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1. INTRODUCTION

1.1. Background

Advancements in structural engineering and technologies
has increased the versatility of base-isolation devices
resulting in wider adoption in high-rise buildings ', These
buildings are tall and have been becoming overall lighter,
making them more susceptible to large dynamic excitation
from wind forces. Thus, wind load analysis is an important
consideration in the design process. Analyzing base-isolated
structures subjected to strong wind forces requires an
accurate estimate of the time-histories of the input wind
loads. One way to do this is by utilizing the recorded
response (e.g., accelerations) from monitoring systems
installed on structures [?!. In this case, structural dynamic
parameters such as the mode shapes, natural frequency and
damping ratio must also be determined before the wind
forces can be estimated.

A system identification method called Frequency Domain
Decomposition (FDD) B! is employed in this paper to
estimate the dynamic parameters of a building model. Then,
using the estimated parameters, output-only modal analysis

is used to back-calculate the wind force input into the system.

It should be noted that the classical formulations of the FDD
method do not exactly fit the characteristics of the wind
excitation and the model; that is, stationary Gaussian white
noise input and lightly damped structures B The typically
high damping of the structure’s isolation layer ! increases
the equivalent damping of the whole system, which makes it
difficult to accurately estimate the system’s dynamic
parameters. However, since the method has notable
advantages such as simple implementation, directivity, and
familiarity, its limitations are investigated in this paper.

1.2 Objective

This paper aims to determine the input wind force on a model
of a tall base-isolated building behaving elastically using
modal analysis and estimate its modal parameters by the
FDD method. The effect of isolation layer damping on the

accuracy of the estimated wind forces is also investigated.
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2. THEORETICAL BACKGROUND

2.1. Frequency Domain Decomposition (FDD)

The FDD method is a procedure used to estimate the modal
parameters (mode shapes, natural frequency and damping
ratio) using the system response without knowing the input
force of the model I¥1. The FDD procedure employed in this
paper is based on Brincker et al. [*! and will not be fully
discussed except for the parts that have been modified.

2.2. Equivalent Damping Calculation

The FDD damping ratio results need to be compared with the
actual damping of the system. The actual damping of the
system will be calculated as the equivalent damping ratio,
using the approximation method by Biggs [®l. The equivalent
first-mode damping ratio of the entire base-isolated model,
1{eq- 1s given by the following.

N AW, 1 AW;
—Z2=07t where {=-——— (la-b)
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where W, and AW, are the elastic strain energy, absorbed
energy in the first cycle of the i th layer, {; is the damping
constant of the superstructure, o, is the inter-story drift at
the ithlayer =u, —u, where mode shape s¢;is used for u
instead of displacement, w,, ki, ®,, and ko are the first
natural frequency and stiffness of the upper structure and the
isolation layer, respectively.

2.3. Wind Force Estimation by Modal Analysis

The mass matrix of the model is calculated from the given

structural properties using the following matrix equation
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The 1st mode shape (1¢;) and the natural circular frequencies
(1w and »w) and damping ratios (i and »{) of the first and
second modes of the system obtained from FDD analysis are
used to estimate the wind forces. The system stiffness [K ]

and damping [C ] matrices are calculated by

1a)2 .mi.l¢[ +ki+l(l¢f+l_l ¢,)

ki - I¢i_l ¢i—l (Z B l - N)’ (3a)
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k. ky+k, 0
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[c]=a,[M]+a,[K] (4b)

where m; is the mass of i layer, N = 11 which is the number
of degrees-of-freedom (DOF), and a,

Rayleigh damping coefficients. After obtaining the structural

and a, are the

matrices, the mode shape matrix [(D] can be calculated

using eigenvalue analysis and the generalized matrices and
modal responses can be calculated using Egs. (5) and (6),
respectively. Substituting these values to Eq. (7) calculates
the generalized wind forces {&P(t)} . The actual wind forces

{P(t)} can then be obtained by Eq. (8).
[M]=[o][Mm]o]
[.cl=[o][c]e]
[.k]=[o] [K]o]

o} =[ofao}, kol =[ofaw} and fxof=[ofan}  (6a-c)

(5a-c)
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{P}=[o]{ P0)} ®)

The accuracy of the calculated wind force is confirmed by
calculating its correlation with the original wind force applied
to the model. The correlation equation is given by Eq. (9)

where 7 is the original wind force value and y is the

mean of the estimated wind force value y. The conceptual

framework of the analysis is shown in Figure 1.

