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Abstract. This study aims to accurately identify periods of ground and lengthened period of multi-degree-of-freedom structures
installed on shallow foundations in dynamic centrifuge model tests using the frequency domain decomposition (FDD) method.
A series of dynamic centrifuge model tests were conducted with single- and multi-degree-of-freedom structures installed on
shallow foundations and sandy ground. The frequency domain decomposition method was utilized to identify the ground period
and the lengthened structure period. The results obtained from the FDD method for the soil-structure system, including periods
and mode shapes, are compared with those calculated using conventional methods such as response spectrum (RS), ratio of
response spectrum (RRS), fast Fourier transforms (FFT), and ratio of fast Fourier transforms (RFFT). The comparison
demonstrates that FDD is effective in terms of both simplicity and accuracy for the modal analysis of complex soil—structure

systems based on centrifuge test data.
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1. Introduction

Structures and grounds have their unique natural
frequencies (or its inverse = natural periods) where their
responses are amplified with earthquakes. The importance
of the resonance phenomenon has been seriously
recognized by a phenomenon of ‘double resonance’
observed in the severe damage at Mexico City earthquake
in 1985 (Vucetic and Dobry 1987). This led to the
increasing attention on determining both the natural periods
of the ground and structure during seismic loadings,
including seismic design of geotechnical structures (Kim et
al. 2012, Lee et al. 2013, Kumar et al. 2024, Mostafaei and
Soleimani Kutanaei 2025). Structures with flexible bottom
boundary conditions have more degrees of freedom than
structures with rigid conditions (Veletsos and Meek 1974),
which means that the natural period of a structure
determined by common numerical methods will differ from
the actual period of a structure on the ground. This
variability of the structure period is due to period
lengthening, which is the main effect of soil-foundation-
structure interaction (SFSI), and the rate of which depends
on the ground properties and earthquake magnitude (ASCE
2021, Deviprasad and Dodagoudar 2020, Chaudhary et al.
2023, Kiani and Emami 2024, Lv et al. 2025). Furthermore,
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considering these SFSI, soil nonlinearity is essential. NIST
(National Institute of Standards and Technology) has
presented an equation that relates the ratio of flexible-base
period (lengthened period) to fixed-base period to soil
stiffness, taking nonlinearity into account (NIST 2012).
Thus, it is critical to accurately determine the natural
periods of the ground and lengthened period of structure for
seismic design and understanding soil-structure interaction.

To investigate the dynamic response of a structure and
its supporting ground subjected to an earthquake, centrifuge
modeling has been popularly adopted with an inflight
shaking table in a centrifuge equipment (Kim et al. 2012,
Alshawmar and Fall 2021, Nagula er al. 2021). Either
response spectra (RS) or fast Fourier transforms (FFT) are
one of the most popular methods to analyze acceleration
records of dynamic centrifuge model tests, especially
determining the periods of the structure and ground
(Freeman 2007, Lee ef al. 2013, Kim et al. 2014, Yun and
Han 2021, Soralump et al. 2025). However, all components
in this kind of experiment interact and result in the complex
acceleration records involved with the predominant period
of the input earthquake motions, the natural period of the
ground, and the natural period of the structure. In addition,
undesirable reflected waves from container wall boundaries
with modeled ground and noise generated during
centrifugal acceleration are also possibly included into the
instrument measurement (Teymur and Madabhushi 2003,
Stringer et al. 2010). In the case where the peak
acceleration of the input motions becomes strong and the
number of degrees of freedom of the structure increases, it
is more challenging to accurately separate the periods of the
ground and structure due to the interaction between the
components.
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For the ground period, it is determined by the response
spectrum ratio, which is the RS of the ground surface
divided by the RS of the bedrock, minimizing the effects of
the predominant period and noise contained in input seismic
motion but highlighting the natural period of the ground in
the recorded accelerations (Lee et al. 2013, Gillis 2015, Ko
et al. 2019, Nguyen et al. 2023, Falcon 2024, Yun ef al.
2024). The ratio of response spectra (RRS) has been quite a
powerful tool to analyze the dynamic response of a single
component system (i.e., either a ground only or a structure).
However, the RRS often has limitations for a multiple-
component system (i.e., a structure supported on the
ground) to determine each period of the structure and
ground due to their interactions. Higher degree-of-freedom
structures produce multiple peaks for multiples modes in
frequency spectra, leading to the complex response of the
system.

The previously mentioned methods have struggled to
difficultly extract periods from complex dynamic systems,
particularly in the presence of overlapping dynamic
responses such as soil response, structural response, and
boundary reflection waves. To overcome these challenges,
we apply the frequency domain decomposition (FDD)
method, which is widely used for system identification of
structures in the structural engineering field. The FDD
method is capable of estimating mode shapes by performing
singular value decomposition (SVD) on the power spectral
density (PSD) of the acceleration response. Previous studies
have applied FDD to structures to estimate their dynamic
characteristics, but its application to ground-measured
acceleration  responses and  soil-foundation-structure
interaction problems remain limited (Jawalageri et al. 2022,
Hadianfard and Kamli 2020, Qu ef al. 2023, Hu et al. 2020,
liyama et al. 2024, Hizal 2023, Hizal and Giil 2025).

