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Abstract
A direct method of physical-parameter system identification (S) is developed in the

case of containing noises at both floors above and below a specified story. To investigate the
effect of the level of noises on the accuracy of identification, numerical simulations are
performed in the frequency domain by generating two stationary random processes with the
specified levels of power spectra. When the previous method of physical-parameter Sl is
applied to the case contaminated by noises at both floors just above and below a specified
story, it is difficult to evaluate the true stiffness and damping coefficients depending on the
intensity. To overcome this difficulty, a new noise-bias compensation method is proposed
which enables one to evaluate the intensity of noises in addition to the identification of story
stiffness and damping. This method can be used in the case of small SN (Signal to Noise)
ratios such as actual microtremor records. The effectiveness of the proposed method is
demonstrated through a numerical example and an experiment using actual microtremor

records for a reduced two-story model.
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1. Introduction

System identification (SI) techniques play important roles in identifying discrepancies
between constructed structural systems and the corresponding design models and enhancing
the reliability of the design system including such design models. SI techniques have been
studied extensively and many useful accomplishments have been accumulated so far (see, for
example, [1-20]). Structural health monitoring for damage detection is also indebted to these
Sl techniques. Several useful methods for damage detection have been proposed [21-24] in
which finite-element models are used for identifying the location of damage. To know the
structural parameters without damage and under ordinary environments, it is desired to
establish the method for SI by using stationary vibration records. In the case of using
microtremor records for Sl, the SN (Signa to Noise) ratio may be quite small and the
unfavorable effects of noises on SI may be significant. There are few researches on the effect
of noises on Sl and the method for elimination of the effect of noises. In this paper, a new
noise-bias compensation method is proposed in which unfavorable effects of noises on Sl can
be eliminated.

There are two major approachesin Sl [1], i.e. the modal-parameter S| and the physical-
parameter SI. The former is thought to be appropriate for identifying the overall dynamic
properties of a structural system and usually exhibits stable characteristics. While the latter is
important from the viewpoint of enhancement of reliability in structural controlled systems
[17] and provides direct information on structural parameters, its development is limited
because of the requirement of multiple measurements or the necessity of complicated
manipulation. A hybrid approach is sometimes used in which physical parameters are
identified from the modal data obtained by the modal-parameter SI. However, a sufficient
number of modal data must be prepared for the unique and accurate identification of the
physical parameters. Thisisusually difficult to be met.

In general, acceleration records in all the floors above the story with the stiffness and
damping to be identified are necessary to evaluate the story shear force required in the
stiffness-damping evaluation. Although the cost of sensors is getting cheaper recently, this

instrumentation and data management may not be cost-effective in multi-storied buildings,
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especialy in high-rise buildings. To avoid this, Udwadia et al. [25] proposed a unique Sl
theory for a shear building model. They clarified that unique identification of story
stiffnesses and viscous damping coefficients is possible theoretically when acceleration
records at the floors just above and below a specific story are available. While the
applicability of their theory to actual earthquake records with noisesis not clear, it provides a
possibility of constructing a theoretical basis for the physical-parameter Sl.

In the previous papers [26, 27], physical-parameter SI methods have been proposed to
identify a story stiffness, a material damping ratio and a viscous damping coefficient in a
shear building model. The mathematical limit manipulation toward an infinite frequency [25]
has been avoided by introducing a limit manipulation toward zero frequency together with an
interpolation technique. In that method, both the material and viscous damping properties
together with the story stiffness can be identified simultaneously in a unified manner and only
an FFT technique is needed. However the previous methods have a drawback of noise-
sensitive properties. In the paper [27], the effects of noises have been eliminated partially
when arecord at either one of floors just above or below a specified story contains anoise. In
arealistic situation, however, both records are usually contaminated by noises. Furthermore,
in microtremors, the intensity of noise seems to be relatively large compared to the true signal
(small SN ratio). In these cases the effect of noisesis significant.

In this paper, a new noise-bias compensation method is proposed in which unfavorable
effects by noises can be eliminated. This method enables one to evaluate the intensity of
noises in addition to the identification of story stiffness and damping. The effectiveness of
the proposed method is demonstrated through a numerical example and an experiment using

actual microtremor records in a reduced two-story model.

