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The frequency domain decomposition (FDD) technique is convenient to identify the modal characteris-
tics of structures. The FDD technique assumes that the input motion is white noise. The applicability of
FDD technique is analytically extended to apply on impact responses which is impulse function of input
motion, and it is confirmed by using observed data. Furthermore, the FDD technique is applied to an ele-
vated bridge at different construction stages. Modal characteristics of the elevated bridge are identified and
discussed.
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1. INTRODUCTION

Under the current design code of elevated bridge
for railroad, single span brdiges are considered indi-
vidually. During the construction of elevated bridge,
when two single span bridges were connected with a
superstructure, modal characteristic would change
obviously".It is important to understand the changes
of modal characteristic on different construction
stages especially during earthquake-resistant design.
Therefore, different elevated bridge in each construc-
tion stage was analyzed and compared along with the
construction process.

Modal identification of output-only system is now
widely used in civil engineering to understand the dy-
namic behavior of structures, especially during earth-
quake resistant design. Frequency Domain Decom-
position (FDD) technique is a user-friendly and high
accuracy technique applied to output-only system,
and assumed input as white noise?. Therefore, micro-
tremor which is a low amplitude ambient vibration
was analyzed by using FDD technique to obtain
modal parameters in this study.

Modal identification by using impact test is often
associated with input and output system. The applica-
bility of FDD technique applied to impact test is

shown by comparing the expanded equation between
input characteristic and modal characteristic®.

Furthermore, the FDD technique is applied to the
simultaneous multipoint observation records of mi-
crotremor and impact test for single and continuous
span bridges in this study. Modal characteristics are
identified and discussed at different construction
stages.

2. APPLICABILITY OF FDD TECHNIQUE
APPLIED TO IMPACT TEST

The output power and cross spectrum matrix can
be expressed as:
N
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here k,s are mode number, w, is damped circular



frequency, ¢ is modal damping ratio, {¢} is modal
vector. {¢”} is the modal vector of observation point.

From eq.(2), cs, shows the input characteristic of a
system. If a virbration system is assumed as porpro-
tional damping system which modal vector is in real
number, cg;, can be rewritten as:

Coke = g 2m=1 Ps1@rem (X1 " X)) (3)

where <> shows ensemble average of XX, .
What’s more, in ideal microtremor input system or
impulse input equal to 1, there is no relationship be-
tween each input in each observation point
7 _(Xue (U=k)
Xy~ Xie) = {0 (I+k)

Thus, if the assumption of X;;, = X, (constant) is
valid, when the observation point ‘I’ is excited by an
impulse which amplitude is much bigger than micro-
tremor X; (> X,) , eq(3.) can be derived as:
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Furthermore, mode orthogonality is applied to eq(4.):
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when X, is a constant, eq(1.) can be derived as:
N
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here { }in right hand side of the equation is expaned
and is derived as:
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ap(w) =

a,(w) is modal power spectrum with peak when
w = wgg- In FDD technique, the shape of eq(6.) is
identical to singular value decomposition (SVD).
Therefore, the first singular value derived from sin-
gular value decompostition applied to [Gyy] is ap-
proximate to a; (w). Thus, peaks and corresponding
natural frequencies in a;(w) can be identified, and
first singular vector which is corresponding to {¢;'}
can be identified as modal shape as well.

Same mode that can be identified in both micro-
tremor and impact test is demostrated previously in
eq(5.) and eq(7.). However, this mode may become a
dominant mode and other modes may not be able to
be seen in impact test because ay(w) is extremely
enlarged by impulse at the dominant mode.

3. FIELD OBSERVATION AND ANALYSIS

(1) Setting of observations

The field observation was carried out at an under-
construction elevated railroad bridge, and five-time
observations were performed at different construc-
tion stages. Fig.1l shows the schematic figure of
whole the target bridge after construction was com-
pleted. Observation cases are listed in Table 1: two
cases for single span bridge (2015/12 and 2017/11)
and three cases for continuious span bridge (2016/10,
2019/01, and 2019/07). Here, Ct* were superstruc-
ture supported with rubber support on both ends of
adjacent rigid-frame structures R*. In whole the ob-
servations, microtremors were observed, further-
more, impact tests were performed in the case of
2015/12, 2016/10, and 2017/11.