Therefore, this study aims to accurately separate the
ground period from multiple peaks from frequency response
of complex acceleration signals (i.e., including the
structural periods) measured at dynamic centrifuge tests. A
series of dynamic centrifuge tests was performed with
multi-degree of structures with shallow foundation installed
on sandy ground. The FDD method was utilized to analyze
acceleration records measured in the ground to extract mode
shapes of the ground and the ground period from the
frequency response of the complex system including
structure, foundation, and soil. This enables a clearer
identification of ground-specific dynamic behavior of
structures: i.e., lengthened period of multi-degree-of-
freedom (MDOF) structures subjected to earthquake.

2. Methodology
2.1 Frequency domain decomposition

Frequency domain decomposition (FDD) is one of the
most popular techniques for identifying the modal
parameters of a structure for system identification using
only the output response, which retains the simplicity of the
classical methods while overcoming their drawbacks. The
FDD can effectively extract modal parameters, especially in

Table 1 Specifications of KAIST centrifuge

Item Specification
Model C72-2
Platform radius 5.0m

Maximum capacity 240 g-tons
130 g with 1,300 kg payload
2,400 kg up to 100 g
12mx12mx12m
(LxWxH)

Maximum acceleration

Maximum model payload

Platform dimensions

Table 2 Specifications of inflight shaking table

Item Specification
Shaking type Electro-hydraulic servo type
Shaking direction One horizontal
Maximum model payload 700 kg
Payload dimensions 10mx0.8 mx0.655m
(LxWxH)
Frequency range 20 ~300 Hz

Maximum acceleration 20 g (in model scale)

lightly damped structures (Brincker et al. 2000). The theory
of the FDD method is as follows.

Let x(t) be the unknown input signal and y(t) the
measured response of the system. According to Bendat and
Piersol (1986), the relationship between the power spectral
densities (PSD) of input and output is given by

Gyy(jo) = H(jw) G jo)H (jw) )

Here, Gy (jw) is the PSD matrix of the input, G, (jw)
is the PSD matrix of the response, H (jw) is the Frequency
Response Function (FRF) matrix, and “—” and T is complex
conjugate and transpose, respectively.

The FDD algorithm estimates the output PSD matrix
ny(j w) from the measured response y(t), where a singular
value decomposition (SVD) is applied at each frequency
(w;)- The natural period of the system can be estimated as
the reciprocal of the frequency at which the singular value
reaches its maximum. For more information, you can refer
to the paper by Brincker et al. (2000).

2.2 Centrifuge model tests

All the centrifuge tests were conducted at the Korea
Advanced Institute of Science and Technology (KAIST)
Geotechnical Centrifuge Testing Center (Kim et al. 2012).
The specifications of the KAIST centrifuge are shown in
Table 1. An equivalent shear beam (ESB) type container
was used to minimize reflected wave at the container
boundary by accommodating horizontal movement of the
soil (Zeng and Schofield 1996). Its internal dimensions are
0.840 m x 0.630 m x 0.635 m (length x width x height).

2.2.1 Soil model

The soil specimens were prepared in ESB container by
air-pluviating system, and Table 3 summarizes the soil
properties. By adjusting the pouring mass rate, drop height,
and sweep rate of the falling sand machine, the achieved
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Table 3 Soil Properties

Properties Silica sand
Specific gravity, G 2.65
Maximum dry density, pmqy(t/m3) 1.607
Minimum dry density, pyin (t/m%) 1.336

dio = 0.067

Grain size (mm) dso, = 0.164

deo = 0.189

Soil classification, USCS SP

Coefficient of uniformity, C,, 2.764
Angle of friction, ¢(°) 40.5

relative density of the soil was 77.10%. The dimensions of
the soil are 0.840 m x 0.630 m x 0.600 m (length x width x
height) in model scale, and 50.4 m x 37.8 m x 36 m (length
x width x height) in prototype scale at 60 g.

2.2.2 Test model

The four test models were prepared. They include a
horizontal free-field ground model and ground models with
single-, two-, and three-degree-of-freedom structures
installed on shallow foundations. The heights of the single-,
two- and three-degree-of-freedom structures are 7.74 m,
14.88 m, and 22.02 m, respectively, at 60 g in prototype
scale, and are made to target the approximate natural
periods (T,) of the 5-, 7-, and 11-story concrete structures
(ASCE 2021).

T, = 0.IN )

Where N is the number of stories.