Correlation =| 1— \/Z]]CV: 1()7(]{) _ )’(k))z 9
\/Z,QVZ e -5
[Given: [m], o), o) and o} )
[ FDD analysis output: ¢{1¢ i}, 10, 20, 1§ and 2{ ]
( Calculate [K]+by Eq. (3a-b) )
( Calculate [C]¢by Eq. (4a-b) )
[Calculate ] by elgenvalui analysis using [M] and [K ]
[ Calculate generahzedt‘natrlces by Eq. (5a-c) ]
[ Calculate modal resj)onses by Eq. (6a-c) ]
[ Calculate {P(¢)} u:mg Eq. (7) and (8) ]
[ Calculate the accuracy oftestlmated wind by Eq. (9) ]

Figure 1. Analysis flowchart

3. OVERVIEW OF THE MODEL

3.1. Model Properties

Figure 2 shows the simplified 11-DOF lumped mass model
of the building to be analyzed. The properties of the modeled
building are also shown in this figure.
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Figure 2. Analytical model properties

The isolation layer is assumed to behave elastically and its
characteristics are determined from the following equations

O, =a, (W, +W) (10)
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where O, isthe yield strength of the isolation layer damper,

k

, is the stiffness

is the initial stiffness of the damper, £,

of the isolator, W,, m,6 W,,and m, are the total weight

and mass of the upper structure and the base isolation,

respectively, k,

is the primary stiffness of the isolation
layer. The damping coefficient of the isolation layer and the

upper structure, ¢, and ¢, are calculated using the Eq.

0
13a-b. Varying damping ratios of the isolator are used as
shown in Table 1. Wind data from a typhoon simulation in the
across-wind direction of the building is applied to the model
by multi degree-of-freedom analysis in order to obtain the
responses (acceleration, velocity and displacement).

24k 2¢ k.
¢, = 260k and ¢, = 26k (13a-b)
w, o,
Table 1. Damping models
Damping ratio (%)
MODEL Isolation layer Upper structure
MH-02 2 2
MH-05 5 2
MH-10 10 2
MH-20 20 2

4. RESULTS OF ANALYSIS

4.1. Wind Force Estimation (All variables are known)

In order to check the accuracy of the method, the analysis is
carried out assuming that all responses and structural
parameters are known. The results of the correlation of the
estimated wind forces for the upper floors (6th to 10th) are
shown in Figure 3. An accurate estimate of the wind forces
can be obtained when all modes are included in the modal
superposition even for a high damping model (MH-20).

O 6th floor A 7th floor [l 8th floor W 9th floor @ 10th floor
Correlation

1 - 1
o] yyBESREEEE
0.6 g! 0.6

Correlation

o
:

0.4 0.4
0.2 (a) MH-02 0.2 (b) MH-20
O—F 7717V 7777177 O0+—FT7T7T T T T T T T
01234567 8910M 0123456789101
Modal Superposition Modal Superposition

Figure 3. Estimated wind force correlation

4.2. FDD Mode Shape Estimation
In the FDD method, the first step is to calculate the power
spectral density (PSD) of the response signal, in this case, the

acceleration response. The obtained PSD is then decomposed
in the frequency domain using the Singular Value
Decomposition technique. The st singular values (SV) are
considered sufficient to estimate the modal parameters of the
models and an ensemble of 40 acceleration response time-
history data were averaged to reduce the noise obtained in the
SV. Figure 4 shows the SV plots of the different models. The
peaks of models MH-02, MH-05 and MH-10 have the same
frequency peaks. However, for the model with the highest
damping ratio (MH-20), the 2nd peak is shifted to the right of
the other three models. It is evident here that the FDD method
has some limitations when used with a model that has a high
damping ratio value. The s th peak of the 1st SV is then used
to determine the mode shape of the sth mode of vibration.
The accuracy of the estimated mode shapes is compared to
the normalized maximum displacement response of the
model in Figure 5a. It is observed here that as the damping
ratio of the isolation layer increases, the accuracy of the
estimated mode shape decreases.

