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Dynamic Characteristic Identification on Steel Column bases
Installed in Pendulum-type Earthquake Response Observatory

Choi Jae-hyouk”, Ohi Kenichi
Department of Architecture and Civil Engineering, Kobe University,
1-1 Rokodai-cho, Nada-ku, Kobe, 657-8501, Japan

An observatory termed ‘Steel Swing’ has been developed, where a 15000 kg pendulum is
hanged from a stiff steel frame. A building element can be tested after inserted between the

pendulum and the frame. Free vibration, forced vibration tests and earthquake monitoring were

performed on an exposed-type steel column base. The response records monitored during
natural earthquakes were used to identify the vibration property of the specimen. Identified

system gain was approximated by a theoretical gain of linear SDOF system, and the response
calculated based on such a linear system agrees with the monitored response fairly well. This
research technique can be applied to check the behaviors of new materials and new details of

connections and the safety of non-structural elements as well.

Key Words : Dynamic Characteristic, Free Vibration, Forced Vibration, System Gain, Single

Degree of Freedom Viscous Damped System (SDOF)

1. Introduction

To estimate seismic behavior of the structure
with accuracy, an earthquake response observa-
tion device (Steel Swing) is developed and the
possibility of its application is investigated. Free
vibration, forced vibration tests and earthquake
monitoring were carried out to study the dynamic
properties of an exposed-type column base. From
the results of these tests, dynamic properties of
the exposed-type column base including natural
frequencies, damping ratios and initial rotation
stiffness are presented. Furthermore, transmission
characteristic of the system is identified using
observed acceleration records. Steel Swing is set
up at Chiba experiment station in Institute of
Industrial Science (IIS), University of Tokyo in
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Japan. When an earthquake occurs, movement
of the pendulum, which is hanged on the observ-
atory structure, provides an inertial force to spec-
imen, which is inserted between pendulum and
observatory structure. By applying an excitation
force to the pendulum, collapse process of the
building elements can be observed and its dy-
namic characteristics can be measured. Free vi-
bration, forced vibration tests and earthquake
monitoring were carried out to study the dynamic
properties of an exposed-type column base, sys-
tem identification techniques using Fast Fourier
Transformation are applied to the observed ac-
celeration records.

2. Outline of Earthquake Response
Observation Device

2.1 The aim of the device

The Steel Swing is set up at the Chiba experi-
ment station in Institute of Industrial Science
(IIS), University of Tokyo (Jul, 2001). When an
earthquake occurs, movement of the pendulum,
which is hanged on the observatory structure,
provides an inertial force to building element. A
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building element is inserted between the pendu-
lum and the observatory structure. By applying
an excitation force to the pendulum, the col-
lapse process of the building elements can be
observed and its dynamic characteristics can be
measured.

As the same test scheme, there is a test example
using the shaking table (Akiyama, 1998). By ap-
plying an inertia force to the specimen, which is
generated by shaking mass, collapse process of
the building elements have been observed. How-
ever, the cost of using the shaking table is ex-
pensive. On the other hand, this pendulum type
earthquake observation device, can achieve eco-
nomical experiments since the natural excitation
of the ground is used. Furthermore, forced re-
sonance vibration tests can also be carried out
easily by using a vibration excitation device in-
doors. Exchange of specimen is comparatively
convenient.

2.2 Detail of steel swing

The performance of steel swing is shown in
Table 1. Although a pendulum with 150 kN mass
is hanged at the present state, this mass of pendu-
lum can be increased to maximum 300 kN. The
length of the steel bar, which carries the pendu-
lum, is 243 cm and this length can be increased
to maximum 263 cm. The period of the pendulum
is 3.13 sec in the natural state. It becomes ap-
proximately 1 second if supported by specimens,
which is inserted between the pendulum and the
observatory structure, as shown in Fig. 1. Plan of
steel swing is presented in Fig 2. The calculated
stiffness of observatory device is 19500 kN/m in
strong axis and 4500 kN/m in weak axis. They
correspond to 0.075 sec and 0.16 sec of calculated
period, respectively. Since the mass of the pendu-
lum can be changed up to 300 kN, the applied
force to the test setup can be adjusted. Further-
more, since the joints are suspended by universal
joint, which can move in x and y-axis freely,
horizontal bi-axial response of the steel swing
can be observed, and the force actually applied
to the building elements is reproducible. Four
steel suspension bars with turnbuckle resist of
the axial force.
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Table 1 Specification for pendulum