The test models are made of aluminum alloy, and the
first fundamental period in prototype scale calculated from
the mode analysis at fixed condition are 0.48 s, 0.82 s, and
1.16 s, respectively. An impact hammer test was also
performed to  experimentally measure  dynamic
characteristics of the structures (Fig. 1). The impact
hammer test is well known as a modal test, which measures
the response of a structure by applying a hammer force to a
specimen to find its natural frequencies. As shown in Fig. 1,

(b)
Fig. 1 Pictures on (a) SDOF installed on soil model in centrifuge, and (b) impact Hammer test for 2DOF

the foundation of the structure was simulated as a fixed end,
and accelerometers were attached to each floor ‘Mass’ to
perform the test. Table 4 summarizes the model structure
properties.

The instruments used in the test were accelerometers
(20-30 pieces; N600 to N100 denoted by ‘North’; M550 to
M50 denoted by ‘Middle’; S600 to S100 denoted by ‘South’
in Fig. 2; Mass1 to Mass3, Foundation in Fig. 2) and bender
elements (16 pairs; BE1 to BE16 in Fig. 2). The
accelerometers were buried in the ground in three vertical
arrays at three horizontal locations (North, Middle, and
South in Fig. 2), where the accelerometers were vertically
distributed at a constant distance of 10 cm at each array in
the Fig. 2. The tips of each pair of bender elements were
spaced 20 cm apart. The installed accelerometers measured
the dynamic response of the ground during the earthquake.
The bender element measured the shear wave velocity at the
beginning, middle, and end of the series of earthquake
excitations. A 5 kHz sine wave was transmitted and
received using a sender bender element, and the
measurement was made based on the point where the sine
wave voltage first intersects the direct current (DC) level
voltage (Youn et al. 2008). The initial average shear wave
velocity of soil specimens measured using the bender
element array was V; = 172.77 m/s (average value of the
entire soil layer) and V3 = 164.61 m/s (Eq. (3)). Thus,
soil specimens were classified as DE ground by ASCE 7-22.

Iis,d;
d; 3)

n, =t
=lyg

Vs,30 =

Here, n is soil layer number, d; and v,; are the thickness
and shear wave velocity of the layer, respectively, ranging
from 0 to 30 m.

Additional accelerometers were attached to the bottom
of the container and the structure to determine the
characteristics of the input motion and the dynamic
response of the structure (See Fig. 2).

2.2.3 Input motion and testing procedure
A total of five input motion were used: 1994
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Fig. 2 Experiment model setups (unit: mm)

Table 1 Model Structure Properties

SDOF 2DOF 3DOF
Model Prototype Model Prototype Model Prototype
Lumped mass 0.15x0.15 x 0.15x 0.15 x 0.15x 0.15 x
Lx Wx d) 0.01 9x9x0.6 001 9x9x0.6 001 9x9x0.6
Leg 0.109 x 0.15 x 0.109 x 0.15 x 0.109 x 0.15 x
Hx Wx 1) 0,003 6.54x 9 x 0.18 0.003 6.54x9x0.18 0,003 6.54x9x0.18
Foundation 0.15x0.15 x 0.15x0.15 x 0.15x0.15 x
Lx Wx d) 0.01 9x9x0.6 001 9x9x0.6 001 9x9x0.6
Mass (kg) 1.480 319,652 2.352 508,084 3.227 697,032
Eﬁec“(‘l’(eg;“ass ms 0.7759 167,594 1.5543 335,729 2.2871 494,014
CO'“T&/SrtT']‘;f“ESS' K 430948 25,856,872 430948 25,856,872 430948 25,856,872
_ _ 7,=0.019 7,=1.16
Natural period, T, (s) 0.008 0.48 nZ 88(1)2 7;1_—06832 T,= 0.006 T,= 041
2= % 2= % T,= 0.004 T,=0.27
Natural frequency, _ _ fi=51.57 f1=0.86
Numerical Analysis 123.22 2.08 )fl_‘ 17937'4247 ’;1: ggg f£,=147.93 £,=2.47
fa (H2) = = f>2=219.89 f2=3.66
Natural frequency, _ _ f1=45.00 f1=0.75
Impact hammer test None* fl-_16617'0504 fl: ;gg f,=132.00 f,=2.20
£, (H2) f2=161. fa=2. f,=199.00 £,=3.30

