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Abstract

Earthquakes are natural phenomenon that can pose a threat to human civilization, property and structures. During
an earthquake, buildings with irregular shapes in their plans or elevations are more likely to be damaged than
buildings with regular configuration. A common type of irregularity that buildings often have is setback, which is
a vertical geometric irregularity. Nowadays, setback buildings are increasing in our modern construction due to
serviceability and aesthetic reasons. But these types of structures have high vulnerability during an earthquake.
In the case of setback buildings, the plan dimensions of the building get reduced along its height. This study
focuses on the performance evaluation and seismic behavior of 15 storied regular and vertical geometric irregular
setback building with masonry infill. Nonlinear static pushover analysis is carried out using ETABS to observe
the pushover curves, capacity spectrum, plastic hinges and performance level of the building. Performance point
and number of hinges formed in beams and columns are the parameters used to quantify the performance level of
the structure. From numerical analyses, it is revealed that the vertical geometrical irregularity affects the seismic
performance of buildings and building tends to move in unstable level when setback irregularity gradually
increased.

Keywords: Vertical geometric irregularity, setback building, pushover analysis, plastic hinges, seismic
performance.

1 Introduction

The geometry, size, and shape of a building strongly influence its structural behavior and seismic performance by
determining how earthquake forces are distributed and resisted. Regular, symmetrical buildings perform more
reliably under lateral loads, while irregular forms can cause uneven force distribution and torsional effects,
increasing their vulnerability. With limited land and rising construction costs in urban areas, multistoried
buildings have become common, and their seismic safety depends largely on structural configuration.
Irregularities in plan or elevation often leads to higher damage risk during earthquakes (Siva et al., 2019). As
defined in BNBC 2020, vertical geometric irregularity occurs when the horizontal dimension of a lateral force-
resisting system in one story exceeds 130% of that in an adjacent story, as shown in Figure 1. Located at the
intersection of the Indian, Eurasian, and Burmese plates, Bangladesh is highly earthquake-prone, with past events
ranging from magnitude 4 to 6 (Zaman and Monira, 2017). Vertical irregularities caused by design or functional
needs create sudden changes in stiffness, mass, or geometry, leading to stress concentrations and increased risk
of structural damage or failure during seismic activity (Ghanem et al., 2023).

To evaluate the seismic performance of such irregular systems, nonlinear static (pushover analysis) is widely
used. According to the Performance-based Seismic Design (PBSD) documents, the predictive method of design
was the best option to the code-based processes (FEMA 445, 2005; Zameeruddin and Sangle, 2021).
Performance evaluation procedure defined in PBSD documents are based on the nonlinear static or nonlinear
dynamic analysis procedures. Due to ease in its procedure, the nonlinear static methods have become more
common among the practicing engineers. The performance evaluation procedures based on the nonlinear static
method include; Capacity Spectrum Method (CSM) and Displacement Coefficient Method (DCM) (ATC 40,
1996; FEMA 273, 1996; FEMA 356, 2000; ASCE/SEI 41, 2007). Pushover analysis provides the capacity curve,
demand spectrum, and performance point, allowing assessment of performance levels ranging from elastic
response to collapse prevention (ATC-40, 1996; Zameeruddin and Sangle, 2021).

This study evaluates the seismic performance of vertically irregular RC buildings based on BNBC 2020, using
nonlinear static (pushover) analysis. It examines key parameters such as stiffness, capacity curves, and
performance points of a fifteen-story residential building located in a very severe earthquake zone. The role of
masonry infill is also analyzed, as infill walls though non-structural significantly enhance a frame’s stiffness and
strength when modeled as equivalent diagonal struts (Cai and Su, 2017; Tamboli and Karadi, 2012). The force-
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displacement curve as shown in Figure 2(a) illustrates performance levels: AB (elastic), B-IO (Immediate
Occupancy), I0-LS (Life Safety), LS-CP (Collapse Prevention), CP—C (ultimate strength), C-D (damage), and
D-E (energy loss). If all hinges remain within the CP range, the structure is considered safe. Figure 2(b) shows
the performance point where the demand and capacity curves intersect.
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Figure 1. Vertical geometric irregularity (setback structures) (BNBC 2020)
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(a) Force-Displacement curve of performance level (ATC-40, 1996) (b) Performance point (FEMA-356, 2000)
Figure 2. Performance level and performance point

Therefore, a number of fifteen storied setback model buildings are considered for pushover analysis to evaluate
the seismic performance. Masonry infill walls as diagonal strut member are also taken in to account to address its
performance.