2. Siffness-Damping Simultaneous | dentification

2.1 Identification of stiffness and material damping
Consider an N-story shear building model, as shown in Fig.1, with viscous and material
dampings. The node and element numbers are defined from the top. The jth node and the jth

element from the top are called the "node j" and the "element j". Let m; and k; denote the
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mass of the node j and the story stiffness of the element j and let c; and f3; be the viscous
damping coefficient and the material damping ratio in the element j. The complex stiffness of
the element | is described as kj+ =kK; (L+2p;i) wherei indicates the imaginary unit.

The frequency-domain equations of motion for this shear building model subjected to

the horizontal base acceleration 2(t) isexpressed by
A(o)U(w) =F(o)Z(w) (1)

U(w) and Z(w) are the Fourier-transforms of the noda absolute horizontal displacements
u(t) and the base displacement z(t) , respectively. The vector F(w) in EQ.(1) indicates
F(w)={0 0 - iamc,+k,"}' andthesymbol ( )" means the transpose of avector. The

matrix A(w) in Eq.(1) isdefined as

A(®) = -°M +iaC+K (2)
m. 0 K ko0 ¢ ¢ 0
M = K = _k1 k1.+k2 . C= —GG+GC .
0 rnN . . _k:‘_l . . _CN—l
0 -k, Ky, + Ky 0 ~Cno1 Oy TCy
(3a-C)

The jth component U ; (@) in U(w) can be obtained from Eq.(1) as

A (w

U, () = ﬁZ(w) (4)
R (@)

P () is the determinant of the upper-left jxj submatrix of A(w) and A;(w) is the
determinant of the matrix obtained from A(w) by replacing its jth column by F(w). The
definition of F, A, P, and another definition b, (w) =iwc; +k;” providethe expression of A;.

©)

_{bN---b,-P,-_l (122)
.

by b (j=1)
It should be noted that the matrix for which A; is defined has a tri-diagonal property only for
J=N and A can be expressed rather compactly. This property is closely related to the fact

that the story stiffness of the element N and its material damping ratio can be identified



uniquely when the acceleration Uiy (t) of the node N is observed in addition to the base

acceleration Z(t).
Substitution of Eq.(5) into Eq.(4) provides the following relations.
0 Uy/Z=byPy4/Py (1ststory)
ﬁ: U;/Uj,1=bP,/P  (jthstory, 2< j<N-1) (6)
U/U,=b/R=h/a (topstory)
where U, and U, indicate the Fourier transforms of displacements at floors just above and
below the target story, respectively, and a (w) is defined as a,(w) = —@w’m +b (w). After

some manipulations [26], the following relations can be derived (Eq.(7¢) isanew one).

. 20 .
lim (|”a)) .L.JN _ @+ 26y 1) (1st story)
-0 Z-Uy YIN

. 200 .

o)V, k@Q+26;i
lim ( @) 1= i4+25;1) (jthstory, 2< j<N) (7a-C)
o=0Uj1-U; M;

o

(I..a))—Lf.'l:ﬁ+Mi (top story)

U,-U; m my

where M, :zij:lm . U, and Z indicate the Fourier transforms of acceleration i (t) and
Z(t) , respectively. Egs.(7a, b) show that the stiffness of the target story except the top story
can be identified as a limit value of a certain function. On the other hand, the function for
stiffness identification of the top story can be expressed as Eq.(7c) and is different from that
of the other story. Thisis because, while P; in Eq.(6) satisfies a recurrence formula [26] and
the expression of P, is complex, the real part of the function in Eq.(7c) has a constant value
and the stiffness can be identified without limit manipulation. Since these functions, Egs.7(a,
b), have almost the same form, the function for the first story will be dealt with hereafter as a
representative one.

The identification of the viscous damping coefficient ¢, isalso possible by introducing

the limit manipulation toward zero frequency of the slope of the characteristic function [27].

2.2 Application to stationary random vibration

Consider stationary random records hereafter. It is assumed in this section that all the
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records are noise-free. The noise problem will be discussed in Section 3 and 4.

Let Syn.Syz denote the power spectra of Uy (t) and Z(t) , respectively, and Syz, Sy
denote the cross spectra between Uy (t) and Z(t) and between Z(t) and Uy (t), respectively.
It can be shown that the following relations hold.