*Failed to perform due to structure damage
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Table 5 Free Field test (Al-1) PGA at bedrock
Free Field
Sweep Resweep Ksol\k/lle Artificial l\ll\iw_r(l:c:g_e Chuetsu Nor;hl\r/lldge
Nli\;:g:zr PGA Nli\:ﬁg;r PGA Nli\:ﬁg;r PGA Nli\rlﬁgér PGA Nli\:rﬁgzr PGA Nli\:rﬁgzr PGA N'i\rlﬁgér PGA
001 0.008 004 0.001 014 0.012 022 0.012 030 0.010 037 0.017 04 0.011
002 0.011 005 0.011 015 0.013 023 0.014 031 0.011 038 0.022 050 0.021
003 0.012 006 0.014 016 0.040 024 0.032 032 0.012 039 0.046 051 0.058
017 0.064 025 0.064 033 0.022 040 0.067 052 0.076
018 0.091 026 0.128 034 0.086 041 0.130 053 0.150
019 0.122 027 0.179 035 0.162 042 0.159 054 0.258
020 0.209 028 0.217 036 0.256 043 0.226
021 0.228 029 0.243
Table 6 SDOF test (A1-2) PGA at bedrock
SDOF
Sweep Resweep Norg:vlndge Artificial N,\zw_ rcl:cigre Chuetsu Kso'\ljle
Number A number POA number POA umber POA  number A number " number POA
001 0.012 004 0.014 007 0.011 014 0.0109 021 0.011 035 0.013 042 0.012
002 0.014 005 0.015 008 0.014 015 0.016 022 0.013 036 0.013 043 0.023
003 0.017 006 0.026 009 0.031 016 0.041 023 0.034 037 0.014 044 0.044
010 0.064 017 0.064 024 0.065 038 0.034 045 0.077
011 0.102 018 0.094 025 0.093 039 0.107 046 0.137
012 0.146 019 0.130 026 0.115 040 0.181 047 0.198
013 0.244 020 0.229 027 0.194 041 0.228 048 0.179
028 0.207 049 0.186
029 0.243 050 0.218
051 0.232

Northridge-SM earthquake (Station: Santa Monica), 1995
Kobe-SM earthquake (Station: JMA Kobe), artificial
seismic waves, 1994 Northridge earthquake (Station: CIT
Seis Sta), and 2007 Chuetsu earthquake (Station: lizuma
Imokawa). The input motions were filtered from 20 to 300
Hz to comply with the allowable frequency range of the
inflight shaking table, and the Northridge-SM and Kobe-
SM were matched to the target spectrum according to KDS

17 10 00 (MLIT 2018, Nguyen et al. 2023). Time histories
and response spectrums are plotted in Fig. 3.

The first test was free-field ground without structures
(Al1-1). After ramping up to the targeted centrifugal
acceleration of 60 g, low-amplitude sweep and resweep
motions were excited, and the first earthquake Kobe-SM
was incrementally elevated from low amplitude (0.012 g) to
0.25 g level (see Table 5). Artificial seismic waves,
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2DOF
Sweep Resweep Norél:vlrldge léohae Artificial N,\z\r/t\?_ r(l:dlg]re Chuetsu
Nli\rﬁggr PGA Nli\rﬁgér PGA NEu\rIT?tr)];r PGA Nli\rlﬁgér PGA Ni\rlﬁggr PGA Ni\r/sg;r PGA Ni\:sgzr PGA
001 0.012 003 0.011 006 0.011 013 0.013 021 0.011 029 0.011 037 0.015
002 0.015 004 0.012 007 0.018 014 0.015 022 0.016 030 0.012 038 0.025
005 0.023 008 0.045 015 0.041 023 0.038 031 0.014 039 0.043
009 0.069 016 0.065 024 0.071 032 0.0297 040 0.077
010 0.122 017 0.103 025 0.129 033 0.089 041 0.122
011 0.207 018 0.107 026 0.218 034 0.129 042 0.191
012 0.247 019 0.136 027 0.221 035 0.215 043 0.203
020 0.278 028 0.234 036 0.281 044 0.212
045 0.273
Table 3 3DOF test (A1-4) PGA at bedrock
3DOF
Sweep Resweep Nor;h'\r/:dge Ksol\t/)le Artificial l\ll\z\r,t\;l_rcl:(:_gre Chuetsu
Number  POA  numper POA  number POA  number POA number POA number PSR number PO
001 0.014 003 0.014 005 0.012 011 0.013 018 0.012 025 0.012 033 0.017
002 0.020 004 0.017 006 0.014 012 0.015 019 0.016 026 0.014 034 0.026
007 0.032 013 0.039 020 0.036 027 0.015 035 0.045
008 0.060 014 0.063 021 0.072 028 0.041 036 0.069
009 0.102 015 0.104 022 0.128 029 0.113 037 0.125
010 0.208 016 0.110 023 0.187 030 0.180 038 0.201
017 0.203 024 0.251 031 0.220 039 0.196
032 0.276 040 0.196
041 0.217
Table 4 Test Information
Test ID Structure Condition Relative Density Description
Al-1 N/A 77.10 Free field
Al-2 SDOF 78.23 SDOF Shallow foundation
Al-3 2DOF 79.96 2DOF Shallow foundation
Al-4 3DOF 80.45 3DOF Shallow foundation

Northridge-CIT, Chuetsu, and Northridge-SM earthquake
records followed. Then, the ramping of the centrifuge was
stopped after the first test was finished, and the SDOF
structure was installed at 1 g and reaccelerated to 60 g for
the next test. In tests with the structures, the excitation of
the above-mentioned earthquakes were repeated (Al-2,
Table 6). Further test series, A1-3 (2DOF structure; Table 7)
and A1-4 (3DOF structure, Table 8) were repeated with the
next structures replacements on the same soil model. The
sequence of input motions and their peak ground
acceleration (PGA) at the bedrock are tabulated in Tables 5
to 8. Due to repeated ramping up acceleration and seismic
excitations, the model grounds were densified with a certain
degree. The relative density for each test was re-evaluated
by monitoring the surface settlement of the soil models
during each test and the relative densities are tabulated in
Table 9, indicating densification.

