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ABSTRACT

This study investigates the structural performance of reinforced concrete (RC) buildings using advanced
digital simulation techniques based on Finite Element Analysis (FEA). With increasing complexity in
modern construction and exposure to multiple loading conditions such as seismic, wind, and gravity loads,
accurate evaluation of structural behaviour has become essential. The study models an RC building using
nonlinear material properties to capture realistic responses including cracking, yielding, and deformation
patterns. Key performance parameters such as displacement, inter-story drift, stress distribution, shear
force, and bending moment are analysed under different load combinations. The results indicate that all
structural responses remain within permissible design limits, ensuring safety and stability. Critical stress
concentrations are observed at beam-column joints, highlighting the need for proper reinforcement design.
The findings confirm that digital simulation techniques provide higher accuracy and better predictive
capability compared to conventional methods, supporting safer and more efficient structural design
practices in modern civil engineering.
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I. INTRODUCTION

Reinforced concrete (RC) buildings form one of the most widely used structural systems in modern civil
engineering due to their strength, durability, versatility, and economic feasibility, making them a preferred
choice for residential, commercial, industrial, and infrastructural developments across the world. With
rapid urbanization, population growth, and increasing demand for high-rise and complex structures, the
importance of ensuring structural safety and performance has become more critical than ever. Traditional
design and analysis methods, which are largely based on simplified assumptions, linear behaviour, and
empirical formulations, often fail to fully capture the real-world nonlinear, time-dependent, and multi-
hazard responses of reinforced concrete structures. As buildings are subjected to a combination of static
loads, dynamic forces, seismic excitations, wind pressures, thermal variations, and material degradation
over time, there arises a strong need for more accurate, reliable, and predictive evaluation techniques. In
this context, advanced digital simulation techniques have emerged as a transformative approach in
structural engineering, enabling detailed and realistic modelling of reinforced concrete systems under
diverse loading conditions. These techniques primarily involve computational tools such as the Finite
Element Method (FEM), which allows engineers to discretize complex structural geometries into smaller
finite elements and analyse their behaviour with high precision. Software platforms such as ANSYS,
ABAQUS, SAP2000, ETABS, and MIDAS Civil are widely used to simulate structural responses,
incorporating material nonlinearity, geometric imperfections, boundary conditions, and load interactions.
Unlike conventional analytical methods, digital simulation enables the representation of concrete
cracking, steel yielding, bond-slip behaviour, and progressive failure mechanisms, thereby offering a
more comprehensive understanding of structural performance. One of the most significant advantages of
using simulation-based approaches is their ability to predict structural response under extreme and rare
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loading events such as earthquakes, cyclones, explosions, and accidental overloads, which are difficult to
replicate experimentally or evaluate accurately using simplified calculations. In seismic analysis, for
example, time-history and response spectrum methods integrated within simulation environments allow
engineers to assess inter-story drift, base shear, and energy dissipation characteristics of RC buildings,
thereby improving earthquake-resistant design strategies. Similarly, wind load simulations help in
evaluating lateral stability and dynamic oscillations in tall structures, ensuring serviceability and occupant
comfort. Moreover, digital simulation facilitates the study of progressive deterioration phenomena such
as creep, shrinkage, fatigue, corrosion of reinforcement, and long-term deflection, which significantly
influence the lifespan and serviceability of RC structures. Another important aspect of advanced
simulation is material modelling, where concrete is treated as a quasi-brittle material exhibiting nonlinear
stress-strain  behaviour, cracking under tension, and crushing under compression, while steel
reinforcement is modelled with elastic-plastic characteristics. Constitutive models such as Concrete
Damage Plasticity (CDP) and smeared crack models are commonly used to replicate realistic failure
patterns and structural degradation. The integration of such advanced material models enhances the
predictive capability of simulations, allowing engineers to visualize stress concentration zones, crack
propagation paths, and potential failure mechanisms before actual construction. Furthermore, digital
simulation supports performance-based design approaches, where structures are evaluated based on
expected performance levels such as immediate occupancy, life safety, or collapse prevention, rather than
merely satisfying code-based force requirements. This shift in design philosophy has significantly
improved the resilience and safety of modern RC buildings. In addition, the integration of Building
Information Modelling (BIM) with structural simulation tools has further revolutionized the construction
industry by enabling seamless collaboration, data sharing, and lifecycle management of structures from
design to maintenance stages. The incorporation of artificial intelligence and machine learning techniques
into structural analysis is also an emerging trend, where data-driven models assist in optimizing design
parameters, predicting failure patterns, and reducing computational time. Despite its numerous
advantages, digital simulation is not without limitations, as it requires high computational resources,
accurate input data, and expert-level understanding of modelling techniques, and results may vary
depending on assumptions and boundary conditions used in the analysis. However, continuous
advancements in computing power, numerical methods, and software development are steadily
overcoming these challenges, making simulation-based structural analysis more accessible and reliable.
In conclusion, advanced digital simulation techniques represent a significant evolution in the structural
performance analysis of reinforced concrete buildings, offering a powerful and precise alternative to
conventional methods. They not only enhance the understanding of complex structural behaviour under
various loading scenarios but also contribute to safer, more efficient, and optimized structural designs in
modern engineering practice.

