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Abstract

Seismic retrofitting is widely used to enhance the dynamic performance of steel struc-
tures. This study experimentally investigates the effect of seismic damper retrofitting on
a scaled steel frame using ambient vibration testing. Both as-built and retrofitted con-
figurations were evaluated under low-amplitude excitations generated on a shake table.
Modal parameters, including natural frequencies, mode shapes, and damping ratios, were
identified using output-only Operational Modal Analysis (OMA) based on the Enhanced
Frequency Domain Decomposition (EFDD) method. The results show a significant increase
in damping ratios, with more than a 23-fold improvement in the first mode, along with
mode-dependent frequency variations ranging from 17.63% to 142.74%. Mode shape com-
parison confirms strong consistency between configurations. The findings indicate that the
integration of the damping devices enhanced the overall energy dissipation capacity of
the scaled steel frame by increasing its global damping ratios and modifying the modal
responses. The results suggest that output-only OMA can provide valuable insights into
damper effectiveness, offering a practical alternative when controlled input excitation is
not available.

Keywords: operational modal analysis; seismic damper; modal parameter; structural
dynamics; ambient vibration

1. Introduction

Most structures in earthquake-prone regions suffer various types of damage under
seismic loads, particularly in critical elements such as columns and beams. Considering the
seismic performance of such buildings, there is a strong need to strengthen frame elements,
ideally without significantly altering the building mass. This highlights the importance
of investigating the relationship between technical strengthening procedures, including
seismic dampers, and the load-bearing capacity of structural frames [1-6]. Experimental
studies on damping identification in passively controlled structures have demonstrated
that passive devices can significantly alter modal damping characteristics and influence
dynamic responses more realistically than models assuming constant damping. In partic-
ular, Ji et al. [7] provided experimental evidence on damping identification in full-scale
passively controlled frames, highlighting the importance of accurately capturing damping
mechanisms for realistic seismic response predictions. Similarly, Shen et al. [8] exam-
ined the effects of supplemental passive damping systems on the seismic performance
of structural frames. Viscous dampers integrated with self-centering and conventional
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structural systems were found to significantly influence structural responses, including
peak displacements, residual drifts, and total floor accelerations, underscoring the need
for careful evaluation of passive energy dissipation devices in performance-based seismic
design. Chang et al. [9] investigated steel frames equipped with viscoelastic dampers,
demonstrating that such devices can notably modify structural dynamic responses. These
tests revealed significant changes in modal properties and improved damping behavior,
emphasizing the critical role of accurately characterizing passive energy dissipation mecha-
nisms in seismic design and performance evaluation. Previous studies consistently indicate
that supplemental damping systems, such as fluid viscous dampers, enhance structural
responses by increasing energy dissipation and reducing seismic demands. Experimental
and detailed finite element (FE) studies, such as [10], have shown that seismic dampers sig-
nificantly improve the seismic performance of steel frame structures by reducing inter-story
drifts and controlling damage distribution. These studies also highlight the importance of
damage control and structural repairability, as dampers help concentrate inelastic defor-
mations in replaceable elements, thereby enhancing post-earthquake reparability. Kang
and Tagawa [11] proposed a seesaw-based vibration control system with fluid viscous
dampers, showing reduced story drifts and lateral displacements under earthquake ex-
citation. Similarly, Aguirre and Sanchez [12] experimentally studied a prototype seismic
damper consisting of multiple U-shaped mild steel elements under cyclic loading. Their
results demonstrated that such devices could transfer inelastic deformation from primary
frame members to the damper elements, enhancing overall damping capacity and altering
the hysteretic response of steel frames. Qiu et al. [13] explored hybrid damping systems
combining shape memory alloy (SMA) dampers with steel energy dissipation components.
Experimental investigations revealed enhanced hysteretic behavior, increased equivalent
damping ratios, and improved recentering performance under cyclic loading. Parametric
analyses indicated that both stiffness and damping can be tuned through geometric and
material properties, demonstrating the potential of hybrid dampers for improved seismic
performance. Liu et al. [14] proposed a hybrid chevron and scissor-jack brace-damper
system, which significantly reduced peak inter-story drift, top displacement, and story
shear forces compared to conventional brace-damper systems, while increasing energy
dissipation. Recent analytical studies have developed predictive tools linking physical
damper properties to structural damping behavior. For example, Diamantis et al. [15] estab-
lished empirical relationships between viscous damper coefficients and equivalent viscous
damping ratios, quantifying the contribution of supplemental dampers to overall seismic
response reduction. Qiu et al. [16] investigated the impact of environmental degradation
on viscous dampers in multi-story steel frames, demonstrating that corrosion can reduce
energy dissipation efficiency and affect seismic fragility, highlighting the importance of
considering durability in design. Jia and Ma [17] showed that the spatial arrangement
of viscous dampers significantly affects structural response, including inter-story drifts
and story shear forces. Zhao et al. [18] experimentally evaluated advanced energy dissi-
pation devices integrated into steel frames, showing notable improvements in damping
capacity and reduced seismic responses compared to traditional systems. Bruschi et al. [19]
characterized a novel friction damper for seismic retrofitting, demonstrating high energy
dissipation and stable hysteretic behavior, effectively limiting lateral deformations and
controlling internal forces. Hu et al. [20] investigated combined viscous—friction systems,
revealing that integrating multiple passive devices can synergistically improve energy
dissipation and reduce inter-story drifts. Liu et al. [21] conducted shake table experi-
ments with variable-coefficient viscous dampers (VVDs), showing dynamic adjustment of
damping forces at different displacement levels, leading to reduced seismic responses. In
summary, numerous studies using shake table testing confirm that supplemental damping
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devices significantly enhance energy dissipation, increase equivalent damping ratios, re-
duce inter-story drifts, and modify natural frequencies and mode shapes of steel structures
under seismic excitation [22-26]. Javidan et al. [27] proposed a steel hysteretic damper
specifically designed for seismic design and retrofit, demonstrating that such dampers
can be effectively installed in frame systems to enhance energy dissipation and reduce
structural responses under seismic excitation. This work highlights the potential of tailored
passive damper configurations for improving dynamic performance and motivates further
experimental evaluation of damping mechanisms under ambient and realistic excitation
conditions. In addition, research on rubber buckling-restrained braces has been conducted,
providing ideas and contributions to this study. In study [28], the strength behavior of steel
connecting elements under different loading scenarios was investigated within the scope of
capacity design and safety evaluation. The study specifically addressed the effects of partial
safety factors and section-based load-bearing capacity approaches used in the design on
structural safety, and evaluated the conditions under which the connecting elements reach
their plastic capacity. In study [29], the behavior of buckling-prevented cross braces (BRBs)
made of low-yield-strength steel under cyclic loads was investigated experimentally and
numerically. The study showed that the elements exhibited stable hysteretic behavior, had a
high energy dissipation capacity, and significantly increased ductility. In study [30], a novel
hybrid structural system (TGHSS) combining three different steel grades (high-strength
columns, normal-strength beams, and low-yield-point BRBs) was proposed, and cyclic
loading tests were performed on eight full-scale specimens. The results showed that the
proposed system formed an ordered yield mechanism, and provided high seismic perfor-
mance and significant energy dissipation capacity. In studies [31,32], the cyclic behavior
and numerical model of a hybrid steel structure system with triple strength levels were
investigated in detail. The results showed that the system exhibits stable hysteretic behavior,
offers superior seismic performance thanks to its high energy dissipation capacity, and
plasticization develops in a controlled manner.

