity model for steel.

Considering all the pull-out test simulations discussed 
so far, we will adopt the optimal conditions to accurately 
mirror experimental test environments in our investigation. 
We will replicate the overall shape that best corresponds 
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to the actual test [9–14, 16–19], while integrating the most 
representative damage model for concrete behavior  [13, 
16–18] and modeling the rib geometry  [5, 14–16,  19]. 
Furthermore, as the primary goal of this research is to 
assess the bond behavior of FRP bars in relation to steel 
bars, we will also incorporate all other significant pull-out 
test variables like the variation in mechanical properties 
of reinforcing bar materials with various diameters  [20]. 
Also taking into consideration the level of confinement of 
the concrete, which is crucial in the situation of the ribbed 
bars [20, 21]. This encompasses replicating and analyzing 
the behavior of each material individually via numerical 
simulation, including the tensile test for the bars [20] and 
the uniaxial compression/tension test of the concrete [22].

2 Pull-out test framework
The pull-out test is used to evaluate the bond strength 
between reinforcement and concrete. Bond behavior is 
generally represented by a curve illustrating the rela-
tionship between bond stress and relative slip, measured 
during the extraction of the bar from the concrete until 
failure occurs as shown in Fig. 1 [23]. To develop a simu-
lation that accurately reproduces the actual conditions of 
the test, it is essential to rigorously identify and analyze 
all the key parameters influencing bond behavior. These 
include the bonding mechanism between concrete and 
reinforcement, potential failure modes, the material mod-
els used for both concrete and FRP/Steel bars, as well as 
the boundary conditions and the loading applied during 
the test. This approach allows us to precisely identify all 
the parameters necessary for the simulation.

2.1 Bond mechanisms
In this research, we investigate the bond behavior between 
concrete and ribbed reinforcing bars. It is therefore crucial 
to understand the bonding mechanisms in order to deter-
mine the parameters governing the interaction between 
the two materials under the key conditions of the pull-out 
test simulation.

2.1.1 Chemical adhesion
The chemical adhesion between the surface of the bar and 
the concrete occurs initially as the concrete sets. This bond 
is relatively weak and mainly helps in establishing initial 
adhesion. Generally, the chemical bonding of FRP bars 
tends to be relatively weak due to the characteristics of 
the chemical interaction between the concrete and the con-
stituents of the FRP bars  [1,  23]. In contrast, a percepti-
ble chemical bond exists between steel and concrete due 
to the chemical reaction that takes place during setting, 
whether for ribbed or smooth bars [2]. The chemical bond-
ing stress is less than 2 MPa  [5, 24], a value that is very 
low compared to the bond of ribbed bars during the pull-out 
test [1, 25]. There is also the corrosion effect on steel bars, 
which can break the chemical bond between concrete and 
steel bars [1, 23]. Thus, we can conclude that the chemical 
bonding effect is too weak compared to the overall bonding 
performance of ribbed bars [26]. Thus, we choose to neglect 
the chemical bonding effect for steel bars, and by extension, 
for FRP bars, which exhibit a much weaker chemical bond.

2.1.2 Friction
When the pull-out force is applied, a resistance is gen-
erated due to the friction between the surface of the bar 
and the concrete. This resistance is influenced by both the 
texture of the bar interface and the roughness of the con-
crete surface. Moreover, the coarse surfaces of FRP bars 
might enhance friction at the contact point [5]. The quan-
tity representing the friction between concrete and rein-
forcement is generally expressed by the friction coefficient 
(µ)  [5, 12,  13]. To simulate this mechanism, we will use 
friction coefficient values that reflect the texture of each 
bar in interaction with the concrete. The friction coefficient 
between ribbed steel bars and concrete is typically equal to 
0.4, according to the practical code CSTB [27]. However, 
several experimental studies and simulations indicate 
a more precise value, ranging from 0.26 to 0.28 [5, 28–30].

Regarding FRP bars, research on determining the fric-
tion coefficient for ribbed bars remains limited due to their 

Fig. 1 Different phases of a typical local bond stress–slip curve 
between concrete and rebars [23]



4|Sadki et al.
Period. Polytech. Civ. Eng.

more recent use compared to steel and the broad range of 
surface conditions. Thus, to estimate the friction coeffi-
cients of FRP bars, we will focus on the interaction between 
FRP materials and the texture of the concrete [31], which 
is typically influenced by the aggregate size at the con-
tact surface  [32]. Additionally, we will take into account 
the friction of the components of the FRP, specifically the 
resin in contact with the concrete  [33]. For  GFRP com-
posites, the friction coefficient with concrete is approxi-
mately 0.6 under optimal conditions  [31]. The  friction of 
FRP also varies depending on the roughness of the sand 
grains in the concrete [32]. For steel, the coefficient of fric-
tion is around 0.3, while for CFRP it ranges from 0.22 to 
0.51 and for GFRP from 0.29 to 0.62  [32]. Furthermore, 
the friction between FRP and concrete also depends on the 
friction between the resin and concrete, which ranges from 
0.46 for normal concrete to 0.65 [33]. Therefore, consider-
ing all the previous data, we propose an average friction 
coefficient value of 0.3 for steel [32]. For FRP, we suggest 
a friction coefficient of 0.4 for CFRP, slightly higher than 
steel's 0.3 [32]. For GFRP a value of 0.6 [31]. For AFRP we 
propose a friction coefficient of 0.5.