Present 1500 kN
M f
ass of pendulum (Max. 3000 kN)
P 2.43
The length of steel bar (;Z:ir.ltzb‘; mn)]
Period
. , 13
(Without specimen) 313 Sec
Period
. ‘ 0.95-1.
{With specimen) 57103 Sec
] I7T I
] |
i 14
|l = |-
i 4, = S

] .
1500KN

T Ground 8%

Fig. 1 Earthquake response observation devices
‘Steel Swing’
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Fig. 2 Plan of steel swing

3. Free Vibration and Forced
Vibration Tests

3.1 Detail of specimen

The specimen of the exposed-type steel column
base is shown in Fig. 3. The square hollow steel
column [J50X 150X 6 is used in the experiment,
and the diameter of the anchor bolts was 12 mm
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Fig. 3 Dimensions of column base specimen

Fig. 4 Detail of specimen with mortar

all with screw. The specimens were fabricated
and fixed rigidly to the rigid foundation. To
achieve contact with the foundation surface, high
strength, non-shrinkage mortar was grouted. The
test set-up is prepared by considering the distri-
bution of anchor bolts and base plate thickness.
The variable parameters in the tests were thick-
ness of the base plates, number of anchor bolts as
shown in Table 2. As shown in Fig. 4, by placing
ordinary mortar of thickness 12 mm between base
plate and the supporting plate, anchor bolts are
installed. To prevent loosen of anchorage of
anchor bolts double nut is installed. The material
of base plate and anchor bolts is JIS SS400
(Table 3).

3.2 Measuring plan of test
The response data of the observatory structure,

Thickness of | Arrange Free Forced
Base plate | of Bolt |Vibration test| vibration test
19mm 8 FRV19m38 FOV19m8
19mm 4 FRVI9m4 FOVI19m4
9mm 8 FRV 9m8 FOV 9m8

9mm 4 FRV 9m4 | FOV 9m4
Without specimen | FRV Pendm -

Note ; FRV stands for ‘FRee Vibration test’ and FOV
stands for ‘FOrce Vibration test’.

Table 3 Material test result of base plate

Oy O 0y/6s | EL

(N/mm?) | (N/mo®) | (%) | (%)

B.PL 9 mm 274.4 450.0 61 18
B.PL 19 mm 245.0 421.4 58 18
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Fig. 5 Measuring arrangements for steel swing
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test specimen and the ground were recorded as
digital quantities using sampling period of 1/200
sec. The data acquisition is automatically start-
ed once 5 gal is sensed at the basement, and
data are converted into the digital form every
sample time. The following global accelerations
were measured using accelerometers horizont-
ally (x and y axis) (Fig. 5(a)). (1) At the base-
ment (2) On the pendulum (3) At the top por-
tion of the observatory frame. The displace-
ments at the corner of pendulum are measured
by using 4 displacement meters, as shown in
Fig. 5(b). In order to measure flexural strains
on the column member, 8 strain gages are attach-
ed to both lower and upper parts of the column.
The measurement system has a 22-channel si-
multaneous measurement and data acquisition
capacity. This device is not taken into consi-
deration to a motion of the vertical direction.

3.3 Outline of free vibration test

In order to understand the dynamic charac-
teristics of exposed-type column base, free vibra-
tion test is carried out in elastic range. During the
free vibration test, the load is applied to the center
of the pendulum by manpower and it is made to
vibrate freely. To stay in elastic range, the later
load is applied to lower than 1/150 rad of mem-
ber rotation angle.

34 Forced vibration test using excitation
device
In these tests, a counter-rotating eccentric-
weight-type vibration excitation device was set
up at the center of the pendulum. Forced vibra-
tion tests including the phased sweep tests were

Table 4 Specifications for excitation device

Counter-rotating

Excitation type . .
P eccentric-weight-type

Horizontal and
vertical direction

Excitation
direction

Excitation cycle Sine cycles

performed in the direction of strong axis. The
vibration excitation device properties are shown
in Table 4.

The maximum force of the vibration excita-
tion device was 10 kN, and the exciting range
was 2.5-50 Hz. During the tests, sine cycles with
several cycle (frequency) numbers are applied to
the specimen in its elastic range.