3. Results and discussion
3.1 Centrifuge test analysis results

In this study, the Northridge-SM ground motion was
selected to represent the other input motions (Kobe SM,
Artificial, Northridge-CIT, and Chuetsu) since this motion
featured large-magnitude, and short-period earthquakes
contents close to the natural periods of the tested structures,
making it a suitable representative earthquake for
comparative analysis. The time history accelerations
measured by the accelerometers are processed to FDD, RS,
and FFT.

The FDD method finally presents the cross spectral
density functions (CPSD) and scale-factored mode shapes
of each soil model and structure upon each earthquake
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event. Fig. 4 presents typical examples of the mode shapes
for a period band (where the natural period is expected) in
the extracted CPSD of each case with Northridge-SM. Fig.
4 shows typical examples of mode shapes for the predicted
natural period bands from the extracted CPSDs for each
case during the Northridge-SM. Fig. 4 illustrates the
variation in mode shape amplitudes with periodic variation.
Fig. 4(a) shows the FDD results for the ground (Test A1-2,
Event 013), while Figs. 4(b)-4(d) show the FDD results for
the SDOF, 2DOF, and 3DOF structures (Test Al-2, Event
013; Test Al-3, Event 012; Test Al-4, Event 010). The
vertical axis (titled ‘vertical location in the ground, z-axis’
or ‘vertical location at the structure, z-axis’) indicates the
height of the accelerometers embedded in the ground from
the bedrock in Fig. 4(a), while Figs. 4(b)-4(d) show the
vertical location of the accelerometers attached to each
mass of the structure from the accelerometer attached to the
foundation. The horizontal axis (x-axis), titled
"Accelerometer array Location, x-axis" indicates the
horizontal distance of the accelerometer array from the
centerline of the ground model, with positive values in the
south direction and negative values in the north direction
along x-axis. In Fig. 4 and the FDD figures below, the
markers represent the mode shape amplitudes of each
accelerometer. Based on the horizontal inset axis titled
"Relative Amplitude", southward motion is defined as
positive, and northward motion is defined as negative,
indicated by the numbers next to the markers. "Relative
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Fig. 4 Mode shapes of period band near the natural period by FDD using accelerations recorded Northridge-SM

Amplitude" is defined as the component values of the
eigenvectors derived through singular value decomposition
(SVD), and represents the relative magnitude and phase
relationship to the reference point (i.e., the bedrock or
foundation in this paper), rather than the absolute
magnitude, of the displacement response at each
measurement location.

Therefore, the relative amplitude in the mode shape can
be interpreted as a dimensionless index that intuitively
represents the relative displacement distribution and
vibration mode of each observed point positioned on the
structure or ground. It can be seen that the mode shapes of
both the ground and the structure are altered as its
corresponding period changes, and the mode shape of the
natural period (or the fundamental period) with the
maximum relative amplitude is clearly observed at the
specific period (which is expected as the natural period).

This is defined as the natural frequency and is compared
to RRS and ratio of fast Fourier transform (RFFT). A
single-degree-of-freedom of CPSD and mode shapes are
plotted in Fig. 5. In Fig. 5(a), the period at which the
maximum singular value is 0.76 s, and the mode shape of
the ground can be identified at that period as shown in Fig.
5(c). At this time, the surface relative amplitude of the mode
shape of the ground shows a maximum value at the ground
period. In addition, CPSD of structure has two peaks (see
Fig. 5(b)), which are the period of the ground (0.76 s) and
the period of the structure (0.67 s), respectively.
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Fig. 4 FDD results Test A1-2, Event 013, Northridge-SM

Additionally, enlarged figures of Fig. 4 are provided in
Appendix Figs. A-1 to A-4.

The ground period is traditionally estimated by the ratio
of the RS and FFT of the accelerometer embedded in the
ground and the accelerometer attached to the bottom of the
container (i.e. reference point), and the response of the
structure to the ground period was observed by the ratio of
the RS and FFT of the accelerometer of the structure mass
and the accelerometer attached to the container. The ratio of
response spectrum (RRS) and ratio of fast Fourier transform
(RFFT) are defined using the measured motions from two
different locations considered as the input and output of
either ground or structure system as follows.