2.1.3 Mechanical interlock
The mechanical interlock occurs when the concrete con-
forms to the shape of the ribs during pouring. After the 
concrete hardens, it creates a lock around the ribs of 
the bars, preventing slip between the concrete and these 
ribbed bars. This mechanical interlock is essential for the 
overall bond strength [5]. This mechanism is represented 
in the simulation by modeling the geometric shape of the 
ribs [5]. Although very recent simulations interpret real-
istic rib shapes to study the form [17, 18], for our study, 
we will limit ourselves to conventional rebars model  [5, 
14–16, 19] for all bars, for two main reasons: first, our study 
focuses on observing the influence of material type varia-
tion rather than geometry ribs. Second reason, the choice 
of the quadratic CPT216 cubic finite elements, essential 
for the convergence of the concrete model used in our sim-
ulation [7], which makes it computationally incompatible 
with intricate rib geometries [17, 18].

2.1.4 Concrete confinement
Concrete confinement refers to the ability of the concrete 
surrounding the bar to resist the stresses induced by pull-
out forces. This confinement is essential for maintain-
ing and improving the bond strength between concrete 
and reinforcement bars. Adequate confinement—whether 

provided by transverse reinforcement, external pressure, 
or concrete cover thickness enables the concrete to sus-
tain higher shear stresses and delay the formation and 
propagation of cracks under pull-out loading [34]. In this 
study, an unconfined concrete (UC) with a compressive 
strength class of 6000  psi, without any transverse rein-
forcement, is considered [22].

2.2 Failure modes
The main parameter governing the failure mode is the 
degree of confinement (K) of concrete [34] as illustrated 
in Fig.  2. There are four main failure modes commonly 
observed in reinforcement pull-out tests, which are crucial 
for accurate modeling and prediction of bond behavior:

•	 Slip or Strip Failure: Occurs in unconfined con-
crete, leading to bond degradation between ribbed 
bars and concrete and a progressive loss of resistance 
as slip increases.

•	 Splitting Failure: Typical for moderately confined 
concrete (K < 6). It results from tensile stresses caus-
ing radial cracks and longitudinal splitting.

•	 Pull-out Failure: Observed when bond strength is 
exceeded despite fully confinement (K ≥ 6); the bar 
is pulled out along with shear failure of the concrete 
around the ribs.

•	 Bar Rupture: Occurs when the tensile strength of 
the reinforcement bar itself is surpassed before bond 
deterioration, typically in highly confined concrete 
or with long anchorage lengths.

In general, the common factors influencing failure 
modes are related to concrete behavior, including crack-
ing under brittle response in tension and nonlinear behav-
ior under compression, where crack propagation leads to 

Fig. 2 Typical local bond stress–slip curves between concrete and 
rebars for different degrees of confinement [34]
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a gradual reduction in load bearing capacity as the applied 
load increases. This underscores the need for appropriate 
numerical models that account for these effects to accu-
rately simulate concrete [13, 16–18].

2.3 Concrete model
The concrete was modeled using a regularized cou-
pled with damage plasticity (DP) Drucker-Prager (DP) 
Microplane (MP) model  [35], designed to replicate its 
nonlinear response under axial loading. The elastic prop-
erties of the material, such as Young's modulus ( Ec ) and 
Poisson's ratio (ν), define its stiffness and lateral deforma-
tion. The plasticity component incorporates a three-sur-
face yield function (Fig. 3), combining the uniaxial com-
pressive strength ( fuc ), tensile strength ( fut ), and biaxial 
compressive strength ( fbc ), along with a compression 
Drucker-Prager cap governed by the transition stress 
( σv

c ) and a shape parameter ( Rc ), and a tension cap asso-
ciated with a hardening factor ( Rt ) and a global harden-
ing parameter (D). Damage is driven by critical thresholds 
in tension and compression ( γt0 ,  γc0 ) marking the initia-
tion of cracking, as evolution parameters ( βt , βc ) regulate 
damage progression. To stabilize numerical results, nonlo-
cal gradient regularization is applied via an over-nonlocal 
parameter (m) and an interaction range (c), linked to ele-
ment size (L). This method mitigates numerical singular-
ities by distributing damage across a physically represen-
tative area, aligning model predictions with the realistic 
propagation of cracks observed experimentally.

2.3.1 Material parameters for concrete simulation
To simulate concrete model in ANSYS, both elastic and 
plastic material parameters must be defined, as detailed 
in Table 1. In our case, we will incorporate all these plas-
tic characteristics, along with the elastic parameters, using 
ANSYS Parametric Design Language (APDL) instruc-
tions [7]. In the simulation, we use Concrete Class 6000 psi, 
which is designed to achieve a minimum compressive 

strength of 6000  psi (approximately 41  MPa) defined as 
class C40, when tested at 28 days of curing. For the degree 
of confinement of concrete, we opted for an  unconfined 
concrete model, denoted as UC (see Table 1), by proposing 
appropriate values for the hardening parameter (D) and the 
compression damage parameter ( βc ) to model the behavior 
of unconfined concrete.

2.3.2 Simulation of concrete under uniaxial tests
To set up a uniaxial test simulation in ANSYS, begin by 
defining the geometry of the test specimen, as 100  mm 
concrete cube, and specifying the material properties for 
the concrete model using APDL. In order to simulate accu-
rately concrete in a plastic model, SOLID216 elements 
with a mesh size of 1 mm are adopted [7]. Next, apply the 
boundary conditions by fixing one end of the specimen 
and imposing a compare load through a gradually increas-
ing displacement at the opposite end, ensuring a realistic 
simulation of the experimental conditions. To obtain the 
results of the uniaxial test in compression as well as in ten-
sion, the imposed displacement at the free end is specified 
as a negative value for the compression test (5 mm) and as 
a positive value for the tension (1 mm).

