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ABSTRACT

Post-installed rebar (PIR) systems have become an essential solution for the repair, strengthening, and
retrofitting of reinforced concrete structures by providing reliable anchorage without extensive structural
reconstruction. However, accurately predicting their tensile behavior and failure mechanisms under varying
service conditions remains challenging due to the complex interaction among the reinforcing bar, adhesive
layer, and surrounding concrete. This study presents a combined experimental and three-dimensional finite
element investigation of the tensile behavior of PIR systems using ABAQUS. The numerical model
incorporated the Concrete Damaged Plasticity (CDP) model for concrete and an elastoplastic constitutive
model for reinforcing steel to simulate nonlinear material behavior and bond degradation. Numerical
simulations were conducted for embedment depths of 100, 200, and 300 mm under monotonic pull-out
loading and thermal exposure. The numerical predictions were validated against experimental results and
demonstrated excellent agreement, with prediction errors below 5% under monotonic loading. The results
showed that increasing embedment depth significantly enhanced pull-out resistance, with pull-out loads
increasing from 2.426 kN at 100mm to 28.702 kN at 200mm and 74.242 kN at 300mm for experimental and
2.510 kN at 100 mm to 29.133 kN at 200 mm and 73.510 kN at 300 mm for numerical under monotonic
loading. Thermal exposure reduced bond integrity and promoted premature pull-out failure. Overall, the
validated finite element model reliably predicted the structural response of PIR systems and provides an
effective tool for evaluating bond behavior, optimizing anchorage design, and improving the safety, durability,
and performance of reinforced concrete retrofitting systems.

Keywords: Post-installed rebars; Tensile loading; ABAQUS; Finite element analysis; Structural retrofitting;
Bond behavior; Pull-out resistance.

INTRODUCTION

The increasing demand for sustainable infrastructure has heightened the need for effective methods of
repairing, strengthening, and extending the service life of existing reinforced concrete structures [1]. Across
the world, many buildings, bridges, and other civil engineering facilities require rehabilitation due to aging,
increased service loads, changes in structural design requirements, seismic upgrading, and deterioration
caused by environmental exposure. Complete demolition and reconstruction are often economically
impractical and environmentally unsustainable. Consequently, structural rehabilitation techniques that
improve the performance of existing structures while minimizing disruption have become an essential aspect
of modern civil engineering practice [2].
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Among the available rehabilitation techniques, post-installed rebar (PIR) systems have gained widespread
acceptance because they provide a reliable means of connecting new structural elements to existing concrete.
Unlike cast-in-place reinforcement, post-installed rebars are installed after the concrete has hardened by
drilling holes into the concrete and anchoring reinforcing bars using adhesive or mechanical anchorage
systems. This method offers flexibility during renovation and retrofitting projects and has become widely
adopted in applications such as beam and slab extensions, column jacketing, bridge rehabilitation, and seismic
strengthening [3].

The structural performance of a post-installed rebar system depends largely on the effectiveness of the bond
developed between the reinforcing bar, adhesive material, and surrounding concrete. When subjected to
tensile loading, stresses are transferred through the adhesive layer into the concrete, making the bond interface

the most critical region governing structural behavior. The efficiency of this load transfer mechanism is
influenced by several factors, including embedment depth, adhesive properties, concrete strength, bar
diameter, installation quality, and loading conditions. Depending on these factors, failure may occur through
adhesive debonding, pull-out failure, concrete cone breakout, concrete splitting, or yielding of the reinforcing
steel. Understanding these mechanisms is essential for ensuring the safe design and long-term performance of
rehabilitation systems [4].

Experimental investigations have significantly advanced the understanding of PIR behavior under tensile
loading by providing valuable information on bond strength, pull-out resistance, stiffness characteristics, and
failure modes. However, laboratory testing alone has several limitations. Experimental programs are often
expensive, time-consuming, and constrained by the number of specimens that can be tested. Furthermore,
many internal mechanisms, such as stress redistribution, crack propagation, and bond degradation within the
concrete—adhesive—steel interface, cannot be directly observed during physical testing. These limitations have
encouraged the increasing use of advanced numerical simulation techniques to complement experimental
investigations and provide deeper insight into structural behavior [5].