As is well established, vibration testing of large-scale civil engineering structures
can be conducted using either forced vibration methods such as shaker excitation, impact
testing, pull-back or quick-release techniques, or ambient vibration approaches. Although
forced vibration methods allow for controlled input and precise excitation, they are often
complex to implement, time-consuming, and associated with high operational costs, partic-
ularly for large and in-service structures. In contrast, ambient vibration testing, also referred
to as Operational Modal Analysis (OMA), provides a cost-effective and non-destructive
alternative for acquiring dynamic response data without the need for artificial excitation.
In OMA, the structural response is obtained under naturally occurring excitations such as
traffic loads, wind, microtremors, machinery-induced vibrations, and other environmental
sources. These low-amplitude, broadband inputs enable the identification of key modal
parameters through output-only system identification techniques. The selection of appro-
priate response quantities such as displacement, velocity, or acceleration depends on the
characteristics of the excitation and the sensitivity of the measurement system. Furthermore,
the accuracy of modal parameter estimation is closely related to the frequency content and
amplitude distribution of the ambient vibrations, which govern the excitation of different
structural modes [33-38]. Microtremors are low-amplitude (micrometer) ground vibrations
caused by anthropogenic (traffic, industrial activities, machinery) and natural (wind, ocean
waves) surface factors. Therefore, they are classified as ambient vibrations [39,40]. Since
they are constantly present without the need for a controlled external stimulus (forced
vibration), they are ideal for determining structural dynamic parameters (natural frequency,
damping, mode shapes) with purely output-based methods such as operational modal
analysis (OMA) [41-44]. Vitanova and Gicev [45] analyzed microtremors through am-
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bient vibration tests; defining microtremors as low-amplitude vibrations of man-made
or atmospheric origin, they evaluated dynamic site characteristics (dominant frequency,
amplification) with accelerometer measurements. The study emphasizes that microtremor
recordings are a practical tool in understanding ground dynamics. The shake table is
a bench-scale earthquake simulator widely utilized in structural dynamics and control
applications, particularly in civil, aerospace, and mechanical engineering research and
education. It provides a controlled experimental platform for simulating seismic excitations
and investigating the dynamic behavior of structural systems, bridging the gap between
theoretical analysis and real-world seismic performance [46]. In this study, ambient vibra-
tion excitations were applied to a shaking table to capture the global modal parameters,
including natural frequencies, damping ratios, and mode shapes, while evaluating the
macroscopic influence of the auxiliary damping devices on the global structural responses.
The experimental setup enables direct observation of dynamic characteristics, energy dissi-
pation tendencies, and the variations in modal responses under the tested low-amplitude
laboratory conditions, providing a practical framework for output-only dynamic evaluation
of the scaled steel frame specimen.

As noted in the literature, most existing studies rely on numerical simulations or con-
trolled input excitations, which do not fully capture the real dynamic behavior of structures
under ambient vibration conditions. Moreover, experimental studies that comprehensively
evaluate changes in damping characteristics, natural frequencies, and mode shapes under
low-amplitude real-world excitations remain scarce. In particular, the simultaneous exper-
imental identification of modal parameter evolution due to seismic damper installation
without forced vibration input is still not well established. To address these limitations,
this study is conducted in three sequential phases: (i) shake-table-based ambient vibration
testing of a scaled steel frame, (ii) implementation of seismic damper reinforcement to as-
sess its influence on structural dynamic properties, and (iii) extraction of modal parameters
for both configurations using Enhanced Frequency Domain Decomposition (EFDD) within
an Operational Modal Analysis (OMA) framework. The primary novelty of this work
lies in providing a purely output-based experimental quantification of dynamic property
modifications induced by seismic dampers under true ambient vibration conditions (shake-
table-reproduced real microtremor excitations) without the use of any controlled or forced
excitation. Unlike previous studies, the proposed approach enables direct identification
of damping enhancement, frequency shifts, and mode shape alterations under realistic
operational conditions, offering more reliable and practical insight into the effectiveness of
damping systems in real structures.