The simulation (Fig.  4) accurately reproduces the 
behavior of unconfined concrete. In compression, the curve 
shows a linear response up to about 32 MPa, followed by 
slight hardening, which reflects the absence of confinement, 
reaching a peak of 40.9 MPa (consistent with the 6000 psi 
class), and then gradually softening to failure. In tension, Fig. 3 Three-surface Drucker–Prager microplane smooth cap yield function

Table 1 Parameters for the concrete DP-DP-MP model for simulation

Behavior Parameter Formula Units UC

Elasticity
Ec 4700 fuc  MPa 3E4

v 0.15 ↔ 0.25 – 0.2

Plasticity (DP)

fuc Experimental MPa 41

fbc 1.15fuc MPa 48

fut 0.1fbc MPa 4.8

Hardening
Rt 1 – 1

D 104 ↔ 5 × 105 – 4 × 105

Compression cap
σv

c −(2/3)fbc MPa −32

Rc 2 – 2

Damage

γt0 0 – 0

γc0 10−5 ↔ 10−4 – 5E-5

βc 1000 ↔ 10000 – 4000

βt (3/2)βc – 6000

Nonlocal
c >4L2 mm2 1600

m 1 ↔ 3 – 1



6|Sadki et al.
Period. Polytech. Civ. Eng.

the behavior is brittle, with a significantly lower strength of 
3.6 MPa (less than 10% of the compressive strength) and 
sudden failure immediately after the peak. This highlights 
concrete's asymmetric strength response.

2.4 Rebars models
The mechanical behavior of conventional steel reinforce-
ment bars under load generally exhibits two distinct 
phases: an elastic phase followed by a ductile response, 
allowing significant deformation before failure. This duc-
tility is advantageous in concrete structures, as it enables 
energy dissipation and provides visible warning signs 
before ultimate failure. To simulate steel, the bilinear iso-
tropic hardening material model is employed [9].

The initial segment represents the elastic response of 
the steel, defined by its modulus of elasticity and yield 
strength. The second segment captures the plastic behav-
ior, characterized by a tangent modulus approximately 1% 
of the elastic modulus and a tensile strength correspond-
ing to the ultimate strain, as detailed in Table 2 [24]. 

In contrast, FRP bars exhibit brittle behavior, as indi-
cated by their linear stress–strain response up to failure. 
However, they offer higher tensile strength, lower density, 
and excellent corrosion resistance compared to conven-
tional steel. Therefore, they are modeled as linear elastic 
materials, defined by their Young's modulus and ultimate 
tensile strength, as detailed in Table 2 [24].

2.4.1 Simulation tensile test of rebars
To set up a uniaxial tension test simulation for rebars in 
ANSYS, start by defining the geometry of the rebar spec-
imen, typically a cylindrical bar with a 14 mm diameter 
and a length of 100 mm, corresponding to the experimen-
tal setup, where the length varies between 25  mm and 
100 mm. Assign the appropriate material properties, con-
sidering the elastic and plastic behavior of steel or FRP 
from Table 2. The load is applied by fixing one end of the 
rebar and imposing a displacement of 5 mm on the free 
end. The results of the uniaxial tensile test simulations for 
steel and FRP bars, as shown in Fig. 5, produced diagrams 
consistent with those presented in the codes of practice 
ACI Committee 440  [3]. This indicates that the numeri-
cal models employed accurately reflect the actual behavior 
of these materials, thereby validating the accuracy of the 
results against reference standards.

3 Pull-out test simulation model
The pull-out test simulation model is based on many 
experimental studies [11, 13, 24, 36–38], which use either 
a cubical or cylindrical geometry for the concrete block 
with a larger around 10 times the rebar diameter ( db ) [36]. 
Three typical configurations Models 1, 2 and 3 are illus-
trated in Fig. 6. Each includes a bonding zone (Zone A) 
with a height generally around 4 to 5 times the rebar diam-
eter ( db ), corresponding to the embedment length ( le ). 
The proposed simulation model for zone A focuses specif-
ically on this charred Zone A, as shown in Fig. 6. Due to 
the significant computation time required to solve this 
model in ANSYS, as well as the large number of simula-
tions needed to complete this research, a simulation opti-
mization approach was implemented to reduce the time 
without compromising the accuracy of the contact results 
between concrete and reinforcement. Thus, a reduced 
model for Zone  B was proposed (Fig.  6), allowing for 

Fig. 4 Stress-strain curves for concrete from uniaxial tests simulation

Table 2 Parameters for the concrete DP-DP-MP model for simulation

Mechanical properties Steel GFRP CFRP AFRP

Yield stress (MPa) 400 NA NA NA

Tensile strength (MPa) 460 708 1860 1470

Elastic modulus (GPa) 200 46.3 127.5 75.8

Poisson's ratio 0.3 0.26 0.25 0.25

Yield strain (%) 0.2 NA NA NA

Rupture strain (%) 3 1.5 1.4 1.9 Fig. 5 Stress-strain curves for concrete from uniaxial tests simulation
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comparable results to the original models while decreas-
ing solving time. This reduction is based on experimen-
tal evidence from tests [21, 23], showing that the concrete 
cover thickness should range between 2.5 and 3.5  times 
the reinforcement bar diameter. 

Therefore, we adopted a value of 2.5db which cor-
responds to our cylindrical reduced model with a total 
width of 5db and a height corresponding to the embedment 
length  ( le ) set to 50  mm. For the geometric characteris-
tics of the bars, different diameters of 10 mm, 12 mm, and 
14 mm were used, while the rib geometry of bars in Zone C 
(Fig. 6) remained unchanged, with a rib height hr = 1 mm 
and width wf = 3 mm, with a spacing of sr = 8 mm. The con-
crete rib width was considered to be wc = 8 mm.

