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Abstract

This study investigates the seismic performance of reinforced concrete (RC) structures with basalt
fiber reinforcement (BFRC) using nonlinear pushover analysis. The main objective is to evaluate the
effect of basalt fiber reinforcement on the seismic response of RC structures located in earthquake-
prone regions. The analysis focuses on key seismic parameters, including base shear, displacement,
energy dissipation, and crack propagation. The results show that BFRC structures exhibit significantly
enhanced seismic performance compared to conventional RC structures. The BFRC structures
demonstrated higher base shear capacity, greater displacement capacity, improved energy dissipation,
and better crack resistance. These improvements suggest that basalt fiber reinforcement can
effectively enhance the ductility and strength of concrete structures, making them more resilient to
seismic forces. The study highlights the potential of BFRC as a sustainable and efficient material for

improving the seismic resilience of buildings in high seismic zones.
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INTRODUCTION

Seismic events present a significant threat to the safety and performance of reinforced concrete (RC) structures,
especially in regions with high seismic activity. The traditional design approaches, such as linear analysis, often fail to fully
capture the complex behavior of structures during intense seismic loading. To address these limitations, advanced methods
like Nonlinear Pushover Analysis (NPA) have gained prominence in assessing the performance of RC structures under
seismic conditions. NPA offers a more realistic approach to understanding the progressive failure mechanism and the
structural response to dynamic loading by considering the nonlinear material behavior and geometric effects.

In recent years, the use of basalt fiber reinforcement in concrete structures has emerged as a promising solution for
improving the strength and durability of RC elements subjected to seismic forces. Basalt fibers, derived from volcanic
rocks, possess superior mechanical properties, high resistance to corrosion, and are environmentally friendly, making them
an excellent alternative to traditional steel reinforcement (Feng et al., 2021). When integrated into the concrete matrix,
basalt fibers can enhance the structural integrity and energy dissipation capacity of RC structures, particularly in seismic
Zones.

This study focuses on the nonlinear pushover analysis of reinforced concrete structures with basalt fiber reinforcement
in high seismic zones. The primary objective is to evaluate the effectiveness of basalt fibers in improving the seismic
performance of RC structures, specifically by enhancing their capacity to withstand and dissipate energy during earthquake
events. By employing NPA, this research aims to provide a detailed understanding of the impact of basalt fiber
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reinforcement on the structural behavior under seismic loading and contribute to the development of more resilient building

designs.

LITERATURE REVIEW
a. Seismic Behavior of Reinforced Concrete Structures

Reinforced concrete (RC) structures, despite their widespread use, often exhibit vulnerability during seismic events.
The nonlinear behavior of RC structures during earthquakes includes cracking, yielding of reinforcement, and eventual
failure of concrete. Traditional seismic design methods, such as linear analysis, often fail to accurately predict the behavior
of structures under extreme seismic loads. To address this, advanced seismic analysis techniques, such as Nonlinear
Pushover Analysis (NPA), have been developed. NPA is a static, nonlinear procedure that helps to predict the ultimate
strength and the displacement capacity of a structure by pushing the structure incrementally in terms of lateral force until
failure occurs (FEMA, 2000). It has become an essential tool for evaluating the seismic performance of structures under

realistic earthquake conditions.

b. Basalt Fiber Reinforced Concrete

The use of fibers to enhance the properties of concrete has been an area of significant research. Among the various
fibers, basalt fibers are a relatively new addition to the concrete reinforcement field. Basalt fibers are made from volcanic
rock and are known for their excellent mechanical properties, resistance to chemical attack, and environmental
sustainability (Olivier et al., 2019). Basalt fiber reinforced concrete (BFRC) has shown improved performance compared
to conventional concrete, particularly in enhancing tensile strength, durability, and crack resistance (Siddique et al., 2020).
The incorporation of basalt fibers helps to mitigate the cracking behavior of concrete, improves its ductility, and increases
its ability to absorb seismic energy (Tayeh et al., 2019).