3.5 Summary of free and forced vibration
test result

3.5.1 Test result of free vibration test

Dynamic properties of the system are discussed
using the records obtained from the free vibration
test. The system is excited harmonically at its
fundamental resonance frequency by manpower.
Table 5 shows the natural frequencies and dam-
ping factors for the free vibration tests. The natu-
ral frequency could be seen before and after I Hz

Table 5 Summary of free vibration test results

Peri f
Test cod strer:]Oda:is Stiffness | Damping
¥ ¢ ong (kN/m) | factor
(Sec)

FRVI19mS8 0.95 729 0.0048
FRVI19m4 0.96 714 0.0039
FRV9m8 1.00 658 0.0040
FRV9m4 1.03 620 0.0040

FRV Pendm

. . 3.0 —

(without specimen)

Maximum force 10 kN
Excitation moment SN+'m
Range of excitation 2.5-50 Hz

Note ; FRV stands for ‘FRee Vibration test’ and
FOV stands for ‘FOrce Vibration test’.
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Fig. 6 Time histories of acceleration recorded in free
vibration tests
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in all specimens. Free vibration test result is

shown in Fig. 6. In case of thin base plate and
4-bolt type, the rigidity was the lowest. For this
reason, the frequency becomes longer. On the
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other hand, even if the vibration frequency of the
test specimen is different, it is not observed that
the hyperbolic curve of damped oscillation is
approximately the same. As shown in Fig. 7 the
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Fig. 7 Fourier amplitude spectra derived from free vibration test on the observatory structure
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first peak is natural frequency of mass. The sec-
ond and third-peak correspond to natural fre-
quency of observatory structure of weak and
strong axis.

3.5.2 Test results of forced vibration test

Sweep excitation test is carried out by the vi-
bration excitation device. The mass was excited in
y-axis, which is strong axis of this system. Fig. 8
shows the results of test observed on the mass and
Fig. 9 shows the results of test observed on top of
the observatory structure respectively. In these
figures, the vertical axis indicates the global ac-
celeration of the mass for a unit vibratory force.
In case of forced resonance test, it is limited at the
check of the secondary and third resonance point,
because the first resonance point is exceeded the
limit of the possible frequency region of vibrate
excitation device. It is clear from forced vibration
test that for this device 9.5 Hz and 13 Hz of 2™
and 3™ modes are taken as resonance points,
respectively. According to the vibration of the
beam supporting the upper part of the obser-
vatory structure, it is suggested that this device
should be considered as 2 different concentrated
masses. For the reasons given above, it should be
concluded that the device needs to remove high
frequency component using a low pass filter and
to strengthen at the top portion and weak axis of
the device.

3.5.3 Comparison of elastic rotation stif-
fness
The connection between the steel column base

007 FOVOmS

ceelerations of the mas

for a Unit Vibrtory Foree

Fregueney (Hz)

Fig. 9
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and the concrete foundation has a rotational
rigidity significant for the overall frame analysis.
This rigidity could be taken into account to
predict the horizontal drift of the frame in ser-
viceability limit state. The comparison of the
values obtained from the test and calculation of
the elastic rotation stiffness is presented in Table
6. The elastic rotation stiffness of each test spec-
imen is derived from the free vibration tests. This
value is obtained by extracting stiffness of column
from the elastic rotation stiffness of column base.
The formula of elastic rotation stiffness of ex-
posed-type column base was already suggested
in Recommendation for Limit State Design of
Steel Structures of AIJ. However this formula
cannot take inner bolts into consideration. When
inner bolts are also considered, the calculation
elastic rotation stiffness is derived (Appendix
(A)). Mechanical model of column base is pres-
ented in Fig. A. On the other hand, when the
applied lateral force to the column base, defor-
mation is occurred not only the elongation of
anchor bolts but also the out of plane deforma-
tion of base plate. The model, which is consi-

Table 6 Comparison of the rotation stiffness

(kN-m/rad)
Ko | Ko | **Ko | *cKo/eKe [**cKo/eKs
19mm8 | 21364 | 16187 | 32299 0.75 1.5
19mm4 | 19987 | 6484 | 17587 0.32 0.88
9mm8 | 15803 | 18980 | 11067 1.20 0.70
9mm4 | 13583 7597 | 9197 0. 56 0. 68

oK, Test value, *.Ks Reference (AIJ/LSD),
** Ko Reference (K. Masuda)
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Resonance curve observed on the top of the observatory structure (9 mm base plate)



Dynamic Characteristic Identification on Steel Column bases Installed in Pendulum-type Earthquake ---

dered the out of plane deformation of base plate,
is derived to be compatible with the rotation
stiffness of test result in Fig. B (Appendix (B)).
According to the comparison, calculated value
of the rotation stiffness, which considers the out
of plane deformation of the base plate also, is
more close to the experimental value compared
with the AIJ/LSD (1998).