The boundary conditions were defined as follows: the 
pull-out load on the reinforcement was simulated by apply-
ing an imposed displacement U ranging from 0 to 10 mm 
with an increment of 0.01 mm. The outer peripheral surface 
of the reduced cylindrical model was constrained, a condi-
tion commonly adopted in similar studies [37], which also 
mimics the effect of reduced concrete cover thickness.

The coefficient of friction depends on the reinforcement 
material, as explained earlier in the literature: 0.3 for steel, 
0.4 for CFRP, 0.5 for AFRP, and 0.6 for GFRP bars. To rep-
resent the variation of the bond stress as a function of the 
bar slip, the bond stress corresponds to the reaction force 
at the level of the bar divided by the contact surface area 

between the concrete and the bar, extracted from simulation 
for each bar diameter. This force corresponds to the applied 
force on the bar in the experimental tests [24, 34, 38]. 

3.1 Simulation results
The results of the simulation are presented in Fig. 7  (a), 
showing the variation of the force as a function of slip. 
The force is provided by the reaction force tool due to 
the imposed displacement in ANSYS. The slip, on the 
other hand, is the mean displacement of the bar, extracted 
directly from the simulation for each modeled specimen.

The force variation begins at approximately 5  KN for 
all cases. This is followed by a linear plateau that reaches 
about half of the peak force. Then, the curve adopts a con-
vex hyperbolic shape until it reaches the maximum value, 
followed by a descending hyperbolic branch. The max-
imum force values increase proportionally with the bar 
diameter. This can be explained by the fact that the resulting 
bond stresses—calculated by dividing the reaction forces 
by the contact surface area related to the diameter—are of 
more comparable magnitudes. It is noted that the slip val-
ues decrease as the diameter increases. For the bond stress 
versus slip curves Fig.  7  (b), their shape corresponds to 
that of the typical unconfined concrete behavior curve, as 
described in Fig. 2, corresponding to a strip failure mode 
characterized by progressive shear and crushing of con-
crete between the ribs. It can be observed that the response 

Fig. 6 Simulation model for the pull-out test
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follows the same stages as the typical local bond stress–slip 
curve described in Fig.  1, except for the fifth stage. This 
is because unconfined concrete exhibits negligible resid-
ual bond stress as shown in Fig. 2. Thus, our curves follow 
bond-slip model with four stages explained as follows: 

•	 Step 1: At the initial loading phase, a short linear seg-
ment appears without slip, mainly due to the mechan-
ical interlock and the static friction effect between the 
bar and the concrete, approximately τ0 /τ1 ≈ 0.1.

•	 Step 2: The bar begins to slip against the concrete, 
following a monotonically linear trend up to approx-
imately τcr /τ1  ≈ 0.5. At this stage, the friction coef-
ficient, combined with tangential stresses resulting 
from the mechanical interlocking of the ribs, resists 
the movement of the bar. This interaction increases 
the bond stress, producing a nearly straight curve 
shape, mainly due to the linear elastic behavior of the 
concrete under compression in the adopted model.

•	 Step 3: As the load continues to increase, the bond 
stress curve follows a parabolic shape up to the 
maximum stress τ1 primarily due to the hardening 
behavior introduced in the concrete model used in 
the simulation, which experimentally corresponds 
to the crushing of the concrete caused by the pene-
tration of the bar ribs into the concrete ribs, thereby 
simulating the shearing of concrete ribs and leading 
to strip failure.

•	 Step 4: Beyond the ultimate bond stress τ1 , the 
bond stress sharply decreases while the slip rap-
idly increases along a hyperbolic curve. This stage 

corresponds to the post-peak softening behavior of 
the concrete model, as the material between the ribs 
exceeds its strength and enters a damage-softening 
phase, thereby mimicking the real progressive deg-
radation of bond strength.

3.2 Bond–slip curve shape validation
For the validation of the bond stress–slip diagrams, two 
analytical models assuming unconfined concrete, consis-
tent with our simulation conditions. Model 1, proposed by 
Rolland  et  al.  [38] shown in Fig.  8, was selected due to 
its demonstrated robustness across a wide range of bond 
tests involving steel and various FRP bars with differ-
ent surface textures. Model 2, developed by Lu et al. [39] 
and illustrated in Fig. 8, was adopted based on its proven 

Fig. 7 (a) Reaction force–slip curves and (b) bond stress–slip curves from pull-out simulation results for db = 10 mm, db = 12 mm and db = 14 mm

(a)

(b)

Fig. 8 Bond-slip model 1 by Rolland et al. [38], model 2 by Lu et al. [39]
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3.2.2 Analytical model 2
The bond-slip response associated with this model is 
shown in Fig. 8. It consists of two distinct branches: a first 
ascending non-linear branch (hyperbolic) reaching max-
imum stress τ1 at the corresponding slip s1 , and a sec-
ond descending branch (exponential), with a horizontal 
asymptote tending to zero. The parameter λ governs the 
curvature of the descending branch. This bond stress–slip 
model is expressed by Eq.  (2) and is governed by three 
parameters: τ1 , s1 , λ [39]: 
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Fig.  9 displays a comparison of the simulation-gen-
erated results with models  1 and  2. By comparing the 
present results for the 10  mm steel bar with model  1, it 
is observed that the ascending branches converge, but the 
descending branch does not match. However, when com-
pared with model  2, the situation is reversed: the first 

reliability through validation against several established 
prediction models. The parameters of both models are cal-
ibrated using the numerical data obtained from the pull-
out test simulation, as summarized in Table 3.

