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ABSTRACT

A new method of smart system identification of super high-rise buildings is proposed
in which super high-rise buildings are represented by a shear-bending model. The
method is aimed at finding the story shear and bending stiffnesses of a specific story
only from the horizontal floor accelerations. The special characteristic of the proposed
method is to use a previously derived set of closed-form expressions for the story shear
and bending stiffnesses in terms of the limited floor accelerations and to utilize a
reduced shear-bending model with the same number of elements as the vibration
recording points. In the proposed method, a difficulty of prediction of an unstable
specific function in a low frequency range can be overcome by introducing an ARX
model. It is demonstrated that the shear-bending model can simulate the vibration
records with a reasonable accuracy. It is shown further that the vibration records at two
super high-rise buildings during the 2011 Tohoku (Japan) earthquake can be simulated
with the proposed method including a technique of adding degrees of freedom between
the vibration recording points.

Keywords: System identification, Structural health monitoring, Shear-bending model,
High-rise building, ARX model, 2011 Tohoku earthquake
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1. Introduction

The 2011 off the Pacific coast of Tohoku earthquake (Tohoku earthquake) induced
intensive vibration of peculiar character in super high-rise buildings in Japan (Tokyo,
Nagoya and Osaka) for the first time after the construction of such super high-rise
buildings. Unfortunately, such vibration characteristics were not taken into account in the
design stage of super high-rise buildings. This earthquake is also thought to be the
largest one after the 1923 Great Kanto earthquake (Takewaki et al. 2011a, Kasai et al.
2012, Hisada et al. 2012) which affected the wide area of mega cities in Japan. It seems
important to analyze the vibration characteristics of super high-rise buildings for future
directions of structural design of super high-rise buildings.

A great deal of interest is focused recently on system identification corresponding to
the increasing need for damage detection of building structures under or after
earthquakes (Hart and Yao 1977, Beck and Jennings 1980, Hoshiya and Saito 1984,
KOzin and Natke 1986, Agbabian et al. 1991, Koh et al. 1991, Yao and Natke 1994,
Housner et al. 1994, Hjelmstad et al. 1995, Ghanem and Shinozuka 1995, Shinozuka
and Ghanem 1995, Masri et al. 1996, Doebling et al. 1996, Hjelmstad 1996, Housner et
al. 1997, Kobori et al. 1998, Casciati 2002, Bernal and Beck 2004, Lus et al. 2004,
Johnson and Smyth 2006, Nagarajaiah and Basu 2009, Fujino et al. 2010, Ji et al. 2011).
Such need of damage detection stems from the accelerated demand of rapid
assessment for continuing use of buildings (business continuity planning) after
earthquakes. The recognition of actual phenomena and the elucidation of underlying
properties are very important for the reliable system identification and damage detection
and should be supported by the investigation on actual data and related theories.
Filling and narrowing the gap between actual data and the corresponding theories
enabled one to accelerate the advancement of the research in this field (Safak 1995,
Celebi 1996, Beck 2004, Stewart and Fenves 1998, Lus et al. 1999, Naeim 2000,
Dunand et al. 2006, Nayeri et al. 2008, Yang and Nagarajaiah 2012). A comprehensive
review of system identification and damage detection has been provided (Kerschen et al.
2006, Nagarajaiah and Basu 2009, Lee et al. 2010). It is also well-recognized that
system identification plays an important role in filling gaps between the constructed
structural and infrastructural systems and their structural design models (model
refinement) and sophisticating the modeling technique to be able to describe the
structural behaviors in a more accurate and reliable manner.

Modal parameter system identification is well-established and a versatile research
has been accumulated (for example Hart and Yao 1977, Beck and Jennings 1980,
Safak 1989, Takewaki et al. 2011b). In the modal parameter system identification,
observation at two places is necessary for natural frequency and damping ratio
identification. On the other hand, observation at many points is usually required for
modal shape identification. It is believed that this often requires a cumbersome task.

In contrast to such modal parameter system identification, the research on physical
parameter system identification is scarce and has been developed for direct
identification of physical parameters (stiffness and damping coefficients). For example,
Takewaki and Nakamura (2000, 2005) introduced a method based on the
mathematically eminent work by Udwadia et al. (1978). In that method, a shear building
model is used and stiffness and damping coefficients of a specific story are identified
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directly from the floor accelerations just above and below the specific story. However the
method by Takewaki and Nakamura (2000, 2005) has a difficulty resulting from the small
signal/noise (SN) ratio in the low frequency range and cannot be applied to high-rise
buildings with large aspect ratios (height/width ratio). Independently Hernandez-Garcia
et al. (2010a, b) have developed an interesting method of damage detection using a
floor-by-floor approach to enhance the efficiency and accuracy of the identification
results.

