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Abstract Steel corrosion in reinforced concrete (RC)
structures is a major concern in civil engineering, as it
directly affects the safety, serviceability, and lifespan of
infrastructures. This study focuses on understanding how
corrosion-induced deterioration in steel reinforcement
impacts the structural performance of concrete beams. In
particular, it investigates how different levels of
reinforcement loss influence the load-bearing capacity and
failure mechanisms of RC beams under combined bending
and shear. To achieve this, a numerical approach was
adopted using the ABAQUS finite element software. Three
beam models were developed, each representing a different
degree of corrosion: intact reinforcement, 20% loss, and
25% loss in cross-sectional area. The models were designed
to closely simulate the physical behavior of corroded
beams, incorporating nonlinear material properties, bond
degradation, and failure criteria. The findings reveal a clear
decline in structural performance as corrosion severity
increases. Beams with higher reinforcement loss exhibited
reduced ultimate loads, increased deflections, and altered
failure modes - particularly in shear-dominated regions.
The simulation results aligned well with available
experimental data, demonstrating the accuracy and
reliability of the modeling approach. This research
highlights the importance of early detection and
quantification of corrosion damage in RC structures. By
employing advanced finite element tools like ABAQUS,
engineers can better predict structural degradation,
evaluate safety margins, and plan timely interventions. The

study provides valuable insights into infrastructure asset
management and supports the development of effective
maintenance strategies aimed at extending the service life
of aging concrete structures exposed to aggressive
environments.

Keywords  Reinforcement, Deflection, Numerical,
Analysis, ABAQUS, FE Modelling

1. Introduction

Steel corrosion is a critical phenomenon that
significantly impacts the safety and performance of
reinforced concrete structures. It is a chemical and
mechanical process that occurs when reinforcement steel
within concrete is exposed to environmental factors,
leading to its deterioration over time. This degradation not
only causes a gradual loss in material strength and
durability but can also compromise the structural stability
of the system. The effects of corrosion are particularly
pronounced in humid and saline environments, where salts
and moisture accelerate the process, resulting in cracks and
damage to both the concrete and the reinforcement steel.

Studies indicate that corrosion develops slowly and may
not be apparent in its early stages. However, over time, it
can cause severe degradation in the mechanical properties
of reinforced concrete, necessitating costly and complex
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maintenance interventions. Failure to address corrosion
promptly can lead to exorbitant rehabilitation costs and
pose potential safety risks to users and the public.

In this context, the phenomenon of reinforcement steel
corrosion has garnered significant attention from
researchers and civil engineering practitioners. Various
studies have explored the mechanisms accelerating
corrosion, methods of its evaluated, and protective
strategies against corrosion. For instance, Al-Osta et al. [1]
examined how coastal environments, including salt and
humidity, influenced corrosion rates in reinforcement steel
and proposed mitigation strategies. Similarly, Al-Huri et al.
[2] provided a detailed analysis of the impact of corrosion
on the structural behavior of concrete beams using
laboratory experiments and numerical models, enhancing
our understanding of its effects on structural performance.

Recent research has also focused on rehabilitation
techniques for damaged structures. For example, German
& Pamin [3] demonstrated the effectiveness of carbon fiber
reinforcement in strengthening beams and repairing
corroded elements, significantly improving structural
performance and reducing maintenance costs. Moreover,
studies by Bernard [4] utilized numerical models in
ABAQUS to simulate corrosion effects, showcasing the
cost-effectiveness and precision of numerical analysis
compared to traditional laboratory experiments.

A field inspection conducted by the Libyan Academy
under the supervision of Dr. Bashir Saleh at the Tripoli
International Stadium prior to maintenance revealed
extensive corrosion in some of the beams. Observations
included concrete cover spalling and severe reinforcement
rusting in specific areas. Figure 1 illustrates a beam with
corroded edges due to environmental factors, while Figure
2 shows another beam deformed as a result of sectional loss
in reinforcement steel.
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Figure 2. Beam deformed due to sectional loss in reinforcement steel

Additionally, Du [5] analyzed the impact of corrosion on
the mechanical performance of concrete columns,
revealing how it reduces the ultimate load-carrying
capacity of structural elements. Al-Sakkaf [6] explored
advanced maintenance strategies to mitigate corrosion
effects and extend the service life of concrete structures.