Among the available computational approaches, the finite element method (FEM) has become one of the most
powerful tools for analyzing reinforced concrete systems because of its ability to model complex material
behavior and nonlinear structural response [6]. Commercial software such as ABAQUS enables detailed
simulation of concrete cracking, steel plasticity, adhesive behavior, and contact interactions under different
loading conditions. When properly calibrated and validated with experimental data, finite element models can
accurately predict load—displacement behavior, stress distribution, interface debonding, and failure
progression while reducing the need for extensive experimental testing. As a result, numerical modelling has
become an important component of structural design, assessment, and optimization [7].

Despite considerable progress in both experimental and numerical research, accurately predicting the tensile
behavior of post-installed rebar systems remains challenging. The nonlinear interaction between concrete,
adhesive, and reinforcing steel involves complex bond-slip relationships, progressive cracking, stiffness
degradation, and changing failure mechanisms that are difficult to capture using simplified analytical methods
[8]. In addition, although embedment depth is widely recognized as one of the most influential design
parameters, its effect on pull-out behavior under different loading scenarios has not been comprehensively
evaluated within a unified experimental and numerical framework. This knowledge gap limits the ability of
engineers to optimize anchorage design for different service conditions [9].

This study addresses these challenges by combining laboratory testing with three-dimensional finite element
modelling in ABAQUS to investigate the tensile behavior of post-installed rebar systems. The numerical
model was developed and validated using experimental results before being employed to evaluate the
influence of embedment depth under monotonic pull-out loading and environmental exposure conditions. The
study further examines force—displacement behavior, pull-out resistance, bond degradation, stiffness
characteristics, and failure mechanisms to provide a comprehensive understanding of the structural response
of PIR systems. By integrating experimental observations with validated numerical simulations, this research
provides practical insights that can contribute to improved anchorage design, more reliable structural
rehabilitation strategies, and enhanced durability of reinforced concrete structures.
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Figure 1. Schematic illustration of the post-installed rebar (PIR) system practical site work application: (a)
Installed reinforcing bar embedded in hardened concrete using adhesive anchorage; (b) Sectional view
showing the concrete, adhesive layer, and reinforcing steel bar.

Source: Ahmadu Bello Wy, Central Business Dis, Abuja 900103, Federal Capital Territory, Nigeria. Bus
terminal project, 2024.

METHODOLOGY

This section presents the experimental and numerical procedures adopted for investigating the tensile behavior
of post-installed rebar (PIR) systems. The methodology integrates laboratory testing with finite element
modeling using ABAQUS to ensure reliable validation of results.

Experimental Materials and Method
Materials

The materials used in the study are ordinary Portland limestone cement (PLC), coarse aggregates, fine
aggregates, reinforcement bars, epoxy-based adhesives and water. The PLC (Dangote cement of grade 42.5r)
was purchased from a local cement store, 12mm TMT reinforcement bars and epoxy-based adhesives (Epoxy
Acrylate), all within Abuja FCT, Nigeria. In addition, natural river sand (4.75mm) was used as fine
aggregates, and a crushed, angular, porous graded material, having a maximum aggregate size of 19mm, was
used as coarse aggregate.

Test Samples

Concrete cube samples of (150x150x150) mm were prepared with a mix ratio 1:2:4 to perform a compressive
strength test. Likewise, 150mm diameter and 300mm height cylindrical samples was casted and three (3)
specimen were prepared for each embedded length i.e. for 200mm depth, 200mm depth and 300mm depth.
After pouring the concrete, it was allowed to cure for 28days. For the study the concrete strength was
30N/mm2 and 12mm of tensile strength of 500N/mm2 were used.

Pull-out Test

The tensile bond behavior of the post-installed reinforcing bars was experimentally investigated using a
200KkN capacity Universal Test Machine (UTM). The pull-out testing procedure was conducted with reference
[10], which specifies the use of a tensile testing machine of adequate capacity for applying tensile force to a
reinforcing steel bar anchored in a concrete block and for measuring the corresponding load and displacement.
The experimental test was designed to determine the load-displacement response, ultimate pull-out load,
displacement at peak load, and initial stiffness of the post-installed reinforcing bar embedded in concrete. A
monotonically increasing axial tensile load was applied to the reinforcing bar using 200kN UTM, while the
applied load and corresponding displacement were continuously displacement were continuously recorded
until failure.
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Environmental Exposure to Thermal Test.