[Property A]

jim (@S _ Ky (1428, 1) ®

0-0S,, =S, M

[Property B]
lim (I a))ZS\IN — kN (1+2ﬂN I) (9)
©=0 Sz — Sy M

[Property C]

cy = lim {M <4 {Im{w}ﬂ (10a)
-0 dw S,;7 — Sy
or
cy = lim Mx-L Jim (0)°Sw. (10b)
@—0 do SNZ _SNN
[Property AA]
ky = lim Re{M x (i @) fi; (@)} (12)
By = |imo|m{|v| x (i @)X Ty (@)} (12)
where le(a)):% (13)
[Property BB]
ky = Iirrg)Re{M x(i0)*x Ty o()] (14)
N :Iirrz)lm{M x(i)*x o ()} (15)
S
here f = NN 16
where f,,(®) Su - Sw (16)
[Property CC]
oy =limM Jj—w{(i w)?x le(a))} (172)



or

. d .
oy =limM %{(I 0)*x fyo()] (17b)

The proof of these properties can be found in the Ref. [27].

3. Effect of noise on identification
3.1 Formulation under noisy environment
Assume that the base acceleration ‘%(t) consists of the true record %(t) and the

corresponding noise W (t) .

2(t) = 2(t) + W, (1) (18)

Z(t) and W, (t) are assumed to be stationary random processes. Similarly assume that the
upper floor acceleration (]'N (t) consists of the true record iy (t) and the corresponding noise

Wy (t) asastationary random process.

iy (£) = Uy () + Wy (1) (19)

Fig.2(a) shows examples of simulated accelerations at the base and the first floor and
Fig.2(b) presents examples of simulated accelerations of noises. The combined simulated
accelerations are shown in Fig.2(c). The levels of these signals and noises are determined so
as to be comparabl e to the recorded microtremor accelerations, shown in Fig.2(d), in a 2-story
experimental reduced steel frame which will be explained later.

Fourier transformation of Egs.(18) and (19) leadsto

Z=7+W, (20)

Uy =U\ +W (21)

Let, S5,.55,, 55,0 S denote the cross spectra between WZ and Z, VT/Z and

%2 S S
Uy, Wy and Z, W, and Uy, W, and W, respectively. The power spectra of W (t) and

Wy, (t) are denoted by Sff' Sﬁﬁ, respectively. When the true records and their noises are



statistically independent and the both noises have no correlation, the following relations hold.

s, =0 (22)
S =0 (23)

Introducing the transfer function H(w) by Uy (w)=H (w)Z(w) , the following

relations hold.

NZ T

-E Z—EZ*VT/N}:E 22 Un =M (25)
T H (w)

ZN (26)

_27'[..*: 2” * e — *
S =E|—UW, |[=E| —H (®)Z W, |[=H (w)S,==0
T Un z} [T (o) z} (@)S,5

T indicates the time duration of window and ()* means the complex conjugate of a number.

E[-] denotes the ensemble mean.
From Egs.(22)-(26), the power spectra of Z and Uy and the cross spectrum between

Z and U, are expressed as

S;;=S7+S;,+S:+S5=5,+S (27)
St = Sw S+ Sy + SR = Sw TSR (28)
(29)

N = Son + S5+ S5 S5 =S

To investigate the effect of noise on the accuracy of identification, assume that the base
acceleration is white and the power spectral density levels of the noises at both floors are

expressed in terms of the coefficients aZ,b? multi plied on the reference power spectra S,

and S;.
— a2
S5 =a’S, (30)
—hg
Sz =b°S (31)



As will be stated in section 4, S, and S; are the functions to express any shape of power
spectra of noises and this expression can be applied to the case where the noise is not white.
However, since the specification of these functions is difficult and the white noise with a
constant value with respect to frequency is the most fundamental one for the expression of

noise, the white noise assumption of noises has been employed.

3.2 Simulation method in frequency domain

A simulation method is introduced to demonstrate the validity of the proposed method.
Since the present formulation is based on the formulation in the frequency domain, the
treatment of noises in the frequency domain seems to be direct. The data Z and U, are
therefore treated here in the frequency domain. The upper floor acceleration U,
corresponding to the given data Z at the base is generated by using the relation
Uy (@) =H(w)Z(w). The dataW, and Wy, of noise are also generated in the frequency
domain. Applicability of the present formulation in the time domain will be investigated in
section 4.3 for actual microtremor records.

The data Z with the prescribed power spectral density S,, are generated by using the
relation.