Two velocity sensors KVS300 and CR4.5, and one
accelerometer Titan, and four types of data loggers,
Geodas, OTK, AK, LS8800, and LS7000XT were
used in each observation. Fig.2 shows the sensor col-
locations and also positions and directions of the im-
pacts for impact tests.

(2) Analysis

The observed microtremor records were divided by
portions of 40.96 second length. For impact test data,
a free-decay portion of 40.96 second length was se-
lected from each impact response. The fast Fourier
transform (FFT) was applied to each portion.

Next, power and cross spectra were calculated
from each portion by FFT and they were averaged
over the portions. Singular values and singular vec-
tors were calculated by applying SVD to [Gyy],
which consisted of power and cross spectra. Domi-
nant peaks in 1% singular value spectrum were picked
up and they were identified as eigen frequencies,
which are called peak frequencies, hereafter. The cor-
responding singular vectors were selected as modal
vectors.
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Fig.1 Profile of the elevated bridge.



Table 1 Observed cases

Cases Region Sensor Logger Sampling Microtremor | Impact test re-
Rate (Hz) duration (min) | peats (times)
2015/12 R2 CR4.5 Geodas 200 20 10
KVS OTK 200
KVS AK 100
2016/10 R2~R3 Titan L S8800 200 20 10
Titan LS7000XT 200
KVS OTK 200
2017/11 R1 KVS AK 100 45 14
Titan L.S8800 200
KVS OTK 200
KVS AK 100
2019/01 | Ct1~Ct4 Titan L S8800 200 60
KVS LS7000XT 200
KVS OTK 200
2019/07 | Ct1~Ct5 KVS AK 100 60
Titan LS8800 200
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Fig.2 Sensors collocation and positions and directions of impacts
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4. RESULTS AND DISCUSSIONS

(1) Applicability of applying FDD to impact test

Fig.3 shows 1% singular values of microtremors and
impact responses for case 2015/12. Two peaks are
recognized for all data, even though the magnitude
of dominant mode in the singular value is different
obviously. The peak frequencies and corresponding
modal shapes are shown in Table 2. The modal
shapes at 1t and 2" peak frequencies, 2.441 Hz and
2.905Hz, respectively, are similar shapes, however,
modal shape of impact 2 predominates transversal
direction, and microtremor and impact 1 and 3 pre-
dominate longitudinal direction at the 1% peak fre-
quency. This difference of modal shape at 1% peak
frequency suggests that two different modes are
overlapped at the same frequency of 2.441 Hz: trans-
lational modes with transversal and longitudinal di-
rections. According to its design calculation, the
eigen frequencies are very close for the translational
modes of transversal and longitudinal directions,
which are 1.96 and 2.02 Hz, respectively. Further-
more, the shape of 2" singular value spectrum is
similar to 1% one around frequency 2.441 Hz as
shown in Fig.4. The singular vector corresponding to
2" singular value at frequency 2.441 Hz predomi-
nants the translational mode with transversal direc-
tion. These results support the above suggestion. It is
observed that only the impact 2 shows large value of
singular value around the second peak frequency,
2.930 Hz. This means that the position of the impact
of impact 2 can excite the rotational mode effec-
tively.

Table 2 Modal shape of case 2015/12.

Microt Impact test
crotremor Casel Case2 Case3
Frequency 2.441 Hz 2.441 Hz 2.441 Hz 2.441 Hz
tm) 1| 1 I i e It
Modal shape ¢ 5 ¢ - It ' &
(1%tsingular ] H ] : | H
value) ! 1 { H | |
---- Real : H { 1 | i
! i H { |
——--Abs i s t !
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Table 3 and Fig.4 shows the summary of peak fre-
quencies and modal shapes for case 2017/11 and 1%
and 2" singular value spectra, respectively. These
figures show similar properties to those of case
2015/12. Thus, generally speaking, it is suggested

that (1) two translational modes and rotational mode
are excited for a single span bridge, and (2) these
modes can be identified using both microtremor and
impulse reponse.

Fig.3 1%t singular value spectrum in case 2015/12.