2. Modal Parameter Extractions

Early studies on ambient vibration measurements of structures were comprehensively
reviewed by Ventura and Schuster [47], providing a foundation for subsequent develop-
ments in output-only system identification. Over the past decades, output-only model
identification (OOMI) techniques have been widely adopted for structural vibration analy-
sis, enabling the estimation of modal parameters without requiring measured input forces.
System identification aims to develop or improve mathematical representations of physical
systems based on measured data. Kasimzade [48] described system identification as the
process of developing or refining a mathematical representation of a physical system. Ex-
perimental studies on system identification have been conducted by [49-56]. Applications
in civil engineering structures have demonstrated the effectiveness of these methods for
extracting modal properties and updating numerical models. Applications in civil engineer-
ing structures have been reported in studies [23-47]. Extraction of physical parameters from
identified state-space representations has been further explored in [48-56]. Methods for
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solving the algebraic Riccati equation and performing orthogonality projections, which are
widely employed in system identification, were investigated by [57-75]. Advanced mathe-
matical formulations, such as solutions of the algebraic Riccati equation, play a critical role
in system identification algorithms. In structural dynamics, three primary identification
approaches are widely utilized for modal analysis: modal parameter identification, which
focuses on extracting key dynamic properties such as natural frequencies, damping ratios,
and mode shapes; structural-modal parameter identification, which integrates physical
structural characteristics with modal estimates for enhanced accuracy; and control-oriented
model identification, tailored for real-time applications like structural health monitoring
or active control systems. Among these, frequency-domain techniques such as Frequency
Domain Decomposition (FDD) and Enhanced Frequency Domain Decomposition (EFDD)
rely on singular value decomposition of spectral density matrices, whereas time-domain ap-
proaches are typically based on Stochastic Subspace Identification (SSI) methods. Frequency
domain techniques, including the classical Frequency Domain Decomposition (FDD) and
its advanced variant, Enhanced Frequency Domain Decomposition (EFDD), operate by
performing singular value decomposition (SVD) on power spectral density (PSD) matrices
derived from output-only vibration data, enabling clear separation of structural modes
from noise.

The Frequency Domain Decomposition (FDD) method is a non-parametric approach
for identifying modal parameters directly from measured responses. It is an extension of
the Basic Frequency Domain (BFD) or Peak-Picking technique, which relies on estimating
structural modes from spectral density matrices under the assumption of white noise
input and lightly damped behavior. FDD uses Singular Value Decomposition (SVD) on
the measured data to separate the dominant single-degree-of-freedom (SDOF) responses
corresponding to each mode [60]. Although FDD provides accurate estimates of natural
frequencies and mode shapes, it does not directly yield modal damping ratios. The En-
hanced Frequency Domain Decomposition (EFDD) technique extends FDD by enabling
estimation of both damping ratios and mode shapes in addition to natural frequencies [76].
In EFDD, the identified SDOF Power Spectral Density (PSD) function at a resonance peak
is transformed back to the time domain using the Inverse Discrete Fourier Transform
(IDFT). The natural frequency is obtained by analyzing the zero-crossings of the autocor-
relation function, while damping ratios are derived from the logarithmic decrement of
the normalized autocorrelation of the corresponding SDOF system [62]. This approach
allows a robust and output-only determination of key dynamic parameters from ambient or
low-amplitude excitations, making it particularly suitable for structural health monitoring
and experimental modal analysis of in-service structures. By extracting modal parameters
from measured responses without requiring controlled excitation, EFDD facilitates realistic
evaluation of structural behavior under ambient conditions. For all these reasons, and
as can be understood from the literature studies, EFDD is widely used in operational
modal analysis.

In this research, modal parameter identification is implemented by the Enhanced Fre-
quency Domain Decomposition. The relationship between the input (x(t)) and responses
(y(t)) in the EFDD technique can be written as

[Gyy (jw)] = [H(jw)] * [Gxx (jw)][H(jw)]", @

where Gy (jw) is the rxr Power Spectral Density (PSD) matrix of the input, Gy, (jw) is
the mxm Power Spectral Density (PSD) matrix of the output, H(jw) is the mxr Frequency
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Response Function (FRF) matrix, and * and superscript T denote complex conjugate and
transpose, respectively. The FRF can be reduced to a pole/residue form as follows:

Y(w)] v [R n [Re]"

D= ) = S o= -y

()

where n is the number of modes, A, is the pole, and Ry is the residue. Then
Equation (1) becomes:

(Rl _[Rd® ]
jw—Ax - jw—A;)
R . [RJ")"
jw—2As  jw—Ar] 7

Gyy (jw) = X4_1 o=y {
3)

Gux (jw) {

where s is the singular value, H denotes complex conjugate and transpose. Multiplying the
two partial fraction factors and making use of the Heaviside partial fraction theorem, after
some mathematical manipulation, the output PSD can be reduced to a pole/residue form
as follows:

. n A Al* B Bi]”*

Gyy(jw) =} 4y ]uE _k]/\k + ]i, _k]/\;: + —]z[u k_] A + _]‘[wkl Al (4)
where Ay is the k th residue matrix of the output PSD. In the EFDD identification, the first
step is to estimate the PSD matrix. The estimation of the output PSD known at discrete
frequencies is then decomposed by taking the SVD (singular value decomposition) of
the matrix:

Gyy(fjwo;) = UiS;U, 5)

where the matrix U; = [u;, U, . . ., Ujp] is @ unitary matrix holding the singular vectors u;;
and s;;, and G is a diagonal matrix holding the scalar singular values. The first singular
vector u;; is an estimation of the mode shape. PSD function is identified around the peak
by comparing the mode shape estimation u;; with the singular vectors for the frequency
lines around the peak. From the piece of the SDOF density function obtained around the
peak of the PSD, the natural frequency and the damping can then be obtained.

3. Description of Model Steel Structure

The Shake Table, a bench-scale earthquake simulator widely used in structural dy-
namics, control, and seismic research, was employed to experimentally investigate model
steel structures. Recorded microtremor data at the ground level were applied as ambient
vibration input to the shake table, enabling controlled yet realistic excitation conditions
without artificially imposed forces. This approach allows for high-fidelity Operational
Modal Analysis (OMA), facilitating the identification of modal parameters, including
natural frequencies, damping ratios, and mode shapes, under low-amplitude broadband
excitations that realistically simulate operational and environmental vibrations. The use of a
shake table also allows precise control of boundary conditions and supports the comparison
between original and damper-reinforced configurations, enabling quantitative assessment
of damping improvements, frequency shifts, and changes in mode shapes induced by
passive damping devices.