3.2.1 Analytical model 1
The bond-slip response associated with this model is 
shown in Fig.  8. It consists of a first linear ascending 
branch with finite slope KT = τ0 /s0 , followed, for slip values 

above s0 , by a non-linear (hyperbolic) branch reaching τ1 
when the slip is equal to s1 . Finally, it includes a third 
descending branch (also of hyperbolic type), with a hori-
zontal asymptote tending to τf . The two parameters α and 
β govern the curvatures of the ascending and descend-
ing branches, respectively [38]. This model, expressed by 
relationship in Eq. (1), is governed by seven parameters: 
s0 , τ0 , s1 , τ1 , τf , α, β: 

Table 3 Proposed model parameters

Material db [mm] s1 τ1 r λ R2

Steel

10 0.19 22.58 1.20 0.24 0.978

12 0.16 21.28 1.20 0.23 0.944

14 0.14 19.41 1.22 0.22 0.917

AFRP

10 0.19 22.84 1.20 0.20 0.981

12 0.16 21.63 1.20 0.20 0.982

14 0.14 19.56 1.20 0.21 0.961

CFRP

10 0.19 21.63 1.20 0.25 0.947

12 0.16 20.42 1.20 0.22 0.904

14 0.14 18.72 1.20 0.28 0.958

GFRP

10 0.31 23.30 1.15 0.26 0.996

12 0.18 21.06 1.20 0.20 0.944

14 0.17 19.14 1.20 0.23 0.985
Fig. 9 Comparison of the bond stress-slip curves obtained from 

simulation results with models 1 and 2
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ascending branch does not match, but the second descend-
ing branch aligns very well. In light of these results, we 
have proposed a model inspired by both models, consist-
ing of a modified ascending branch from model 1 and the 
unchanged descending branch from model 2.

3.3 Bond-slip curve proposed model
As shown in the Fig. 10 the proposed model is constituted 
with two branches. An ascending curve from model  1, 
consisting of a linear branch followed by a second hyper-
bolic ascending branch, has been replaced by a single sim-
ple hyperbolic curve, as expressed in Eq.  (3). This new 
ascending branch depends on three parameters: s1 , τ1 , and 
the parameter r, which governs the curvature of the ascend-
ing branch in the proposed model. It is easier to determine 
compared to the parameter α in model  1, which is often 
highly variable [38]. For the second descending branch of 
the proposed model, it remains the same as that of model 2, 
an exponential descending branch with a horizontal asymp-
tote approaching 0. This is expressed by Eq. (3) as well, and 
is governed by three parameters: τ1 , s1 , and λ [39]: 
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Thus, the proposed model, expressed by the bond 
stress–slip relationship in Eq.  (3), is governed by four 
parameters: τ1 , s1 , r, and λ. 

In order to assess the ability of this model to capture the 
overall bond behavior between the reinforcement and the 
concrete, it is necessary, in our case, to identify the model 
parameters from the numerical data recorded during the 
pull-out test simulation (Table 3).

According to Fig. 11, the prediction model fits remark-
ably well with the numerical results for all materials (Steel, 
AFRP, CFRP, GFRP) for the different bar diameters stud-
ied (10, 12, and 14 mm). This is evidenced by the predicted 
curves closely matching the simulations, with determina-
tion coefficients R2 ranging from 0.904 to 0.996, with no 
significant divergence in either ascending or descending 
branches. Averaging the twelve cases examined, the shape 
parameter r is approximately 1.20, and the decay coefficient 
λ is close to 0.23. These values are retained as fixed repre-
sentative parameters in our model for the various material 
and diameter configurations considered (r = 1.20, λ = 0.23).

3.4 Ultimate bond stress validation
The bond strength ( τ1 ) between concrete and rein-
forcement has been a topic of research for many years. 
Numerous researchers have studied the relationship 
between the pull-out load and the compressive strength 
of concrete f'c. All studies in this field confirm the impor-
tance of compressive strength as a key factor influencing 
bond strength [5, 30].

Among these models, Huang  et  al.  [40] proposed the 
following relation Eq. (4) for the ultimate bond stress: 

�
1
0 45� � �. fc .	 (4)

Tang and Cheng  [23] proposed a formula Eq.  (5) 
depending only on the concrete compressive strength: 

�
1

0 0193
8 9824� � �
.

.e fc .	 (5)

Other models take into account the variation in bar 
diameter as a secondary parameter in predicting the max-
imum bond stress. 

Among these, Soroushian and Choi [41] developed the 
following empirical formula Eq. (6), based on partial pull-
out tests of ribbed bars. This approach is consistent with 
the conditions of our simulation, in which the applied pull-
out displacement is limited.

The corresponding formulation for this model  [41] is 
presented in Eq. (6):

�
1

20
4 30

� ��
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�
�
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�d fb c .	 (6)

Additionally, researchers have examined the impact of 
other variables such as the concrete cover thickness Cb , 
the reinforcement diameter db , the embedment length le , 
and the degree of concrete confinement provided by trans-
verse reinforcement on bond strength  [24,  35]. Recent 
studies have also investigated the effects of bar material Fig. 10 The Bond-slip curve proposed model
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Fig. 11 Validation of proposed bond-slip model against numerical simulations for different bar types (STEEL, AFRP, CFRP, GFRP) and diameters 
(10 mm, 12 mm, 14 mm)

and geometry. Based on these studies, we selected certain 
prediction models [24, 42] that align with the conditions of 
our simulation, presented subsequently.

ACI Committee 440 [24] model provides an estimate of 
the bond strength between FRP bars and concrete. A lin-
ear regression of the normalized average bond stress is 
expressed as a function of the normalized concrete cover 
Cb /db and the embedment length db /ld , derived from sev-
eral practical tests. The choice of this code of practice over 
other existing codes is justified by the proximity of the 
estimated bond stress to actual test results [43]. 