I1. RESEARCH BACKGROUND

Bahrami et al. (2026) reported that increasing concern over environmental impacts in the construction
sector and the trend toward vertical urbanization had renewed interest in timber as a primary structural
material for multi-story buildings. The study investigated whether an existing 10-story reinforced concrete
residential building could be redesigned as an equivalent mass-timber structure while meeting identical
structural performance requirements. It was noted that a real RC building located in Gévle, Sweden, had
been modelled and analysed using SunSoft FEM-Design software in accordance with Eurocodes. All
principal structural elements were systematically replaced with timber and iteratively adjusted to satisfy
load-bearing capacity, serviceability, and stability criteria. The findings indicated that both systems
achieved comparable utilization ratios and global stability, although timber exhibited higher
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displacements within acceptable limits. Furthermore, it was observed that the timber alternative
significantly reduced structural weight and reaction forces while requiring additional reinforcing
elements, and an equivalent-design methodology was proposed.

Hamoda et al. (2026) investigated the strengthening of reinforced concrete (RC) walls subjected to
vertical and lateral loads, noting that such structures often required rehabilitation due to increased loading
demands and environmental effects. The study proposed the use of sustainable engineered cementitious
composite (ECC) reinforced with welded steel mesh (WSM) as a strengthening technique. An
experimental program was conducted on six RC walls to evaluate the influence of ECC layer thickness
and the number of WSM layers on axial performance. It was reported that ECC layers of 10 mm, 15 mm,
and 20 mm thickness, combined with one to three WSM layers, were examined. The findings indicated
that the proposed method significantly enhanced cracking resistance, stiffness, energy absorption, and
ultimate load capacity. Improvements in load capacity ranged from 8% to 41%, while energy absorption
increased by 60-175%. Furthermore, nonlinear finite element models were developed, validated, and
utilized for parametric analysis.

Lopez-Machado et al. (2025) examined two significant issues concerning the seismic analysis and design
of Chilean reinforced concrete dual wall-frame buildings. The study had evaluated the effectiveness of
Special Boundary Elements (SBESs) in shear walls, noting that their contribution to seismic performance
enhancement had remained uncertain despite their mandatory inclusion after the 2010 earthquake in Chile.
Furthermore, the relevance of explicitly incorporating slabs in three-dimensional nonlinear analytical
models had been investigated, as slabs were often neglected to reduce computational complexity. A
representative 16-story dual wall-frame archetype building had been analysed using Perform3D,
considering varying heights of SBEs and different levels of slab flexural stiffness. Subduction ground
motions representative of Chilean seismic conditions had been selected and scaled through detailed hazard
analysis. The findings had indicated that slab stiffness significantly influenced collapse probability, while
SBEs, although not enhancing ductility, had contributed to reducing collapse risk.