The Quanser Shake Table II (Quanser, Markham, ON, Canada) is a uniaxial, bench-
scale shake table designed for precise control via dedicated software, as illustrated in
Figure 1, with technical specifications given in Table 1. It proves highly effective for a wide
range of experiments involving civil engineering structures and scaled models [77].
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Figure 1. Illustration of model steel structure and shake table.

Table 1. Specifications of the shake table.

Dimensions (H x L x W) (61 x 46 x 13) cm

Total mass 272 kg
Payload area (L x W) (46 x 46) cm
Maximum payload at2.5 g 75kg
Maximum travel +7.6 cm
Operational bandwidth 10 Hz
Maximum velocity 66.5 cm/s
Maximum acceleration 25¢g
Lead screw pitch 1.27 cm/rev
Servomotor power 400 W
Amplifier maximum continuous current 125 A
Motor maximum torque 7.82N-m

Lead screw encoder resolution 8192 counts/rev
Effective stage position resolution 1.55 pm/count
Accelerometer range +49 m/s?
Accelerometer sensitivity 1.0g/V

Accurate evaluation of the performance of shaking tables used in earthquake simu-
lation systems necessitates the use of advanced data acquisition systems. In this context,
datalogger systems form the basis of engineering analyses by enabling accurate record-
ing of dynamic responses during the experiment. Simultaneous collection of parameters
such as acceleration, velocity, displacement, and force allows for detailed examination of
structural behavior. Thanks to their high sampling frequency and precise measurement
capabilities, dataloggers accurately reveal the time-dependent variation in earthquake
effects. Furthermore, Fast Fourier Transform (FFT) analysis, used in datalogger systems,
plays a significant role in determining the dynamic characteristics of structural systems by
decomposing the obtained time-domain data into its frequency components. Thanks to FFT,
dominant frequencies, natural vibration modes, and resonance effects within the signal can
be identified. This makes it possible to both verify the conformity of the shaking table’s
motion to the target spectrum and to evaluate the behavior of structures under seismic
effects more comprehensively. The technical specifications of the datalogger integrated into
the shaking table system used in this study are given in Table 2.
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Table 2. The technical specifications of the data loggers.

ADC Resolution 24-Bit
Synchronization Simultaneous se;?fcligililr:l:lependent ADC
Sensor Input Channel Count 4
Dynamic Measurement Range 138 dB
Sampling Rate (Max.) 4-channel version up to 16 kHz/channel (standard-2 kHz)
Input Signal Type Differentia.l
(best performance)/single-ended
Analog Filter Anti-aliasing /low-pass
DSpP Oversampling /downsampling /decimation/digital filter
Sensor Alert Options +5V,+12V, =12 V (standard)
Sensor Connector Structure IP67, push—pull, round, 9-pin
Digital I/O 4 inputs/4 outputs
CPU ARM-cortex
Working Temperature —20 °C~+55°C
Power Input 12 VDC /40 watt max.

The scaled steel frame specimen was designed to represent the fundamental dynamic
characteristics of a typical steel frame system while maintaining experimental simplicity and
repeatability. Particular attention was given to preserving the relative stiffness distribution,
mass configuration, and global deformation mechanism of the structural system. The
model steel structure has a total height of 1.00 m, and the thickness of its structural
elements is 0.0015 m. The geometry and overall configuration of the structure were specially
designed for experimental studies. Detailed dimensions and geometric properties of the
model are given in Figure 2. The connections between the structural elements (beams and
columns) were constructed as fully rigid joints using high-strength bolts and screws to
ensure monolithic behavior and prevent any structural slippage during the shake table
tests. The shake table used in the experiments was rigidly mounted on the heavy laboratory
strong floor to minimize any unwanted external high-frequency environmental noise.

0.30m 0,10
o s 3¢
A A

0.50m

,030m_|

1.00 m
1.00 m
0.10 m

(=
o
Ts)
o
y y v
0.30 m 0.10m
<> <1
FRONT VIEW SIDE VIEW TOP VIEW

Figure 2. Illustration of the model steel structure’s dimensions.
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The mechanical parameters of the steel grade used in the model are given in Table 3.
The scaled frame structure was constructed using standard S355 grade steel structural
elements. The stress—strain relationship and mechanical values illustrated in Figure 3
represent the standard nominal (characteristic design) properties of S355 steel as specified
in product standards (EN 10025 [78]) rather than individual destructive coupon test results
or a specific statistical fractile.

Table 3. The mechanical parameters of the steel grade used in the model.

Young’s Modulus 210 GPa
Shear Modulus 81 GPa
Yield Strength 355 MPa
Tensile Strength 510 MPa
Elongation %22
Yield Strain %0.169
Poisson’s Ratio 0.3
Density 7850 kg /m?3
6001 Ultimate Tensile Strength (f, = 510 MPa)
(Typical Range: 470-630 MPa)
510 (fu)
5 4
= _ . : . Elongation at Failure (22, 490)
& 400 Yield Strain Hardening Region (g7 = 22%)
= Plateau
=355 (f,) -
L 3004 Yield Strength (f;, = 355 MPa, &, = 0.169%)
2
5 200 4 Elastic Region Input Data Used (S355)
Yield Strength 355 MPa
Yield Strai 0.169%
100+ Elastic Modulus: E = 210 GPa Tleilsile rsatlrr;ngth 510 MPa
(E = 210,000 MPa) Elongation 22%
Elastic Region Young’s Modulus | 210 GPa
0 OHeE) 2 4 64 810 15 20 2() 25
Strain () [%]

Figure 3. The stress—strain curve of S355 structural steel.

The stress—strain curve of S355 structural steel is given in Figure 3.