The ultimate bond, according to ACI Committee 
440 [24] is expressed by Eq. (7): 
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Dong et al. [42] model improves upon ACI Committee 
440 [24] by also incorporating the influence of rib geom-
etry, including rib height hr , width wf , spacing sr , and 
concrete rib width wc , similar to our model. This model 
provides an estimation even closer to the results of actual 
tests [42], expressed by Eq. (8): 
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To compare the maximum bond stress from simulations 
with prediction models, as detailed in Fig. 12, we start by 
analyzing the average value τ̄simulation = 20.96 MPa against 
fixed prediction laws [34, 40], independent of the bar diam-
eter: Tang and Cheng [23] predict τ1 = 19.82 MPa, which 
is a good estimate compared to the simulation (moderate 
difference of –1.14 MPa relative to the simulation), while 
Huang et al.  [40] predict τ1 = 18.45 MPa, a more or less 
good estimate (difference of –2.51 MPa). Thus, we propose 
for the average maximum stress a relation close to that 
of Huang et al.  [40], about half of the concrete strength, 
expressed by Eq. (9): 

� � � �0 5. fc .	 (9)

However, in the case of variable models where τ1 
depends on the bar diameter, it is more appropriate 
to compare the average bond stress for each diameter 
(τ̄10mm = 22.59 MPa, τ̄12mm = 22.26 MPa, τ̄14mm = 19.31 MPa) 
individually with its corresponding predicted value for 
each model. First, the model proposed by Soroushian and 
Choi [41] slightly underestimates the bond stress across all 
diameters, with value τ1 = 20.49 MPa at ∅10 mm (devia-
tion of –2.13 MPa), τ1 = 19.87 MPa at ∅12 mm (–1.09 MPa), 
and τ1 = 20.94 MPa at ∅14 mm (–0.02 MPa), demonstrat-
ing accuracy of our simulation result with this model. 

The ACI Committee 440  [24] model underestimates 
the bond stress for smaller diameters (τ1 = 15.71 MPa at 
∅10 mm, deviation of –6.88 MPa), this difference decreases 
at ∅12 mm (τ1 = 18.32 MPa, deviation of –2.94 MPa), and 
slightly overestimates it at ∅14 mm (τ1 = 20.94 MPa, devi-
ation of +1.63  MPa). This marked underestimation for 
small diameters is consistent with the known conservative 
tendency of the ACI Committee 440 [24] model compared 
to experimental tests, as observed in the literature [42, 43].

On the other hand, the model in  [42] proves closer 
to the simulation results, especially at ∅10  mm 
(τ1 = 22.26 MPa, deviation −0.33 MPa). It slightly over-
estimates (+0.97 MPa) for ∅12 mm and more noticeably 
at ∅14  mm (+2.90  MPa), but overall remains the clos-
est to the simulation results with the model  [42]. Since 
this model [42] is also closer to experimentally measured 
values compared to  [24], which tends to underestimate 
them  [42,  43], it can be concluded that the simulation 
results are likely closer to experimental outcomes.

4 Parametric analysis and generalized model
Since the current focuses on evaluating the bond per-
formance of FRP bars compared to steel bars using a 
numerical simulation of the pull-out test, it is essential to 
observe the differences in maximum bond stress τ1 and the 

Fig. 12 Comparison of the maximum bond stress values from the simulation results and the predicted models
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corresponding critical slip s1 based on the variation in bar 
material for the studied diameters.

4.1 Effect of bar material variation
As shown in Fig.  13, it is observed that the maximum 
bond stress follows the same pattern depending on the 
bar material for all three diameters studied. The results 
show that CFRP bars exhibit the highest average bond 
stress (21.34 MPa), followed by AFRP (21.09 MPa), steel 
(21.01 MPa), and GFRP (20.60 MPa). 

The only exception is for the 10 mm diameter, where 
steel bars show the highest bond stress. This behavior can 
be explained by the fact that, in steel bars with a diame-
ter of 10 mm, the entire cross-section reaches the plastic 
zone at the same time that the surrounding concrete enters 
the strain-hardening phase under stress. During the plas-
tic phase, the stress in the steel increases slowly, while 
deformation rises rapidly. This characteristic allows for 
additional hardening of the concrete, thereby delaying its 
damage. As a result, both the maximum stress and the cor-
responding slip increase, as observed in Fig.  14 for this 
particular specimen. However, in steel bars with diame-
ters of 12 mm and 14 mm, only the contact zones near the 
ribs may reach the plastic state, while the rest of the steel 
bar remains in the elastic range throughout the pull-out 

process. Therefore, their behavior is similar to that of FRP 
bars, which exhibit purely elastic behavior.

Regarding the influence of bar material variation on the 
critical slip corresponding to the maximum bond stress, 
it appears to be governed by the mechanical behavior of 
the materials. As shown in Fig. 14, the slip does not vary 
with the type of material for all FRP bars. 

This is due to their common linear elastic behav-
ior. In contrast, the slip values for steel bars are slightly 
higher compared to FRP bars particularly for the bar with 
the smallest diameter. As previously explained, this is 
attributed to the plastic behavior of steel, which leads to 
greater deformation and, consequently, a larger slip value.