Furthermore a combined method of the modal parameter system identification and
the physical parameter system identification is also well used (for example Hjelmstad et
al. 1995, Barroso and Rodriguez 2004). After modal parameters are identified in a stable
manner, physical parameters are determined by solving inverse problems.

The number of sensor locations in a building structure is usually limited because of
the cost and functionality disturbance problems. The problem of optimal sensor
locations and data interpolation is therefore getting much interest recently (Shah and
Udwadia 1978, Udwadia 1994, Heredia-Zavoni and Esteva 1998, Worden and Burrows
2001, Limongelli 2003, Papadimitriou 2004, Yi et al. 2011, Limongelli 2005, Goel 2008,
Yoshitomi et al. 2010, Takewaki et al. 2011b). While a few sensor locations enable the
identification of natural periods (lowest few) and the maximum response level of such
locations in general, it is desired that more detailed structural properties are identified by
constructing even reduced structural models (shear models, shear-bending models,
etc).

In this paper, a system identification method for high-rise buildings is proposed by
introducing a shear-bending model which can describe the overall bending behavior,
stemming from column elongation, of such high-rise buildings. While most of the
previous methods are based on a shear model and modal identification approaches are
often used, a physical-parameter approach, even using a few masses due to the
limitation of recording points, is introduced. It is demonstrated that the shear-bending
model can simulate the vibration records with a reasonable accuracy. It is shown further
that the vibration records at two super high-rise buildings during the 2011 Tohoku
(Japan) earthquake can be simulated with the proposed method including a technique of
adding degrees of freedom between the vibration recording points. Inclusion of higher
modes in the previous modal approaches seems to have difficulties in the accuracy of
identification of higher modes. After an average identification, a further approach for
capturing the time-varying mechanical characteristics of a building is proposed.

The above-mentioned difficulty arising in the limit manipulation in the method by
Takewaki and Nakamura (2000, 2005) is overcome by introducing an ARX model as in
the References (Kuwabara et al. 2012, Maeda et al. 2011). The weakness of a small SN
ratio in the low frequency range in the method (Takewaki and Nakamura 2000, 2005) is
avoided by using the ARX model. Another difficulty due to large aspect ratios is tackled
by introducing a shear-bending model introduced in the Reference (Kuwabara et al.
2012). The validity of the method is examined through numerical examples for an
assumed building and actual buildings.

2. Governing equations and identification function

2.1. Shear-bending model and equations of motion
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Consider an N-story shear-bending building model as shown in Fig.1(a). Every story
of this shear-bending model consists of a rotational spring and an extensional spring.
These two springs are connected in series. Let ky; and ky; denote the stiffness of

the extensional spring and that of the rotational spring, respectively. As for damping, let
¢;; and c,; denote the damping coefficient of the extensional dashpot and that of the

rotational dashpot, respectively. These two dashpots are also connected in series as in
springs. The floor mass and its rotational mass moment of inertia are denoted by m;

and J;, respectively. The story height of the j-th story is given by H;.

Let M, K and C denote the mass, stiffness and damping matrices of this
shear-bending building model and let y; and ¢&; denote the horizontal i-th floor

displacement and the angle of i-th floor rotation, respectively. The set of floor
displacements and angles of rotation relative to base is denoted by u. The equations of
motion for this model subjected to a horizontal ground acceleration U, can be

expressed as

MU+Cu+Ku=-Mru, (1)
where
M:diag(ml,"',mN |\]1,"',\]N)
Cun | Chr Kun | Kur
C: T , K: T
Cur | Crr Kur Krr
Koy +Ks Ks2 0 —Hikgy Hokg, 0
-k 0 ’
K. - s2 Ko = . '
A Ksnos thon  —Ken MR K . Hykey
0 _ksN ksN 0 0 _HNksN
_H12k51+kbl+kb2 —kp2 0 |
—kKp» . .
Kgrr = K
bN
L 0 —Kon HNstN +Kpp
T
u:{y]_! !yN |9]_’ )HN}
r={---,1/0,-,0}" (2a-h)

The sub damping matrices C,,,, ,C,gr.Cgrr can be derived by replacing kg; and ky;
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with c¢; and c,; inthe sub stiffness matrices Ky, ,Kyr.Kgr-

2.2. Dynamic equilibrium in frequency domain

Let v; and ¢; denote the shear deformation (elongation of the extensional spring)

and the bending deformation (angle of rotation of the rotational spring), respectively.
Then v; and ¢; can be expressed intermsof y; and 6;.

Vi=Yj—Yja—0iH; (3a)

$;=0;-0,4 (3b)

From the dynamic equilibrium of a free body shown in Fig.1(b), the following
eguations can be derived.