The main objective of this study is to observe the effect of vertical geometric irregularity and it aims to provide
insights into how masonry infill influences the seismic resilience of vertically irregular structures, contributing to
improved design and evaluation of earthquake-resistant buildings.

2 Methodology

Dynamic and static analysis are recommended to measure building performance include pushover curves,
capacity spectrum, plastic hinges, and performance point (Sarkar et al., 2010). Nonlinear Static (Pushover)
analysis has been carried out on the model buildings using ETABS. It was involves developing 3D structural
model, defining nonlinear material properties and hinge behaviors, applying monotonically increasing lateral
loads accordingly monitoring the response in terms of base shear and roof displacement. The pushover analysis
method according to ATC-40 (1996) and FEMA-356 (2000) are used for comparing the performance of
buildings selected for the study. It is used to track target displacement and building performance.

2.1 Modelling

One regular and six vertical geometric irregular (setback) fifteen storied buildings with and without masonry
infill, located in zone-1V with setback ratios (A/L) 0.4 and 0.6 are studied to evaluate seismic performance. The
plan views are shown in Figure 3. Total height of the buildings is considered as 48.92m (160.5ft.) with column
sizes are 21"x21" and beam sizes are 10"x21"” along with the slab thickness is 125mm (5"). The dimension of the
building having 5 bays in each direction with 5m meter bay length. For pushover analysis seismic parameters are
considered according to BNBC 2020. Table 1 shows the descriptions of all the model buildings taken for
analysis.
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Figure 3. Plan views of the model building at different level

Table 1: Descriptions of the models

Model AJL ratio Description

VIR0.0_RA 0.0 Regular Building without masonry infill
VIR0.0_RB 0.0 Regular Building with masonry infill
VIR0.4_12FA 0.4 Setback starts at floor level 121 without masonry infill
VIRO0.4_12FB 0.4 Setback starts at floor level 121" with masonry infill
VIR0.4_9FA 0.4 Setback starts at 9" floor level without masonry infill
VIR0.4_9FB 0.4 Setback starts at 9™ floor level with masonry infill
VIR0.4_6FA 0.4 Setback starts at floor level 6™ without masonry infill
VIR0.4_6FB 0.4 Setback starts at floor level 61 with masonry infill
VIRO0.6_12FA 0.6 Setback starts at floor level 12" without masonry infill
VIR0.6_12FB 0.6 Setback starts at floor level 12t with masonry infill
VIR0.6_9FA 0.6 Setback starts at 9™ floor level without masonry infill
VIR0.6_9FB 0.6 Setback starts at 9™ floor level with masonry infill
VIR0.6_6FA 0.6 Setback starts at floor level 6™ without masonry infill
VIRO0.6_6FB 0.6 Sethack starts at floor level 6™ with masonry infill

3 Result and Discussion

3.1 Seismic evaluation in terms of story stiffness

Infill walls greatly enhance a building’s overall stiffness by limiting lateral displacement and providing stability
against lateral loads. However, this increased stiffness reduces ductility and energy absorption. Infill masonry
acts like diagonal bracing, increasing in-plane stiffness and resistance to deformation from wind or earthquakes.
Fourteen regular and vertical irregular model buildings without and with infill are analyzed with two different
setback ratios as 0.40 and 0.60. The floor stiffnesses along the height of the buildings are shown in Figure 4. It
can be seen that the stiffness curves of all infill buildings and all without infill buildings are almost similar in
nature and story stiffness of all the models is more than 70% of the adjacent story. So, there are no soft story
effect or stiffness irregularity.

The infill buildings have larger stiffness and this increased stiffness reduces displacement, which can be
beneficial in moderating earthquake effects and potentially preventing excessive drift, which is the movement of
one floor relative to another. The story stiffness at GF for all the infill models is almost 9313kip/in. and almost
8835kip/in. for all without infill models. So, infill models have stiffness 5% more than without infill which
results in high base shear and small displacement.
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Figure 4. Story stiffness of model buildings

3.2 Comparison of pushover curves

Vertical geometric irregularities reduce a building’s seismic capacity, ductility, and ultimate strength, as reflected
in the pushover curves. In setback structures, reduced floor area at certain heights causes discontinuities in mass,
stiffness, and strength, leading to lower base shear capacity. Asymmetric setbacks further decrease seismic

capacity and ductility, with the pushover curve showing noticeably lower performance in the irregular direction.
These are the key findings of this study.