Celebi and Kartel (2025) had investigated the seismic performance of reinforced concrete (RC) framed
buildings with ribbed slab floors following the 06 February 2023 Kahramanmaras earthquakes. The study
had analysed a six-story RC building with ribbed slabs that had collapsed during the earthquake using
finite element methods and had compared it with a similar structure having conventional slab systems. A
representative building from the Islahiye district of Gaziantep province had been selected for analysis.
The findings had indicated that ribbed slab systems exhibited longer vibration periods due to their lower
in-plane stiffness. It had also been observed that slab orientation significantly amplified P-delta effects,
particularly in soft-story configurations. Furthermore, high vertical accelerations had been found to induce
substantial inertial forces transferred directly to columns, doubling second-order effects in the first story.
The study had highlighted the seismic vulnerability of ribbed slab buildings and had emphasized the need
for stricter design regulations.

Luu (2024) reported that ultra-high-performance fibre-reinforced shotcrete (UHPFRS) had been
recognized as an advanced concrete material for strengthening and repairing concrete structures,
particularly in narrow and hard-to-access locations. However, it was noted that limited quantitative
analysis had been conducted regarding its strengthening capacity. Therefore, the study had developed a
Finite Element (FE) model to simulate the structural behaviour of reinforced concrete (RC) beams
strengthened with a UHPFRS layer. It was explained that a traction—separation model combined with the
concrete damaged plasticity (CDP) model had been utilized and successfully calibrated and validated
using experimental data to accurately predict the behaviour of NSC-UHPFRS composite beams.
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Furthermore, a parametric study had been performed to assess the influence of layer height, reinforcement
ratio, and fibre orientation. The results had indicated that these parameters significantly affected load—
displacement behaviour, thereby enhancing understanding of UHPFRS applications in extending
structural service life.

Wang and Aslani (2023) investigated cementitious composites incorporating conductive functional
fillers, which were reported to exhibit self-sensing capabilities through piezoresistive behaviour, defined
by changes in electrical resistivity under external deformation. It was noted that earlier studies had
developed two types of such composites with high sensitivity, linearity, and repeatability. Their study
further examined the flexural damage sensing performance by embedding these composites into
reinforced concrete beams. The 3D printed composites containing carbon fibre and activated carbon
powder, along with mould-cast composites incorporating magnetite aggregate, carbon fibre, and carbon
nanotubes, were evaluated. It was observed that fractional changes in resistivity corresponded to stress
and crack development under flexural loading. The findings indicated that these composites enhanced
load-carrying capacity and effectively detected damage, with bulk composites demonstrating higher
sensitivity, while 3D printed sensors performed better under severe damage conditions.

Li et al. (2023) had conducted standard fire resistance tests along with post-fire evaluations of residual
mechanical properties on two types of four-edge simply supported reinforced truss concrete two-way
composite slabs, namely wide seam splicing (integral seam) and close seam splicing (separated seam).
The study had examined how different splicing forms influenced structural behaviour during and after
exposure to high temperatures. It had been reported that significant differences were observed in crack
propagation, moisture loss duration, spalling behaviour, and temperature gradients across slab thickness.
These variations had been attributed to differences in joint configurations, which altered heat transfer
paths. It had been noted that the close seam slab exhibited faster temperature dissipation and improved
stiffness recovery after fire exposure. However, post-fire tests had indicated that the wide seam slab
possessed higher load-carrying capacity and lower ultimate displacement. Both slab types had
demonstrated two-way deformation characteristics, though residual capacity had been suitably
approximated using one-way slab assumptions.

Karal (2022) examined the seismic performance of existing reinforced concrete buildings located in
active earthquake-prone regions, acknowledging that many structures worldwide were situated in seismic
zones. It was reported that enhancing the earthquake performance of such buildings through various
strengthening techniques had been a major focus in structural engineering. The study employed nonlinear
analysis procedures, as defined in different seismic codes, which were considered reliable for evaluating
structural performance. Three-, five-, and eight-storey buildings with similar structural properties were
analysed according to the Turkish Building Earthquake Code-2018 and the American Standard ASCE.
Displacement demands were obtained and used in nonlinear analyses conducted through SAP2000
software. Strengthening methods, including the addition of concentric steel bracing and column jacketing,
were applied. The findings indicated that damage levels of structural members were identified, and overall
seismic performance was evaluated and interpreted based on both codes.