Z(@) = %Szz(cosez(a)k)+isinez(a4<)),k=0,...,n (32)

where 6, (a) defined in the range (0, 27 ) are a set of uniform random numbers and
o = 0" +kAw, Ao = (0" —a)")/n.
The mth sample set of both noises VT/Z and VT/N with the prescribed power spectral

density functions Sff and Sﬁﬁ isgiven by

W™ (@) = ZT—,,SZZ(%) (cosg™ +ising{™) k=0,...,n (39)

= T gy
W™ (@) = ,/Esﬁﬁ () (cosy™ +isiny™ ) k=0,...,n (34)

where the phase angles (™, \™ defined in the range (0, 2) are uniform random numbers
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independent of m, k.

In this paper numerical simulations are performed as follows. First, with the help of
Eqs.(32)-(34), Fourier spectra Z U ,W, and W, are generated. Second, with the help of
Egs.(20),(21), Fourier spectraf LJN are generated. Finally, power and cross spectra
Ss5 4 Sgy S including noises are calculated from 2 LJN . By substituting these spectra
into Egs.(11)-(17b), identification in the case with noises is simulated. In a realistic case,
2L]N are usualy calculated by performing Fourier transformation of recorded data %,GN

containing noises. Thiswill be shown in section 4.3.

3.3 Numerical examination

A two-story shear building model is considered. Each floor mass is 1kg. Each story
stiffness is 1000N/m and the stiffness-proportional viscous damping is assumed. The lowest-
mode damping ratio is 0.02.

As stated in section 3.1, the base acceleration is assumed to be white. The power
spectral density function of the base acceleration is specified as S,, = 1.0(m?/s%) and
Sa=S5 =1.0(m%s’) are given. The Fourier amplitude spectrum of the base acceleration is
generated based on these data and the Fourier amplitude spectrum of the upper floor
acceleration is generated by using the transfer function. It should be noted that, while the
transfer function is not known actually in the identification procedure, the objective of this
section is to demonstrate the effect of noises on the accuracy of identification. Therefore the
transfer function is used to generate the power spectrum of the acceleration data at the upper
floor. The Fourier amplitude spectra of noises are generated by using several parameters of
the power spectral density functions So= = Sc= =0.1, 0.2, 0.3, 0.4, 0.5(m’/s’), i.e a’=b’=0.1,
0.2, 0.3, 0.4, 0.5. The noise level corresponding to a?=b?=0.1 is called * 10% noise’ hereafter.
The power spectral density functions of the base acceleration and the upper floor acceleration
are evaluated from the ensemble mean of 300 samples.

Fig.3 shows the effect of the level of noises at both floors on the accuracy of
identification. The level of noise has been specified as a’=b*=0.1, 0.2, 0.3, 0.4, 0.5 (10-50%

noises). Figs.3(a) and (b) present the real part of the characteristic functions for SI (Egs.(11)
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and (14)). Figs.3(c) and (d) show the imaginary part of the same functions to identify

damping coefficients. From Figs.3(a-d), the following facts are observed.

(1) When the data do not include noises, the limit value converges to the exact stiffness, and
the two functions of property AA and BB coincide with each other (Figs.3(a) and (b)).

(2)When the data at both floors contain noises, the shape of characteristic functions for Sl is
different from that of the case without noise, even if the level of noiseis small (Figs.3(a)
and (b)).

(3) Around the fundamental natural frequency (3.11Hz), the effect of noisesis very small and
the characteristic functions have large power. As a result, the effect of noises becomes
relatively small.

(4) It can be said from Figs.3(c) and (d) that the observation as obtained in Figs.3(a) and (b) is
also true in the case of the identification of damping coefficients.

Through the examinations, it is found that the effect of noises on Sl in the case of
identification of stiffness is not negligible depending on the level of noises. Therefore it is

strongly desired to introduce a reliable noise-bias compensation method.

4. Noise-bias elimination method

4.1 Method for estimation of noise level and compensation of noise effect

A method is proposed here for the evaluation of noise levels in the case where the SN
ratio is relatively small. The method proposed in this section uses an advantageous property,
as shown in section 3, that two functions Re[M (i w)? fxi(w)] and RE[M (i w)? fx2(@)] for
stiffness identification do not coincide with each other in the case of including noises at both
floors, but coincide with each other in the case without noises. This method uses
compensated spectra. If the compensated spectra do not contain noises, above-mentioned two
functions for stiffness identification calculated from the compensated spectra coincide with
each other. Therefore, this method can determine noise levels so as to minimize the error
between two functions Re[M (i @) fxi(@)] and Re[M (i @) 2 ()] .