Practical applications were highlighted in studies such as
ASPS Conf. Proc. (n.d.) [7], which analyzed the effects of
corrosion on concrete bridges and tested the efficacy of
alternative materials for enhancing structural strength.
Chellappandian et al. [8] investigated the use of glass fibers
as a substitute for traditional reinforcement steel in
specialized applications.

This study aims to evaluate the impact of reinforcement
steel corrosion and concrete cover spalling on the structural
performance of reinforced concrete elements. Numerical
verification using finite element theory and the ABAQUS
software is employed to assess the structural behavior of
beams with damaged reinforcement. The research focuses
on regions along the beams where steel cross-sectional
losses exceed 20% and 25% of the design area, analyzing
effective distances in shear and bending zones and
estimating the remaining load capacity. Comprehensive
numerical modeling is performed to simulate various beam
conditions, providing scientific insights into containment
strategies. The study also offers innovative maintenance
recommendations as alternatives to current conventional
practices.

2. Methodology and Numerical
Modeling

2.1. Beam Configuration

The methodology of this research is based on a
comprehensive study of corroded concrete beams to
understand the causes of corrosion and its impact on
reinforcement steel [8]. This is achieved by preparing three
simply supported concrete beams, each varying in the
extent of reinforcement diameter corrosion in different
regions, with a focus on shear zones. The study specifically
targets areas where the loss exceeds 20% of the designed
reinforcement cross-sectional area.

The primary objectives are to assess the behavior of
beams experiencing loss of reinforcement due to
environmental factors and evaluate their potential for
rehabilitation. Additionally, the study employs finite
element applications (ABAQUS) as an alternative to
experimental tests [9]. The results aim to mitigate risks
associated with structural deformities arising from the loss
of the designed reinforcement area in structural elements.

In this analysis, ABAQUS finite element applications
were utilized. The beam was modeled with top
reinforcement bars (212 mm) and bottom reinforcement
bars (214 mm), within a concrete cross-section measuring
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200 %300 mm with a beam length of 4.0 m. Samples were
tested using reinforced concrete specifications, as
illustrated in Figure 3 and detailed in Table 1. The beam
configuration selected for analysis was a simply supported
beam, commonly used in structural spans for slabs and
girders. This support condition allowed for realistic
boundary condition modeling and focused on bending and
shear behaviors without the influence of fixed-end
moments.

The modeled beams were designed to simulate damaged
beams from the Tripoli International Stadium, with reduced
dimensions and lengths scaled proportionally to expedite
numerical analysis. It is widely recognized that finite
element analysis (FEA) often requires weeks to complete.
An ideal model of a simply supported beam was prepared
to simulate corrosion-induced reduction in reinforcement
diameter in different regions. Figure 3 depicts the standard
beam model.

The ABAQUS software was used for analyzing and
designing the beam. The applied service loads included
traditional dead and live loads. Analysis results revealed a
bending moment capacity of 18.97 kNm, a shear force
capacity at supports of 18.97 kN, and a deformation of 6.54
mm. The areas of reinforcement in tension and
compression zones are outlined in Table 1, which also
provides details of the beam’s properties, dimensions, and
structural specifications [10].

The corrosion scenario simulated chloride-rich coastal
exposure (1SO 9223: C5 class), equivalent to 20-25% steel
loss over 20-30 years.

The service life considered in this simulation was 50
years, representing typical exposure periods in marine and
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urban environments. Simulation parameters included a
maximum displacement of 100 mm, static loading with
displacement control, and time incrementation set at 0.01—
1.0 to capture nonlinear behavior. The ABAQUS analysis
used implicit solvers under general static step procedures,
ensuring equilibrium at each increment. Corrosion effects
were modeled using diameter reduction and interface bond
weakening, as stated by Al-Osta et al. [1].