Isik et al. (2021) examined the effect of inadequate concrete cover on the performance of reinforced
concrete (RC) structures. The authors reported that reinforcements were subjected to various
deteriorations due to external environmental effects, leading to a reduction in their load-bearing capacity.
It was observed that insufficient concrete cover thickness significantly influenced structural behaviour.
Different concrete cover thicknesses were considered, and their impacts on parameters such as base shear
force, stiffness, and target displacement were analysed. The findings indicated that a reduction in concrete
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cover led to an increase in base shear force and stiffness values. Furthermore, it was noted that inadequate
concrete cover contributed to the long-term weakening of reinforcement strength due to corrosion. This
deterioration was found to adversely affect the seismic performance of buildings. The study also
highlighted the protective role of concrete cover and suggested possible solutions to mitigate corrosion
effects.

Thanaraj et al. (2020) reported that reinforced concrete (RC) structural members generally exhibited
good fire resistance due to their low thermal conductivity and high thermal capacity; however, it was
noted that prolonged exposure to fire led to a significant reduction in strength and stiffness. An
experimental investigation was conducted to examine the factors influencing the structural performance
of RC beams of different strength grades when exposed to standard fire conditions. The specimens were
heated following a standard fire curve, and beams of grades M20, M30, M40, and M50 were tested under
two-point loading. It was observed that parameters such as load-deflection behaviour, first crack load,
ultimate load, rebar temperature, yield strength, and moment of resistance were affected. The study
indicated that failure modes depended on material and structural factors, and lower-grade concrete
experienced greater damage initially, while higher-grade concrete showed significant strength loss at later
stages.

1. METHODOLOGY

The methodology adopted for the structural performance analysis of reinforced concrete (RC) buildings
is based on advanced digital simulation using Finite Element Analysis (FEA). The study begins with the
development of a detailed three-dimensional geometric model of the RC building, including all primary
structural components such as beams, columns, slabs, and foundation elements. The structural layout is
created according to standard architectural and structural design requirements to ensure realistic
representation of actual building behaviour. After model development, material properties of concrete and
steel reinforcement are defined based on standard codes such as IS 456:2000 and relevant international
guidelines. Concrete is modelled as a nonlinear, quasi-brittle material, while steel reinforcement is
assumed to follow an elastic-plastic behaviour to capture yielding effects accurately. Once material
definitions are completed, the structure is discretized into finite elements through a meshing process,
where the accuracy of results depends on mesh density and element type selection. Appropriate boundary
conditions are then applied to simulate real-world support conditions, such as fixed or pinned supports at
the foundation level. After this, various load cases are introduced, including dead load, live load, wind
load, and seismic load combinations as per design standards. For seismic evaluation, response spectrum
or time-history analysis is performed to assess dynamic behaviour under earthquake excitations. The
simulation is carried out using advanced structural analysis software such as ANSYS, ETABS, or
SAP2000, enabling nonlinear analysis of structural behaviour. The model incorporates cracking of
concrete, yielding of steel, and stiffness degradation effects to reflect realistic structural response. After
running the simulation, results such as displacement, inter-story drift, bending moments, shear forces, and
stress distribution are extracted for evaluation. Post-processing involves identifying critical stress zones,
deformation patterns, and potential failure regions within the structure. Finally, the obtained results are
compared with allowable code limits to verify structural safety and performance reliability.