A controlled elevated-temperature exposure of 110 °C was applied to evaluate the thermal stability of the
epoxy—rebar—concrete bond system. The temperature was selected as a mild elevated condition representing a
possible heat-transfer scenario during construction and repair activities. Previous studies have shown that
elevated temperatures can influence the mechanical properties of adhesives used for post-installed
reinforcement [11], the bond behavior of post-installed rebar connections [12]. After exposure, the specimens
were cooled to ambient temperature before pullout testing to assess changes in their residual bond
performance.

Test Setup and Procedure
Monotonic Pull-Out Test

The pull-out test was conducted on the cylindrical concrete samples using a 200kN Capacity UTM. C30
concrete were prepared and cured for 28days before installation of the post-installed reinforcing bars. 12mm
diameter reinforcing bar was installed into pre-drilled holes at the center of the cylindrical concrete sample
using the selected chemical adhesive (Epoxy Acrylate). The embedment length used were 100mm,200mm and
300mm. The drilled holes were cleaned to remove drilling dust and loose particles. The adhesive was poured
into the drilled hole to the entire embedded length, Figure 2 shows reinforcing bar was installed in to the holes
using the selected adhesive as binding agents. The specimens were allowed to cure for 28days full cured
before testing. As seen in figure 3, a UTM was used to perform the pull-out test on the post-installed
reinforcements in concrete and applied load and corresponding displacement were continuously recorded by
the UTM data-acquisition system. Testing was continued until pull-out, debonding and concrete failure. The
resulting load-displacement curves were used to determine the maximum pull-out load, displacement at
maximum load and initial stiffness.

Sep 11,2025 2:07:21 PM

10 I.T. Igbani Abuja Municipal Area Council Federal
Capital Territory

Figure 3. Post -installed Concrete Sample Fixed to Model and the applied load and corresponding
displacement were continuously recorded by the UTM data-acquisition system
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Exposure to Thermal Pull-Out Test.

Following the procedure of monotonic pull-out test, the cylindrical concrete specimens was subjected to
thermal exposure in a laboratory oven. As seen in figure 4, the specimen was placed inside the oven and
heated to a target temperature of 110 °C. The oven temperature was monitored to ensure that the required
temperature was condition was achieved. After the completion of the heating period, the specimen was
removed from the oven and allowed to cool before pull-out test was performed. The load and displacement
response recorded by UTM system was compare with that of unexposed specimens to quantify the influence
of temperature on the post-installed rebar bond performance.

pul

Sep 11,2025 12:59:49 PM
Abuja Municipal Area Council Federal Capital
Territory

Figure 4. Post-installed Rebar in the Laboratory Oven
Failure Modes

The main failure modes of post-installed single anchor in uncracked concrete under a tension force are
concrete cone failure, bar rupture failure, pull-out (bond) failure, concrete spitting failure, and pull-through
failure [13], [14] & [15]. The failure mode are:

1) Concrete Cone Failure - Concrete cone failure occurs in post-installed concrete with shallow embedded
depths where the capacity of concrete is low. It involves the extraction of a cone-shaped portion of the
post-installed concrete, having its highest point at the embedded end of the anchor because of the
circumferential stresses. Moreover, there is usually a crack at 35° from the base of the anchor, which
procedure the cone caused by tensile failure.

2) Pull-out (Bond) Failure - It is usually caused by improper installation, such as unclean holes or partial
bonding between the adhesive and concrete or adhesive and rebar. It involves debonding an anchor over
its entire embedded length that can occur at the adhesive-concrete or adhesive-rebar interface.

3) Concrete Splitting failure — Concrete splitting failure generally occurs when the size of the concrete is
small, and the anchor is installed close to the edge of the concrete mass. It can be avoided by providing
minimum edge distance. Moreover, failure load is usually reduced compared to cone breakout failure.

4) Pull-through failure - This failure is the combination of failure at the adhesive-concrete and adhesive-
rebar interfaces. It occurs in anchor extraction from a concrete mass without significant concrete failure.

