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This study introduces and numerically validates a novel method for the flexural
strengthening of reinforced concrete (RC) beams using prefabricated, L-shaped
prestressed concrete sections. A Finite Element model was developed in Abaqus
and validated against existing experimental data for an unstrengthened RC beam.
A comprehensive parametric study was then conducted to assess the performance
of the strengthened system, focusing on the effects of prestress level and tendon
arrangement. The results demonstrate the exceptional efficacy of the proposed
technique. The beam's flexural capacity was significantly increased, with the
optimal configuration showing a 428.7% enhancement in yield moment
compared to the reference beam. Furthermore, the method substantially
improves the structure's ductility and energy dissipation capacity, with inelastic
energy dissipation increasing by up to 59.9% and damage-related energy
dissipation by up to 191%. A direct comparison revealed that the proposed
method's performance is approximately 2.5 times greater than strengthening with
advanced Ultra-High Performance Fiber Reinforced Concrete (UHPFRC)
jackets. This numerical proof-of-concept confirms that the proposed technique
is a highly promising and efficient solution for structural retrofitting.
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INTRODUCTION

Concrete is one of the most widely used
construction materials globally due to its
economic advantages and the accessibility of its
raw materials (Al Khaffaf et al., 2025; Althoey
et al., 2023; Favier et al., 2018). It is utilized in
a vast array of structures, including buildings,
bridges, dams, and offshore platforms. While
concrete exhibits high compressive strength, it
is notably weak in tension. This weakness leads
to the formation of cracks under tensile stresses
induced by applied loads, shrinkage, or
temperature variations. To counteract this, steel
reinforcement is embedded within the concrete
to carry the tensile forces. An advanced
approach involves prestressing, where high-
strength steel tendons are tensioned to induce a
pre-compressive force in the concrete, thereby
delaying the onset of cracking (Nawy, 1988).
Over time, many existing concrete structures
suffer from degradation, material fatigue, or
exposure to harsh environmental conditions,
necessitating repair or strengthening (Mirzaee
et al., 2021; Sharif et al., 1994). The need for
strengthening also arises from changes in
building codes, modifications in the structure's
use, or errors during the initial design and
construction phases. Consequently, various
strengthening techniques have been developed.
Common methods for enhancing the seismic
resistance and ductility of concrete beams
include the application of fiber-reinforced
polymer (FRP) jackets, steel jackets or plates,
and reinforced concrete (RC) jackets (Attari et
al., 2019; Esmaeeli et al., 2015; Gergely et al.,
2000; Gkournelos et al., 2021; Hadi & Tran,
2014; Kabashi et al., 2025; Karbhari, 2001; Ma
et al., 2017; Raza et al., 2019; Singh & Murty,
2024). While RC jacketing is a traditional and
effective method for increasing flexural and
shear strength, it has notable drawbacks, such
as a significant increase in the member's weight
and dimensions, which can reduce usable space
and is contrary to the goal of weight reduction
in seismic retrofitting (Attari et al., 2019;
Shahbazpanahi & Manie, 2006).

Previous research has explored various
strengthening techniques. Hassani Tabar et al.,
(Hassani_Tabar et al., 2014) experimentally
investigated the use of prestressed CFRP plates
and found that prestressing improved load-
bearing capacity. Similarly, Haji Hashemi
studied  near-surface  mounted (NSM)
prestressed CFRP strips, noting an 11.5% to

15% increase in ultimate load capacity for

prestressed samples compared to a 10%

increase for non-prestressed ones

(Hajihashemi, 2008). Lampropoulos et al.,

(Lampropoulos et al., 2016) explored the use of

Ultra-High Performance Fiber Reinforced

Concrete (UHPFRC) layers and jackets, finding

that a three-sided UHPFRC jacket provided the

best performance.

This paper introduces a novel strengthening

method using pre-fabricated, prestressed

concrete beams. This approach offers several

potential advantages over conventional post-

tensioning methods that often rely on shotcrete,

which is not considered a high-strength

concrete. The proposed method benefits from:

¢Quality Control: The prestressed beams are
fabricated in a controlled factory environment,
ensuring higher quality compared to on-site
methods.

oDurability: The high-quality fabrication and
strong bond between steel and concrete in pre-
tensioned members eliminate the need for
periodic inspections and reduce the risk of
stress loss over time.

o Cost-Effectiveness: The proposed technigque
is potentially more economical than post-
tensioning or FRP-based methods.

Therefore, the primary objective of this paper is
to conduct a numerical investigation to
establish a proof-of-concept for this novel
strengthening technique. A detailed parametric
study is performed to quantify its potential
benefits and identify key behavioral trends,
thereby laying the groundwork for future
experimental validation.