N
kjVj +CsiV; =D {—m; (Uy +¥;)} (4a)
i=]
. N t t N .o
kej b +Cojhj = D | (g +9;) (Hf —H )|+ (-3;6)) (4b)
i=] 1=]
where H{ = ijlej . It will be assumed later that the second term in the right-hand

side of Eq.(4b) can be neglected compared to the first term. It was shown in the
Reference (Kuwabara et al. 2012) that Fourier transformation of Egs.(3a,b) and (4a,b)
and arrangement of the resulting equations lead to

N *r Vi N . ..
~0? Y {-m (U, +V))} J {=m (R} =HL) (U +Y))
1 _ i=j _w’H. 1 i=m -1

(5)

In Eq.(5), Ug,,Y; are Fourier transforms of iy,V;, respectively. The derivation of

Eq.(5) plays a central role in the system identification using the shear-bending model.
After some manipulations, the bending (rotational) and shear (extensional) stiffnesses
have been derived in the Reference (Kuwabara et al. 2012) with the stiffness ratio
R:=Kk. /K .
770 s
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H.

R; + Nlm.zi'\ij{mi(Hit—HE_l)}
Kyj = - _ N (62)
o { > fmi(H -HE )

i m; m=1 kbm

3
1
Ry
@D
—_——
N
—_
S
SN
——
|
=

where F;(w) is called ‘an identification function’ and is defined by

U, +Y, N
F(o)=| 3 21/ - m 6¢C
J(a)) LUngYj }/[ a); i ( )
=]
shear —my, (U, +Yy)
spring —_—
rotati'onal
spring

Uy + Yy

_mj(ug +yj)
— .
inertial force

Fig.1 (a) Shear-bending model, (b) Dynamic equilibrium of free body above j-th story

3. Identification method 1 (Transfer function matching)

Let us introduce the following transfer function (jth-story horizontal acceleration to
(-1)th-story acceleration) in analogy from shear building models (Takewaki and
Nakamura 2000):

~ Ug +YJ-

Gj -
Ug+Yia

J

(7)

Rewriting EQ.(5) using the transfer function of Eq.(7) with a further definition
GG(j)=I1},G, leads to
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o2 i mGG (i)

Kgj +iocs; i-j GG (] -1)-GG(])

i ZJ:[ 2l %{m,GG(I)kZI;HkH:l

GG(j-1)-GG(])iza| ky; +iacy; 1=

(8)

It can be shown that the (j-1)th-story transfer function can be expressed in terms of
the transfer functions from the jth through the Nth story. Equation (8) for the jth story can
be applied to (j-1)th story. By dividing EQ.(8) for (j-1)th story by a quantity
H;1 {GG(j-2)-GG(j-1)}, the following relation can be obtained.

f{w_zi{m,ee(l)gmﬂ

i-1| Kpi +la@Cy; 1=i
! bi bi 1=l (9)
_GG(j-2-GG(i-Y)| 2 mGG()

Hiy Kgjy +iatg 1 i511GG(j—2)-GG(j-1)

Application of Eq.(9) to the second term of the left-hand side in Eq.(8) provides the
following expression after lengthy manipulation.

H ,(1-G; 2 N GG(i
G, =1/|1+ 185, 2 MGG
|
mGG (1)) Hy _
Lo —H, ) k= _H; w° S m; GG (i) }
Kpj +1cCy; =i GG(j-1)-GG(]j) Hjy ks, +iacg,i=j1GG(j-1)-GG(])
(10)

The terms in Eqg.(10) can be expressed as follows by the transfer function from the jth
through the Nth story.

i GG(i) :Gj+Gj+1Gj+Gj+2Gj+1Gj+‘” (11a)
i-jGG(j-1)-GG(j) 1-G;

i GG(i) =1+Gj+GHGj+--- (11b)
i-j1GG(j-1)-GG(j) 1-G;

It should be noted that G;_; in Eq.(10) is a function of {R;}. Assume {R;} first
and Gy is computed from the records. Then the correspondence between G;(o,R;)
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in terms of {R;} and Gj(record) (j=N-1, ..., 1) is considered. {R;} can be
determined by applying the least-squares method (for many frequencies) to G;; in

Eq.(10) and the transfer function derived from records by the ARX model. The
flowchart of the identification method 1 is shown in Fig.2.

