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Abstract

This study presents an experimental observation on the free vibration of vertically irregular setback-type steel
structures under simulated earthquake excitation. Irregularities such as setbacks remain a critical area of structural
engineering research due to their complex dynamic behavior during earthquakes. The investigation addresses how
abrupt changes in mass, stiffness, and strength at setbacks influence overall seismic behavior. Two scaled steel
frames, one with vertical geometric irregularity and a uniform regular frame, were constructed from mild-steel
wire and tested on a custom-built shake table. Each model was subjected to a series of ground motions of varying
intensities and a fixed dominant frequency to simulate moderate seismic events. The free vibration was recorded
at the top of the frames via high-resolution video tracking on laser movement, which provided suitable
displacement measurements. The effect on structure due to change in mass and stiffness above the geometrically
irregular zone is also described. The test result showed that larger top displacement and natural frequency were
observed in irregular frame. These results highlight the critical need to account for vertical geometric irregularities
in the seismic design and assessment of high-rise steel buildings. This research also highlights that small scale
seismic testing is achievable by low-cost shake tables.

Keywords: Dynamic response, Setback-type structures; Shake table testing; Story displacement; Scaled model
experimentation.

1 Introduction

Among various structural systems, steel frame buildings are one of the most used in modern construction because
of the inherent ductility, high strength-to-weight ratio, and energy dissipation capacity of steel under seismic loads.
An important parameter regarding seismic behavior is the vertical irregularity of structure, also known as setback
structures, defined as having an abrupt reduction in floor area or mass in the vertical plane of the structure typically
occurring at an intermediate level (Bhatta et al., 2021). Such irregularities may create non-homogeneous stiffness
and mass distribution, inducing lateral deflections, inter-story drifts and stress concentration at the transition point
(Nady et al., 2022). The structural safety of high-rise buildings is a key concern in developing countries where
seismic design criteria are often overlooked (Samm-A et al., 2025). Previous research mainly focused on
reinforced concrete structures or more analytical methods. Therefore, it is crucial to investigate the seismic
behavior of these types of steel structures whose detailed study is lacking in literature.

The seismic behavior of structures is greatly influenced by their dynamic parameters, including input ground
motion, fundamental frequency and time period of the structure (Badry et al., 2018). In the study of (Bohlouli &
Poursha, 2016), it is concluded that the position and the degree of setbacks greatly affect seismic responses,
including base shear, displacement and inter-story drift, and that the seismic response of frames which have
setbacks at mid-height or 1/3 of the total height is higher because mode participation increases correspondingly.
An investigation was carried out by (Aslani & Tehrani, 2025) on the earthquake performance of RC buildings
under a vertical irregularity in shear wall heights applying inelastic dynamic analysis. They concluded that
irregularities at top stories led to a relatively small and even positive impact on seismic performance, whereas
those at the lower stories created substantial enhancement of collapse risk. The study by (Sayyed et al., 2017)
investigates the seismic performance of RC buildings with vertical irregularities, specifically stiffness and setback
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irregularities and revealed that setback irregularities caused noticeable shifts in the structural responses compared
to regular structures such as story stiffness, acceleration and displacement.

Recently, computational modeling and experiments have made it possible for researchers to study structural
dynamics in greater detail. Shake table testing, which replicates seismic loads on small scaled-down models of
structures, has been recognized as a routine practice for studying the seismic behaviors of structures (Powell,
2008). This approach is useful for examining the inelastic building response, identifying potential failure points
and optimizing the design. Different shaking table tests have been conducted by various researchers (Wang et al.,
2021; Zhang et al., 2024) to find out the dynamic responses of steel frames. In this study, a small-scale uniaxial
shake table was prepared using locally available components to observe the natural frequency, story displacement
and acceleration responses of a steel moment resisting frame.

2 Materials and Methodology

2.1 Shake Table Preparation

Shake tables allow a way to observe structural responses, validate analytical models and develop improved seismic
design strategies. Many researchers (Parajuli et al., 2025) suggested and designed low-cost shaking tables to offer
small-scale research on the seismic behavior of structures. From these concepts, a uniaxial shake table was
prepared locally as shown in Figure 1 and Figure 2. The shake table was constructed from a 24” x 30” wooden
base supported by angle bars. The shake table is powered by a DC motor fixed with the angle bar at one side and
operated with a regulator to control the rotating speed.