4. Operational Modal Analysis of Model Steel Structure

The ambient excitation in this study was generated using recorded microtremor data
obtained at ground level, ensuring a realistic representation of low-amplitude environ-
mental vibrations. To capture the dynamic response of the structure, three accelerometers
capable of measuring in both the x and y directions were employed. One of these sensors
was designated as the reference accelerometer, indicated by red arrows in Figure 4, and was
consistently positioned on the first floor to provide a stable baseline for all measurements,
while the remaining two were used as roving sensors and relocated among predefined
measurement points. The use of a reference accelerometer is critical for the accuracy of
measurements and the reliable acquisition of modal parameters. In OMA, since the sys-
tem is measured only under environmental (random) influences, data from all sensors
must be evaluated against a common time and phase reference. At this point, the reference
accelerometer provides the opportunity to compare data from other (roving) sensors by con-
tinuously measuring at a fixed position One of the most important advantages of a reference
sensor is that it ensures data continuity and consistency between different measurement
sets. Especially in experiments with a limited number of sensors, while the roving sensors
are moved to different points, the reference sensor remains stationary and acts as a bridge
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connecting all data sets. In this way, data measured at different times can be analyzed as a
single system and accurate mode shapes can be obtained. Also, the reference accelerometer
helps in accurately determining the relative amplitude and phase relationships used in
deriving mode shapes. In OMA methods (such as FDD and SSI techniques), inter-sensor
correlation is of great importance, and the reference sensor ensures that this correlation is
reliably established. In measurements made without a reference sensor, phase shifts and
scaling errors may occur between datasets, leading to inaccurate determination of modal
parameters. The selected measurement points and directions were determined to effectively
capture the dominant dynamic characteristics of the system. The experimental campaign
was conducted in two separate datasets to enable comprehensive modal identification of
the structure. Responses were recorded in the first and second datasets. Each dataset was
collected over a duration of 100 min to ensure sufficient data length for reliable analysis.
The locations of the sensors and their corresponding measurement directions are illustrated
in Figure 4.

(@) (b)

Figure 4. Accelerometer’s location in model steel structure: (a) test layout for first measurement;
(b) test layout for second measurement.

A dedicated computer system was used for the acquisition of ambient vibration
records, ensuring stable and continuous data logging throughout each measurement cam-
paign. After the completion of each measurement sequence, the recorded data files were
transferred to a separate high-performance analysis workstation via dedicated data trans-
fer software. This dual-computer setup allowed uninterrupted data acquisition on one
system while enabling real-time or near-real-time processing and evaluation on the second
workstation. Consequently, this configuration improved the efficiency of the experimental
workflow and supported systematic quality control of the recorded signals.

During the post-acquisition stage, each dataset was subjected to a preliminary in-
spection to assess data quality and reliability. Records exhibiting abnormal signal drift,
excessive noise levels, or any form of corruption were excluded from further analysis, and
the corresponding measurements were repeated to ensure data integrity. The measurement
phase conducted using ambient vibration accelerometers, as well as the ambient excitation
signals derived from recorded ground-level microtremor data which were subsequently
used to drive the shake table, are presented in Figures 5a and 5b, respectively.
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Figure 5. (a) Ambient vibrations recorded by the accelerometer; (b) ambient excitation data from the
recorded microtremor data at ground level used in the shake table.

Before commencing the experimental measurements, all sensor cabling connected to
the data acquisition system was carefully arranged to ensure stable signal transmission
and to reduce potential electromagnetic interference and noise. During the experimental
campaign, the roving accelerometers were systematically relocated to successive floor levels
after each measurement stage, enabling a comprehensive assessment of the spatial variation
in the structural response. Data acquisition was carried out using the MATLAB 2023a
Data Acquisition Toolbox [79], ensuring synchronized recording of all channels. Ambient
vibration data were subsequently processed using operational modal analysis (OMA) in
ARTeMIS Modal Pro 4.0 [80], from which natural frequencies, mode shapes, and damping
ratios were identified for structural dynamic characterization. The singular values of the
spectral density matrices obtained from the measurements using the peak-picking method
are given in Figure 6.

[dB | (1 m/s??/ Hz)

Enhanced Frequency Domain Decomposition - Peak Picking Singular Values of Spectral Density Matrices of Data Set: Measurement

-40

-140

A " ,
| ‘;’ij?i“ ,'”\

A .
1 \Mﬁ '

|v:~ : |

|

T

|

b
LR .5"1"‘

T

MY
A ,",‘

Ll

‘l \, \'I‘\ ‘! \" “'l“
‘It' | l‘

\

T

-160
0 2.017

5 5725 6.828 7.77

8.987

10

20

Frequency [Hz]

Figure 6. Singular values of spectral density matrices for model steel structure.

Table 4 summarizes the experimentally identified natural frequencies and damping
ratios of the first five modes of the model steel structure.
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Table 4. Operational modal analysis results of the model steel structure.
Mode Number 1 2 3 4 5
Frequency (Hz) 2.017 5.725 6.828 7.770 8.987
Modal damping ratio (£) (%) 0.672 1.822 1.035 0.551 0.670

The first five mode shapes of the model steel structure identified through operational
modal analysis are depicted in Figure 7.

Mode 1

£=2.067 Hz

5=0.672

Mode 2 Mode 3 Mode 4 Mode 5
f=5.868 Hz f=6.998 Hz f=7.964 Hz f=9.211Hz
c=1822 ¢=1.035 ¢ =0.551 c=0.670

Figure 7. Experimentally identified mode shapes of the steel structural model based on operational
modal analysis.

5. Operational Modal Analysis of Retrofitted Model Steel Structure

In the case of the retrofitted model steel structure, the following are studies which
deploy it to check and examine the efficiency of using dampers (gas springs): the model
steel structure is retrofitted with two dampers (diagonal placement). The damper (gas
spring) and its component Sam-Gas is a product of Sam-Gas Corporation. The properties
of the damper (gas spring) are: the Gas Spring K-Factor is the ratio of the compressed
force (P2) and extended force (P1) expressed as P2/P1 = 1.2, rod diameter = 10 mm, tube
diameter = 27 mm, extended length min = 200 mm, and max. = 900 mm.