Evaluate limit value lim[Re{F;(@)}] of
identification function from records

Express stiffness in terms of unknown stiffness ratioR
Rj"'#z:ij{mi(Hi!_H;—l)}

Z|:jm'

ky; = ZN { (H'—H )} s kg =ky IR,
) H, & Lot Mi(H=H
[ Re {7y (o)} -5 Z{ Tk }
/ﬁ)l Assume{R;} } >1€ { Gy (record) ' (N-1)th

transfer

\ 4 -
i N
{ Gy 1(@.R)) |<__>If_ ?N:lsfffflfd_) | function
R e Tttt S (N2
| Cn2(@R)) &> Gyp(record) E‘Lar?(?tfi%%
\ A

Determine{ R ; } minimizing transfer function difference |

No [ -
| Error is allowable ? |

Yes
N
End

Fig.2 Flowchart of identification method 1

N

4. Identification method 1 (Equilibrium guarantee)

4.1 Elimination of rotational degrees of freedom

Consider again the equations of motion, Eq.(1), for the shear-bending model
subjected to the horizontal base acceleration. Recall the decomposition of the stiffness

matrix in EQ.(2c). Then neglect of the rotational inertia forces and damping forces
compared to the stiffness terms leads to

Kur'Y+Kpg=0 (12)
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Elimination of the angle of rotation in the horizontal equilibrium provides

M (t)+Cu(t)+Ku(t)=-M1 (t) (13)
where
K=Kpyy _KHRKRRilKHRT (14)
C =reduced damping matrix (15)
M =diag(m,---,my ) (16)
) ={yp,yn} . 1={1--1" (17a, b)

4.2 Determination of stiffness matrix components by minimization of
un-equilibrium forces in horizontal direction

Denote the general stiffness and damping matrices by

kip ki o Ky Ci1 Cip - Cn
S e A B (18a, b)
Kni < Ky Cn1 -+ Cnn

The equilibrium of the jth story in the horizontal direction may be expressed by

Cj1Y1 +Cja¥a +-+Cjn YN

) (19)
+Kjp Y1 +Kjo Y+ Ky Yy =—m; (Yj +Ug)

The process of minimizing the un-equilibrium forces obtained in Eq.(19) by substituting
the records {y;}.{Vi}.{Vi} plays a key role and is explained next. The minimization

(stationarity) conditions can be described as follows by multiplying y; and y; on
Eq.(19) for all masses and all time steps.

CiaYa¥i+C2¥2 i+ H CiiYi” oo+ Cin ViV 0

+Kj 1Y +Kjo Yo ¥i o+ Ky YN Yi =—m; (yj +Ug)yi
CitYiYi+CjaYiYa++CinVYiVn

) } (21)
KV Yi Ko Yo Yi ot kYt et Ky Yy =-my (V) +Ug )Y,
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Egs.(20), (21) for all time steps (t; <t <t,) can be arranged in a compact form.

5

C_Z*]HTH:—I\_/IZH (22)
where

yo(ty) - yn(ty) [ ya(ty) - yn ()

H= : : : : (23)

yl(te) YN (te) yl(te) yN (te)

I (t)+Ug (1) - Yy () +ig (1)
7 - : : (24)

Y1(te)+ug (te) YN (te)+ug (te)
For brevity of expression, the matrices in Eqs.(23), (24) can be expressed as
H:[Y1 YN YL YN] (25)
Z=[u, - UN]T (26)
where

yj:{yj(tl) yj(te)}T (27a)
yjz{yj(tl) yj(te)}T (27b)
0 =[9;(t)+Ug (t) - §;(t)+Ug ()] (27¢)

By post-multiplying (H"H)™' on Eq.(22), the stiffness and damping matrices can be
obtained as

[R* |C_:*]:—I\_/IZH(HTH)‘1 (28)

It should be noted that the symmetricity condition for the stiffness and damping
matrices is not introduced. By applying this symmetricity condition, the following
relation is derived.

k
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where

T
k:{kll kin Koz Koy oo oo kNN} (30a)
C={C11 Cin  C22 Con  =m o CNN} (30b)
m={m, my }T (30c)
- ) ) T
Y1 0 Yn 0 |Vyy 0 YN 0
H, = ) (30d)
|0 Y1 0 Yn | O Y1 0 YN
_y1 Yo YN 0
y: 0 - 0 vy, V3 N
H, = y: O 0 vy, 0 - 0 3 YN
0 Y1 YN
(30e)
Yi Yo YN 0]
y: 0 0 vy, VY3 YN
y: 0 0 y, 0 -+ 0 y; YN
0 Y1 Yn |
U, 0
H; = (30f)
0 Uy

By pre-multiplying (H;H,)™* on Eq.(29), the following stiffness and damping

-1

H, and H,

(31)

are not square matrices and further development of matrix

multiplication cannot be applied. This is a kind of inverse problems for given response
time histories (displacement, velocity and acceleration). The components of K in Eq.
(14) is a function of {R;}. {R;} can then be determined by applying the regular

least-squares method to K in Eq.(14) and K~ in Egs.(18) and (31). The introduction
of the symmetricity condition on the stiffness and damping matrices may be a new
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addition. The flowchart of the identification method 2 is shown in Fig.3.