Research Methodology

The research process involved numerically
modeling a reference RC beam in the Finite
Element software Abaqus (Abbassi et al., 2023;
Abdolpour & Sawicki, 2025; Al-Ashmawy et
al., 2023; Bouakaz et al., 2014; Chen et al.,
2023; Elsalakawy et al., 2025; Habibi et al.,
2022: He et al., 2025; Islam, 2020; Kim et al.,
2025; Laib et al., 2021; Lewinski & Wiech,
2020; Mobasseri & Janghorban, 2024;
Mobasseri et al., 2022; Mobasseri & Mobasseri,
2016; Mobasseri et al., 2020; Mobasseri et al.,
2024; Ni et al., 2025; Sadeghi & Hesami, 2018;
Shakor et al., 2021; Tan et al., 2025; Wang et
al., 2024) and then simulating its strengthening
with the proposed method. A parametric study
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was conducted to evaluate the effects of the
number of prestressing tendons and the level of
prestress.

Reference Model

The reference model for this study is based on
the  experimental work  detailed in
Lampropoulos et al., (Lampropoulos et al.,
2016) which serves as the validation
benchmark. The base RC beam has a cross-
section of 150 mm x 250 mm and a total length

a
I

975 mm 250}111111

of 2200 mm, with an effective span of 2000
mm. It is reinforced with two 12 mm diameter
steel bars in the tension zone, having a yield
strength of 500 MPa and a concrete cover of 25
mm. The 28-day cylindrical compressive
strength of the concrete is 39.5 MPa. The beam
was subjected to a four-point bending test.
Details of the base model beam are shown in
Figure 1 and the experimental setup is depicted
in Figure 2.
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Fig 2. Experimental Setup

Numerical Modeling

All  simulations were performed using
ABAQUS software (v.2016) (Abbassi et al.
2023; Mobasseri & Janghorban, 2024;
Mobasseri et al., 2022; Mobasseri & Mobasseri,
2016; Mobasseri et al., 2020; Mobasseri &
Soltani, 2013; Mobasseri et al., 2024;
Systemes, 2016). The analysis was conducted
using a Dynamic Explicit step over a duration
of 80 seconds.

Component Modeling (Part Module)

All components, including the main RC beam,
the L-shaped strengthening beams, reinforcing
bars, and prestressing tendons, were modeled as
3D deformable parts. The loading and support
plates were modeled as 3D discrete rigid bodies
to prevent deformation during analysis. A view
of the modeled RC beam is shown in Figure 3,
the reinforcement cage in Figure 4, and an L-
shaped strengthening beam in Figure 5.
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Material Properties (Property Module)

Concrete: The concrete was modeled using the
Concrete Damage Plasticity (CDP) model. The
material parameters were based on the
reference paper and relevant literature
(Jankowiak & Lodygowski, 2005; Simer &
Aktas, 2015). The density, Young's modulus,

and Poisson's ratio were defined as per Table 1.
The specific parameters for the CDP model,
including compressive behavior and damage
evolution, are illustrated in Figures 6, 7, and 8.
A single concrete type (C40) was used for both
the main beam and the strengthening beams.

Table 1. Concrete Parameters

Density (tonne/mm?3) Young's modulus (MPa) Poisson's ratio

2.5e-09

36000 0.2
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Steel Reinforcement: The reinforcing steel was
modeled with properties as listed in Table 2,
with a specified yield strength of 500 MPa.

Table 2. Reinforcing Steel Properties

Density (tonne/mm?)

Young's modulus (MPa)

Poisson's ratio

7.85e-09

205000 0.3

Prestressing Tendons: The tendons were
modeled based on the ASTM A416 standard for
low-relaxation, Grade 270 strands

(International, 2018), with a nominal diameter
of 9.53 mm. Their mechanical properties are
given in Table 3.

Table 3. Grade 270 Strands Properties

Density (tonne/mm3)

Young's modulus (MPa)

Poisson's ratio

7.85e-09

196508 0.3

Assembly and Interactions

The individual parts were assembled to create
the final model, as shown in Figure 7. A perfect
bond was assumed between the strengthening
beams and the main RC beam by using a tied
interface. This assumption was made to
evaluate the theoretical maximum performance
of the fully composite section and to isolate the
effects of the prestressing parameters. The
analysis of interfacial slip and the design of

shear connection mechanisms are complex
issues that are considered beyond the scope of
this initial proof-of-concept study and are
recommended  for  future  experimental
investigation. Reinforcing bars and prestressing
tendons were embedded within the concrete
host regions using the "Embedded Region"
constraint, as shown for the rebar in Figure 8. A
general contact algorithm was used for all other
interactions.
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The simulation was displacement-controlled to prestressing force was applied to the tendons as
replicate the experimental test. A vertical an initial stress condition using the "Predefined
displacement was applied to the top loading Field" option, as shown in Figure 11.
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Fig 12. Applied Vertical Displacement Data