The K-factor is influenced by several design and operational parameters. The rod-
to-body diameter ratio plays a critical role, where a smaller rod diameter relative to the
cylinder results in a lower K-factor and, consequently, reduced force variation. Additionally,
the oil volume within the gas spring can be adjusted to control the progression character-
istics, allowing for fine-tuning of the force response. Temperature effects also contribute
to variations in the K-factor, primarily due to changes in the oil’s viscosity index, which
influence the internal damping behavior. A K-factor value greater than unity indicates an in-
crease in force along the stroke. For instance, a K-factor of 1.3 corresponds to a 30% increase
in force from the extended position to the compressed position. In practical applications,
gas springs typically exhibit K-factor values ranging from 1.05 to 1.8, corresponding to a
force progression between 5% and 80%; however, specialized applications may require
higher ratios. The gas spring K-factor (or progression) is the ratio of compressed force (P2)
to extended force (P1), typically ranging from 1.05 to 1.8. It represents the force increase as
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the rod enters the cylinder, which increases internal pressure. A lower K-factor indicates a
flatter force curve throughout the stroke [80].
The relationship between the applied forces and the K-factor can be expressed as:

K — Compressed Force(P2)
~ Extended Force(P1) ’

(6)

where P1 is the initial extended force, P2 is the compressed force, and K represents the
progression factor.

Figure 8 presents the damper (gas spring) system together with the retrofitted steel
structural model, highlighting the configuration and implementation details of the strength-
ening application.

& =27mm

& =10mm i

Figure 8. Damper (gas spring) and the retrofitted model steel structure.

Initially, two dampers (gas springs) are installed diagonally on the structural frame,
as illustrated in Figure 8. The seismic damper was securely integrated into the frame
using bolted connections, providing efficient load transfer without geometric clearances.
Following the installation, ambient vibration tests are performed under identical boundary
and environmental conditions to those applied to the undamped (baseline) model in
order to ensure consistency and enable a reliable comparative evaluation of the dynamic
characteristics. The corresponding. singular values of spectral density matrices are given
in Figure 9.

(98] (1 mis?)? / Ha) Enhanced Frequency Peak Values of Spectral Density Matrices of Data Set: Measurement
20) T T T

Frequency [Hz]

Figure 9. Singular values of spectral density matrices (retrofitted model steel structure).
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Table 5 summarizes the experimentally identified natural frequencies and damping
ratios of the first five modes of the retrofitted model steel structure.

Table 5. Operational modal analysis results of the retrofitted model steel structure.

Mode Number 1 2 3 4 5
Frequency (Hz) 2.441 3.027 3.223 3.564 3.809
Modal damping ratio (&) (%) 15.86 7.12 12.22 5.70 5.20

The first five mode shapes of the retrofitted model steel structure identified through
operational modal analysis are depicted in Figure 10.

que 27 Mode ?1 Mgde 47 7 que 577
f=2441Hz f=3027Hz f=3223Hz f=3.564Hz f=3.809Hz
§=15.86 =712 E§=1222 E=5.70 §=520

Figure 10. Experimentally identified mode shapes of the retrofitted steel structural model based on
operational modal analysis.

6. Comparison of Results

This section presents a comprehensive comparison of the dynamic characteristics
obtained for the as-built and damper-retrofitted steel structure models based on Operational
Modal Analysis (OMA). The evaluation focuses on natural frequencies, damping ratios,
and mode shapes to assess the effectiveness of the seismic damper system.

Table 6 presents a comparison of the natural frequencies of the first five modes obtained
from operational modal analysis for the model steel structure and damper-retrofitted model
steel structure.

Table 6. Comparison of natural frequencies of existing and retrofitted steel structure models (E: Exist-
ing model, R: Retrofitted model).

Mode Number 1 2 3 4 5
Frequency (Hz)-E 2.075 5.890 7.025 7.994 9.246
Frequency (Hz)-R 2.441 3.027 3.223 3.564 3.809

Difference (%) 17.63 —94.58 —117.96 —124.29 —142.74

The comparative evaluation of the existing (E) and damper-retrofitted (R) steel frame
models reveals notable changes in the dynamic characteristics, particularly in terms of
natural frequencies. As presented in Table 5, the retrofitted configuration exhibits a different
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modal distribution compared to the existing model, with frequency variations ranging
from 17.63% in the first mode to 142.74% in the fifth mode.

For the fundamental mode (Mode 1), the natural frequency increases from 2.075 Hz
to 2.441 Hz, corresponding to a 17.63% rise. This increase is consistent with the expected
enhancement in global stiffness due to the integration of the damper system. The limited
magnitude of this change suggests that the primary structural behavior remains largely gov-
erned by the original system characteristics. In contrast, higher-order modes (Modes 2-5)
show significant frequency shifts exceeding 90%, notable reductions compared to the
as-built configuration. This indicates a redistribution of modal characteristics following
damper installation, particularly affecting higher-order modes. Since seismic dampers
primarily modify the effective stiffness distribution and energy dissipation mechanisms of
the structure, the relative ordering and participation of higher modes may change slightly.
In other words, while the first mode remains dominant, higher modes can experience
minor shifts in frequency values and mode shape contributions, leading to a potential
re-ranking of modal properties. Since dampers primarily add energy dissipation rather
than stiffness, they cause complex higher-mode interactions; observed frequency drops
reflect increased damping, altered boundaries, and modal coupling—not necessarily global
stiffness loss. Since dampers primarily dissipate energy by converting it into heat, they
do not directly increase the stiffness of the structure; they do not behave like stiffness
elements. In the fundamental mode (Mode 1), where rigid body motion predominates, the
damper effect remains limited, and the frequency increases slightly. However, in higher
modes (Mode 2 and above), local deformations create relative motion, dampers absorb
energy through phase shift, and complex intermodal interactions occur. This leads to
changes in frequencies. In short, while stiffness increases the frequency steadily, damp-
ing complicates the mode interaction through additional mass transformation. Thus, the
dynamic response of the structure becomes more controlled due to the additional energy
dissipation mechanism introduced by the dampers. These devices increase the overall
damping ratio of the system, which reduces the amplitude of resonance peaks and limits
vibration amplification around natural frequencies. As a result, the structural response is
not only reduced in magnitude but also becomes less sensitive to external excitations, par-
ticularly in the higher-frequency range. From a dynamic systems perspective, the increased
damping leads to greater attenuation of higher-frequency components, since these modes
are more sensitive to energy dissipation mechanisms and exhibit lower participation in
the global response. Consequently, the modified system demonstrates improved vibration
suppression characteristics and reduced susceptibility to high-frequency excitation content,
resulting in more stable and controlled dynamic behavior. Similar findings appear in prior
damper retrofit studies [7,18-23,41,48,70,74]. The limited variation observed in the natural
frequencies after damper installation can be explained by the fact that seismic dampers
primarily contribute to additional energy dissipation rather than a significant increase in
global stiffness. Since the added damping devices introduce negligible additional mass and
only locally modify the lateral stiffness distribution, the overall dynamic stiffness of the
structural system remains largely unchanged. Consequently, the eigenvalues of the system
are only slightly affected, resulting in minor shifts in natural frequencies. Furthermore,
the modal properties of low-rise steel frames are generally governed by the global flexural
stiffness of the main structural system, while dampers mainly engage in energy dissipa-
tion through relative displacement rather than contributing substantially to the primary
load-carrying stiffness. Therefore, the observed frequency changes are limited and consis-
tent with the expected theoretical behavior of damping-dominated retrofit systems. The
results indicate that the damper-retrofitted structure exhibits enhanced energy dissipation
capacity and modified dynamic characteristics. The increase in the fundamental frequency,
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together with the controlled behavior of higher modes, suggests the potential effectiveness
of the implemented damping system in modifying the structural performance within the
limitations of the tested low-amplitude laboratory excitations.