When the estimated noise levels are indicated by a” and b*, the power spectra S;;

and S including noises can be compensated as follows by using Egs.(27)-(31).
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S, =S;5-a%5, (35)
Sw =S —0*S (36)

where S,, and Sy, are the compensated power spectra. In section 3, noises are treated as
white and the reference power spectra S, , S; ae constant. Two functions
Re[M (iw)? f 'k1(w)] and Re[M (iw)®f '« 2(w)] for stiffness identification calculated from the
compensated power spectra are obtained by substituting Egs.(35) and (36) into Egs.(11) and
(14) instead of S,, and Sy, . Here, f 'y (@) and 'y, (w) are defined as

Son _ SZB
S'zz— S, (S5 - a’? Sa)— Sy

f'i(@)= (37)

S'nn _ St _b2§B
Sn—S'nw S —(Seq —b°Ss)

fa(w) = (38)

It is demonstrated theoretically here that two functions Re[M (i w)? f '1(w)] and
Re[M (i) f 'k2(w)] for stiffness identification coincide with each other only in the case
without noises. In the case of including noises in data at both floors, the functions

Re[M (iw)? f 'y, (w)] and Re[M (iw)? f ' ,(w)] are expressed as follows.

Re[M (iw)? f ', (@w)] = Re| M (i w)zl}

S' _
- 22 5N (39)
~Re| M(iw)?— 21 @) }
L Sz —(@°-a")Sy—H(®)S,
Re[M (iw)? f ', ()] = Re| M i w)z%}
L S\IZ NN (40)

_Re| M(ia)p —H@F Sz +(B2-b*)S} }
H(@)Sy; ~{[H@)F Sy +(B*-b*)S)

where a2,b? are the true noise levels. If the estimated noise levels could be equal to the true

levels, i.e a2 =a2,b? =b?, Egs.(39) and (40) coincide at every @ as follows,
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Hr(@) —|H (o)

RIM (i0)? f g1 (@)] = REM (iw)? T ', (0)] = M (iw)? S
1+|H (@)|” - 2Hg (@)

(41)

where, Hg(w) =Re[H (w)]. As for the other combination of a'? and b*?, Egs.(39) and (40)
do not coincide a every w, because H(w) is not constant. Therefore it is restricted to the
case a” =a?, b'? =b? that the functions (39) and (40) coincide at every @. In other word,
by finding a? and b? so as to satisfy the relation ReM(iw)*f 'y (@)=
Re[M (iw)? f '« 2(w)], the exact noise level can be estimated.

In the case of using actual records, the assumption that the noises included in records
are white does not hold strictly, and the relation Re[M (iw)? f 'k1(@)] =Re[M(i w)? f 'k 2(0)]
does not hold strictly. Then the following function F(a'2,b*?) will be introduced to estimate
the error between Re[M (im)? f 'y, (w)] and Re[M (iw)? f ' ,(w)].

u
F(a?b?)= kz (REM (1)° £ 'ea(@)] - ReIM (10)* f ' o(@)])” (42)
k=k

where, k" and kY represent the number corresponding to the lower and upper bound,
respectively, of the specified frequency range. After some investigations using simulated
data, it was found that the number of frequencies, defined by the index k, does not affect
much the optimization result in the ordinary number of frequency points. However, in case of
using actual data, it is recommended to use the minimum increment of frequency which is
determined from the number of time-series data and sampling ratio.

This method is devised so that the error between two compensated functions is
minimized in the specified frequency range (Fig.4). When the function (42) is minimized
with respect to a?and b*?, the functions Re[M (iw)? f ', (®)] and Re[M (iw)? f ' ,(®)] can
be regarded to coincide with each other, and noise levels a?, b are obtained. By
substituting the obtained noise levels a*,b" into Egs. (35) and (36), the functions for SI
without the effect of noises can be obtained. Fig.5 shows the flow chart of this method. This
method has two advantages in terms of practical application. First, it enables one to estimate

noise levels in addition to the system identification (stiffness and damping) in the case of
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using microtremor records with small SN ratios. Second, it retains robustness against
unreliable data by excluding asmall or large unreliable frequency range in actual microtremor

records.