Figure 1. 3D Design of Shaking Table. Figure 2. Fabricated Shaking Table.

The wooden base is placed on two smooth PVC pipes that act as wheels, allowing the base to move freely while
working. The base is mounted with a rotating shaft of the motor by means of a connecting rod with three adjustable
amplitudes of shaking. The motor speed remains constant during operation and can develop a maximum speed of
300 rpm without payload and 30 rpm at a maximum load of 30 kg. This enables the shake table to simulate the
frequencies of constant seismic ground motion from 0.5 Hz to 3 Hz. The ground motion that can be obtained from
the shake table may not be directly similar to real earthquakes, but it can be used for small-scale laboratory
experiments. To reduce vertical oscillation, rubber bands were used to stabilize the system. Furthermore,
horizontal supports were mounted onto the left and right sides of the base to prevent the bidirectional motion.

2.2 Properties of Test Specimen

Two steel frame prototypes were constructed using 3.0 mm diameter mild steel wire. The first prototype in Figure
3 (a) was a 10-story stand with the same floor area from ground to top, containing six 150.0 cm long columns. A
1:20 scaled dimension has been chosen for both prototypes. The second one was a vertically irregular “setback”
frame, as in Figure 3 (b), with a 10-story setup reducing 5 stories on one side. The main frame consists of six
columns, among which 4 are 150.0 cm in length up to 10" floor and the remaining two are 75.0 cm in height up
to 5™ floor. The floor area from ground to level 5 is 40.0 cm x 20.0 cm which suddenly minimizes to 20.0 cm x
20.0 cm from level 6. The beam and column joints were welded carefully to prepare the moment-resisting steel
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frames. Each column was attached with a small metal
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Figure 3. Structural models (a) Model 1 (b) Model 2.

1 Ktot
f=— 1
21 Mo M

Here, f = Theoretical natural frequency

M = Total mass of structure

Kot = Total stiffness of structure
The total mass of structure was obtained by simply sum the mass of each floor (M+ M+ Mz + .... + M,). The
total stiffness is found by the following equation (2) and shown in Table 1.

I B 1!
Kio= (_+ =t _+--~+_> 2
Here K, K. and K. are the stiffness of the 1%, 2" and n™ floor respectively. Stiffness of each story can be calculated
by the following equation (3).

12EI
K=no. of column x 3)
h3

Here, I =Moment of inertia of the column section
E = Modulus of elasticity of column material
h = Height of each story

Table 1. Total story stiffness of test specimen

Model ID Total stiffness of frame (N/m)
Model 1 1696.40
Model 2 1357.17

2.3 Shaking Table Test

The natural frequency of models was determined using free vibration analysis. The frequencies for which the
shake table was operated during tests were 0.5 Hz, 0.9 Hz, 1.0 Hz, 1.2 Hz, and 1.5 Hz. First, model 1 was fixed
with the wooden base and the laser measurement setup was prepared for free vibration observation demonstrated
in Figure 4. The base amplitude of vibration was fixed to 2 inches. Then the shake table was activated for 5
seconds at different ground motion frequencies (0.5 Hz, 0.9 Hz, 1.0 Hz, 1.2 Hz and 1.5 Hz) and then suddenly
turned off. As soon as the shake table stopped, the structure vibrated on its own for some time, known as free
vibration. This free vibration of models was recorded by a mobile camera at the top of the structure using video
tracking of laser lights on rulers, which displace with the movement of the frame for each frequency test. From
the video footage, the time (t) required to complete 10 vibration cycles (n) was counted and the frequency of
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vibration of the model (n/t) was calculated. The recorded data was analyzed and compared between two models
to reach the research objectives.

(2) " o (b)
Figure 4. Experimental setup for (a) Model 1 (b) Model 2.