5) Bar Rupture Failure - This failure represents the upper value of the highest load carried by an anchor,
and it rarely happens except in high-strength concrete with high embedded depths and low rebar
strengths. The rebar type and cross-sectional area usually define the failure.
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Finite Element Model Development (Numerical Procedure)

To complement the experimental investigation, a three-dimensional (3D) nonlinear finite element model of the
post-installed rebar (PIR) system was developed using ABAQUS/Standard. The numerical model was
designed to reproduce the pull-out test configuration and simulate the structural response of the adhesive
anchorage system under tensile loading. The model comprised three principal components: the concrete
substrate, reinforcing steel bar, and adhesive layer, all represented according to the dimensions of the
experimental specimens.

The concrete specimen was modelled as a cylinder with dimensions corresponding to those used in the
laboratory tests (100mm diameter x 300mm height), while a 12 mm diameter reinforcing steel bar was
positioned concentrically within the drilled hole at the specified embedment depths of 100 mm, 200 mm, and
300 mm. The adhesive layer was explicitly incorporated into the model to simulate the transfer of stresses
between the reinforcing steel and the surrounding concrete. The geometry of the assembled finite element
model is presented in Figure 5,

Figure 5. Modelled Cylinder Concrete Specimen in Abaqus

Figure 6. Three-dimensional finite element model of the post-installed rebar (PIR) system developed in
ABAQUS, showing the concrete specimen, reinforcing steel bar, and reference point (RP-1) used for load
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application.

The numerical model was created using the Part, Property, Assembly, Step, Interaction, Load, Mesh, and Job
modules available in ABAQUS. Individual parts representing the concrete, reinforcing bar, and adhesive were
first created before being assembled into a single computational model. Appropriate geometric constraints
were applied to ensure accurate positioning of the reinforcing bar within the concrete specimen.

To ensure consistency between the laboratory investigation and numerical simulation, the model geometry
and specimen dimensions were developed directly from the experimental configuration. This approach
minimized modelling uncertainties and enabled direct comparison between the numerical predictions and the
experimental pull-out responses during model validation.

Material Properties and Constitutive Models

The finite element model was developed by assigning appropriate material properties and constitutive models
to the concrete, reinforcing steel, and adhesive layer to accurately simulate the mechanical behavior of the
post-installed rebar (PIR) system under tensile loading. The selected material models were chosen based on
their ability to reproduce the nonlinear response of the constituent materials observed during experimental
testing.

Concrete

Concrete was modelled using the Concrete Damaged Plasticity (CDP) model available in ABAQUS. The CDP
model was selected because it provides a realistic representation of concrete behavior under both compressive
and tensile loading by accounting for plastic deformation, tensile cracking, compressive crushing, and
progressive stiffness degradation. The elastic properties of the concrete, including Young's modulus, Poisson's
ratio, and density, were first defined before introducing the nonlinear compressive and tensile stress—strain
relationships. Damage parameters for both compression and tension were specified to simulate crack
initiation, propagation, and material degradation throughout the pull-out analysis.

Reinforcing Steel

The reinforcing steel bar was modelled as an elastic—plastic material with isotropic strain hardening. The
material was assumed to behave linearly within the elastic range before yielding and subsequently exhibited
plastic deformation according to the defined hardening behavior.

The elastic modulus, Poisson's ratio, yield strength, and density of the reinforcing steel were assigned based
on the material properties used in the experimental programmed. This constitutive model enabled realistic
prediction of stress development and deformation of the reinforcing bar during pull-out loading.

Adhesive Material

The adhesive was modelled as the bonding medium responsible for transferring tensile forces from the
reinforcing steel to the surrounding concrete. It was assumed to exhibit linear elastic behaviour within the
applied loading range and was assigned appropriate mechanical properties, including Young's modulus,
Poisson's ratio, and density.

The adhesive layer played a significant role in maintaining bond integrity and facilitating stress transfer across
the concrete—steel interface throughout the numerical simulation.