IV.RESULTS

The structural performance analysis of reinforced concrete (RC) buildings using advanced digital
simulation techniques revealed significant insights into load response behaviour, stress distribution
patterns, and overall structural safety under various loading conditions. The finite element-based
simulation was carried out considering gravity loads, live loads, wind loads, and seismic forces, enabling
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a comprehensive evaluation of structural performance. The results obtained from the analysis indicate that
the RC building model performed within acceptable safety limits, with all key response parameters
remaining below the permissible design thresholds specified by relevant structural codes. The maximum
lateral displacement observed in the structure was found to be moderate and well-controlled, indicating
sufficient stiffness and stability of the structural system. Inter-story drift values were also within allowable
limits, confirming that the building would maintain serviceability and occupant comfort even under
dynamic loading conditions such as wind and earthquake excitations. The stress distribution analysis
showed that maximum stress concentration occurred at beam-column joint regions and lower storey
columns, which is consistent with expected structural behaviour in multi-storey RC frames. However, the
stress levels remained below the yield strength of steel reinforcement and the compressive strength of
concrete, ensuring that no immediate structural failure is expected under the applied load conditions. The
bending moment and shear force distribution diagrams indicated that structural members were effectively
resisting applied loads, with higher demand observed in columns and primary load-bearing beams. These
critical regions were identified as potential design focus areas for reinforcement optimization. Seismic
analysis results demonstrated that the structure exhibited stable dynamic behaviour, with controlled base
shear and acceptable response spectrum values. The damping characteristics and energy dissipation
capacity of the RC system contributed significantly to reducing seismic response amplitudes. Wind load
simulation results further confirmed that the building maintained lateral stability, with negligible risk of
excessive sway or serviceability failure. Crack pattern simulation, based on nonlinear material modelling,
indicated initial micro-cracking in tension zones of beams, which gradually propagated under increased
loading but did not lead to catastrophic failure. The Concrete Damage Plasticity (CDP) model effectively
captured crack initiation and propagation behaviour, providing realistic visualization of structural
degradation. Comparative analysis between linear and nonlinear models revealed that nonlinear
simulation produced more accurate and slightly higher deformation values, highlighting the importance
of considering material nonlinearity in structural assessment. Overall, the digital simulation results
confirmed that the reinforced concrete building model is structurally safe, stable, and capable of resisting
applied loads efficiently. The study also demonstrated that advanced simulation tools provide a more
detailed understanding of structural behavior compared to conventional analytical methods, particularly
in identifying critical stress zones and predicting failure mechanisms. The findings strongly support the
adoption of digital simulation techniques in modern structural engineering practice for improved design
accuracy, safety assurance, and optimization of reinforced concrete structures.
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The bar graph illustrates the structural performance of a reinforced concrete building by comparing
simulation results with safe design limits for key parameters. It includes maximum displacement, inter-
story drift, maximum stress, shear force, and bending moment. The blue bars represent digital simulation
values, while the green bars show permissible code-based limits. The results indicate that all simulated
values remain below their respective safety limits, confirming structural stability and adequate load-
carrying capacity. Displacement and drift are minimal, ensuring serviceability, while stress and internal
forces are well within acceptable ranges. Overall, the graph validates that the RC structure performs safely
under applied loading conditions.

V. CONCLUSION

The structural performance analysis of reinforced concrete (RC) buildings using advanced digital
simulation techniques demonstrates a highly effective and reliable approach for evaluating the safety and
behaviour of modern structural systems. The study confirms that finite element-based simulation provides
a detailed understanding of how RC structures respond under various loading conditions, including dead
loads, live loads, wind forces, and seismic excitations. The results indicate that all critical parameters such
as displacement, inter-story drift, stress distribution, shear force, and bending moment remain within
permissible limits, ensuring overall structural stability and compliance with design standards. The analysis
further highlights that stress concentration is primarily observed at beam-column joints and lower storey
columns, which are typical critical zones in RC structures and require careful design consideration. The
incorporation of nonlinear material modeming enhances the accuracy of predictions by capturing concrete
cracking and steel yielding behaviour, leading to a more realistic representation of structural performance.
Additionally, the study confirms that digital simulation techniques are significantly more efficient and
precise compared to conventional analytical methods, as they allow visualization of failure mechanisms
and deformation patterns before actual construction. This improves decision-making in design
optimization, reduces construction risks, and enhances structural safety. The integration of advanced
simulation tools also supports performance-based design approaches, ensuring better resilience against
extreme loading conditions. Overall, it can be concluded that advanced digital simulation plays a vital
role in modern structural engineering by improving accuracy, reliability, and efficiency in the analysis
and design of reinforced concrete buildings.
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