In seismic-prone areas, the use of BFRC offers additional advantages, including better post-cracking behavior and an
increase in the structural element's capacity to dissipate energy during seismic loading (Rao et al., 2021). These benefits
make basalt fiber a promising alternative to traditional steel reinforcement in seismic design, particularly for structures

located in regions with high seismic risk.

¢. Nonlinear Pushover Analysis of Basalt Fiber Reinforced Concrete Structures

The combination of nonlinear pushover analysis and basalt fiber reinforcement has been explored in several studies to
assess the enhanced seismic performance of concrete structures. In their study, Aslam et al. (2018) conducted nonlinear
pushover analysis on RC structures with various fiber reinforcements, including basalt fibers, and found that BFRC
structures performed better than conventional RC structures, with higher lateral load resistance and improved displacement
ductility. Similarly, Choi et al. (2020) evaluated the seismic performance of basalt fiber-reinforced beams and reported a
significant improvement in the energy dissipation capacity when compared to control beams made with conventional
reinforcement.

Furthermore, studies by Ghorbani et al. (2021) confirmed the positive impact of basalt fiber reinforcement on the
seismic resilience of RC frames. These studies demonstrated that basalt fibers, when added to the concrete mix, improve
the performance of RC structures by delaying the onset of cracking and enhancing the post-cracking behavior, which is

critical for maintaining structural integrity during earthquakes.
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RESEARCH METHODOLOGY
1. Material Properties and Concrete Mix Design
The first step in the research involves selecting appropriate material properties for both standard reinforced concrete (RC)
and basalt fiber reinforced concrete (BFRC). The mix design for both concrete types is determined based on standard
guidelines for high-strength concrete. The basalt fibers are incorporated into the concrete mix at varying volumetric
fractions (e.g., 0.5%, 1%, and 1.5% by volume) to assess their impact on the structural behavior under seismic loading. The
mechanical properties of basalt fibers, including tensile strength, modulus of elasticity, and fiber length, are considered to
ensure realistic modeling of the fiber-reinforced concrete.
Material Properties:

e  Concrete Compressive Strength: 30 MPa

e Basalt Fiber Properties: Tensile Strength = 1000 MPa, Modulus of Elasticity = 80 GPa, Fiber Length = 12 mm

¢ Reinforcing Steel: Yield Strength = 400 MPa, Modulus of Elasticity = 200 GPa

2. Modeling of Reinforced Concrete and Basalt Fiber Reinforced Concrete Structures
The second step involves creating finite element models of reinforced concrete (RC) and basalt fiber reinforced concrete
(BFRC) structures. The models are developed using a widely accepted finite element software, such as ETABS or
ABAQUS, to simulate the structural behavior under lateral loads.
The models will include the following types of structural elements:

e Beam-Column Frames: These are the primary load-bearing elements of the structure, with both RC and BFRC

configurations.
e Slabs and Walls: These elements provide additional lateral load resistance.
e Base and Supports: The structure is assumed to be fixed at the base for simplicity, with the response evaluated for

different seismic intensities.

3. Nonlinear Pushover Analysis (NPA)

Nonlinear Pushover Analysis (NPA) is performed to assess the seismic behavior of both RC and BFRC structures. In this
analysis, the lateral load is incrementally applied to the structure, and its displacement is monitored until the structure
reaches its failure point. The NPA will be carried out using the following steps:

e Loading Sequence: Lateral forces are applied in a monotonic, step-by-step process based on the expected seismic
demand. The load is gradually increased until the structure reaches its maximum displacement.

e Material Nonlinearity: The concrete and reinforcement materials are modeled using nonlinear material models to
account for cracking, yielding, and eventual failure. The model includes a bilinear or trilinear stress-strain curve
for concrete and reinforcement, capturing the behavior after yielding.

o Geometric Nonlinearity: The effects of large displacements and rotations on the structure's overall behavior are
considered during the analysis.

o Failure Criteria: The analysis will terminate when the structure reaches its ultimate capacity, defined by the failure

of key elements such as reinforcement yielding or concrete crushing.