2.5 Boundary Conditions and Loading

To accurately replicate the experimental pull-out test, appropriate boundary conditions and loading
configurations were applied to the finite element model. The boundary conditions were established to prevent
rigid body motion while ensuring that the numerical simulation closely represented the laboratory testing
arrangement. The bottom surface of the concrete block was fully restrained by fixing all translational degrees
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of freedom (Ux = Uy = Uz = 0), thereby preventing displacement in the three principal directions throughout
the analysis. This constraint ensured that the applied tensile load was transferred through the post-installed
rebar system without introducing unintended movement of the concrete specimen.

A displacement-controlled axial tensile load was applied to the free end of the reinforcing steel bar through a
reference point (RP-1) using a coupling constraint. The prescribed displacement ranged from 0 to 100mm
depending on the loading scenario considered, enabling the complete pull-out response of the anchorage
system to be captured under monotonic loading conditions.

The analysis was performed using the Static, General analysis procedure available in ABAQUS/Standard. The
load was applied incrementally to facilitate convergence during nonlinear analysis and to accurately capture
the initiation and progression of concrete cracking, bond degradation, and stress redistribution within the
adhesive anchorage system. The displacement-controlled loading approach provided stable numerical
solutions and enabled direct comparison between the numerical predictions and the corresponding
experimental pull-out test results. The adopted boundary conditions and loading strategy ensured realistic
simulation of the structural behavior of the post-installed rebar system and provided a reliable basis for
evaluating the effects of embedment depth, and thermal exposure on pull-out performance.

Model Interaction and Mesh Generation

To accurately simulate the interaction between the constituent materials, surface-to-surface contact
interactions were defined between the reinforcing steel, adhesive layer, and surrounding concrete. A penalty
contact formulation was employed to represent the bond behavior at the interfaces, allowing stress transfer
while accommodating limited relative slip during loading. This approach enabled realistic simulation of bond
degradation, interface debonding, and stress redistribution as the applied tensile load increased.

The finite element model was discretized using an appropriate meshing strategy to achieve an optimal balance
between computational efficiency and solution accuracy. The concrete cylinder, reinforcing steel bar, and
adhesive layer were meshed using eight-node linear brick reduced integration (C3D8R) solid, and tetrahedral
(C3DR) elements available in ABAQUS. These elements were selected because of their ability to accurately
simulate nonlinear material behavior while minimizing computational cost. A non-uniform mesh was adopted
throughout the model. A finer mesh density was applied around the concrete—adhesive—rebar interface, where
high stress concentrations, bond-slip behavior, and damage initiation were expected. Conversely, a relatively
coarser mesh was used in regions away from the interface to reduce computational time without significantly
affecting the accuracy of the numerical results. A typical meshed model is presented in Figure 7.

Figure 7. Finite element mesh of a post-installed rebar (PIR) model developed in ABAQUS.
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The adopted mesh refinement and contact interaction strategy ensured numerical stability and improved the
prediction of the load—displacement response, stress distribution, and failure mechanisms of the post-installed
rebar system under pull-out scenarios.

EXPERIMENTAL AND NUMERICAL (ABAQUS) RESULTS AND DISCUSSION
Experimental Data
Concrete (C25/C30):

Elastic Modulus (Ei) = 30,000 MPa
Poisson’s ratio (v) = 0.20

Concrete Strength (Fi) = 30 MPa
Tensile of Concrete (Ft) = 3.3 MPa
Compression Strain = 0.0020
Tension Strain = 0.00012

Steel (12mm):

Yield Strength (Fy) = 500MPa
Ultimate strength (Fu) = 600 MPa
Elastic Modulus (Es) = 200 GPa
Poisson’s ratio = 0.30

Plastic stress-strain curve = 0.022

Acrylate Epoxy Data

Adhesive elastic Modulus = 3.13 GN/m?
Adhesive tensile Strength = 13 N/mm?
Adhesive shear strength = 14 N/mm? (Mpa)
Fraction energy = 24 N/mm

e Density = 1700 Kg/m®

Experimental and Numerical Result on Monotonic Pull-out Loading
Experimental Result on Monotonic Loading

Table 1: Experimental result for monotonic pull-out loading of average value of three specimen test in each
embedment length.