RS(each location)

RRS = 4
RS(Reference Point) @

FFT(each location)
RFFT = - (5)
FFT (Reference Point)

A typical example of the RS, FFT, RRS, and RFFT of
the ground and structure are plotted in Fig. 6. Fig. 6
compares the periods of the ground and structure calculated
by the FDD with the red and blue dashed lines, respectively.
The RSs and RRSs of the ground are plotted for each
accelerometer at each depth. It can be seen that the RRSs
are minimally affected by the frequency characteristics of

input motions. The amplification becomes clearer at the
natural period as the depth where the acceleration signals
measured approaches the surface.

The period of the structure is also calculated from the
ratio of the RS and FFT between the structure mass and
foundation (reference point). In this study, the spectral
density function and mode shapes of the extracted by FDD
are then compared with the RS, RRS, FFT, and RFFT to
find the periods of the ground and structure. The RRS of the
structures and ground system (the solid line in Fig. 6) is
calculated by dividing the RS of the mass by the average
value of RS of the north and south bedrock (denoted as
‘RRS Massl/BR’ in Fig. 6), minimizing the influence of
the input motion.

The RRS of the structures (the dashed line in Fig. 6) is
calculated by dividing the RS of the mass by the average
value of foundation (RRS Mass1/FND), comparing to the
RRS of the structure-ground system. The RS of the
structure in Fig. 6(b) has two peaks (blue and red dotted
lines), corresponding to both the natural periods of the
ground and structure. The RRS of the structure-ground
system (‘RRS Mass1/BR’ the solid line in Fig. 6(d)) also
has two amplifications at both the ground period of 0.76 s
and the structure period of 0.67 s, even the influence of the
input motion to the RRS is minimal. It is interesting to note
that the RRS of the structure (‘RRS Massl/ FND’ the
dashed line in Fig. 6(d)) presents the clearer amplification at
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Fig. 5 RS, RRS, FFT and RFFT of ground and SDOF structure Test A1-2, Event 013, Northridge-SM

the structure period (see Fig. 6(d)). Figs. A-5 to A-8
attached to the appendix show the results of SDOF structure
tests, excluding Northridge-SM.

Figs. 7 and 8 shows the RS, RRS, CPSD, and mode
shapes of a two-degree- and three-degree-of-freedom

structures. In the ground CSPD of test Al-3, the period
corresponding to the maximum singular value is 0.76 s (see
Fig. 7(e)), and the maximum value of the relative amplitude
can be seen at this peak (see Fig. 7(g)). In the case of the
structure periods, corresponding to the peak and exhibiting
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Fig. 6 RS, RRS, CPSD and mode shape of ground and 2DOF structure Test A1-3, Event 012, Northridge-SM
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Fig. 7 RS, RRS, CPSD and mode shape of ground and 3DOF structure Test A1-4, Event 010, Northridge-SM
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Fig. 8 Ground and lengthened structure period

the maximum value of relative amplitude was taken as the
lengthened natural period of the structure, which indicates
the natural mode shape of the structure (see Figs. 7(f) and
7(h)). Thus two-degree-of-freedom structure has two
periods of 1.49 s and 0.47 s. Figs. A-9 to A-12 show the

results of the 2DOF structure tests for the other earthquake
excitation, excluding Northridge-SM.

And the three-degree-of-freedom structure has three
periods of 1.92 s, 0.63 s, and 0.4 s (Fig. 8). Some of the
structure periods are much closer to the natural period band
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of the ground, so that it is difficult to identify each period of
each component. In particular, All of the RS, RRS, and
CPSD of the ground, where the three-degree-of-freedom
structure is installed, sometimes calculates various multiple
peaks in various frequency bands (see Fig. 8(c)), interfering
clear identification of the periods of the structure and
ground. Interestingly, the relative amplitude is maximized at
the natural period of the ground, indicating the mode shape
of the ground. All three periods of the three-degree-of-
freedom structure are successfully interpreted from the
structure’s spectral density functions and mode shapes.
Figs. A-13 to A-16 show the results of three-degree-of-
freedom structure tests for the other input motions,
excluding Northridge-SM, and the results are consistent.
The mode shapes extracted by the FDD successfully
complements RS, FFT, RRS, and RFFT to calculate and
identify the lengthened natural periods of multi-degree-of-
freedom structures among multiple peaks. Additionally, the
FDD's unique mode shape, which indicates the maximum
relative amplitude at the natural period, can clearly prove
that the identified period is the natural period.

3.2 Period lengthening

Fig. 9 plots the periods of the ground and structure
calculated by the FDD method for all earthquake excitation
events and dotted line is presented first event each
earthquake. The blue rhombus represents the ground period
(Tsp) calculated from the shear wave velocity measured by
the bender element using Eq. (6). In Fig. 9, Ty, is similar to
the ground period, which demonstrates the high accuracy of
the ground period calculated by the FDD method.

Tso = 4H [V (6)

Where, Ty, is ground period, H is ground specimen
height (=36 m in prototype) and V} is average shear velocity
of the entire soil layer.

