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1. Introduction

Hilbert-Huang Transform (HHT), a signal processing
method, was firstly put forward by Dr. Norden E. Huang of
National Aeronautics and Space Administration (NASA) in
1998. The main innovations embodied in this method are
the present of the concept of the Intrinsic Mode Function
(IMF) and introduction of the method of Empirical Mode
Decomposition (EMD). A signal is first decomposed into
IMFs by the EMD, and then, Hilbert spectrum is obtained
through Hilbert transform, marginal spectrum of the signal
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Signal processing approaches are widely used in the field of earthquake
engineering, especially in the identification of structural modal parame-
ters. Hilbert-Huang Transformation (HHT) is one new signal processing
approach, which can be used to identify the modal frequency, damping
ratio, mode shape, even the interlayer stiffness of the shear-type structure,
incorporating with Natural Excitation Technique (NExT) method to take
information from the response records of the structure. The stiffness of
the structure is of great importance to judge the loss of its bearing capac-
ity after earthquake. However, all of modal parameters are required to
calculate the stiffness of the structure by use of HHT and NEXT, which
means that the response records shall contain all of modal information.
However, it has been found that the responses of the structure recorded
only contain the former order modal information; even it is excited by
carthquake. Therefore, it is necessary to found a formula (formulas) to
calculate the stiffness only using limited modal parameters. In this paper,
the calculation formulas of the interlayer stiffness of shear-type structure
are derived by using of the flexibility method, which indicate that all of
interlayer stiffnesses could be worked out as long as any one set of modal
parameters is obtained. After that, Taking Sheraton-Universal Hotel sub-
jected to North Bridge earthquake in 1994 as an example, HHT and NExT
are used to identify its modal parameters, the derived formulas are used
to calculate the interlayer stiffnesses, and their applicability and accuracy
are verified.

can also be obtained "', The Hilbert spectrum can present
precise description of instantaneous frequency and ampli-
tude, embodies higher presentation compared with Fourier
spectrum and Wavelet spectrum. Thus, it is quite applicable
to analyze nonlinear and non-stationary signal, and has
been applied in many fields since it is raised.

In the modal parameters identification field, the research-
ers have put forward two methods, namely, using HHT and
RDT to identify modal parameters of linear structure and
using HHT and NEXT to identify modal parameters of lin-

ear structure . The former only can identify the modal fre-
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quency and the damping ratio, while the latter can identify
the mode shape and the interlayer stiffness of the shear-type
structure besides the modal frequency and the damping ra-
tio. However, all of modal parameters are required to calcu-
late the stiffness of the structure by use of HHT and NEXT,
which means that the response records shall contain all of
modal information. However, it has been found that the
recorded responses of the structure only contain the former
order modal information; even it is excited by earthquake.
Therefore, it is necessary to found a formula (formulas) to
calculate the stiffness only using limited modal parame-
ters. This paper firstly introduces the principle of HHT and
NEXT used to identify the structural parameters and points
out its limitation, then, derives the calculation formulas of
the interlayer stiffnesses of shear-type structure by using of
the flexibility method, which indicate that all of interlayer
stiffnesses could be worked out as long as any one set of
modal parameters is obtained. After that, Sheraton-Univer-
sal Hotel is firstly reduced as the four-floor shear-type struc-
ture based on the lumped mass method, then, the first three
modal frequencies, damping ratios and vibration modes of
this structure are identified by using of HHT and NEXT, the
referenced data are the seismic records obtained in North
Bridge earthquake in 1994, and the interlayer stiffnesses are
worked out. Finally, the earthquake responses calculated
by the elastic time-history analysis based on the identi-
fied structural parameters are compared with the seismic
records, and the results show that the identified structural
parameters are valid.