4.2 Numerical example using the proposed noise-bias compensation method

The discussion in section 4.1 is verified through a numerical example. A two-story
shear building model is considered again. Each floor mass is 1kg and each story stiffness is
1000N/m. The lowest-mode damping ratio is 0.02 and the power spectral density function of
the base acceleration is Sy, = 1.0(m?/s’). The Fourier amplitude spectrum of the base
acceleration is generated based on these data and the Fourier amplitude spectrum of the upper
floor acceleration is generated by using the transfer function. The Fourier amplitude spectra
of noises are generated by using the level coefficients a’=0.4, b’ =0.6. As a result,

== = a5, =0.4(m?s%) and Scs =b?S;=0.6 (M?s) are given. A numerical example is
presented here by using Sy = Sg =1.0(m?/s°) for the identification of the first story.

As for the case of using data before compensation, Figs.6(a)-(c) show the relations
among the noise level, two functions for stiffness identification and the error (difference) of
these functions. Here, the noise levels a* and b* have values in the range from 0.0 to 1.0.
The function Re[M (i w)? f,, ()] is affected by Sss =a’S, only judging from Eq.(39) and
the function Re[M (iw)? f,(w)] is affected by < =bSy only judging from Eq.(40).
Fig.6(a) illustrates the effect of the noise level a2 on the shape of Re[M (i @) fxi(w)] and
Fig.6(b) shows the effect of the noise level b? on the shape of Re[M (i w)® sz(a))] . Fig.6(c)
indicates the function F(a?,b?) as the error (difference) between Re[M (i @)? fxi(w)] and
Re[M (i w)* fi 2(w)] . From Figs.6(a)-(c), the following facts are obtained.

(1)The shapes of Re[M (i w)® fm(a))] and Re[M (i w)* fi 2(w)] coincide with each other only
in the case of a*=0and b*=0.
(2) Thefunction F(a®,b?) hasthe smallest valuein the case of a?=0 and b?=0.
(3) Thefunction F(a?,b%) isamulti-peak function.
On the other hand, as for the case of using data after compensation, Figs.7(a)-(d) show

the relations among the noise level, two functions for stiffness identification and the error
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(difference) of these functions. A numerical example is presented here by using
Sa =S =1.0(m?s%), a?=0.20 and b?=0.40 for the same model as stated above. Fig.7(a)
illustrates the effect of compensation under an assumed noise level a” on the stiffness
identification function Re[M (i w)? f '«1(w)], and Fig.7(b) shows the effect of compensation
under an assumed noise level b” on the dtiffness identification function
ReM (iw)* f 'k2(w)] .  The bold lines in Figs.7(a) and (b) are on the vertical plane
perpendicular to the axis of a? and through the exact point of noise level. Fig.7(c) shows the
function F(a”,b?) as the error (difference) between ReM (iw)?f 'ki(w)] and
Re[M (i w)* f 'k2(w)] . Furthermore, the bold lines in Fig.7(c) indicates the optimization
process starting from different initial values so as to minimize F(a'?,b*?) in the frequency
range 0~8Hz. Here, the gradient projection method is used as an optimization algorithm.
Fig.7(d) shows the projection of Fig.7(c) to the a'*-b* plane. From Figs.7(a)-(d), the
following facts are obtained.
(1) The shapes of Re[M (i w)® f 'ki(w)] and Re[M (i w)® T 'k2(w)] coincide with each other
only in the case when the compensation noise level is exact (a'?=0.2, b**=0.4).
(2) Thefunction F(a'?,b*?) hasthe smallest valueat a?=0.2 and b'?=0.4.
(3) The function F(a?,b*) is a multi-peak function. Therefore, the result of optimization
depends on theinitial values.

The starting point affects clearly the optimization result caused by multi-peak objective
function and there is no definite method for overcoming this. In this paper, an approximate
method of starting optimization from different initial values including a solution by the line
search method is introduced. In arealistic case, it may be sufficient to obtain an approximate
optimum solution in order to reduce noise effects on SI. Furthermore, if an exact optimum
solution is desired, an enumeration method can be applied because the present optimization
problem includes only two parameters a, b independent of the number of stories of the
model and the computational task is not so heavy.

For some initial values, the noise levels a” and b'> are obtained as almost exact
(a?=0.21, b*=0.40). Fig.8 shows the result of compensation by using the obtained noise

level. It isfound that the shapes of two functions are not similar before compensation but
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coincide with each other after compensation. It indicates that the proposed method works

effectively in this case.