Fig.4 1t and 2" singular value of case 2015/12 and
2017/11 for microtremor.

Table 3 Modal shape of case 2017/11.

Mode — T 1
----real [ ? [ I ol
----abs R I S , 1} p p

L
Cases/ Peaks Peak1 Peak?2
Microtremor 2.441 2.832
Impactl 2.441 2.832
Impact2 2.441 2.832
Impact3 2.441 2.832
Impact4 2.441 2.832
Impact5 2.441 2.832

Fig.5 shows the singular value spectra in case
2016/10 and the peak frequencies and corresponding
modal shapes are summarized in Table 4. The peak
frequencies can be identified at same values for both
microtremor and impact responses. However, the
predominant peak at frequency 1.879 Hz does not
appear in the singular value spectra of microtremor.
Impact test can excite modes which do not appear in



microtremor, in a case of complicated structure.

The FDD technique can apply to impact test, and
the combination of microtremor and impact test can
cover most of possible modes.

(2) impact responses

(b) microtremor

Fig.5 1%t singular value spectra for impact responses and 1%
to3rd singular value spectra for microtremor.

Table 4 Modal shape of case 2016/10.

Mode
----real
----abs

Cases/ Peaks Peakl | Peak2 | Peak3 | Peak4 | Peak5

Microtremor 1.758 — | 1.904 | 2.099 | 2.441
Impactl — — | 1.904 — —
Impact2 — — — | 2.099| 2.441
Impact3 1.733  1.879 — | 2.099 | 2.441
Impact4 1.733 | 1.879 — | 2.099 | 2.441
Impact5 1.733 [ 1.879 — — | 2.441
Impact6 1.733 — — | 2.099 | 2.441

(2) Modal characteristics at different construc-
tion stages

It is observed from Tables 2, 3, and 4 that the 1%

peak frequency for continuous span bridge is lower

than one of single span bridge. Fig.6 shows the sin-
gular value spectra of cases 2019/01 and 2019/07.
The difference between these two cases is the exist-
ence of Ct5, which connects rigid-frame structures to
long-spanned and heavy bridge. Table 5 lists the
peak frequencies and modal shapes, which is drawn
under an assumption of rigid floor of the superstruc-
ture. The modal shape at 1% peak frequency for the
two cases, 2019/01 and 2019/07, show the similar
modal shapes, in which only Ct3 is excited. Further-
more, these modal shapes are identical to the 1%
mode of case 2016/10, whose peak frequencies are
1.708 to 1.758 Hz. The modal shape at 2" peak fre-
quency for case 2019/07 is similar to the 3 one for
case 2019/01, in which only Ct2 is excited. The other
modes show no obvious relevant between the two
cases. The modal shapes identified from micro-
tremors seem to be formed by adjacent at most three
units.

Differences of the modal shapes between two cases
of 2019/01 and 2019/07 are affected by an additional
superstructure, Ct5. The modal shape at 3™ peak fre-
guency for case 2019/07 dominates a translational
mode with longitudinal direction This may be effects
of the constraints by the connected structures
through Ct5.

Fig.6 1% singular value spectra of case 2019/01 and 2019/07.

5. CONCLUSION

The applicability of FDD technique applied to im-
pact responses were demonstrated through theoreti-
cal analysis and experimental data. Impact test can
provide almost same modes with those of micro-
tremor for single span bridge. Furthermore, the im-
pact test can excite hidden modes which are not iden-
tified by microtremor.

Modal characteristics at different construction
stages were presented for continuous span bridge.
The fundamental modal shapes seem to be formed by
adjacent at most three units of superstructures. The
constraints by connection of superstructures affect
the modal shapes obviously.



Table 5 Modal shape of case 2019/01 and 2019/07.

Cases/ Peaks | Microtremor Mode (--—real ----abs) 2019/01

Cil R1 Ct2 R2 Ct3 R4 Ct4

Peak1 1.708
Peak?2 1.952
Peak3 2.074

/
Peak4 2.22
Peak5 2.342
Peak6 2.586 i

Cases/Peaks | Microtremor Mode ( ----real ----abs) 2019/07

ctl R1 c R2 CB3 R4 Ct4 Ct5
Peak1 1.757 i T 1 5
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