Records at specified locations

yj +ug
v | v
Transfer function G; (@) Velocity and displacement
! Y;»Y; by time integration
Identification function F; (@) v
Least-squares for static
> Assume{R;} —> condensed stiffness matrix
K*
Stiffness in terms of stiffness
ratio R; K in terms of R,
R N
ky=(R, +"')/(m[Re{FJ (w)}}r'") Determine R so as for K
K=k /R; to be compatible with K
No - L
Error is allowable ?
Yes
A4
End

Fig.3 Flowchart of identification method 2

5. Addition of degrees of freedom

It is usual that the number of recording locations is very few. It is therefore difficult to
express higher-mode effects in terms of a reduced model with masses at the recording
points only. To overcome this difficulty, a technique is introduced such that some
degrees of freedom are introduced between these recording points.

Consider an example as shown in Fig.4. Let sz_l, G,; denote the transfer

functions after the introduction of additional degrees of freedom. There is the following
relation between G, ;, G,; and G;.

G;i1G,j =G; (32)
Let introduce ratios «; defined by

Then the newly defined transfer functions can be expressed in terms of the original

transfer function and the ratios « i
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limG,;, = [(1ims; )/, (34a)

limG,; = Ja; (lims, | (34b)

w—0 w—0

6. ldentification of stiffness and damping coefficient using ARX model

In the previous method (Takewaki and Nakamura 2000, 2005) for shear building
models, the limit manipulation of another identification function f;(w)=1/F;(w) for

® — 0 is used. However, it is often the case that the identification function becomes
unstable and exhibits a large variability in the low frequency range. To overcome this
difficulty, an ARX model is introduced which is a time-domain model. The reliability of the
ARX model in this direction has been confirmed in the references (Takewaki and
Nakamura 2009, Maeda et al. 2011). Especially, the applicability of the ARX model to
shear building models has been demonstrated in the Reference (Maeda et al. 2011) and
the applicability of the ARX model to shear-bending building models has been confirmed
in the Reference (Kuwabara et al. 2012). It noted that Maeda et al. (2011) presented the
relationships between the ARX parameters and the physical model parameters. This
relationship enabled the reliable identification of physical parameters. In this regard,
since it is useful to show the essence of the relation between the model stiffness and the
ARX parameters, the limited summary of the Reference (Kuwabara et al. 2012) is
shown in the following.

The following relation can be derived from the mechanical interpretation, i.e. the j-th
floor and (j-1)-th floor move identically at @ —0.

Li_rBRe{Gj(a))}:l (35)
The following relation also holds because G; (@) should not include linear terms of .

lim-9-1m{G, ()} =0 (36)
w—)Oda)

Consider the Taylor series expansion of G; (o) as follows.
G (w)=Ay+ Ao+ A’ +-- (37)
Equation (35) leads to Eq.(38) and Eq.(36) yields Eq.(39).

AR =1 (38)
Al =0 (39)

130



Since A(? and Al' are expressed in terms of the ARX parameters (Kuwabara et al.
2012), Egs. 8) and (39) can be used to enhance the accuracy in the determination of the
ARX parameters.

Let M; denote Z.N:, m; . The stiffness can then be identified as

N
| MR
Iim{Re[l/fj(a))]}:lim{Re[Fj(w)]}:L+ Ly | = =2 (40)
-0 w—0 S M j m1 kbm M i

Because AZR is also expressed in terms of the ARX parameters (Kuwabara et al. 2012),

the stiffness identification problem can be reduced to the estimation problem of the ARX
parameters. In other word, once the ARX parameters are obtained, the stiffness can be
identified by using Eq.(40) and the assumed stiffness ratio.

It is important to investigate how to determine the number of order of the ARX model.
Fig.4 shows an example of the correspondence of the function ‘Fit’ with the limit value at
zero frequency of the real part of the identification function. The function Fit is defined by

N
> [900)-y)]*
Fit=| 1-+2L 100 [%] (41)

\/ Nl[y(k)—v]z

where ¥(k) denotes the data expressed by the ARX model and Yy indicates the mean

value.
The right ordinate in Fig indicates the limit value at zero frequency of the real part of

the identification function.

By

Y

~

131



B Fit (1st story) —C=limit {F} (1st story)

B Fit (2nd story) —O=limit {F} (2nd story) | x10°
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40 |- / \
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10 20 30 40 50 60 70 80 90 100110120130140150160170180190200
number of order of ARX model
Fig.4 Determination of number of order of ARX model

7. Application of proposed identification methods to simulated data

In this section, the identification method 2 is applied to simulated data.