4.3 Example using actual microtremor records

The Sl of a two-story shear building model as shown in Fig.9 is performed by using
actual microtremor records. This model is set on the room floor and the microtremor
velocities are recorded through sensors set on the model floor levels. Since the proposed
method can be applied also to the velocities, the velocities with high intensity are recorded in
this example. The sampling frequency of recording is 250 Hz and the recording time duration
is about 130s. One sample set contains 2048 data in the time domain and Fourier
transformation is performed for those data. The power and cross spectra of the recorded data
are estimated as ensemble means of 2000 samples generated by shifting the time window by
20At (At:datainterval). Thelowest floor is called the 1F-floor and the highest floor is called
the 3F-floor.

To verify the validity of proposed method, the stiffness and damping of the model are
estimated by the modal parameter Sl requiring the natural frequencies as many as the number
of stories. In the model of two stories, the measurement of two natural frequencies does not
seem to be difficult. On the other hand, the measurement of higher natural frequencies of the
model with a large number of stories may be difficult and it does not appear to be redlistic to
apply this modal-parameter Sl to the model with alot of stories. For this reason, the model of
two stories has been employed. From the power and cross spectra of the records at 1F-floor
and 2F-floor, the fundamental natural frequency is estimated as 3.91Hz and the 2nd as
10.38Hz. The masses are 1.48kg (2F-floor, containing sensor) and 1.14kg (3F-floor). From
these values, the stiffnesses of both stories are estimated as 1869N/m (1st story) and 2316N/m
(2nd story), respectively. It is assumed here that the stiffness obtained from the modal-
parameter Sl is correct. Asfor the damping ratio, the lowest-mode damping ratio is estimated
as 0.015 by employing the logarithmic decrement method for the record of free vibration. By
assuming proportional damping, damping coefficients can be estimated as 2.28Ns/m (1st
story) and 2.83Ns/m (2nd story).
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The proposed noise-bias compensation method is applied to the microtremor data
recorded at the 1F-floor and the 2F-floor. The functions for SI before compensation are
shown in Fig.10. For comparison, figures are shown of simulation including noises at both
floors without correlation and with levels estimated in this section. From Figs.10(a), (b), it
can be observed that the shapes of the functions using actual records correspond to the shapes

of the functions in the simulation before compensation.

To estimate the noise levels, the minimization of the function F(a?,b*) is performed.
As stated below, the functions for Sl are very sensitive to the noise in the low frequency range
from 0 to 3 Hz. Therefore, the frequency range to define F(a'?,b*) istaken from 4 to 7 Hz.
Fig.11 shows the function F(a'?,b*?) and the result of optimization from different initial
values. As stated in section 4.2, the result of optimization depends on initial values.
Therefore, the optimization is performed here from the solution found by using the line search
method under the constraint a? =b*?.

In Figs.11(a) and (b), the blue broken line and the blue circle indicate the direction of
line search and its minimum solution, respectively. A curved surface is drawn by changing
a'? and b'? independently from 0.0 to 1.0 and the red circle indicates the minimum point of
the curved surface. Here, the red circle is regarded as the global minimum solution, i.e. the
exact solution. From Figs.11(a) and (b), it can be observed that the obtained optimum
solution starting from the blue circle does not coincide with the exact solution. Therefore, the
solution is adopted which has the minimum objective function among the solutions obtained
by starting from different initial values. It should be noted that, in case of using actual
records, the assumption that noises are white does not hold exactly, and the error function,
Eq.(42), does not approach to zero exactly. Therefore, in case of using actual records, it is not
necessary to obtain the global minimum solution and it is sufficient to obtain the solution
having a smaller value of the objective function than that before compensation in order to
reduce the effect of noises. It may also be possible, if desired, to obtain the global optimum
solution by changing a*? and b*? independently because this problem of decreasing the error
function has only two parameters a*? and b*.

The noise levels have been estimated as a’> =0.66 and b'? =0.55 in case of setting
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S, =S5 =0.43x10 (mP/s). Thisvalue 0.43x10™ (m?/s) comes from the average value of the
power spectrum of an actual record at the base. These noise levels correspond to 1.97 and
1.63, respectively, if they are estimated as ratios to S,, without noise. The results of
compensation using these noise levels are shown in Fig.12. Fig.12 indicates that, while the
shapes of functions of Property AA and BB do not coincide with each other before
compensation, the shapes of these functions almost coincide with each other after
compensation. As shown in Fig.12, these functions are very sensitive to the noise and the
effect of compensation is not enough in a low frequency range from 0 to 3 Hz. To evaluate
the stiffness as a limit value of these functions, the extrapolation is introduced here by using
an approximate function k(f)=A(f*-f%+k . This function is set based on the
characteristic that the value at the fundamental natural frequency ( f; = 3.91Hz) is affected
dightly by noises. The coefficient A is obtained so as to minimize the sum of the squared
errors from the approximate function in arange of frequency from 4Hz to 7Hz. Asaresult of
application of this process to the function of property AA, the stiffness is estimated as
1801N/m at the limit @ — 0 and this value is ailmost the same as the exact value (1869N/m)

obtained by the af orementioned modal-parameter Sl.