4.2 Effect of bar diameter variation
Fig.  15 shows the variation of maximum bond stress as 
a function of bar diameter for different materials. It is 
observed that the maximum bond stress ( τ1 ) decreases 
as the reinforcement diameter ( db ) increases, which is 
consistent with models reported in the literature [41, 42]. 
Therefore, an interpolation function of the simulation data 
with excellent correlation (R2 ≈ 1) was adopted for each 
material, similar to these models [42, 23], to serve as a pre-
dictive law for the maximum bond stress ( τ1 ), expressed in 
the general form given by Eq. (10): 
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where τ̄ is the mean maximum stress extracted from 
simulation results and depends directly on the contact 
nature (notably the friction coefficient) and the biaxial 
compressive strength f'c according to Eq.  (9), governed 
by both its uniaxial ultimate strength fc and the confine-
ment effect. In  the simulation, for unconfined concrete, 
fc  ≈ f'c = 41 MPa [22].

Fig. 13 Effect of bar material variation on the maximum bond stress

Fig. 14 Effect of bar material variation on the critical slip Fig. 15 Effect of bar material variation on the maximum bond stress
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The other parameters a1MAT
 , a2MAT

 , and a3MAT
 are related to 

the contact nature and material type (AFRP, CFRP, GFRP, 
and Steel), where the subscript MAT indicates the mate-
rial type. These parameters are primarily linked to the 
mechanical behavior of the bars. As seen in Fig. 15, Steel 
displays a distinctly different shape due to its elasto-plas-
tic bilinear behavior. In contrast, FRP bars exhibit the 
same non-linear trend with parallel curves and the same 
parameters of curvature a2MAT

 and a3MAT
 , reflecting their 

shared elastic mechanical behavior. Based on the above, 
we can adopt a unified prediction model using the same 
formula for all FRP materials, which also demonstrates 
good predictive accuracy for steel bars with diameters of 
12 mm and 14 mm that generally exhibit elastic behavior. 
Consequently, in cases involving lower-strength concrete 
that does not induce plastic deformation in the reinforcing 
steel bars, the same predictive function for the maximum 
bond stress can be applied to all reinforcement materials.

Concerning Fig.  16, which illustrates the variation of 
the critical slip s1 , corresponding to the maximum bond 
stress, as a function of diameter db for different materi-
als, it is generally observed that the slip decreases with 
increasing diameter. However, a clear distinction can be 
made between steel and all FRP bars. In contrast, all FRP 
bars exhibit a similar and consistent behavior. This varia-
tion is strongly influenced by the mechanical properties of 
the materials. The homogeneous response observed among 
all FRP bars can be attributed to their shared purely lin-
ear elastic behavior, which results in a regular decrease in 
slip with increasing diameter, following a simple inverse 
power law expressed by Eq. (11): 

s a db
a

1 4

5= ,	 (11)

where a4 and a5 are fitting coefficients. For FRP bars, it is 
observed that a5 ≈ 1, indicating an almost inversely propor-
tional relationship between slip and diameter. The strictly 
elastic and predictable behavior of FRP materials allows 
for a nearly perfect interpolation (R2 ≈ 1).

For steel bars, characterized by a bilinear elasto-plastic 
behavior, the slip is governed by two mechanical regimes: 
the elastic phase followed by the plastic phase, which 
increases the slip compared to FRP bars. This behavior 
is modeled by a more complex interpolation function, as 
shown in Eq. (12) with a good correlation (R2 ≈ 0.847): 

s a d ab
a

1 4 6

5� � .	 (12)

The new term a6 represents the minimum limiting 
value of slip for large diameters, and the ratio a4 /db

a5 with 
large coefficient values (a4 = 1500 and a5 = 4), reflects the 
sharp increase in slip for small diameters that exhibit plas-
tic behavior. This results in significant elongation due to 
ductility, which considerably increases the slip. In cases 
where plastic behavior is entirely absent in steel, such as 
when using lower-strength concrete, the slip model should 
reduce to the same form as that used for FRP.

For simplicity, the same formula Eq. (12) can be adopted 
for all bars as a predictive law for the critical slip s1 , by 
setting a6 = 0 for FRP.

4.3 Parametrized predictive bond–slip model
By substituting the prediction formula for the maximum 
bond stress Eq.  (10) and Eq.  (11) and the prediction for-
mula for the critical slip Eq. (12) into our model equation 
(Eq. (3)), we obtain the final expression Eq. (13), with all 
its parameters summarized in Table 4: 
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Fig. 16 Effect of bar material variation on the critical slip
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The comparison in Table  5 shows strong agreement 
between the simulation and the predictive model across 
all tests. The maximum bond stress ( τ1 ) exhibits a very 
low error (generally below 0.6%), while the critical slip 
( s1 ) shows a minor error under 3% for FRP bars, and 
slightly higher deviations for steel bars: up to 12.4% for 
the 10  mm diameter, then decreasing to 9.8% and 4.3% 
for the larger 12 mm and 14 mm diameters, respectively, 
which corresponds to their degree of plastic deformation. 

This variation in accuracy primarily stems from the 
higher regression quality obtained for FRP bars (R2 ≈ 1), 
reflecting their uniform linear elastic response, whereas 
the lower correlation for steel bars (R2 ≈ 0.847), associated 
with their bilinear elastoplastic behavior, leads to compar-
atively greater prediction deviations.

Graphical results in Fig.  17 confirm this strong trend 
agreement, with model and simulation curves nearly over-
lapping in the ascending and peak regions, supported by 
high R2 values: ranging from 0.911 to 0.983 for FRP bars 
and 0.957 to 0.986 for Steel. The FRP-ALL model also 
provides an accurate average representation for FRP bars, 
with R2 correlations ranging from 0.902 to 0.981.