2. Principle of HHT and NExXT Used to Iden-
tify Structural Parameters

The motion equation of multi-degree linear system is
given by

[MJ{X} +[Clx} +[K]{x} = F (1) (1

where [M] , [C] and [K] are the mass matrix, damp-
ing matrix and stiffness matrix, respectively; {X} is the
displacement vector of the structure; {X} is the velocity
vector; {x} is acceleration vector; F(1) is the seismic
excitation. If{¢1} ,{¢z} yenns {¢n} represent the mode
shape series, they are independent due to their orthogonal-
ity. According to the linear algebra theory, the victor {x}
with 7 dimensions can be described by the linear com-
bination of 7 independent vectors, so the displacement

vector of linear structure 1X} can be expressed as

=Yq,40,} @)
=
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where q;(J =1,2,:+,n) are the canonical coordinates
of the mode shape, and {¢,} is the j" mode shape. Sub-
stituting Equation (2) into Equation (1), suppose the mode
shape is orthogonal to the damping matrix, Equation (1)
can be written as

q,+25,0,9, +a)./2'q.i = {¢.i}TF(t)/m./ 3)

Assuming F(t) is the ideal white noise, it can not
be obtained wholly, and thus, the traditional modal iden-
tification methods can not be used to identify the modal
parameters. However, a good discovery is that the correla-
tion function of the response of the linear structure under
white noise excitation is similar mathematically to the im-
pulse response function ©’; therefore, it can be substituted
by the cross-correlation function between the responses
of two floors. If every floor has the response record after
earthquake, the response record of the i" floor is taken as

the reference point, and the cross-correlation function be-

tween the response of the / " floor and that of the i"

6
can be expressed as !

floor

n . G.

Ry(0)= 3 7" exp(=&,0, ) sinwy, 7+ 6,)( = 12,0+-,1)
r=l1 m,.@g,.

)

Where ¥ is the j" element of the r™ mode shape; G,
is a constant only related with i and p ; m,,é:r,a’,‘ and
6, are the modal mass, damping ratio, circular frequency
and phase angle, respectively; and @y is the damped cir-

cular frequency. R; (7) can be decomposed into m IMFs
and one trend term by use of EMD. Ideally, m is equal to
n, and the n terms at the right side of Equation (4) are the
IMFs obtained through EMD. But, generally, m is greater
than n, so it is required to find out the IMFs with physical
significance. Here, it is recommended to find out the right
IMFs through observing their Hilbert spectrums.
th -th

The r" IMF of the j" cross-correlation function can be
expressed as

l//jr G[r .
i = ———exp(=¢,0,7)sin(w,7+06,) %)
’ m,.@,g,.

R

The amplitude A(7) and phase 0(7) of Rji,r can be
denoted as !

_|l//jr |Gir

A(7) exp(—¢,,7) , O(r) =w,T+06, (6)

m,. g,

Solving the natural logarithm of A(z) in Equation (2-6)
and the derivation of @(7) can obtain
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|G,
InA(7) ==¢.0,7+In M 7
m, @y,
do
(7)) = (@) =y, (3)
dr

From Equations (7) and (8), &,@, and ®, can be
solved through the amplitude and phase spectrums of R, ,

obtained through Hilbert transform, and ¢, = 1_53 ©,

thus @, and &, also can be obtained. It is worth men-
tioning that the building may enter the nonlinear condition
after strong motion, and some locations may be damaged,
consequently, the dynamic characteristics of the structure
will change "*. Therefore, In 4(7) and €(7) will not
be the ideal straight lines, and they shall be divided into
several segments, and then each segment can be changed
into one straight line through least-square linear fitting.
Hence, for a specific instant 7, @, and &, can be calcu-
lated according to the above equations, while the 1™ mode
shape can be obtained through the n amplitude spectrums
corresponding with @, | and the signs in the mode shape
are determined by the phase difference, which can be ob-
tained through the n phase spectrums .

All of mode shapes obtained form the principle mode
matrix [P]={{p}{p}--{9,}} . And according to the
theory of structural dynamics, it obeys the following three
orthogonal relations

m 0 - 0
. 0 m, 0 .
[ [M] @]=| =[M"] ©
0 0 m,
[k, 0 -+ 0
T 0 kz *
[®]'[K] ®]=| =K (10)
10 0 k,
e, 0 0
T 0 ¢ 0 .
[@]'[CT ®]=| e (11
0 0 - ¢

m,, k. and c, denote the r'" elements of diagonal
matrixes[M "], [K"] and[C’], respectively. Gener-
ally, [M] is assumed to be constant, so, if [@] is de-
termined, [M "] will be determined. Andk, =m, @2,

¢, =2m.& w,, so, [K'] and [C'] will also be deter-
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mined. Conducting the inverse transformation to Equa-
tions (10) and (11), [K] and [C] will be obtained. Then,
the interlayer stiffness also can be solved by [K].