Consider a 60-story, 5-span planar steel frame, as shown in Fig.5, subjected to a
ground motion recorded at the first floor of a super high-rise building in Shinjuku, Tokyo
during the 2011 Tohoku earthquake. The length of every span is 10(m), every story
height is 4(m), every floor mass is 2.56x10°[kg] and the common member Young’s
modulus is 2.05x10°[N/mm?]. The list of member cross-sections can be found in the
Reference (Minami et al. 2012). It is known that this building was retrofitted several
years ago using unique viscous oil dampers (avoiding excessive increase of force). It
was reported that, while the top displacement reached 0.54(m), this building did not
experience any damage during the 2011 Tohoku earthquake. Elastic time-history
response analysis has been conducted using the frame model and the responses at
representative points were employed as the substitution of recorded data. Model 1 (two
points), 2 (three points), 3 (four points) as shown in Fig.6 have been used as the
reduced shear-bending models. The stiffness-proportional damping is employed and the
damping ratio is taken as 0.01 in accordance with the frame model. The transfer
functions of these models and those of the corresponding shear models are shown in
the Reference (Minami et al. 2012) together with those from the Fourier transform of the
recorded data without and with the ARX model. The corresponding reduced shear
model has been constructed by the procedure similar to the Reference (Takewaki and
Nakamura 2000). The natural periods of lowest few modes of the shear-bending models
and the shear models are presented in Tables 1 and 2. The top floor acceleration and
displacement are shown in the Reference (Minami et al. 2012). It has been reported that
the shear-bending model can simulate the response of the original frame more
accurately than the reduced shear model. It has also been confirmed that the
shear-bending model with more number of degrees of freedom can represent those of
the original models with better accuracy.

Model 4 shown in Fig.6 is the model with two recording points and two additional
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points. The method explained in Section 5 has been applied to Model 4. The
comparison of the transfer functions has also been made in the Reference (Minami et al.
2012) among the reduced shear-bending and shear models and that from the records.
The comparison of the first four natural periods among these models is also shown in
Table 3. It has been confirmed that the shear-bending model with more number of
degrees of freedom can represent the natural periods with better accuracy. The
comparison of the lowest and second eigenmodes among models 1, 3, 4 and frame
model can be found in the Reference (Minami et al. 2012). It has been confirmed that
models 1, 3 and 4 can represent the eigenmodes up to the second within an acceptable
accuracy. The comparison of the top story acceleration and displacement between the
frame model (regarded as record) and the reduced models (shear-bending, shear:
Model 4) can also be found in the Reference (Minami et al. 2012). It has been concluded
that the shear-bending model can simulate the response of the original frame more
accurately than the reduced two-mass model (Model 1).

A shear model without reduction is often used in the practical structural design of
high-rise buildings. In order to investigate the accuracy of the proposed shear-bending
model with few degrees of freedom, the comparison has been made in the Reference
(Minami et al. 2012) of the top-story acceleration and displacement among the record,
the reduced shear-bending model (Model 3) and the 60-mass shear model without
reduction. Table 3 shows the first four natural periods of the 60-mass shear model. | has
been reported (Minami et al. 2012) that the reduced shear-bending model (Model 3) can
simulate the response of the original frame model more accurately than the 60-mass
shear model especially in acceleration.

In order to investigate the usefulness of the proposed identification method and the
obtained models, El Centro NS 1940 and Taft EW 1952 have been input to the frame
model and the reduced models. The top-story acceleration and displacement have been
compared in the Reference (Minami et al. 2012). It can be said that the reduced
shear-bending model (Model 3) constructed by the proposed method using a set of
vibration records for a specific ground motion can simulate the response (displacement
at least) to other ground motions with a reasonable accuracy.

(‘\ 60F 60F
vy

45F

G,G, =G
,_(\ 30F 30F
J
(—} (—} =G—‘ 15F

1F 1

Fig.5 60-story, 5-span steel building frame and recording two points
(two additional points are inserted)
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Table 1 Natural periods (Model 1, 4)

Mod Original Two-mass model (Model 1) Extended 4-mass model (Model 4)
eno model Shear-bending (error Shear Shear-bending (error Shear
' [s] [%0]) (error) [%0]) (error)
1 5.98 6.05 (1.2) 6.21 (3.8) 5.95 (-0.5) 6.00 (0.3)
2 1.98 1.93 (-2.5) 3.17 (60.3) 2.01 (0.5) 2.68 (35.3)
3 1.13 0.77 (-31.8) 2.03 (79.6)
4 0.81 0.68 (-16.0) 1.11 (37.0)
Table 2 Natural periods (Model 2, 3)
Mod Three-mass model (Model 2) Four-mass model (Model 3)
e no. Shear—ber}((?/!)r]])g [s] (error Shear (error) Shear—be[&ci;ng (error Shear (error)
1 5.95 (-0.5) 6.04 (1.0 5.95 (-0.4) 6.02 (0.6)
2 1.99 (0.6) 2.99 (51.0) 1.91 (-3.8) 2.75 (38.9)
3 1.31 (15.6) 1.80 (59.0) 1.42 (25.8) 1.91 (69.4)
4 0.94 (16.5) 1.17 (46.1)

Table 3 Natural periods (60-story shear model)

60-story shear model (error [%)])
Mode no.
1 5.97 (0.02)
2 2.34 (18.2)
3 1.48 (31.0)
4 1.08 (33.3)
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8. Application of proposed identification methods to actual buildings

In this section the identification method 1 is applied after the application of the
identification method 2. This is because, while the identification method 1 is more
accurate than the identification method 2 and sensitive to the initial guess of parameters,
the identification method 2 is more robust to the initial guess of parameters. In the
identification method 1 used after the application of the identification method 2, the
natural periods are determined so that both transfer functions between the measured
data and the identification model are compatible.