Loading Condition Embedment | Peak Force | Displacement
Depth (mm) | (kN) at Peak (mm)
100 2.426 1.087
Monotonic Pull-out Loading | 200 28.702 8.344
300 74.242 41.695

Table 1, shown the experimental results of pull-out behavior on embedment length. The pull-out capacity
increased from 2.426 kN at 100 mm to 28.702 kN at 200 mm and 74.242 kN at 300 mm. Correspondingly, the
displacement at peak load increased from 1.087 mm to 8.344 mm and 41.695 mm, respectively.
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Numerical (ABAQUS) Results

Table 2: Abaqus result for monotonic pull-out loading

Loading Condition Embedment | Peak Force Displacement
Depth (mm) | (kN) at Peak (mm)
100 2.51 0.749

Monotonic Pull-out 200 29.133 8.102

Loading
300 73.51 40.5

Table 2, presents the numerical results for monotonic pull-out loading at embedment depths of
100mm,200mm and 300mm, showing peak forces of 2.510 kN, 29.133 kN, and 73.510 kN, respectively, peak
displacement increased correspondingly from 0.749 mm,8.102 mm and to 40.500 mm, indicating that greater
embedment depth enhances bond stress distribution, delays debonding, and increases pull-out nonlinearly.

Table 3. Monotonic pull-out loading Numerical— Experimental Comparison

Embedme |Experiment|Abaq |Peak- |[Experiment|Abaqus Displaceme |Experiment |Abaqus Stiffness
nt length |al peak us load |al displaceme |nt error (%) |al initial initial  error (%)
load(kN) |peak |error |displaceme |nt at peak stiffness  |stiffnes
load |[(%) |ntatpeak |(mm) (KN/mm) |s
(kN) (mm) (KN/m
m)
100 mm 2.426| 2.51| 3.46 1.087 0.749 31.09 2.27 6 164.32
200 mm 28.702| 29.13) 1.5 8.344 8.102 2.9 484 6.15 27.07
3
300 mm 74.242| 73.51| 3.18 41.695 40.5 2.18 7.19 6.9 4.03
Overall |— — MAP |— — MAPE= | — — MAPE=65.
E= 12.06 14
2.71

Table 3, shown comparing the experimental and Abaqus results in terms of peak pull-out capacity,
displacement at peak load and initial stiffness for the three embedment lengths. The predicted peak loads were
2.510, 29.133 and 73.510 kN for the 100, 200mm and 300mm embedment lengths, respectively, compared
with experimental values of 2.426, 28.702 and 74.242 kN. The corresponding percentage errors were 3.46%,
1.50% and 0.99%, respectively. For displacement at peak load, the numerical predictions were 0.749, 8.102
and 40.500 mm, compared with experimental values of 1.087, 8.344 and 41.695 mm, resulting in errors of
31.09%, 2.90% and 2.87%, respectively. The relatively large discrepancy at 100 mm indicates that the model
does not reproduce the deformation response of the shortest embedment length as accurately as the longer
embedment lengths. The initial stiffness values predicted by Abaqus were 6.00, 6.15 and 6.90 kN/mm for the
100, 200 and 300mm specimens, respectively, compared with experimental values of 2.27, 4.84 and 7.19
kN/mm. The corresponding errors were 164.32%, 27.07% and 4.03%. The relatively large stiffness
discrepancy at the shorter embedment lengths may be associated with the sensitivity of the initial load—
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displacement response to local bond stiffness, interface properties, installation effects and the selection of the
linear region used to determine experimental stiffness.

Experimental and Numerical Result on Thermal-Exposure @ 110 °C Pull-Out Loading

Loading Condition Embedment | Peak Displacement | Stiffness
Depth (mm) | Force | atPeak (mm) | at Peak
(kN) (KN/mm)
Thermal-Exposure at 110 °C Pull-out 5915 | 29.562 1.153
Loading 100mm
22.189 | 6.869 1.003
200mm
27.161 | 17.957 1.121
300mm

Table 4. Experimental pull-out behavior after thermal exposure

Table 5. Numerical pull-out behavior after thermal exposure

Loading Condition Embedment Peak Displacement at Stiffness at Peak
Depth (mm) Force (kN) | Peak (mm) (KN/mm)
Thermal-Exposure at 110 °C 100mm | 7.096 6.217 0.871
Pull-out Loading
200mm | 22.619 13.64 1.265
300mm | 27.054 10.8 1.91