From the above description, it can be seen that, in order
to obtain the mass matrix [K], the principle mode matrix
must be determined firstly, which means that all of mod-
al parameters must be identified. However, the recorded
responses of the structure under earthquake or other exci-
tations always only contain the former order modal infor-
mation, and it is impossible to take all of modal parameters.
Therefore, it is necessary to found a formula (formulas) to
calculate the stiffness only using limited modal parameters.

3. Derivation of Interlayer Stiffness of Shear-
Type Structure

According to Equation (1), the characteristic equation
of the shear-type structure can be expressed as
(]= o [S)IM DY} = {0} (12)
where[0]is the flexibility matrix. Suppose r.=1/k,

, in which kl. is the interlayer stiffness of the i™ floor, the
flexibility matrix[J] can be written as

non n N

n onh+tr, n+tn n+r
[l=|r, n+r, rn+r+n n4nt+n

|n Ktr, KAt O A

(13)
where[M ]is the mass matrix of the structure. Sup-

pose ™ is the interlayer mass of the i" floor, the mass ma-
trix[M ] can be written as

m

m,

[M]= (14

mi’l
Suppose 1Y} is the principle mode matrix. Due to the

orthogonality, the j" mode shape {Y } satisfies the follow-
ing equation

e 2

Y, non n n o;mY,
2

Y, nonhtn o n+tn ntn w;m,Y
_ 2

Y_/.3 =\ n+r, K+t ntntr cojm3Y/.3
Y, 2

. A A Kotrteetr, | omY,

(15)
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Equation (15) can be written as

Y1 = 0gmYjuri + @5myYori ek wjm, Yy 0
Yo = w%nzlYﬂrl + wfmijz(r] +1)+et a)fmnyj,l(rl +7) 2)
Y= (o?lej]rl + wjz»mijz (n+r)+-+ wfm,,Yj»,,(r] +r+n) 3)
Yo = wfleﬂrl +w/2.m2Yj2(r1 +7) et (ujz-m,,Yj,,(r] +r ot ) (n=1)
~Yj” = w}lej]r] + wfmijz(r] +7y) et a)?mann(r] +ry et (n)
(16)

Subtracting Sub-equation (n) by Sub-equation (n-1)
obtains

Y -Y.
Y oo (17)
2 M @;

Then, the interlayer stiffness of the n floor can be giv-
en by

Y. m o
=Y —y (18)
VR

Likewise, subtracting the adjacent two sub-equations
in Equation (16), the interlayer stiffnesses of the floors ex-

cept the first floor and the n" floor k; can be given by
(19)

And the interlayer stiffness of the first floor can be giv-
en by

- (20)

4 Identification of Structural Parameters of
Sheraton-Universal Hotel

4.1 Strong Motion Observation Scheme

Sheraton-Universal Hotel is a 20-storey reinforced con-
crete frame structure, located in Hollywood, north of Los
Angeles, CA, USA, 34.1380 degrees north latitude and
118.3590 degrees west longitude. This region is in the south-
east corner of San Fernando Valley, with high earthquake
frequency. Thus, Sheraton-Universal Hotel was selected as
the strong earthquake observation object when it was in con-
struction, and was set with the strong motion array with five
observation plane, ten observation points and sixteen chan-
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nels before the occurrence of North Bridge earthquake in
1994, and the concrete observation scheme is shown in Fig-
ure 1. The five observation planes were set on the basement,
third, ninth, sixteenth and top floors, two observation points
were set at each plane, one was set at the west side, and the
other was set at the east side. For the third, ninth, sixteenth
and top planes, the basement, the observation point in the
west had two orthogonal channels, arranged vertically and
horizontally, while the observation point in the east only had
one channel arranged horizontally. For the basement plane,
the observation point in the east had two channels arranged
vertically and horizontally, and one channel perpendicular
to the plane, and it was the only one with three components;
while the other observation point only had one transversal
channel. In the North Bridge earthquake, occurred on 17th,
November, 1994, Sheraton-Universal Hotel obtained sixteen
suits of strong motion records with the sampling interval of
0.02 s and each suit of record contained the displacement, ve-
locity and acceleration information. The longitudinal accel-
eration records are used to identify the structural parameters,
and the longitudinal acceleration recorded on the ninth floor
is shown in Figure 2.