To account for the reduction in bond strength between
corroded steel and concrete, a contact interaction was
defined in ABAQUS using surface-based cohesive
behavior. The tangential behavior was modeled with a
penalty friction formulation, where the friction coefficient
was reduced proportionally to the corrosion level.
Additionally, the normal behavior was defined with a
softened hard contact to reflect degradation in interfacial
adhesion, following the approach of Almusallam (2001)
and Cabrera (1996).

2.2. Simulation Settings

This study aims to simulate the effects of corrosion
occurring in the shear regions of reinforced concrete beams,
which leads to a reduction in the cross-sectional area of the
reinforcement. Such corrosion can potentially cause beam
failure, thereby compromising the stability of the entire
structure. Additionally, the study seeks to mitigate
unsystematic and random maintenance practices by
evaluating the relative performance of beams and
determining the optimal maintenance strategies, including
removal processes, based on a comprehensive scientific
analysis of the beams’ condition post-corrosion.
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Figure 3. Beam B1's section with dimensions and reinforcements
Table 1. Details Beam B1's specifications, materials, dimensions
No Properties Specification Specification
1 Concrete fe C30 (MPa) 4.00 (m)
2 Density 2447 (kG/m®) 20 x 30 (cm)
3 Aggregate 20.0 (mm) 0.20
4 Longitudinal fy = 450 MPa 4.00
5 Transversal reinforcement B450f, = 450 MPa 0.20
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Finite Element Analysis (FEA) applications were
employed to conduct a comprehensive simulation of the
studied structures to predict the behavior of beams resulting
from the loss of reinforcement cross-sectional area. This
includes modeling reinforcement bars with gradually
reduced diameters to simulate corrosion-induced
degradation caused by rust. The simulation also accounts
for a reduction in bond strength between concrete and
reinforcement, reflecting the effects of corrosion on the
mechanical properties of both materials. The relationship
between beam strength and displacements in shear regions,
as well as central deformations, is analyzed using
simulation data to understand the beam's response to
corrosion. Corrosion-induced expansion due to rust
products was modeled using internal radial pressure at the
steel-concrete interface, simulating the expansive forces
that cause concrete cover cracking. This approach
replicates the initiation and propagation of cracks around
reinforcement, as described in German & Pamin [3].
Concrete tensile strength degradation was included,
reflecting loss in confinement and stiffness. Three
numerical models of beams with similar cross-sections but
varying reinforcement conditions were selected for the
study. The standard beam, B1-0, with a cross-section of
200 < 300 mm with a beam length 4.0 m, was fully

Numerical Evaluation of Corrosion-Induced Degradation

Finite Element Analysis in ABAQUS

reinforced following the design shown in Figure 4. In
contrast, beam B1-1 featured a reduction in reinforcement
diameter from 12 mm to 10 mm at the ends (shear regions)
over a 1.0 m length, simulating corrosion due to
environmental factors and rust. This resulted in reduced
load-bearing capacity and increased non-uniform stress
distribution. Beam B1-2 underwent a reduction in
reinforcement diameter to 8 mm. In the shear regions
within 1.0 m from the column, it simulates a greater loss of
reinforcement diameter due to rust. Figure 4 illustrates the
areas of reduced reinforcement cross-sectional diameter.
The influence of reinforcement on stress distribution within
the beam and the corresponding failure patterns, including
stress concentration zones and progressive cracking
behavior, is illustrated in Figure 5.

Analysis of Beam Behavior with Reinforcement Loss

To avoid dynamic effects during testing, the beams were
subjected to slow loading, maintaining a consistent loading
rate in all numerical simulations [11], [12]. The analysis
progress was monitored using the "Job Monitor" feature
available in the ABAQUS/CAD software, ensuring
compatibility between force-displacement relationships,
which serves as a key indicator of the adequacy of the finite
element modeling approach employed [13], [14].
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Figure 4. The reinforcement locations affected by partial diameter loss
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Figure 5. The reinforcement effects on beam stress and failure
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Regarding overall behavior, the composite samples
(concrete and reinforcement) demonstrated significant
responses to large deformations in various beam regions,
with the highest concentration observed around the
supports and at the center of the beam (maximum
deformation zone). This phenomenon is typically
associated with gradual cracking in weaker beam areas,
such as the end sections near columns, which experience
intense stress. This leads to the progressive tearing of
reinforcement and cracking of the concrete.