Table 6. Thermal-exposure pull-out loading Numerical- Experimental Comparison
Embedme |Experiment|Abaq |Peak- |Experiment|Abaqus Displaceme |Experiment|Abaqus (Stiffness
nt length |al peak us load |al displaceme |nt error (%) |al initial initial  |error (%)

load (kN) |peak |error [displaceme |nt at peak stiffness  [stiffnes

load |(%) [ntatpeak [(mm) (KN/mm) |s
(kKN) (mm) (KN/m
m)
100 mm 5.915| 7.096| 19.97 29.562 6.217 78.97 1.153| 0.871 24.49
200 mm 22.189| 22.61| 1.94 6.869 13.64 98.58 1.003| 1.265 26.09
9
300 mm 27.161| 27.05| 0.4 17.957 10.8 39.68 1.121 1.91 70.35
4
Overall |— — MAP |— — MAPE= | — — MAPE=40.
E= 72.47 32
7.43

Tables 4,5 and 7 shown the experimental and numerical pull-out responses following exposure to 110 °C. The
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experimental peak pull-out force increased from 5.915 kN at 100 mm embedment to 22.189 kN and 27.161
kN at 200 and 300 mm, respectively. The corresponding numerical predictions were 7.096, 22.619, and
27.054 kN. The numerical model therefore reproduced the peak pull-out capacity with errors of 19.97%,
1.94%, and 0.39%, respectively. The experimental stiffness values were 1.153, 1.003, and 1.121 kN/mm,
compared with 0.871, 1.265, and 1.910 kN/mm from the numerical model. The results indicate good
agreement in peak pull-out capacity at the 200 and 300 mm embedment depths, although greater differences
are observed in the stiffness and displacement responses, particularly for the 100 mm specimen. The deviated
in displacement and stiffness, indicating that model may not fully capture bond degradation after thermal
exposure. The thermal-exposure numerical model produced a MAPE of 7.43% for peak pull-out load,
indicating good agreement with the experimental results. The corresponding MAPE values for displacement at
peak load and initial stiffness were 72.47% and 40.32%, respectively. The relatively higher errors in
displacement and stiffness indicate that the model reproduced the ultimate pull-out capacity more accurately
than the deformation and stiffness response.

Influence of Embedment Depth on Pull-Out Behavior

The numerical results demonstrate that embedment depth is the primary parameter governing the pull-out
performance of the post-installed rebar (PIR) system. As summarized in Table 1 and illustrated in Figures 8—
10, the ultimate pull-out capacity increased markedly with increasing embedment depth under monotonic
loading. The specimen with a 100 mm embedment depth developed a peak pull-out load of 2.510 kN, whereas
the 200 mm and 300 mm specimens achieved peak loads of 29.133 kN and 73.510 kN, respectively. This
substantial increase in load-carrying capacity indicates that extending the embedment length significantly
improves the anchorage performance of the PIR system as indicate by [16]

The observed behavior can be attributed to the larger bonded surface area available for stress transfer between
the reinforcing steel, adhesive layer, and surrounding concrete. At shallow embedment depths, the limited
contact area concentrates bond stresses over a relatively short anchorage length, promoting premature
adhesive debonding and reducing the load that can be transferred before failure. This behavior is evident in

the 100 mm specimen, where adhesive failure occurred before significant bond mobilization could be
achieved. As the embedment depth increased to 200 mm and 300 mm, the bonded interface became
sufficiently long to distribute stresses more uniformly along the anchorage length [17]. Consequently,
mechanical interlock between the deformed reinforcing bar and the adhesive-concrete interface became
progressively mobilized, allowing the system to sustain substantially higher tensile loads before failure.

This behavior suggests that increasing embedment length not only improves the ultimate pull-out resistance
but also delays the progression of localized bond damage by engaging a larger proportion of the bonded
interface [18].

The predicted failure modes also evolved with embedment depth. The shallow embedment specimen failed
predominantly through adhesive debonding, whereas the deeper embedment specimens exhibited concrete
splitting failure. This transition indicates that once adequate bond strength is developed along the adhesive
interface, the surrounding concrete becomes the controlling component of the anchorage system. Rather than
interface failure governing the response, tensile stresses generated within the concrete eventually exceed its
fracture capacity, resulting in splitting failure. Such behavior is characteristic of well-developed bonded
anchorage systems in which the interface strength exceeds the tensile resistance of the surrounding concrete
[16].