The most devastating earthquake in Japan after the 1923 Great Kanto earthquake
occurred on March 11, 2011. The moment magnitude was 9.0 and this is the largest so
far in Japan. The earthquake resulted from the thrust faulting near the subduction zone
plate boundary between the Pacific and North America Plates. Nearly 20,000 people
were killed or are still missing by that earthquake and the subsequent monster tsunami.
Because super high-rise buildings in mega cities in Japan had never been shaken
intensively by the so-called long-period ground motions before March 11, 2011, the
response of high-rise buildings to such long-period ground motions is one of the most
controversial subjects and issues in the field of earthquake-resistant design in Japan.

The proposed identification methods are applied to two actual super high-rise
buildings in Japan which were shaken during the 2011 Tohoku earthquake.

8.1 Application to super high-rise building in Osaka bay area

The first actual example is the super high-rise building in Osaka bay area shown in
Fig.7 (Takewaki et al. 2011a, 2012, 2013a, Celebi et al. 2012). This building is a 55-story
super high-rise steel building frame (height=256m: fundamental natural period=5.8s
(long-span direction), 5.3s (short-span direction)). It is unusual in Japan that these
detailed structural design data are available. This building is reported to have been
shaken severely regardless of the fact that Osaka is located far from the epicenter
(about 800km) and the JMA instrumental intensity was 3 in Osaka. It should be pointed
out that the level of velocity response spectra of ground motions observed here (first
floor) is almost the same as that at the Shinjuku station (K-NET) in Tokyo and the
top-story displacement are about 1.4m (short-span direction) and 0.9m (long-span
direction). Fig.8 shows the response amplification observed in this building during the
2011 Tohoku earthquake.

Table 4 shows the comparison of natural periods of the original building model
(obtained from records) and the reduced shear-bending and shear models in the
short-span direction. It can be observed that the shear-bending model can represent the
second and third-mode natural periods more accurately than the shear model. Fig.9
illustrates the top-story accelerations and displacements of the reduced shear-bending
and shear models together with the records. In this analysis, the stiffness-proportional
damping is used and the damping ratio is taken as 0.015 judging from the compatibility
in transfer functions between the measured data and the identified one. Since this
building is just resonant with the surface ground fundamental natural period of about
6.5s as is well-known, the fundamental-mode vibration component is predominant. For
this reason both the reduced shear-bending and shear models can simulate the
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top-story acceleration and displacement within an acceptable accuracy.
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Fig.7 Super high-rise building at Osaka bay area
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Table 4 Comparison of modeling accuracy in terms of natural periods (Short span

direction)
Mode Model from Shear bending Shear
records [s] (error [%]) (error [%])
1 6.55 6.64 (1.3) 6.67 (1.9)
2 2.08 2.09 (0.4) 3.26 (56.7)
3 1.11 1.33(20.1) 1.70 (53.6)

8.2 Application to super high-rise building in Shinjuku, Tokyo

The second actual example is the super high-rise building in Shinjuku, Tokyo as
shown in Fig.10. This building is a 54-story steel building frame (height=223m:
fundamental natural period=6.2s (short-span direction of 42m), 5.2s (long-span direction
of 63m)) retrofitted with nonlinear oil dampers including the supporting bracing system.
This building experienced a top displacement of 0.54(m) during the 2011 Tohoku
earthquake. The vibration duration has been reported to be over 13 minutes. It has also
been reported that the building would have attained a top displacement of 0.7(m) if the
passive dampers had not been installed.

Table 5 presents the comparison of natural periods of the original building model
(obtained from records) and the reduced shear-bending and shear models in the
short-span direction. Since the floor mass distribution is not known, an ordinary floor
mass of 1.0x10% (kg/m?) is assumed. It can be observed that the shear-bending model
can represent the second-mode natural period more accurately than the shear model.
Fig.11 shows the comparison of top-story accelerations and displacements in the
short-span direction. In this analysis, the stiffness-proportional damping is used and the
damping ratio is taken as 0.027 (short-span direction) judging from the compatibility in
transfer functions between the measured data and the identified one. It can be found
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that both the reduced shear-bending and shear models cannot simulate the actual
response within an acceptable level. Uncertain factors are (i) the distribution of floor
masses, (ii) the structural damping model (stiffness-proportional one was used), (iii) the
effect of nonlinear viscous dampers and (iv) restriction of degrees of freedom of the
reduced model.