At the early excitations with weak PGA, the natural
period of the ground partly shows a decreasing trend as the
event number increases. It can be explained that the
decrease in the ground period is attributed to the
densification of the ground due to centrifugal acceleration
and successive excitations as the event number increases.
But the ground period of some events is increasing when
the intensity (PGA) increases. It seems that increasing PGA
for each earthquake makes the periods of the soil increase
due to more severe nonlinearity. The ground periods
measured by the bender element tests are plotted together in
Fig. 9, confirming the consistency of the FDD results with
the bender element measurements. In general, sandy
granular material tends to become denser with cyclic
loading. On the other hand, if the ground becomes denser,
the period of the structure is supposed to decrease due to
increased stiffness. However, it is observed that the
lengthened natural period of the structure in this study tends
to increase with the event number. It can be inferred that the
period-lengthening effect (i.e., the SFSI effect) becomes
more pronounced because of severe soil non-linearity at
shallow depths, induced by the rotation of the structure with
increasing ground accelerations, as well as by sliding,

uplifting, and separation between the soil and the structure
during previous events, which reduce the strength of the
soil-structure interface. In addition, the translation and
rocking modes of the structures are altered with different
structures, causing this inconsistent trend in the structural
periods.

4. Conclusions

In this study, a series of dynamic centrifuge tests were
conducted on single-, two-, and three-degree-of-freedom
structures installed on shallow foundations and sandy
ground. The frequency domain decomposition method was
newly applied to discriminate the periods of structures and
ground by comparing RS, RRS, FFT, and RFFT.

e The mode shapes at their corresponding natural

frequencies of the ground and structures are effectively
calculated using the frequency domain decomposition
method. The ground period observed by the FDD method is
amplified and well matched to the results of the RRS and
RFFT in terms of the natural periods. Especially, those
results of FDD, RRS, and RFFT are well aligned to the
natural periods calculated from shear wave velocity
measured by bender element tests, indicating high
reliability.

 The frequency domain decomposition method is capable

of identifying the periods of all components (including soil,
foundation, and MDOF structures) in the combined
complex system with confirming the mode shapes at the
corresponding periods of the components. Under such the
conditions, the dynamic responses of the ground and
structure interfere with each other, presenting multiple
peaks in their frequency domain at each period of the
ground and structure. The calculated ground and structure
periods showed similar periods to the results of RS, RRS,
FFT, and RFFT.

« RS, FFT, RRS, and RFFT identifying the period only
based on the maximum amplitude, which can lead to the
mis-selection of period among multi-peak conditions
contributed by the interaction between many components in
a dynamic system. In contrast, mode shapes extracted by
FDD method, which are unique characteristics, enabling
more precise period identification based on maximum
relative amplitudes within the natural period range able to
evidence that 'the identified period is the natural period'.

* In this study, as the number of earthquake excitations

increases, the ground period tends to decrease to a certain
level due to the possible compaction of the sandy ground.
On the other hand, even though the ground period
decreases, the lengthened periods of the structures is not
consistent. When seismic loads are repeated and their
magnitude gradually increases, the ground surface strain
increases and the foundation-soil stiffness decreases.
Therefore, it is presumed that the nonlinearity of the
subgrade during earthquakes, significantly lengthens the
period due to soil-structure interaction.

e In seismic design practice, especially for shallow
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foundations, the stiffness of the foundation and soil
significantly influence the dynamic characteristics (e.g.,
period) of the structure. ASCE 7-22 and NIST emphasized
the importance of considering soil-foundation-structure
interaction in the seismic design, and specifically proposed
equations that account for the nonlinear effects of the soil.
These equations include lengthened periods (structure
period of interacting with the soil). Further research is
required to extend the current finding to derive practical
procedures to evaluate period lengthened for various soil
and structure conditions.

¢ Additionally, this

lengthening effect, but since the period lengthening of a
structure according to excitation is affected not only by the
stiffness of the soil-foundation interface but also by the
dynamic behavior (rotation, translation) of the structure,
future research is required that separates the rotation and
translation behavior of the structure.”

study only tackles the period
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Fig. A-11 RS, RRS, CPSD and mode shape of ground and 2DOF structure Test A1-3, Event 036, Northridge-CIT



Amplitude

Vertical location in the ground, z-axis (m)

Period identification of multi degree of freedom structure-shallow foundation-ground system: Dynamic centrifuge test

