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Abstract

Modern buildings often incorporate vertical irregularities for functional, aesthetic, or economic reasons, but such
designs may introduce seismic vulnerabilities. This study evaluates the earthquake response of setback-type
vertically irregular Reinforced Concrete (RC) structures, following BNBC 2020 guidelines. Ten-storey
Intermediate Moment Resisting Frames (IMRFs) were analyzed, with setbacks introduced at the 3rd and 6th
storeys. Using a response reduction factor (R = 5), seismic performance was assessed via Equivalent Static
Analysis (ESA) and Response Spectrum Analysis (RSA). Results indicate that the regular building exhibited
42.5% and 24% higher base shear capacity than the 3rd-and 6th-storey setback configurations, respectively. Storey
drift analysis revealed failures in the 2nd—4th storeys of the regular building and the 5th—6th storeys of the 3rd-
storey setback building, while the 6th-storey setback building performed optimally with no failures. In ESA, the
fundamental periods of the regular, 6th-storey, and 3rd-storey setback buildings were approximately 56%, 44%,
and 45% shorter, respectively, than those obtained from dynamic analysis. Displacements were highest in the
regular building, with the 3rd-and 6th-storey setback designs reducing displacements by 8% and 22%, respectively.
Overall, the 6th-storey sethack configuration demonstrated the most favorable seismic performance, suggesting
that strategic setback placement can mitigate irregularity-induced risks.

Keywords: Seismic Response; Vertical Irregularity; Equivalent Static Analysis (ESA); Response Spectrum
Analysis (RSA); Storey Drift.

1 Introduction

Earthquakes are among the most devastating natural hazards, often resulting in significant loss of life and extensive
damage to infrastructure. Bangladesh is particularly vulnerable to seismic risks due to its location at the intersection
of several active tectonic plate boundaries (Steckler et al., 2016). This unstable geological position has historically
subjected the region to frequent moderate-intensity earthquakes, with recorded magnitudes typically ranging from
4 to 6 on the Richter scale (Hossain et al., 2019). Such ongoing seismic activity highlights Bangladesh's
vulnerability to severe earthquake hazards, emphasizing the urgent need for effective risk mitigation strategies.
Among the key factors influencing a building's seismic response, vertical geometric irregularities such as setbacks
can significantly increase vulnerability. These discontinuities interrupt the uniform distribution of mass and
stiffness along a building's height, resulting in stress concentrations and amplified storey drift at the points of
irregularity (Chopra, 2012; Das and Nau, 2003). As the demand for such architectural forms grows in densely
populated urban areas like Bangladesh, assessing their seismic performance is essential for ensuring structural
safety and aligning with modern design standards. Extensive research has been conducted since the 1960s to
evaluate the seismic behavior of vertically irregular buildings and develop methods to enhance their structural
performance. Wong and Tso (1994) used response spectrum analysis (RSA) to evaluate the elastic response of
setback structures, highlighting significantly higher-mode participation and differences in load distribution
compared to equivalent static analysis (ESA). Das and Nau (2003) conducted a parametric study on 78 special
moment-resisting frames with various vertical irregularities, finding that ESA provisions can be overly
conservative for some cases. Varadharajan et al. (2013) performed nonlinear dynamic analyses on 195 setback
frames using 27 real earthquake records. Their results showed that setback configurations affect both fundamental
periods and inter-storey drift, and they proposed revised formulas for period estimation considering cracking
effects. Although various studies have examined the seismic performance of vertically irregular buildings, a
significant gap remains in the comparative analyses between regular and setback irregular reinforced concrete
(RC) structures focusing on key response parameters such as base shear, storey drift, fundamental periods, and
lateral displacements using Response Spectrum Analysis based on the updated provisions of the Bangladesh
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National Building Code (BNBC 2020). This study aims to address these gaps by analyzing and comparing the
seismic performance of regular and setback irregular RC buildings with setbacks at different storey levels. By
using ESA and RSA in accordance with BNBC 2020, the study provides valuable insights into the influence of
vertical irregularities on structural behavior, offering region-specific guidance for safer seismic design in
Bangladesh's urban landscape.