These findings agree with previous investigations that identified embedment depth as one of the most
influential parameters affecting the tensile performance of adhesive-anchored reinforcement systems. Longer
embedment lengths provide improved bond development, more efficient stress transfer, and greater anchorage
efficiency, ultimately resulting in higher pull-out capacities and enhanced structural reliability. The present
results therefore confirm that adequate embedment depth is essential for maximizing the load-transfer
mechanism and ensuring stable structural performance of post-installed rebar systems under tensile loading
[19].
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Effect of Thermal Exposure on Bond Performance

The thermal exposure analysis demonstrated a considerable reduction in the pull-out performance of the post-
installed rebar (PIR) system across all embedment depths. As presented in Table 4&5, pull-out loads under
thermal exposure conditions were consistently lower than those obtained under monotonic loading. Although
the pull-out capacity increased with embedment depth, from 5.915 kN at 100 mm to 22.189 kN at 200 mm
and 27.161 kN at 300 mm for experimental, and 7.096 kN at 100mm to 22.619 kN at 200mm and 27.054 kN
at 300mm for Numerical, the improvement was substantially smaller than that observed under normal loading
conditions. This indicates that thermal exposure adversely affected the efficiency of the bond mechanism
regardless of the embedment length [20].

The reduction in structural performance can be attributed to deterioration of the adhesive interface and
weakening of the surrounding concrete matrix. In the numerical model, thermal exposure was simulated by
reducing the stiffness properties of the interface and concrete surface layers before the pull-out analysis. This
degradation reduced the ability of the adhesive layer to effectively transfer tensile stresses from the
reinforcing steel into the surrounding concrete, thereby limiting the development of full bond strength. As a
result, the load—displacement responses exhibited lower stiffness and earlier failure compared with the
corresponding monotonic loading responses [21].

These findings agree with previous investigations reporting that environmental actions such as elevated
temperature, progressively reduce adhesive strength and bond integrity in post-installed anchorage systems.
Such deterioration accelerates interface debonding, reduces frictional resistance, and limits stress transfer
across the bonded region. The present results therefore demonstrate that thermal exposure can significantly
compromise the structural performance of adhesive-anchored reinforcement, even when adequate embedment
depth is provided. Consequently, durability considerations should be incorporated into the design and
assessment of post-installed rebar systems intended for service in aggressive environmental conditions to
ensure long-term structural safety and reliability [22].

CONCLUSIONS AND RECOMMENDATIONS

This study presented a combined numerical and experimental investigation of post-installed rebar (PIR)
systems subjected to tensile loading, with emphasis on the influence of embedment depth, pull-out loading
and thermal exposure. A validated three-dimensional finite element model was developed using ABAQUS to
simulate load—displacement behavior and bond interaction. The following conclusions are made based on the
result of this study:

1. Embedment depth is a major determinant of PIR performance: The pull-out capacity increased with
embedment length under pull-out loading, showing that longer bonded lengths provide improved load transfer
and greater resistance to failure.

2. Thermal exposure weakened the anchorage response: The results indicate that long-term  thermal
exposure conditions can reduce the effectiveness of the bond interface and lower the pull-out resistance of the
system.

3. Pull-out loading: The Abagus model shown good agreement with experimental load, particularly at 200
and 300mm

4. The finite element approach remains suitable for PIR studies: The result patterns obtained are
consistent with the expected behavior of bonded reinforcement systems and support the use of numerical
modeling for evaluating PIR performance under different service conditions.

Several recommendations are made for future research based on the research findings. These are:

1. Investigating different adhesive materials to determine their performance under thermal exposure loading.
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2. Studying other load types such as shear, fatigue, and combined loading for a more complete understanding
of PIR behavior and Including full-scale experimental validation to strengthen the reliability of the numerical
findings.

3. Extending the study to include more embedment lengths and rebar diameters in order to develop a broader
design database.

4. For critical retrofit works, pull-out verification should be carried out before field application
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