4, Elastic Response Observation
of a Real Earthquake

4.1 Summary of observed earthquake re-
sponse
Observed earthquake response data are sum-
marized in Table 7.

4.2 Spectral analysis of transfer charac-
teristics

The FFT techniques are utilized in order to
identify the spectral characteristics of the system.
The data processing in the system identification
was carried out in the following way : Consider
the unknown system, whose input and output
time series are denoted by x(#) and y(#), re-
spectively. The Fourier transforms of these time
series, X (w) and Y (w), can be approximated by
the finite complex Fourier components in the
FFT computation. The energy spectrum or the
fourier square amplitude spectrum of the input
time series, denoted by Sxr, and the cross spec-
trum of the input and out-put time series, denot-
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ed by Sy, are calculated under the following

definitions :
Sxx=X*(CU)X(CU) (l)
Su=X*(w) Y{(w) (2)

where, X*(w) denoted the conjugate of X (w).
Evidently, Sxx and Sy, indicate the contribu-
tion of each spectral component to the two in-

tegrals f(x(t) )3dt and f(x(t) y(t))dt, respec-

tively. Although some smoothing techniques are
used to make no change in the original value of

the two integrals f(x(t))zdt, it may remove
peak point of the original value. The acquisition
technique is explained in the next section, in det-
ail. The obtained energy spectrum and the ob-
tained cross spectrum are denoted by S. and
S respectively. The system function of this

——
i _“)“

2002/02/12
)

Er—— .'é_— X
Epicenter W5\
r - . i o

0 /x*(hgﬁ-ilwtmul"\ Ation

o/ ()_Ll‘. of the Uni Tokve

Fig. 10 Location of epicenter and monitoring site

Table 7 Measurement earthquake data

Maximum acceleration
. 2
cm/sec
Measurement date Epicenters .Magnltude d.epth (em/sec’)
distance of epicenter Basement Mass Basement Mass
X X y y
19 Dec. 2001 N.Lat 35.2 M4.0 4l 21 313 5
00:07 E.Long 139.5 100 Km ’ ’ ’ 3
1 Jan. 2002 N.Lat 34.2 M4.7 43 4 4 31 44
00:41 E.Long 139.7 110 Km ’ ) ’ )
5 Feb. 2002 N.Lat 36.3 M4.4
2.5 1.5 4 1.25
19:57 E.Long 140.0 70 Km
12 Feb. 2002 N.Lat 36.6 Ms.5 10 8.1 75 5
22:44 E.Long 141.0 40 Km ' 13
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input-output system, denoted by H(w), is de-
fined as a complex function, which satisfies the
following equation :

Y(w)=H(w) X(w) (3)

The system function H(w) can be identified
by :

lH(w)Izm— (4

Four observed acceleration records, which are
recorded at the foundation of observatory struc-
ture for each earthquake, are chosen to identify

Acceleration (gal)

v " ’ > v 4
o 19 20 30 40 $o 40 1¢ 30 90
Tim e {sec)

(a) Basement

system. Obtained Fourier amplitude spectra of the
above mentioned records and the system gain are
shown in Fig. 14.