North Hollywood - 20-story Hotel
(CSMIP Station No. 24464)
SENSOR LOCATIONS

5 s
T R 3 —
20 t-'10 f Y 8‘_-‘3 ;
— - Roof Plan
s 7 3rd Floor Plan
. t., 5 -
E 10 ’
= L 1 16
16th Floor Plan . t i
. "L H 150
- 7
I E,_:E,,,, 12 t Basement Plan
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Orientation: N= 0°

Figure 1. Sensor locations
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Figure 2. Longitudinal acceleration record on the ninth
floor

4.2 Identification of Structural Parameters

It was reported that Sheraton-Universal Hotel was
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little damaged after North Bridge earthquake on 17th,
November, 1994. Figure 2 shows that the vibration of the
structure is gradually damped after 20 seconds, similar
to free damping oscillation; therefore, it can be taken as
linear structure. Suppose the base of the structure is rigid,
and the mass is concentrated on the third, ninth, sixteenth
and top floors, which are connected with each other by the
stiffness component and damping component, as shown in
Figure 3.

F1

]

S C4

H

Figure 3. Structural Model

Taking the ninth floor as the reference floor, based on
the longitudinal acceleration records, the former three
modal parameters are identified by use of the method de-
scribed above, listed in Table 1 and Table 2. According to
the first modal frequency and mode shape, the interlayer
stiffness of the structure after 20 s can be worked out by
use of Equations (18), (19) and (20), listed in Table 3.

Table 1. Identified modal parameters

The first order The second order The third order

JiHz ¢ JoHz S JiHz S
Floor3  0.359 6.5% 0.995 3.2% 1.195 4.7%
Floor9  0.367 6.9% 1.075 4.4% 1.155 4.1%
Floor 16  0.35 5.9% 0.956 3.3% 1.215 4.6%
Roof 0.366 6.9% 0.987 3.2% 1.179 4.5%

Table 2. Mode shapes in the longitudinal direction

The first order The second order The third order
Floor 3 1.000 1.000 1.000
Floor 9 0.902 0.138 -0.172
Floor 16 0.629 -1.061 1.058
Roof 0.374 -0.526 0.324

Table 3. Structural parameters

Distributed under creative commons license 4.0

Floor3  Floor 9 Floor 16 Roof
lumped mass(kg) 410999 1325571 2291849 19298820
Interlayer stiffness (x10%)  6.825 9.46 7.754 9.586

4.3 Verification of Identified Results

The mass matrix, stiffness matrix and damping matrix
of the structure are obtained in Section 4.2, the accel-
eration records of the basement after 20 s can be taken
as the excitation of the structure, and the displacement,
velocity and acceleration records at 19.98 s can be taken
as the initial conditions, thus the seismic responses of
the third, ninth, sixteenth and top floors can be obtained
through elastic time-history analysis method. The iden-
tified parameters can be verified through comparing the
calculated seismic responses with the seismic records,
which are given in Figure 4~7. The solid lines denote
the calculated results while the dotted lines denote the
seismic records. It is indicated that, the calculated dis-
placement results agree well with the records, so, the
identified results by use of the method described in Sec-
tion 3 are good. There exists big difference between the
calculated displacement results on the third floor and the
displacement records; the main reason is that the third
floor mainly reflects the vibration characteristics of the
base.

Displacement{cm)

0 25 a0 35 40 45 a0 g5 £0
Tirmels)

Figure 4. Comparison between seismic records and calcu-
lated results of the third floor
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Figure 5. Comparison between seismic records and calcu-
lated results of the ninth floor
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Figure 6. Comparison between seismic records and calcu-
lated results of the sixteenth floor
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Figure 7. Comparison between seismic records and calcu-
lated results of the top floor

5 Conclusions

This paper points out the limitation of HHT and NExT
used to identify the structural parameters of the structure,
which is that all of modal parameters shall be identified
firstly, and derives the calculation formulas of the inter-
layer stiffnesses of shear-type structure by using of the
flexibility method which indicate that all of interlayer
stiffnesses could be worked out as long as any one set of
modal parameters is obtained. Therefore, these formulas
obtained can solve this limitation. And the example of
Sheraton-Universal Hotel shows that these formulas are
quite applicable to identify structural parameters together
with HHT and NEXT.
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