4.3. FDD Natural
Estimation

frequency and Damping Ratio

To estimate the 1st and 2nd mode natural frequencies and
damping ratios of the model, the values near the frequency
peaks (representing the single degree-of-freedom density
function of that particular mode) are separated using an ideal
band-pass filter as shown in Figure 5b. Since the width of this
filter can affect the mode separation, different band-pass filter
widths, BPF,, are tested in the analysis. The BPF, is selected
based on the accuracy of the autocorrelation function, the

estimated natural frequency and damping ratio compared

.SV
10 - —— MH-02 —— MH-10
10° — MH-05 —— MH-20
10° "

10°

10°

Figure 4. 1st SV distributions of the PSD
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(a) Mode shapes (b) Band-pass filter

Figure 5. Mode shape estimation and mode separation
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with theoretical values.

The FDD autocorrelation function is calculated by isolating
the SV of each mode and converting it to the time-domain
using the inverse Fast Fourier transform. Based on the
autocorrelation function comparison in Figure 6, the model
with low damping ratio (MH-02) has good agreement with
the theoretical autocorrelation function when BPF, = 4. For
the model with high damping (MH-20), BPF,= 3 obtained the
best results for damping estimation despite the amplitude
discrepancies in the estimated autocorrelation function.
Using the autocorrelation function and least squares method,
the natural frequency and damping ratio are calculated. The
results are shown in Figure 7 and Table 2. Similar to Figure
S5a, the results show that the higher the isolation layer
the

(particularly the second mode damping ratio).

damping, less accurate the estimated parameters

1 Amplitude 1 4 Amplitude

—— Theory

0.5 0.5 —— FDD:BPF, =4

0 0
6 8 10 12 14 16 18 20

05 time [s]

0
time [s] -0.5

(a) MH-02: Mode 1 (b) MH-02: Mode 2

Amplitude =—— Theory
—— FDD:BPF, =3
— FDD: BPF =5

4 6 8 10 12 14 16 18 20
time [s]

(c) MH-20: Mode 1

Figure 6. Autocorrelation functions

(d) MH-20: Mode 2

Table 2. FDD results summary

1 0,
MODEL FDD Estimates FDD/Theory (%)
10 10 18 20 10 10 1€ 20
MH-02 | 2.10 520 0.02 0.05| 100 999 999 977
MH-05 | 2.11 520 0.03 0.08 | 100 99.9 933 953
MH-10 | 2.12 552 006 0.13]99.3 944 869 899
MH-20 | 2.15 5.10 0.11 0.21 | 989 974 888 827
2 FDD/(AJI LI LI 2 FDD/ceql LI LI
rrn frn N rrn
1.5 AN P 1.5 RN AN
1 P N frn
1= — @oaAll —@olg— — 1= — 0! |— —
RN RN ﬁﬁ R
05 frn rrn 05| N frn
[ [ [ [
0 [ [ 0 [ [
0 1 0 1
Mode Mode
(a) Natural frequency (b) Damping ratio

Figure 7. Accuracy of FDD-estimated parameters

4.4 Wind Force Estimation (using FDD results)

Using the results from FDD, the [K] and [C] matrices are
obtained and the wind forces were calculated using Eqs. (7)
and (8). The results of the estimated wind forces (Modes 1-
11) for the different damping models are shown in Figure 8.
The errors in the estimated parameters of the FDD naturally
resulted in loss of accuracy in the estimated wind forces. The
wind forces estimated in low damping models (MH-02, MH-
05, MH-10) were of higher accuracy (generally above 85%)
than the high damping models such as MH-20 (average
correlation of 71%). Also, for MH-20, the upper stories have

— Actual
MH-02

Force [kN]

T\\ time [s]
0 02 04 06 08 1 \ ! T T : :
4 4 4 462
Correlation (Modes 1-11) 07453 56 59 6

(a) correlation (b) time-history (top story)

Figure 8. Wind force estimation results
better agreement than the lower stories. This behavior is due
to the error in the mode shape estimation which shows a

similar pattern in Figure 5.

5. Conclusions

This paper investigated the accuracy of modal analysis in
identifying the wind forces acting on an elastic base-isolated
model whose dynamic parameters are estimated by FDD
method. The results show that the wind forces can be
estimated with high accuracy (over 85%) for models with an

isolator damping of up to 10%.
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