5 Conclusions
The current study focuses on the evaluation of the bond 
performance between concrete and reinforcement bars 
carried out via numerical simulation of a pull-out test. 
Different FRP rebar types (GFRP, AFRP and CFRP) were 

Table 4 Parameters of the proposed predictive bond-slip model

Material bar a1MAT
a2MAT

a3MAT
a4 a5 a6

GFRP 2.563

−6.556 −0.085 1.55 0.91 0
AFRP 2.604

CFRP 2.616

All-FRP 2.595

STEEL 1.082 +3.278 −0.027 1500 4.00 0.120

Table 5 Comparison between simulation and proposed model predictions

db Material τ1
Sim τ1

Pred Err.% s1
Sim s1

Pred Err.%

10
 m

m

GFRP 21.63 21.71 0.34 0.188 0.191 1.216

AFRP 22.58 22.54 0.16 0.191 0.191 0.266

CFRP 22.84 22.79 0.20 0.189 0.191 1.109

STEEL 23.30 23.37 0.29 0.308 0.270 12.395

12
 m

m

GFRP 20.42 20.46 0.21 0.158 0.162 2.434

AFRP 21.28 21.30 0.11 0.158 0.162 2.175

CFRP 21.63 21.55 0.37 0.160 0.162 0.773

STEEL 21.06 21.14 0.37 0.175 0.192 9.845

14
 m

m

GFRP 18.72 18.58 0.71 0.142 0.140 0.780

AFRP 19.41 19.42 0.04 0.136 0.140 2.930

CFRP 19.56 19.67 0.59 0.142 0.140 1.199

STEEL 19.14 19.23 0.50 0.166 0.159 4.304

Fig. 17 Comparison of bond–slip curves between predictions from the 
proposed model and numerical simulation results for different bar types 

(GFRP, AFRP, CFRP, steel) and diameters (10 mm, 12 mm, 14 mm)
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employed alongside Steel reinforcement, and three diame-
ters — 10 mm, 12 mm, and 14 mm — were considered in 
the simulations. 

An unconfined concrete using a regularized Drucker–
Prager microplane model was proposed. This concrete 
model was integrated into the pull-out test simulation with 
a Mohr–Coulomb contact law incorporating material-spe-
cific friction coefficients for each bar material. The model 
also included elasto-plastic behavior for steel and linear 
elastic law for FRP bars. Validation of the simulated bond–
slip curves was performed by comparing the obtained 
results with two reference analytical models. The  main 
findings of this study can be summarized as follows:

•	 All the bond–slip curves obtained from the simulations 
accurately match the analytical models, reproducing 
the typical shape of the bond stress–slip relationship.

•	 A modified hybrid model was proposed, showing excel-
lent agreement with the simulation results, with cor-
relation coefficients (R2) ranging from 0.904 to 0.996.

•	 The type of reinforcement material has a notice-
able impact on the maximum bond stress. CFRP 
bars show the highest average bond stress, followed 
by AFRP, steel, and GFRP. However, an exception 
was noted for the ∅10  mm steel bar, as its plastic 
deformation led to the highest bond stress among all 
tested configurations.

•	 The maximum bond stress ( τ1 ) decreases as the 
diameter ( db ) of the reinforcement increases for all 
types of rebars.

•	 The type of reinforcement also affects the critical slip 
( s1 ), which remains relatively uniform for FRP bars 
due to their similar linear elastic behavior, while it 
is higher and variable for steel due to the effects of 
plasticity.

•	 The critical slip ( s1 ) generally decreases with 
increasing bar diameter, especially for FRP bars, 
where the reduction is progressive and consistent. 
In contrast, steel bars show less predictable variation 
due to plasticity effects.

•	 A complete parameterized predictive model was 
developed to characterize the bond–stress behavior 
as a function of bar diameter and concrete compres-
sive strength, utilizing material-specific coefficients. 

The model demonstrates excellent agreement with 
simulation results, achieving maximum bond stress 
prediction errors below 0.6%, critical slip deviations 
within 3% for FRP bars, and variable but quantifi-
able deviations for steel (ranging from 4% to 12% 
depending on plastic deformation effects). Strong 
curve correlations were observed, with coefficients 
of determination (R2) ranging from 0.911 to 0.983 
across all configurations.

An important distinction emerges from the analysis 
of the results when comparing the behavior of steel and 
FRP reinforcements, even though their bond performance 
appears nearly equivalent. Steel exhibits superior adapt-
ability thanks to its ductile behavior and the presence of 
a plastic phase; however, this same characteristic intro-
duces complexity in achieving accurate predictive model-
ing. Conversely, FRP bars display a consistent linear-elas-
tic response up to rupture, despite their inherent brittleness. 
This linearity not only simplifies numerical prediction but, 
when coupled with the programmable integration of their 
mechanical properties and surface characteristics during 
manufacturing, also makes it possible to design custom-
ized and more advanced FRP bars tailored to specific struc-
tural demands. Such an approach could significantly reduce 
dependence on destructive physical testing after production.

Finally, to optimize the proposed numerical model, 
future works should first focus on completing a paramet-
ric analysis by investigating, through extended simula-
tions, the influence of key parameters such as bar stiffness, 
concrete confinement degree, variations in friction coeffi-
cients, reinforcement rib geometry, concrete cover thick-
ness, and anchorage length. This approach will enable the 
development of a more advanced and generalized predic-
tion model that can significantly reduce the need for exten-
sive experimental campaigns. Subsequently, targeted vali-
dation through a limited number of pull-out experimental 
tests on representative specimens will be sufficient to con-
firm the enhanced model's accuracy and its ability to real-
istically represent in-service structural conditions. Lastly, 
extending the simulation framework to cyclic and dynamic 
loading scenarios would further broaden its applicability 
to seismic and fatigue-related performance assessments.
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