3 Results

3.1 Natural Frequency Responses

Natural frequency of buildings are highly affected by their stiffness and mass. As shown in Table 2, the theoretical
natural frequency of model 1 is slightly lower than model 2. This difference in theoretical frequency is due to the
change in stiffness and mass between two models. Model 1 with six uniform columns from bottom to top of the
structure results in higher stiffness compared to the setback structure in model 2. At the same time, model 2 has
less mass in the upward section. The natural frequency of a structure is directly proportional to the square root of
stiffness and inversely proportional to the square root of mass. The setback in model 2 is from 50% of the total
height, which reduces large mass of the structure, resulting in mass as the dominant factor. For this the combined
effect of stiffness and mass results in a higher natural frequency in model 2.

Table 2. Theoretical natural frequency of models.

Diameter of Floor arca Theoretical natural
Model name column element (mm x mm) frequency (Hz)
(mm) 1%t to 5 floor 6™ to 10™ floor 1 y
Model 1 3.00 400 x 200 400 x 200 5.56
Model 2 3.00 400 x 200 200 x 200 5.64
Table 3. Free vibration frequency from shaking table test of Model 1 and Model 2.
Model 1 Model 2
Frequency Maximum . Maximum
of ground | Time for deflection of Natural Time for deflection of Natural
vibration | 10 cycles model at top frequency of | 10 cycles model at top frequency of
(s) (mm) model (Hz) (s) (mm) model (Hz)
0.5 4 5 2.5 2.4 6 4.17
0.9 3.2 6 3.25 2.2 6 4.55
1.0 3.25 8 3.07 2.3 8 435
1.2 33 9 3.03 2.3 10 435
1.5 34 10 2.94 2.5 12 4.0
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Figure 5. Natural frequency of models from different analysis.

Table 3 represents the free vibration analysis using the shaking table test of model 1 and model 2. For the minimum
test motion frequency of 0.5 Hz, the vibration frequency was found to be 2.5 Hz and 4.17 Hz for models 1 and 2
respectively from the shake table test. At a certain frequency of 0.9 Hz; the highest free vibration frequency was
recorded as 3.25 Hz for model 1 and 4.55 for model 2. For larger excitation frequencies above 0.9 Hz, the free
vibration response weakened and was shifted gradually towards lower frequencies in both models. This occurs
due to repeated dynamic loads applied to the members and joints, which decrease the stiffness of the structure.
Thus, the natural frequency of model 1 is 3.25 Hz, and that of model 2 is 4.55 Hz due to the maximum free
vibration response after external excitations.

Differences have been observed between the theoretical and experimental results of the natural frequency of both
models. For model 1, the experimental result was found to be 3.25 Hz, but the theoretical result was found to be
5.56 Hz. A similar tendency was observed for model 2. The main reason for this difference between the theoretical
data compared to the test result may be due to the higher degree of variability of the customized shake table.

4 Conclusion

This research focused on the free vibration analysis of two types of steel frame structures, a 10-story regular frame
and a 10-story vertical geometric irregular setback frame to harmonic ground motion using a shake table system.
A series of shaking table tests were simulated with different excitation frequencies ranging from 0.5 Hz to 1.5 Hz.
The goal was to assess the seismic performance effect and behavior of vertical geometric irregularity in steel
structures. The response parameter, free vibration frequencies have been recorded by the high-resolution video
tracking on laser movement at top of each frame. The following conclusions were drawn from the results:

e  The theoretical natural frequency was found to be higher in the setback frame. Experimental results were
slightly lower than theoretical values, but still the setback frame has a higher natural frequency. The
setback frame showed large top-story displacement than the uniform frame under the same ground
motion during free vibration due to reduction in stiffness. However, mass reduction acted as the dominant
factor for the setback frame leading to a higher natural frequency in setback frame. These results conclude
that vertical irregularity at mid-height structures exhibit higher natural frequency compared to uniform
structures of the same height.

e Free vibration of structure strongly depends on the stiffness and mass of the structure. While reduction
in stiffness increases oscillation in structure, which results in higher displacement, mass reduction shifted
the system to higher natural frequencies. From the obtained natural frequency trend, the uniform frames
are more vulnerable due to resonance at lower seismic wave frequencies, and irregular frames are more
vulnerable at higher seismic wave frequencies.

This study therefore supports the adequacy of the seismic design codes regarding the need of special attention for
the seismic design of irregular structures.
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