2 Methodology

2.1 Material Properties and Section Geometry

The material properties used in the structural models are as follows: concrete has a compressive strength of 27.58
MPa (4 ksi), while steel has a yield strength of 414 MPa (60 ksi). The modulus of elasticity is 24.86 GPa for
concrete and 200 GPa for reinforcing steel. In the modeling, the structural members were designed with column
cross-sections measuring 500 mm x 500 mm and beam cross-sections measuring 450 mm x 300 mm.

2.2 Structural Modelling

This study examined three 10-storey reinforced concrete (RC) Intermediate Moment Resisting Frame (IMRF)
buildings: a regular structure without setbacks (Figure 1), a structure with a setback at the third storey (Figure 2),
and another with a setback at the sixth storey (Figure 3). All analyses were conducted for Dhaka, which has a
seismic zone factor of Z = 0.2, an importance factor (1) of 1.00, and a site coefficient (S) of 1.15. Each building
had a square plan configuration consisting of five bays in both the X and Y directions, with a uniform bay width
of 5 meters. The typical storey height was 3 meters, and grade beams were provided at a height of 2 meters above
ground level. Floor slabs were modeled with a thickness of 150 mm. Structural modeling and analysis were carried
out using ETABS version 17.0.1. Both ESA and RSA were performed in accordance with the seismic design
provisions of the BNBC 2020. The overall methodology followed in the analysis is illustrated in the flowchart
shown in Figure 4. For RSA, the normalized design acceleration response spectrum corresponding to soil type SC
was used. The three primary load types considered were dead load (DL), live load (LL), and earthquake load (EL),
with their combinations applied based on BNBC 2020 guidelines. A response reduction factor of R =5 was adopted
for the IMRF systems under the ESA approach. For seismic weight calculation, 25% of the live load was included.
The dead load from floor finishes was considered as 1.2 KN/mz, while live loads were assumed to be 2.0 KN/m?
for the floors and 1.0 KN/mz2 for the roof. Structural member design was conducted following the Ultimate Strength
Design (USD) approach, and all applicable load combinations were applied as specified in the BNBC 2020.

Figure 1. Regular building Figure 2. Setback at 3rd Figure 3. Setback at 6th
storey storey

The design seismic base shear (V,;) was calculated in accordance with the BNBC 2020 using Equation (1). The
inelastic deflections at each level (x) were determined using Equation (2), as specified by the same code. The
fundamental period (T), expressed in seconds, was evaluated using both Equation (3) and Equation (4), following
the provisions of BNBC 2020.

V= S;W €Y}
where, W = seismic weight, and S, = seismic force coefficient.

— Cd 5xe
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Where C, is the displacement amplification factor, &, is the displacement from elastic analysis, and I is the
importance factor.

T = C¢(hn)™ 3)
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Where is the building height (m) above the rigid base; C, and m are from BNBC 2020.
T = Zn (4)
wWn

Where, w,, is angular frequency of building for the first mode
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Figure 4. Flow chart of methodology

3 Results and Discussions

3.1 Storey Stiffness Ratio

The storey stiffness ratios were evaluated using the lateral load—deflection method to assess the relative rigidity at
each storey level of the buildings. Figure 5 illustrates the distribution of stiffness ratios across the three building
configurations: the regular structure, the structure with a setback at the 3rd storey, and the structure with a setback
at the 6th storey. According to the calculated stiffness ratios and the criteria specified in BNBC 2020, none of the
models exhibited soft storey behavior, indicating that all three structures maintained adequate lateral stiffness
throughout their heights.
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Figure 5. Stiffness ratio of different floors for different types of 10-storey buildings by ESA

3.2 Base Shear

Figure 6 shows the variation in base shear among regular and setback irregular buildings under Equivalent Static
Analysis (ESA) and Response Spectrum Analysis (RSA). The 10-storey regular building displays significantly
higher base shear, with increases of 42.5% compared to the 3-storey setback configuration and 24.0% compared
to the 6-storey setback configuration, both under ESA. Furthermore, ESA consistently yields higher base shear
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values than RSA for all building types, indicating its conservative approach to estimating seismic forces. Among
the three models, the regular building experiences the highest shear demand due to its continuous and uniform
geometry, while the setback irregularities help reduce shear levels by redistributing lateral forces along the height
of the structure.
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Figure 6. Comparison of base shear from ESA & RSA