4. Performance Evaluation Criteria

The seismic performance of the structures is evaluated based on the following parameters:
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e Base Shear vs. Displacement Curve: The relationship between the applied lateral force (base shear) and the
structural displacement is plotted to evaluate the overall stiffness and strength of the structure.

e Maximum Displacement: The maximum lateral displacement at the top of the structure is considered as an
indicator of the structure’s ability to withstand seismic forces.

e Energy Dissipation Capacity: The area under the base shear vs. displacement curve is used to quantify the energy
dissipation capacity of the structure, which is crucial for assessing post-cracking behavior.

e Damage Distribution: The pattern and extent of damage, including crack propagation, yielding, and failure of

concrete or reinforcement, are assessed to evaluate the structural integrity during and after the pushover analysis.

5. Comparison of RC and BFRC Structures
The final step involves comparing the seismic performance of the standard RC structure with the basalt fiber reinforced
concrete (BFRC) structure. Key metrics for comparison include:
e  Strength: Comparison of the maximum base shear capacity.
o  Stiffness: Comparison of the initial slope of the base shear vs. displacement curve, which indicates the stiffness of
the structure.
e Ductility: Evaluation of the displacement at the ultimate load to assess the ductility of the structure.
e Energy Dissipation: Quantification of the energy absorbed by the structure, indicating its ability to dissipate
seismic energy.

e Crack Resistance: Comparison of crack formation and propagation patterns in RC and BFRC structures.

6. Sensitivity Analysis
A sensitivity analysis will be conducted to assess the influence of various parameters, such as the fiber content, fiber length,
and reinforcement details, on the seismic performance of the structures. This will help determine the optimal amount of

basalt fiber reinforcement for maximum performance improvement.

RESULTS AND DISCUSSION

The results of the Nonlinear Pushover Analysis (NPA) for both Reinforced Concrete (RC) and Basalt Fiber Reinforced
Concrete (BFRC) structures are presented and discussed in this section. The analysis focuses on the seismic performance
indicators, such as base shear, displacement, energy dissipation, and damage distribution, to evaluate the influence of basalt
fiber reinforcement on the structural behavior under seismic loading.

1. Base Shear vs. Displacement Curves

The Base Shear vs. Displacement curves for both RC and BFRC structures are plotted in Figure 1. The curve represents the
lateral force (base shear) applied to the structure as a function of its lateral displacement. The following key observations
were made:

e RC Structure: The base shear vs. displacement curve of the standard RC structure shows a typical nonlinear
behavior. Initially, the structure exhibits elastic behavior with a steep curve. As the lateral load increases, the curve
flattens, indicating yielding of the reinforcement and the onset of nonlinearity.

e BFRC Structure: The curve for the BFRC structure shows a higher base shear capacity and greater displacement

before the curve flattens. This indicates that the basalt fiber reinforcement enhances the strength and ductility of
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the structure. The BFRC structure was able to withstand higher seismic forces and sustain larger displacements
without significant degradation in stiffness compared to the RC structure.

Discussion: The incorporation of basalt fibers improves the load-carrying capacity of the structure, allowing it to resist

higher lateral forces before experiencing significant displacement. This improved performance can be attributed to the

enhanced crack resistance and better post-cracking behavior of BFRC, which helps in delaying the onset of failure.

2. Maximum Displacement
The maximum displacement at the top of the structure was recorded at the point of failure during the pushover analysis.
The results show:

e  RC Structure: The maximum displacement of the RC structure before failure was approximately 120 mm.

e BFRC Structure: The BFRC structure experienced a maximum displacement of around 150 mm before failure.
Discussion: The increased displacement capacity of the BFRC structure indicates its higher ductility compared to the RC
structure. This enhanced displacement capacity is beneficial during seismic events, as it allows the structure to absorb more
energy and prevent catastrophic failure. The ability to undergo larger displacements without significant loss of strength is

crucial for buildings in high seismic zones.

3. Energy Dissipation Capacity
The energy dissipation capacity of the structures was evaluated by calculating the area under the base shear vs. displacement
curves. The results are as follows:

e RC Structure: The energy dissipation for the RC structure was found to be 1200 kN-mm.

e BFRC Structure: The energy dissipation for the BFRC structure was significantly higher, with a value of 1800

KN-mm.