In the case of the B1-0 beam model, the simply
supported beam was subjected to a vertical displacement of
100 mm to evaluate its behavior and strength using the
force-displacement relationship. This relationship was
selected as the benchmark for comparison with other beams
in the study. Figure 6 provides details of both external and
internal deformations, their effects under applied loads, and
a comparison of loads and deformations for the B1-0 beam.

For the B1-1 beam, the reinforcement cross-section was
reduced from a diameter of 12 mm to 10 mm to simulate
beams that experienced reinforcement loss due to
environmental factors. The results from the force-
deformation relationship were compared to the standard
B10 model. Figure 7 illustrates the external and internal
deformation details, the effects of applied loads, and a
comparison of load-deformation for the B1-1 beam.
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Similarly, for the B1-2 beam, the reinforcement diameter
was reduced to 8 mm in the shear region, representing the
most severe condition that a beam might encounter before
experiencing full deformation and failure. Figure 8
provides details of the external and internal deformation,
the effects of applied loads, and a comparison of the force-
displacement relationship for the B1-2 beam. These
comparisons are essential to assess whether beams that
have undergone reinforcement loss can still withstand their
designated loads or if they must be entirely replaced.

To isolate the effect of bond degradation, an additional
simulation was conducted where corrosion-induced
diameter reduction was considered, but the bond properties
were kept constant. The results showed that, while steel
cross-section loss alone caused an average 18-22%
reduction in load-bearing capacity, the combined effect
with bond degradation increased this reduction to over 35%.
This highlights the critical role of bond deterioration in
structural degradation under corrosion. Figure 9 presents
the external and internal deformation patterns along with
the load—deformation response for specimen B1-0, clearly
demonstrating progressive stiffness degradation and the
transition in failure modes under combined deterioration
effects.
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Figure 6. Load effects, and load-displacement comparison for B1-0

Figure 7. Deformation, load effects comparison for B1-1
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Figure 8. Load effects, and load-deformation comparison for B1-2
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Figure 9. External/internal deformation, load-deformation for B1-0
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3. Results and Analysis

The results indicate that the applied displacement on the
beam produces a reaction corresponding to the beam's load-
carrying capacity based on the standard reinforcement
specifications and the amount of reinforcement lost in each
beam. As the applied loads increase, the beam continues to
deform until it reaches a point of ultimate degradation,
characterized by visible failure and cracking. This is
followed by an unstable equilibrium path after reaching its
maximum load capacity. The ultimate load value is used to
estimate the structural flexibility and the safety margin
available under extreme loading conditions. This data is
critical for understanding the extent to which structures can
bear heavy loads before failure.

For the B1-0 standard beam, the force-displacement
relationship recorded a value of 73.93 kN at a deformation
of 33.52 mm. In contrast, the force was 56.88 kN at a
deformation of 27.75 mm for the B1-1 beam. This
significant reduction in load-carrying capacity is due to the
loss of reinforcement diameter, which weakened the bond
between steel and concrete, thereby reducing the beam's
ability to sustain loads. These findings underscore the
importance of maintaining proper reinforcement diameter
and conducting regular maintenance to prevent corrosion
that can deteriorate the structural performance of beams.
The notable reduction in capacity should be considered
when performing necessary maintenance on structures.
Figure 10 illustrates the force-displacement relationship for
beams B1-0 and B1-1, highlighting the impact of
reinforcement loss on structural performance. The figure
shows that beams with significant reinforcement loss
exhibit a pronounced weakness in load-carrying capacity
compared to those with minimal loss. It also demonstrates
the structural impact of reducing reinforcement diameter
from #12 mm to #10 mm.
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Figure 10. Force-deformation relationship for B1-0 and B1-1

The simulation revealed induced tensile stresses in the
reinforcement bars at mid-span due to flexural bending,
while compressive stresses dominated near the supports in
the top reinforcement. As corrosion progressed, tensile

stress concentrations intensified, especially in B1-2,
causing early yielding and rupture near shear zones. These
stress patterns align with prior findings of Bernard [4].