Parametric Study and Naming Convention

A total of 10 models were analyzed. The
unstrengthened beam is named Base. The
strengthened models were organized into three
series based on the number of prestressing
tendons (1, 2, or 3) and three levels of total
prestress (300, 600, or 900 MPa). The naming

Fig 13. Initial Stress Condition in Predefined Field

convention is detailed in Table 4. For instance,
model 2s-600 refers to a beam strengthened
with two tendons, each carrying a stress of 300
MPa, for a total equivalent stress of 600 MPa.
Visual representations of the different
strengthened models are provided in Figures
12, 13, and 14.

Table 4. Models Naming Convention

Model Name Description
Base Unstrengthened beam
1S-300 Strengthened Beam with one tendon, carrying a stress of 300 MPa
1S-600 Strengthened Beam with one tendon, carrying a stress of 600 MPa
1S-900 Strengthened Beam with one tendon, carrying a stress of 900 MPa
2S-300 Strengthened Beam with two tendons, each carrying a stress of 150 MPa
25-600 Strengthened Beam with two tendons, each carrying a stress of 300 MPa
2S-900 Strengthened Beam with two tendons, each carrying a stress of 450 MPa
3S-300 Strengthened Beam with three tendons, each carrying a stress of 100 MPa
3S-600 Strengthened Beam with three tendons, each carrying a stress of 200 MPa
3S-900 Strengthened Beam with three tendons, each carrying a stress of 300 MPa

Fig 14. 1S Models

Fig 15. 2S Models

Fig 16. 3S Models

Model Validation

Verification of the Base Model

The first step was to validate the numerical
model by comparing the simulation results of
the Base model with the experimental (IBexp)
and numerical (IBnum) results from the

reference paper (Lampropoulos et al., 2016). As
shown in Figure 15, the load-deflection curve
of the Abaqus model shows good agreement
with the benchmark data. The maximum error
of the Abaqus model relative to the
experimental results was approximately 2.5%,
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whereas the error in the reference paper's

accuracy was deemed sufficient for proceeding
with the parametric study.

numerical model was 3.9%. This level of
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Fig 17. Verification of the Base Model

Mesh Sensitivity Analysis

To ensure the results were independent of mesh
size, a sensitivity analysis was performed using
three different mesh sizes: 40 mm, 50 mm, and

Force (N)

60 mm. The resulting load-deflection curves are
plotted in Figure 17. As the results showed
convergence, the 50 mm mesh size was selected
as the optimal choice, providing a balance
between accuracy and computational cost.

30 40 50 60

Deflection (mm)

Fig 18. Mesh Sensitivity Analysis

Research findings
The performance of the strengthened models
was evaluated based on their yield moment,

load-deflection ~ behavior, and  energy
dissipation capacity.

Flexural Capacity and Yield Moment

The yield moments for all models are

summarized in Tables 5, 6 and 7. The Base
model had a yield moment of 9.52 kNm. All
strengthened models showed a substantial
increase in flexural capacity.

The applied prestressing force induces a state of
pre-compression in the tension zone of the
composite section. This initial compression
must be overcome by the applied load before
tensile stresses can initiate cracking, thereby
significantly increasing the cracking moment of
the section. This delay allows for greater
utilization of the concrete's compressive
strength and postpones the yielding of the main
tensile  reinforcement, resulting in a
substantially higher flexural capacity.

Table 5. 1S Models Yield Moments

Yield Moments (kNm) Model Name
34.93 1S-300
36.46 1S-600
40.1 1S-900




Khastkhodaei et al: Flexural Strengthening of Reinforced Concrete Beams with Prestressed ...