3.3 Storey Drift

The design storey drift for each building configuration was evaluated using a specified formula and compared
against the allowable drift limits defined in the BNBC 2020. For ten-storey Intermediate Moment Resisting Frame
(IMRF) structures, the permissible drift is limited to 0.02 times the storey height (0.02hsx). As shown in figure 7,
the regular building exceeds the allowable drift limits at the 2nd, 3rd, and 4th storeys. The building with a setback
at the 3rd storey also fails to meet the drift criteria at the 5th and 6th storeys. In contrast, the building with a setback
at the 6th storey remains within the allowable drift limits across all levels, indicating better performance under
seismic loading.
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Figure 7. Storey drift ratio of different types of 10-Storey buildings

3.4 Fundamental Period

The fundamental period (T) of each building configuration was calculated using both modal analysis in ETABS
and the empirical equation provided in the BNBC 2020. As shown in Figure 8, the fundamental periods obtained
from static analysis (using the BNBC equation) were significantly lower than those derived from dynamic modal
analysis. Specifically, the regular 10-story building showed a period that was 56% lower, while both the 3rd-story
and 6th-story setback irregular buildings had approximately 44% lower values in static analysis compared to
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dynamic analysis. This highlights the conservative nature of the code-based estimation and emphasizes the
importance of modal analysis for accurately capturing the dynamic behavior of irregular structures.
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Figure 8. Fundamental Period (T) from ESA and RSA for different types of 10-Storey buildings.

3.5 Storey Displacement

The lateral displacements of different types of buildings were assessed using both Equivalent Static Analysis
(ESA) and Response Spectrum Analysis (RSA). As illustrated in Figure 9, the regular 10-storey building
experienced the highest displacement among the three models examined. In comparison, the irregular building
with a setback on the 3rd storey showed approximately 8% less maximum displacement than the regular building.
Meanwhile, the irregular building with a setback on the 6th storey exhibited an even greater reduction, with a
decrease of about 22%. These findings suggest that incorporating a setback—especially at higher levels—can
significantly reduce overall lateral displacement, thus potentially enhancing the building’s seismic performance.
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Figure 9. Storey lateral displacement for different types of 10-storey buildings.

4 Conclusion

This study evaluated the seismic performance of a 10-storey reinforced concrete (RC) building and two irregular
setback configurations—one at the 3rd storey and another at the 6th storey—using Equivalent Static Analysis
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(ESA) and Response Spectrum Analysis (RSA) as per BNBC 2020. Key parameters assessed included soft storey
conditions, base shear, storey drift, fundamental period, stiffness ratio, and lateral displacement.

e The analysis showed that none of the models exhibited soft storey behavior, indicating adequate stiffness
distribution.

e The base shear capacity of the regular building was approximately 42.5% higher than that of the 3rd-
storey setback model and 24% higher than the 6th-storey setback model, primarily due to its continuous
and uniform geometry.

e  Storey drift analysis revealed that the regular building exceeded allowable limits at the 2nd, 3rd, and 4th
storeys, while the 3rd-storey setback model failed at the 5th and 6th storeys. In contrast, the 6th-storey
setback model remained within allowable drift limits at all levels, demonstrating improved performance.

e The fundamental periods calculated using the static method (BNBC 2020 equation) were significantly
lower than those obtained from modal analysis. Specifically, the regular building showed a 56%
reduction, and both setback models showed a 44% reduction in period values when compared to dynamic
analysis results—indicating the conservative nature of the code-based method

e In terms of lateral displacement, the regular building exhibited the maximum displacement among all
models. The 3rd-storey setback model showed an 8% reduction, while the 6th-storey setback model had
a 22% reduction in displacement compared to the regular building.

Overall, the 6th-storey setback building exhibited the most favorable seismic response among the models analyzed,
suggesting that, under specific conditions, strategic placement of setbacks may mitigate irregularity-induced
vulnerabilities and improve seismic performance.
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