For the B1-2 beam, the results were weaker compared to
the standard case (B1-0). Figure 11 presents the force-
displacement relationship for this beam, along with its
deformation. This data clarifies how the loss of
reinforcement cross-sectional area affects beam behavior
under loads. The B1-2 beam exhibited the less efficient
performance, indicating that reinforcement loss
significantly compromises load capacity and ultimate
deformation.
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Figure 11. Force-deformation relationship for beams B1-0 and B1-2

While the reduction in cross-sectional area of
reinforcement contributes significantly to capacity loss,
this study further demonstrates that bond degradation and
rust-induced cracking synergistically accelerate structural
weakening. This underscores the need for multi-factor
predictive models rather than simplistic area-reduction
assumptions.

Figure 12 presents a comparative analysis of beams B1-
0, B1-1, and B1-2, showing the progressive effects of
corrosion, including reinforcement loss, bond deterioration,
and rust-induced cracking, which collectively reduce load-
bearing capacity and ultimate deformation.
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Figure 12. Comparative analysis of beams B1-0, B1-1, and B1-2
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4. Conclusions

This study demonstrates that the applied displacement
on beams generates reactions corresponding to their load-
bearing capacity based on standard reinforcement
specifications and the percentage of reinforcement loss. As
the applied loads increase, the beams undergo continuous
deflection until reaching the ultimate failure point, where
noticeable cracking and failure occur, followed by an
unstable equilibrium phase after surpassing the maximum
load capacity.

The study demonstrated a direct correlation between
reinforcement loss due to corrosion and structural
degradation. Beams with 20-25% reinforcement loss
exhibited a 20-35% reduction in load capacity. A
simplified life prediction model was proposed based on
residual cross-section ratio (p) and remaining life span (L)

“(1”

corroded4 «

L=Lo ( original4 ) @
where L0=50 years, a=1.3 (empirically determined). This
equation facilitates early assessment of remaining service
life for deteriorated beams in corrosive environments.

The standard beam model (B1-0) exhibited a force-
deflection relationship of 73.93 kN at 33.52 mm, while the
B1-1 beam showed a reduced capacity of 56.88 kN at 27.75
mm. This significant reduction in strength is attributed to
the loss reinforcement cross section area and the gradation
of the bond between the steel and the concrete, both of
which contribute the diminishment, thereby diminishing
the beam’s load-bearing capacity.

The B1-2 beam exhibited even weaker performance
compared to the standard case, emphasizing that the loss of
reinforcement area significantly affects both the load-
bearing capacity and the ultimate deflection of the beam.

The ABAQUS software was utilized to apply Finite
Element Theory (FET) for analyzing the behavior of beams
under various loads. This approach effectively simulated
deflections, cracks, and estimated structural flexibility with
high accuracy.

The results from ABAQUS-based models closely
aligned with experimental findings, validating the efficacy
of these tools in evaluating the structural performance of
beams. Assessing beams using ABAQUS prior to initiating
maintenance proves invaluable, enabling precise condition
evaluation and guiding maintenance efforts appropriately.
In some major structures across Libya, maintenance is
often  conducted haphazardly  without thorough
assessments, leading to ineffective interventions.

This study highlights the importance of comprehensive
and methodical evaluation using tools like ABAQUS to
ensure effective maintenance strategies and safeguard
structures from potential deterioration.
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5. Maintenance Recommendations

Based on the numerical findings, innovative
maintenance strategies are suggested to enhance long-term
durability. These include: (1) use of corrosion inhibitors
injected into cover cracks to delay bond deterioration; (2)
application of surface coatings to reduce chloride ingress;
and (3) selective FRP wrapping at critical locations with
bond reactivation agents. These approaches aim to extend
the residual life without full section replacement, and are
better targeted than generic repairs.
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