(a) Figure 5 presents the pushover curves of regular and vertically irregular models with and without masonry
infill. The results show that regular buildings have higher base shear than setback structures but lower than
regular infill buildings. For the regular model (VIR0.0_RA), the base shear is 31634kip, which one is 6.55%,
3.95%, and 13.98% higher than irregular buildings with a 0.4 setback ratio, and 8.12%, 9.25%, and 18.11%
higher for buildings having setback ratio of 0.6. However, it is 4.5% lower than the regular infill model building.
Overall, irregular buildings exhibit lower maximum base shear capacity, meaning they can resist less lateral
force before significant yielding occurs.
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Figure 5. Pushover curves for the model buildings

(b) It is found from Figure 5 that buildings with masonry infill have less displacement than buildings without
infill. The maximum displacement for VIR0.0_RB is 2.97” and it is 19.3" for VIR0.0_RA which is 84.61%
more. Similarly, in vertical geometric irregular buildings with infill for both ratio 0.4 and 0.6 have less
displacement than buildings without infill which indicates less ductility. The irregularities cause concentrated
damage and the formation of plastic hinges to be localized at the weak points.

3.3 Performance point of models

The spectral acceleration versus spectral displacement (ADRS) curves for models with setback ratios of 0.4 and
0.6, plotted in ADRS format as shown in Figure 6. The intersection of the capacity and demand curves indicates
the performance point. For VIR0.0_RA, spectral acceleration (S;) and spectral displacement (Sq) are 0.129g and
4.3" respectively. Vertical irregular models show lower S, and higher Sy values. Infill models exhibit the highest
spectral acceleration and lowest displacement but lack a performance point, indicating that while they can resist
strong ground motion effectively, they do not reach a defined performance limit.
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Figure 6. Performance point of model buildings

3.4 Performance of models based on hinges formation
Total number of hinges formed in models with and without masonry infill have the same number. Table 2 shows
the performance levels of models and none of the models are in the range of LS-CP (Life Safety-Collapse
Prevention). Figure 7 shows hinges formed at different stages of pushover analysis for the models.

Table 2: Comparison of hinges formed in models

Total

Model Hinges A-B B-10 I0-LS | LS-CP | CP-C | C-D D-E | >E

VIR0.0_ RA 6144 4624 1326 182 0 0 12 0 0
VIR0.0_RB 6144 6018 120 6 0 0 0 0 0
VIR0.4_12FA | 5736 4384 1160 172 0 0 20 0 0
VIR0.4 12FB | 5736 5334 396 6 0 0 0 0 0
VIR0.4 9FA | 5328 3916 1196 196 0 0 20 0 4
VIR0.4 9FB | 5328 4800 506 2 0 0 20 0 2
VIR0.4_6FA | 4924 3749 996 159 0 0 20 0 0
VIR0.4 6FB | 4924 4514 385 4 0 0 21 0 1
VIR0.6_12FA | 5532 4192 1148 164 0 0 28 0 0
VIR0.6_12FB | 5532 5240 286 0 0 0 6 0 0
VIR0.6_9FA | 4920 3636 1092 172 0 0 20 0 0
VIR0.6_9FB | 4920 4576 330 2 0 0 12 0 0
VIR0.6_6FA | 4308 3184 932 188 0 0 4 0 0
VIR0.6_6FB | 4308 4058 236 0 0 0 14 0 0
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Figure 7. Hinge formation in models with and without masonry infill
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In models without infill, the pattern of hinge formation starts from the ground floor then distributes through
different story levels as the steps of iterations proceeds whereas in model with infill the hinge formation is
primarily localized at ground floor. But there are no hinge formations in story above as an addition stiffness
incorporated by infill. Therefore, it can be said that they are the least vulnerable among the models from hinges
formed consideration.

4 Conclusion

The study is done to evaluate the seismic performance of vertical geometric irregular building with masonry
infill to understand the vulnerability of the buildings and demonstrate the effect of infill. The conclusions of this
study are as follow:

e Regular building is less vulnerable than vertical geometric irregular buildings, but they perform better
when infill is incorporated.

e Adding infill increases base shear, stiffness and decreases displacement.

e In terms of spectral displacement (Sq), models without infill also shows its vulnerability through higher
value of Sq. Though demand and capacity curve don’t intersect in infill models, they have small value of
spectral displacement.

o Infill models lack a performance point despite their high base shear and story stiffness. This occurs
because the structure resists lateral forces without significant deformation, meaning it doesn’t reach the
yielding stage or nonlinear behavior.

e Interms of hinge formation, infill models also perform better.
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