To investigate the performance of the technique explained in Section 5, additional
two points (mid-point between the original points) are inserted in the two-mass reduced
model (see Fig.10(b)). The Rayleigh damping model is used and the first and
second-mode damping ratios are taken as 0.027 and 0.024 in the short-span direction
judging from the compatibility in transfer functions between the measured data and the
identified one. The comparison has been made in the Reference (Minami et al. 2012) of
natural periods of the original building model (obtained from records) and the reduced
shear-bending and shear models. It has been observed that the extended
shear-bending model can represent the second and third-mode natural periods more
accurately than the shear model. It has also been seen that the extended shear-bending
model can represent the higher-mode effect more clearly in acceleration. It has been
confirmed that the technique of expansion of degrees explained in Section 5 is
promising.
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(a) (b)
Fig.10 Super high-rise building at Shinjuku, Tokyo
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Table 5 Comparison of modeling accuracy in terms of natural periods

Mode Model from Shear bending Shear
records [s] (error [%]) (error [%)])
1 6.50 6.64 (2.2) 6.69 (2.9)
2 2.01 2.02 (0.3) 3.05 (51.7)
3 1.04 1.29 (23.6) 2.06 (97.8)
4 — 1.06 (—) 1.49 (—)

9. Time-varying identification

In the previous sections, the batch least-squares method has been used in which the
total duration is employed as the duration for estimating a set of ARX parameters. In
other words, averaged values of ARX parameters in the total time duration have been
evaluated.

It is well known that the natural period of buildings depends on the amplitude of
vibration and some parts in the super high-rise building at Osaka bay area (Fig.7)
experienced a limited amount of non-structural damage.

In order to investigate the time-varying mechanical characteristics of a building, a
new time-varying identification method is proposed. This method was first proposed by
Takewaki and Nakamura (2009) for a shear building model. In this paper, this method is
extended to a shear-bending model and stiffnesses are also identified in addition to the
natural period and damping ratio.

30 seconds were used as the evaluation time for the batch least-squares method and
this process was repeated by moving 1 second later.

Fig.12 shows the top-story displacement of the super high-rise building at Osaka bay
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area (Fig.7) and the corresponding identified fundamental natural period (Takewaki et al.

2013b). It

Fundamental

can be observed that a slight elongation of the fundamental natural period
corresponds fairly well with the large displacement amplitude.
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Fig.12 Top-story displacement and fundamental natural period of super high-rise

building at Osaka bay area

Fig.13 indicates the top-story displacement of the super high-rise building at
Shinjuku, Tokyo (Fig.10) and the  corresponding identified fundamental natural period

(Takewaki
seen with

et al. 2013b). A slight elongation of the fundamental natural period can be
the appearance of the large displacement amplitude. As for this building,

several data on the fundamental natural period are available and these values are
shown in Fig.13.
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Fig.13 Top-story displacement and fundamental natural period of
super high-rise building at Shinjuku, Tokyo
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10.Conclusions

A new method of system identification of high-rise buildings has been proposed
which uses a shear-bending model. Two major difficulties have been overcome, i.e. (i)
the specification of shear-bending ratios in high-rise buildings and (ii) the identification
from limited observation (usually a few records in a building). The principal results may
be summarized as follows.

(1) A difficulty in the previous work (Kuwabara et al. 2012) in the specification of
shear-bending ratios in a shear-bending model for high-rise buildings has been
overcome by selecting such ratios as unknown parameters. Such unknown
parameters have been determined by fitting the transfer functions or minimizing
un-equilibrium forces acting on floors. The proposed identification method takes
full advantage of the limit value of an identification function at zero frequency which
includes the transfer function.

(2) An identification method (method 1) has been proposed which is based on the fitting
of the transfer functions between one constructed for the model including unknown
shear-bending ratios and the other one constructed directly from the records.

(3) Another identification method (method 2) has been proposed which is based on the
minimization of un-equilibrium forces between two ones described just above.

(4) A technique of adding degrees of freedom between the recording locations is
effective for the enhancement of accuracy of the proposed identification methods.
(5) The proposed shear-bending model can represent higher-mode natural periods of
the original model in a more accurate way than the corresponding shear building

model.

(6) An ARX model is shown to be useful for reliable and accurate identification.
Unstable properties of the identification function have been eliminated.

(7) It has been demonstrated through the application to actual data recorded in super
high-rise buildings during the 2011 off the Pacific coast of Tohoku earthquake that
the repetitive application of the proposed two identification algorithms can enhance
the reliability and accuracy of the proposed identification method.

(8) The time-varying identification of modal parameters (fundamental natural period,
lowest-mode damping ratio, story stiffnesses) can be conducted by setting an
appropriate duration of evaluation in the batch least-squares method.
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