Figs.12(c) and (d) show that the function for identification of the viscous damping
coefficient is very sensitive to the noises. In this case, the difficulty in damping coefficient
identification may be caused by a very low level of damping. This problem needs further

discussion.

5. Conclusions

A physical-parameter SI method was proposed in the previous paper [27]. In that paper,
the effects of extraneous noises can be eliminated when a record at either one of floors just
above or below a specified story contains a noise. In arealistic situation, however, both of
records usually contain noises. Furthermore, in the records of microtremors as a
representative of stationary records, the level of noise seems to be relatively large compared
to thetrue signal. In these cases the effect of noises on the accuracy of Sl is not negligible.

A more reliable and stable method of physical-parameter SI under noisy environments
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has been proposed in this paper compared to the previous one based on the power and cross

spectra. The advantageous features of this method may be summarized as follows:

(1) In the previous papers [26, 27], the examination of the effect of the level and correlation of
noises on the SI was not performed sufficiently. Through numerical examples in the
frequency domain, the effect of noise level on the accuracy of identification has been
investigated in this paper.

(2) When the previous system identification method [27] is applied to the case including
noises at both floors just above and below a specified story, the shape of characteristic
functions to evaluate the stiffness and damping coefficientsis different greatly from that of
the case without noise. In the case where the level of noises is large, it is difficult to
evaluate the true stiffness and damping coefficients even though an extrapolation
technique is used. Therefore it is necessary to introduce a new noise compensation

method.

(3) A new noise-bias elimination methods can be developed. This method has an advantage
that it does not require the limit value in the sensitive frequency regions. Therefore, this
method can be applied in the case of using actual data with a small SN ratio such as
microtremor records. This method can capture the noise levels by minimizing the error
between two functions for Sl corresponding to Property AA and BB in which the
compensated power and cross spectra are substituted. This process is based on the
characteristics that in the case without noises, two functions for Sl corresponding to
Property AA and BB coincide with each other.

(4) Numerical examples demonstrated that the proposed method works very well in both
cases of using smulated data and actual recorded data. It has been shown that the
characteristic functions for SI can be obtained in a stable way even under noisy

environments.
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S 0.001
£ 0.0005
= 0 —base
._g — 1st floor
s -0.0005
b -0.001
Q
o time(s)
(a) Simulated acceleration without noise
@' 0.001
£ 0.0005
= 0 ——base
_B — 1st floor
o -0.0005
= -0.001
3 0 2 _ 8 10
S time(s)
(b) Simulated acceleration of noise
°'jz," 0.001
£ 0.0005
= 0 base
-2 —— 1st floor
e -0.0005
- -0.001
[&]
o time(s)
(c) Simulated acceleration including noise
“ 0.001
2 0.0005
= B ——=base
‘*g_’ — 1st floor
o -0.0005
< ~0.001
[&]
o time(s)

(d) Recorded actual acceleration of microtremor

Fig.2 Simulated and recorded accel eration



property AA property BB

2000 T 2000 E— -
£.1500 20% £.1500 —20%
< ( — 3% - —30%
g A 0% 3 — 0%
51000 - — 5% 51000 —50%
& &
=" 500 =500
[y @
@ @
o o
0 0 i i
0 1 2 3 4 5 6 0 1 2 3 4 5 6
frequency[Hz] frequency[Hz]
. \2 . \2
(@) Re{fk(@)M (i)~} (b) Re{fgr(@)M (i)~}
— —0% — 0%
£ 10% £ 250 10%
_ —20% - —20%
C = 30% Lo 200 | — 30%
g —40% g —40%
= ——50% = 150 | —50%
?;; “% 100 |7 exact slope
E’ E’ 50 ‘ ———————
E E .
o | 0 VAL i i i
0 1 2 3 4 5 6 0 1 2 3 4 5 6
frequency[Hz] frequency[Hz]
. \2 . \2
(© Im{fg (@)M(i0)"} (d) Im{fx>(@)M(iw)~}

Fig.3 Effect of noise level on accuracy of identification
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