Table 7 presents a comparison of the damping ratios of the first five modes obtained
from operational modal analysis for the model steel structure and damper-retrofitted model
steel structure.

Table 7. Comparison of modal damping ratios of existing and retrofitted steel structure models
(E: Existing model, R: Retrofitted model).

Mode Number 1 2 3 4 5
Modal damping ratio (&) (%)-E 0.672 1.822 1.035 0.551 0.670
Modal damping ratio (£) (%)-R 15.86 7.12 12.22 5.70 5.20

Difference (%) 15.188 5298  11.185 5.149 4.530

The modal damping ratios of the first five modes for the existing (E) and damper-
retrofitted (R) configurations are compared in Table 6. The results clearly demonstrate a
substantial increase in damping for all modes after the implementation of seismic dampers.

For the first mode, the damping ratio increases dramatically from 0.672% to 15.86%,
corresponding to an approximately 23.60-fold increase. This significant enhancement indi-
cates that the damper system is highly effective in dissipating vibrational energy associated
with the fundamental mode, which typically governs the global structural response. In
the second mode, the damping ratio increases from 1.822% to 7.12%, representing nearly a
3.9-fold improvement. Similarly, the third mode shows a remarkable increase from 1.035%
to 12.22%, corresponding to an approximate 11.8-fold rise, indicating strong energy dissipa-
tion across intermediate modes. For the fourth mode, the damping ratio increases from
0.551% to 5.70%, while in the fifth mode, it rises from 0.670% to 5.20%, corresponding to
approximately 10.3-fold and 7.8-fold increases, respectively. These results confirm that the
damper system effectively enhances damping over a wide frequency range [7,9,17,21,22,74].

The comparison of mode shapes between the existing (E) and damper-retrofitted (R)
steel frame models reveals clear distinctions in the deformation characteristics and energy
dissipation mechanisms. In the existing configuration, the fundamental mode exhibits a
global sway pattern with relatively higher amplitude, while higher-order modes display
localized distortions concentrated in specific regions of the frame. This behavior reflects
the limited damping capacity of the existing system, which allows vibrational energy to
accumulate in critical joints and members. In contrast, the retrofitted model demonstrates
more moderated displacement profiles across all modes, with deformation patterns be-
coming more uniformly distributed along the structural height. The fundamental mode
retains its global sway character but with reduced amplitude, indicating improved control
of overall flexibility. Higher-order modes, which previously showed sharp curvature and
localized oscillations, are significantly suppressed in the retrofitted system, highlighting the
dampers’ role in mitigating resonance effects and enhancing global stability. Collectively,
these observations confirm that damper integration not only reduces modal frequencies
but also reshapes the vibrational response toward a more resilient and energy-efficient
dynamic behavior, thereby validating the effectiveness of the retrofitting strategy in seismic
performance enhancement. Similarly, Ji et al. [7] reported global sway control of mode
shapes with OMA in a five-story steel building with full-scale dampers, while Liu et al. [21]
showed that post-damper deformations were more uniformly distributed along the height
in shaking table tests. Kasimzade et al. [41] also confirmed the suppression of local vibra-
tions in pre/post-retrofit mode analysis of a steel arch bridge, and Ni et al. [74] reported
a significant reduction in high mode resonances in a high-rise damper structure. The
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obtained findings are in full agreement with observations in the literature and confirm that
damper retrofitting makes mode shapes more controlled and energy efficient.

While the experimental results obtained from the 1.00 m scaled steel frame provide crit-
ical insights into the efficiency of seismic damper retrofitting, the transition from laboratory-
scale models to full-scale engineering structures requires careful consideration of scaling
laws (similitude requirements). In this study, the scaled model was designed to represent
the fundamental dynamic behavior of a multi-story steel frame under ambient and low-
amplitude excitations. According to the Buckingham 7t theorem and Cauchy’s similitude
requirements for structural dynamics, maintaining the same stress levels and dynamic
characteristics across scales involves a trade-off between geometry, material density, and
timescale. Since the scaled model in this experiment uses the same material (steel) as
full-scale structures, the gravitational effects and mass-stiffness proportions were adjusted
to maintain dynamic similarity. Specifically, the natural frequencies of the scaled model
are significantly higher than those of a prototype structure, following the relationship
fr= fu-V/A, where A is the length scale factor. The 23-fold increase in the damping ratio
observed in the scaled model demonstrates the high energy dissipation capacity of the
gas-spring dampers. However, in a full-scale application, the absolute damping value
would be influenced by the additional participation of non-structural elements and soil-
structure interaction, which were not modeled here. Furthermore, the ‘added stiffness’
effect observed in the higher modes of the scaled model may appear more distributed in
larger structures due to the higher modal density. Despite these scaling challenges, the
OMA-based identification of modal parameters confirms that the retrofitting strategy is
highly effective at suppressing micro-vibrations. This suggests that for full-scale structures,
particularly those sensitive to wind-induced vibrations or low-level seismic tremors, the
integration of such dampers could significantly enhance structural resilience and service-
ability [81-84]. Future studies may focus on “Hybrid Simulation” methods to bridge the gap
between these laboratory-scale OMA findings and the nonlinear performance of full-scale
buildings during major seismic events.