4.3 The approach solving spectral values
essentially

The FFT techniques have high resolving ca-
pacity, but the computed spectral values often
show abrupt changes, which may be caused by
some errors included in the data. Generally, in
order to remove these unstable changes and to
pay attention to slowly changed essentials, some

o - Wmﬂm‘*
4

Acceleration (gal)

° 10 24 a0 40 50 80 7o
Time (sac)

(b) Pendulum

Fig. 11 Time history of acceleration (12 Feb. 2002) (Up :d x-axis, down : y-axis)

Qy (kN)

displacement (cm
Hysteresis loops (12 Feb. 2002)

Fig. 12

-a5 -0.3

Displacement y

Displacement x

Fig. 13 Displacement response paths (12 Feb. 2002)
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Fig. 14 System gain (12 Feb. 2002)

smoothing techniques are applied to the spec-
tral values. There are many kinds of smoothing
techniques such as : Rectangular spectral window,
Bartlett spectral window, Parzen spectral win-
dow, Hanning spectral window, and Hamming
spectral window techniques. However, it is possi-
ble that the peak of original value is removed
using a smoothing technique. For reasons men-
tioned above, in this section, the spectral values,
Sxx and Sy, are calculated by assembly of avera-
ge value without doing any smoothing. The av-
erage value is obtained from averaging 100 spec-
tral values with 0.005-sec time intervals.

4.4 Verification of the identification of sys-
tem gain (12 Feb. 2002)

The identified system gain was compared with
the theoretical system gain of Single Degree of
Freedom Viscous Damped System (Fig. 15),
which adjusts the parameter in Fig. 16.

The theoretical system gain is derived from
the following formula.

Vot + 4 vko®

V{(wkt— o) 2+ 4t ho®

| System gain|=

In order to confirm the validity of identified
dynamic characteristic, earthquake response an-
alysis is performed in the time domain by the
model of Single Degree of Freedom Viscous
Damped System, and it was compared with the

Fig. 15 Model of SDOF system

0 Theoretical system gain

o for analysis SDOF model
2
£ 40 Identified system gain
E 30
®
w20
)

3

W .

0 04 08 1.2 16 2 24 28
Frequency (Hz)

=3

Fig. 16 Identification of transfer characteristic

time history of an observation result for the
data of 12 Feb. 2002 in Fig. 17.
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5. Conclusion

An earthquake response observation device
(Steel Swing) is developed and the possibility of
its application is examined. Free vibration, forced
vibration tests and natural earthquake measure-
ment on an exposed-type column base using a
steel swing were carried out. From the test res-
ults, it was found that the device needs to remove
high frequency component using a low pass filter
and to strengthen at the top portion and weak
axis of the device. It is observed that natural
frequencies were different due to the number of
anchor bolts and the thickness of base plate.
However the damping factors were nearly the
same.

An outline of elastic response due to earth-
quakes has been described. The data acquisition
system works well, and natural earthquake re-
sponses of system have been successfully record-
ed. System identification techniques using Fast
Fourier Transform are applied to the observed
acceleration records. Identified system gain was
approximated by a theoretical gain of linear
SDOF system, and the response calculated based
on such a linear Single degree of freedom viscous
damped system agrees with the monitored re-
sponse fairly well. This research technique can be

Choi Jae-hyouk and Ohi Kenichi

applied to check the behaviors of new materials
and new details of connections. By using the
simple vibration model, which suits identified
transfer characteristics, it turns out that the earth-
quake response can be regenerated.
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Appendix

Elastic rotation stiffness of Exposed-type Col-
umn base.

(A) Not considers the out of plane deforma-
tion of the base plate (AlJ/LSD)

— Es‘Ab

Kﬂ 2‘11;

{(m(de+d)*+nd?})  (A)

Where,

E;: Modulus of elasticity of steel

Ay Effective section area of anchor bolts

71 - Number of outer bolts

7z . Number of inner bolts

d; . The distance from centroid of column to
anchor bolt of tensile side

d. . The distance from centroid of column to
under of column flange

ly . Effective length of anchor bolt

de | dt

Fig. A Mechanical model of column base (All/
LSD)

(B) Considers the out of plane deformation of
the base plate (Masuda, 1980)

szKbl( 11—%> (h—xn)

+Kb2( lz—%) (b—xn)

L: Iy — (al—s)s
kbl nlEsAb 3E51p1 (B)
1 — lb i (al_S)3
ko2 mEsAs ' 3Eslm
_D-# . (h—xn—ay) £
Ip= T Ip= 5
Where,

Xn. The location of neutral axis

o n~Az,(m+ng)
x,.-——*-—D

Ay v ey )

Es/Ec : Ratio of Modulus of elasticity

Outer bolts
H/Inner bolts
=] [+] o
] ; [+
-] -] - [+]

Jdu v

Fig. B Mechanical model of column base
(K. Masuda)