3 T ——TRS 600 Ave
| RS_500 Avg
2.5 \ RS 400_Avg
———RS 300 Avg
2 Tg ——RS 200 Avg
——RS_100 Avg
- = =RS BedRock
1.5 ---Tg
1
0.5
0
0 0.5 1 1.5 25
Period (sec)
(a) RS of ground
5 i p— T
: RRS_500/BR
4 \ RRS_400/BR
| ——RRS 300/BR
1 ——RRS 200/BR
3 1 T ——RRS 100/BR
[ Ve ---Tg
= [
2
1
0 1 p—]
0 0.5 1 1.5 2.5
Period (sec)
(c) RRS of ground
N %107 Density Function for north (Period < 3 s)
.
6
north
2
1
0 Wihaltiasl) i _ |
0.5 1 15 2 23 3
Period (s)
(e) CPSD of ground
Mode Shapes — Period 0.690 s
40+ Relative Amplitude Relative Amplitude Relative Amplitude
(Dimensionless) (Dimensionless) (Dimensionless)
-0 05 00 05 1010 05 00 05 10 -1.0 05 00 05 1.0
354 ' 053¢ ' ! ' " ' ' '
0.57
304
048
204 43t e
—e—south
154 0.26
104
5
0.06
01 b r T 3 T T r
-40 =30 =20 =10 0 10 20 40

Accelerometer array Location, x-axis (m)

(g) mode shape of ground
Fig. A-12 RS, RRS, CPSD and mode shape of ground and 2DOF structure Test A1-3, Event 040, Chuetsu
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Fig. A-13 RS, RRS, CPSD and mode shape of ground and 3DOF structure Test A1-4, Event 017, Kobe-SM



Period identification of multi degree of freedom structure-shallow foundation-ground system: Dynamic centrifuge test
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Fig. A-14 RS, RRS, CPSD and mode shape of ground and 3DOF structure Test A1-4, Event 024, Artificial

193



194

Amplitude

~

[

o

TF

¢ ground, z-axis (m)

L

Seong Jin Park, Dong Van Nguyen, Dookie Kim and Yun Wook Choo

4 RS 600 Avg
5 RS 500 Avg
RS_400_Avg
3 ——RS_300_Avg
——RS 200 _Avg
5 ——RS_100_Avg
- - -=RS BedRock
2 e Te
5
1
5
0
0 0.5 1 1.5 2 2.5 3
Period (sec)
(a) RS of ground
5 : ———TRRS 600BR
X RRS_S00/BR
4 | RRS 400/BR
| ——RRS 300/BR
| T ———RRS_200/BR
3 / ——RRS_100/BR
---Tg
1
2 [}
[}
L
1
[}
[}
0 I
0 0.5 1 1.5 2 2.5 3
Period (sec)
(c) RRS of ground
6 <1073 Density Function for south (Period < 3 s)
sl
o4 1
3 |
E L south
5 |
g2 1
w
24
1
\“ “
o el i i1
0.5 1 1.5 2 235 3
Period (s)
(e) CPSD of ground
Mode Shapes — Period 0.741 s
Relative Amplitude Relative Amplitude
(Dimensionless) (Dimensionless)
-0 05 00 05 1010 05 00 05 10
T 0 ()1' ’ T ] " ! ' " '
0.66
051
037 ——north
middle
027 —e—south
025
015 013
] 0.05 0.04
0.03
-40 =30 =20 =10 0 10 20 40

Accelerometer array Location, x-axis (m)

(g) mode shape of ground

2 0 : ——RS Mass3 Avg
3! ' | ——RS_Mass2_Avg
\: 1,~T2 I/- T1 ——RS_Massl_Avg
L5 l\- - = =RS Bedrock
(B | o Tg7
[ |
2 Lo Te 1 ---T1
2 1 ] 1 -—=T2
= [ 1 —— =
g‘ 1 1 S
- 1 1
0.5 !
|
|
|
0
0 1 2 3
Period (sec)
(b) RS of 3DOF structure
10 [ 1 —— RRS_Mass3/BR
-T2 I —— RRS_Mass2/BR
R | ——— RRS_Massl/BR
8 o ) seieseies RRS Mass3/FND
| 1 - RRS_Mass2/FDN
T3 'i Tg Tl <o RRS Massl/FDN
6 | — — —RRS_FDN/BR
——-Tg
L;:' : -==TI
-==T2
4 | P
2
0
0 1 2 3 4
Period (sec)
(d) RRS of 3DOF structure
0015 Density Function for north (Period < 3 5)

north|

S
in

05 1 s 2
Period (s)

(f) CPSD of 3DOF structure
Mode Shapes — Period 1.923 s
Relative Amplitude Relative Amplitude
(Dimensionless) (Dimensionless)
-1.0 05 00 05 L0 0.5 00 05 1.0
T T T T T 1

-1.0

T
0.69 0.73

204

wn

—e—South

104

w

Vertical location at the structure, z-axis (m)

THOO T T T T o u' T T 1
-10 -8 -6 -4 -2 0 2 4 6 8 10
Accelerometer array Location, x-axis (m)

(h) mode shape of 3DOF structure

Fig. A-15 RS, RRS, CPSD and mode shape of ground and 3DOF structure Test A1-4, Event 032, Northridge-CIT



Period identification of multi degree of freedom structure-shallow foundation-ground system: Dynamic centrifuge test
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Fig. A-16 RS, RRS, CPSD and mode shape of ground and 3DOF structure Test A1-4, Event 041, Chuetsu
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