The first-mode effective mass participation of the investigated steel frame was esti-
mated to be dominant in the global dynamic response, as expected for low-rise and regular
planar steel frames. In such structures, the first vibration mode typically governs the
overall lateral response, and its effective mass ratio is generally the largest among all modes.
The addition of seismic dampers does not significantly alter the total mass of the system;
therefore, no substantial change in the absolute modal mass is expected. However, damper
installation may modify the stiffness distribution and energy dissipation characteristics of
the structure, which can lead to slight variations in modal shapes and consequently in the
distribution of modal participation factors. In particular, changes in mode shape vectors
may result in minor redistribution of effective modal mass among higher modes, while
the first-mode effective mass generally remains dominant. Generally, while the presence
of dampers can influence modal characteristics such as frequencies and damping ratios,
their effect on the first-mode effective mass is expected to be limited and primarily indirect,
arising from changes in mode shape rather than a change in physical mass.

The proposed methodology based on EFDD-based Operational Modal Analysis (OMA)
provides a reliable output-only framework for identifying modal parameters of structures
subjected to ambient vibration. The results demonstrate that natural frequencies, damping
ratios, and mode shapes can be effectively extracted without the need for controlled
excitation, making the approach suitable for practical engineering applications. However,
certain limitations should be acknowledged. The accuracy of damping estimation is
influenced by the level of ambient excitation and signal-to-noise ratio, which may affect
the stability of identified parameters. In addition, the method is fundamentally based
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on the assumption of linear structural behavior within the considered vibration range;
therefore, it is not directly applicable to strongly nonlinear response regimes. Despite these
limitations, the proposed approach has significant practical implications. It is particularly
useful for in situ structural health monitoring, post-installation assessment of seismic
damping systems, and performance evaluation of existing structures where forced vibration
testing is not feasible. The non-destructive nature of the method allows for repeated
measurements under operational conditions, enabling continuous or periodic tracking
of changes in dynamic properties such as stiffness degradation, frequency shifts, and
damping variations. Consequently, the methodology offers a practical and efficient tool
for evaluating the effectiveness of seismic dampers and assessing structural conditions in
real-world applications.

7. Conclusions

The findings indicate that the integration of the damping devices enhanced the overall
energy dissipation capacity of the scaled steel frame by increasing its global damping
ratios and modifying the modal responses. Within the limitations of the output-only opera-
tional modal analysis under low-amplitude ambient vibrations, the implemented damping
elements proved effective in improving the dynamic characteristics of the frame structure.

This study experimentally investigated the effect of seismic damper retrofitting on
the dynamic characteristics of a scaled steel frame structure using output-only Oper-
ational Modal Analysis (OMA). The comparative evaluation between the as-built and
damper-retrofitted configurations provided clear evidence of significant changes in modal
parameters, including natural frequencies, damping ratios, and mode shapes.

The results indicate that the integration of the auxiliary damping devices leads to a
pronounced modification in the dynamic response of the tested structure. A consistent
increase in the first natural frequency suggests a modification in the overall stiffness
characteristics under low-amplitude conditions. In contrast, higher-order modes exhibit
notable shifts in their frequency values, indicating changes in modal distribution and
dynamic interaction effects associated with the introduced damping configuration.

A key outcome of this study is the substantial increase in modal damping ratios across
all modes. The most significant improvement is observed in the fundamental mode, where
damping increases by more than 20-fold compared to the as-built configuration. This
confirms the strong capability of the damper system in dissipating vibrational energy,
particularly in the low-frequency range governing global structural response. Although
the global deformation patterns remain similar, the strengthened structure exhibits a more
controlled and uniformly distributed response due to the additional energy dissipation
provided by the seismic dampers, which reduce localized deformation demands and
improve overall response regularity.

The mode shape analysis shows that, although the overall deformation patterns remain
consistent in terms of global behavior, the retrofitted structure exhibits more controlled
and uniformly distributed responses. Localized deformations observed in the as-built
configuration are significantly reduced after damper installation, indicating improved
vibration control performance.

This study addresses a key gap in the literature by providing experimentally vali-
dated, output-only, OMA-based results under realistic ambient vibration conditions (shake-
table-reproduced real microtremor excitations), overcoming limitations associated with
numerical simulations and controlled excitation tests.

Future studies may focus on evaluating the performance of advanced damping sys-
tems under realistic environmental vibration conditions, considering different structural
types and damper configurations. In particular, further research could extend output-only
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Operational Modal Analysis (OMA)-based approaches to full-scale structures, enabling
long-term monitoring of damping effectiveness and modal property evolution under vary-
ing ambient conditions.

Author Contributions: Conceptualization, S.T. and F.G.; Methodology, S.T., EG., VK. and Z.Z,;
Software, S.T.; Validation, Z.Z.; Formal analysis, Z.Z.; Investigation, S.T. and F.G.; Resources, V.K.;
Data curation, V.K.; Writing—review and editing, S.T. and F.G. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data are contained within the article; further inquiries can be directed
to the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ADC  Analog-To-Digital Converter

BFD Basic Frequency Domain

CPU  Central Processing Unit

DspP Digital Signal Processing

EFDD  Enhanced Frequency Domain Decomposition
FDD Frequency Domain Decomposition
FEM  Finite Element Method

FFT Fast Fourier Transform

FRF Frequency Response Function
IDFT  Inverse Discrete Fourier Transform
OMA  Operational Modal Analysis

PSD Power Spectral Density

SDOF  Single Degree of Freedom

SSI Stochastic Subspace Identification
SVD Singular Value Decomposition
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