Table 6. 2S Models Yield Moments

Yield Moments (kNm) | Model Name
36.33 2S-300
42.78 2S-600
48.87 2S-900

Table 7. 3S Models Yield Moments

Yield Moments (kNm) | Model Name
45.04 3S-300
47.65 3S-600
50.33 3S-900

Effect of Prestress Level

For a fixed number of tendons, increasing the
prestress level consistently increased the yield
moment. For the 1-tendon series (1s),
increasing the total prestress from 300 to 900
MPa resulted in a 14.8% increase in yield

moment. For the 2-tendon series (2s), the same
increase in prestress led to a 34.5%
improvement in yield moment. This trend,
however, was accompanied by a reduction in
ductility, as the load-deflection curves (Figures
19, 20, and 21) show a more brittle response at
higher prestress levels.
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Fig 21. 3S Models Load-Deflection Curves

Effect of Tendon Number

Comparing models with the same total prestress
but different numbers of tendons reveals that
distributing the force among more tendons

improves performance. For a total prestress of
300 MPa, using two tendons (model 2s-300)
and three tendons (model 3s-300) increased the
yield moment by 4% and 30%, respectively,
compared to the single-tendon model (1s-300).
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This is likely due to a more uniform distribution jacketed beam in the reference study
of the pre-compressive stress. The highest (Lampropoulos et al., 2016), highlighting the
flexural capacity was achieved by model 3s- significant advantage of incorporating
900, with a yield moment of 50.33 kNm. This prestressing.

represents a remarkable 428.7% increase The load-deflection curves for models with the
compared to the Base model. This result is same prestress level but varying tendon
approximately 2.5 times greater than the numbers are compared in Figures 22, 23, and
enhancement reported for the UHPFRC 24,
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Fig 24. 900 MPa Prestressed Models Load-Deflection Curves
Energy Dissipation wider area rather than being localized, allowing
The capacity of a structure to dissipate energy for greater absorption and dissipation of input
is critical for its performance under seismic energy, which is a critical attribute for seismic
loading. Two energy metrics were evaluated: resilience.
inelastic dissipated energy (ALLPD) and
energy dissipated by damage (ALLDMD). Inelastic Dissipated Energy
The significant increase in energy dissipation is The values are presented in Table 8. The
attributed to the composite action and the proposed strengthening method increased the
controlled, distributed cracking behavior inelastic energy dissipation by 15.5% (for
enabled by the prestressed sections. The system model 1s-300) to a maximum of 59.9% (for
is able to undergo larger inelastic deformations model 3s-900) compared to the Base model.

before failure, and the damage is spread over a

10
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Table 8. Inelastic Dissipated Energy

Model Name Energy (J) Increase (%)
Base 96587.4 -
1S-300 111606.4 15.5
1S-600 121262.8 255
1S-900 133549.5 38.3
2S-300 123851.2 28.2
2S-600 1312194 35.8
2S-900 142664.8 47.7
3S-300 135104.7 39.9
3S-600 144909.5 50
3S-900 1544147 59.9

Energy Dissipated by Damage
The values are listed in Table 9. The increase in
this metric was even more pronounced, ranging

from 49.5% (for model 1s-300) to 191% (for
model 3s-900) relative to the Base model.

Table 9. Energy Dissipated by Damage

Model Name Energy (J) Increase (%)
Base 6520.9 -
1S-300 8264.7 495
1S-600 8436.5 54.4
1S-900 8882.9 67.1
2S-300 11396.9 138.5
2S-600 11626.6 145
2S-900 11656.5 145.9
3S-300 11966.7 154.7
3S-600 12715.9 176
3S-900 13234 191

These results indicate that the proposed method
not only strengthens the beam but also

substantially improves its ability to dissipate
energy, which can help prevent catastrophic

failure during severe loading events like
earthquakes.

Results

This numerical proof-of-concept study has
significant

successfully demonstrated the
potential of using prefabricated prestressed
beams for strengthening RC beams. Based on
the Finite Element Analysis (FEA),
following conclusions are drawn:
1.The proposed strengthening method provides
a very significant increase in the flexural
capacity of RC beams. The maximum
observed yield moment increased by 428.7%
compared to the unstrengthened base model.
2.Both the level of prestress and the number of
tendons are critical parameters. Increasing the
prestress level boosts the yield moment but
tends to result in more brittle behavior.
Distributing the prestressing force among a

the

11

larger number of tendons leads to a higher
cracking moment and better overall
performance.

3.The method substantially enhances the
energy dissipation capacity of the beams.
Inelastic energy dissipation increased by up to
59.9%, and energy dissipated through
damage mechanisms increased by up to
191%. This improvement is crucial for
seismic resilience.

4.When compared to advanced strengthening
techniques like  UHPFRC  jacketing
(Lampropoulos et al., 2016), the proposed
method demonstrates superior performance
in terms of flexural strength enhancement,
largely due to the beneficial effects of
prestressing.

Overall, the results confirm that strengthening

with prefabricated prestressed concrete sections

is a highly effective retrofitting technique. The

compelling performance demonstrated in this

study strongly justifies experimental research to

validate these numerical findings and develop

practical guidelines for its implementation.
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