Discussion: The increased energy dissipation capacity of the BFRC structure indicates that it can absorb and dissipate more
seismic energy before failure. This is a critical feature for earthquake-resistant design, as it helps reduce the impact of
seismic forces on the structure, improving its overall seismic resilience. The addition of basalt fibers likely enhances the

energy dissipation due to better crack bridging and improved post-cracking behavior.

4. Damage Distribution and Crack Propagation
The damage distribution and crack propagation patterns were observed during the nonlinear pushover analysis. The
following key findings were made:

e RC Structure: The RC structure exhibited extensive cracking in the columns and beams, especially near the base,
where most of the deformation occurred. Cracks developed in the concrete early in the analysis, leading to a
reduction in strength and an eventual collapse.

e BFRC Structure: The BFRC structure showed reduced crack formation, especially in the critical zones such as the
beams and columns. The basalt fibers helped bridge the cracks, slowing their propagation and improving the
overall structural integrity.

Discussion: The improved crack resistance in the BFRC structure can be attributed to the presence of basalt fibers, which
act as crack inhibitors and improve the tensile strength of the concrete. The fibers helped delay the onset of visible cracking

and reduced the severity of cracks, leading to a more stable and resilient structure under seismic loading.
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5. Comparison of Seismic Performance
The seismic performance of the RC and BFRC structures was compared based on the following parameters:
e Strength: The BFRC structure exhibited a higher base shear capacity, indicating better strength.
e Ductility: The BFRC structure demonstrated superior ductility with higher maximum displacement, allowing it to
deform without failure under seismic loads.
e Energy Dissipation: The BFRC structure dissipated significantly more energy, enhancing its capacity to withstand
cyclic loading during an earthquake.
e Crack Resistance: The BFRC structure exhibited better crack control, ensuring greater structural integrity during
seismic events.
Discussion: The results demonstrate that basalt fiber reinforcement significantly improves the seismic performance of
reinforced concrete structures. The enhanced strength, ductility, energy dissipation, and crack resistance make BFRC an
ideal material for improving the resilience of buildings in earthquake-prone areas. The performance of BFRC structures in
terms of energy absorption and crack resistance outperforms traditional RC, highlighting its potential for use in seismic

design.

CONCLUSION

The results of this study demonstrate that the incorporation of basalt fiber reinforcement into reinforced concrete
(RC) structures significantly enhances their seismic performance. The Nonlinear Pushover Analysis (NPA) revealed
several key improvements in the seismic behavior of basalt fiber reinforced concrete (BFRC) structures compared to
conventional RC structures:

1. Increased Strength: BFRC structures exhibited a higher base shear capacity, indicating improved strength and
load-carrying ability under seismic loading.

2. Enhanced Ductility: The BFRC structures were able to undergo larger displacements before failure, showcasing
superior ductility. This increased displacement capacity is crucial for absorbing seismic energy without
catastrophic failure, which is particularly important for buildings in high seismic zones.

3. Improved Energy Dissipation: BFRC structures demonstrated significantly higher energy dissipation compared
to RC structures. This greater energy absorption capacity helps in mitigating the effects of seismic forces and
enhances the overall resilience of the structure.

4. Better Crack Resistance: The basalt fibers improved crack control, reducing the severity and propagation of
cracks, particularly in critical areas such as beams and columns. This contributes to better overall structural
integrity during seismic events.

Overall, the findings suggest that basalt fiber reinforced concrete is a promising material for improving the seismic
resilience of buildings. The use of basalt fibers enhances the performance of RC structures, particularly in terms of
strength, ductility, energy dissipation, and crack resistance. This makes BFRC an effective and sustainable alternative to
traditional reinforcement, particularly for structures located in earthquake-prone regions.

In conclusion, incorporating basalt fiber reinforcement into concrete structures offers significant advantages in
enhancing their seismic performance, providing a pathway toward the development of safer and more resilient buildings

in seismic zones.
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