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Sensitivity Analysis for Deteriorating Bridges using Bus Acceleration Sensors

Akito YABE(NAGAI) Kejian YANG Ayaho MIYAMOTO
Civil Engineer Civil Engineer Professor

KOZO KEIKAKU Engi- KOZO KEIKAKU Engi- Yamaguchi University
neering Inc. neering Inc. Yamaguchi, Japan
Tokyo, Japan Tokyo, Japan miya818@yamaguchi-u.ac.jp
nagai@kke.co.jp vkj@kke.co.jp
Summary

Because many infrastructures such as bridges will entrance their last stage of designed
durability in Japan, it becomes much more important to judge whether replace them or use them
continously over their designed durability while doing maintenance. An old bridge should be
inspected much exactly by expert engineers rather than at its initial stage of lifetime. Now, the
structural health monitoring (SHM) technique makes it possible to gather more and more useful
data to investigate dameges. Whether inspection by expert engineers or SHM, the cost problems for
sustainable bridge maintenance should be solved first. In this paper, a concept of detecting damage
signs in long-term service bridges using acceleration response of running bus on the bridges. The
conclusions of this paper will give good references to develop a creative useful method for
sustainable bridge maintenance.

Keywords: Detect Damage Signs, Bridge Maintenance, SHM, Bus, Acceleration.

1. Introduction

Many infrastructures will go into their last stage of designed durability in Japan, especially
many bridges which were constructed in high economic growth period will be soon over their
designed durability. It becomes urgent to judge whether replace them or use them continously over
their designed durability while doing maintenance, and those maintenance works were done by
expert engineers usually. Because a last stage bridge will be exposed danger situation by usual
action, generally many expert engineers, long time, enough budget are required for those works.
However, it is known that the budget and expert engineers are not enough to finish those hard
works soon and it is also no time to wait now.

Some technologies are developed in all over the world now, and one of these technologies is
“structural health monitoring (SHM)“ that gives us much more useful data to investigate dameges
automatically. Many seonsors have been applied and reserched to monitor static or dynamic
behavior of bridges, for examle, accelerometers, strain gauges, deflection transducers, optical fibers,
corrosion sensors and so on. As we know, the developed technics of SHM are still not enough to
solve initial and running cost problem for sustainable bridge maintenance. Now, many sensor’s life
time is shorter than sercive time of the bridge, theirfor, the installed sensors in a bridge should be
changed periodically, and the power supply problems for the sensors are also need to be solved.

A reasonable method was studied for detecting a bridge structure with a sever damage in a local
area. A creative idea of detecting damage signs in long-term service bridges by using a
accelerometer installed on bus and its response is proposed here. In this paper, the experimental
investigation of a normal RC bridge by a local bus was performed, and it showed that monitoring a
bridge vibration by the bus running on the bridge is possible. Next a sensitivity analysis for
deteriorating bridges using a bus acceleration response by applyed “Substructure Method” is done,
and a new reasonable method for detecting the sever damage on a bridge for the sustainable bridge
maintenance is built in this paper.
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2. Bridge Monitoring System by using Bus Acceleration Sensors

A monitoring experiment of a real RC bridge named KAWANE-bridge by accelerometers
installed on both local public bus and the bridge was carried out, and the measurement results
between the bridge vibration and the bus vibration were compared. Therefore, the import mutual
relation of these two measured accelerations was found.

2.1 Bus Acceleration sensors

Fig.1 shows a under-use local public bus using in the monitoring experiment and the positions
of installed acceleration monitoring sensor. Al was installed on the body of bus and A2 was
installed on the rear axis of bus. Both sensors was monitoring virtical accleration. In this paper, it is
focused on only A2 rear axis acceleration response.

Sensors have been obtained from normal dealer. The acceleration responses of bridge shown in
Fig.2 and wheel axis of the local public bus at the same time when the bus was running on the
bridge were measured, and the monitoring sampling ratio is 1000Hz.

| 26.0kN

front
A2

(a) Local public bus (b) Sensor installation

Fig.1 Local public bus and acceleration monitoring sensor installation

2.2 Experiment on ‘KAWANE-bridge”

Fig.2 shows RC bridge for monitoring experiment by acceleration monitoring sensor, which
was constructed 44 years ago at Ibaraki prefecture in Japan, and it is still in sound condition now.
This bridge includes 4 main girders and 6 spans, and the length of each span is about 22m. The
accelerometer was installed at the center of a side girder, and the monitoring sampling ratio is
1000Hz .

center

(a) Subject bridge (b) Sensor installation

Fig.2 Subject bridge and acceleration monitoring sensor installation

HrigEz Vol.23 2009/11
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2.3 Experiment Result

Fig.3 shows a comparison of virtical acceleration responses between object bridge and local
bus wheel axis at the same time when bus running with 30km/h on the bridge. The local bus rear
axis acceleration response was multipulied by 0.03 in order to get same scale two responses. It is
clear that there is a liner relationship between local bus rear axis acceleration response and bridge
acceleration response.

15

2

§ 10 ! ! ! — bridge
T L J ! — bus axis( X 0.03)
E o5 : e
S 00 i |
ﬂ _ I I I I I
s 790 T | T
A ; S
g -15 | | | 1 1 1 1
0.0 0.5 1.0 15 20 25
Time [sec]

Fig.3 Compare bridge acceleration and bus axis acceleration at same time

Next investigation is the comparison of frequency distribution of local bus axis acceleration
and bridge’s one. FFT method is not enough by uncertainty principle, because the time of
comparison is very short, so that Gabol continuous wavelet transform was performed here. The
wavelet transform can be expressed as follows:

x—h

Wap G = [ 2 (557) (0 at (1)

a

Where

o = —_eiem e ® = 2w ()

a,b: scale parameter

Therefore wavelet scale parameters are able to transform frequency w. And scale parameters are
a flexible, so if the scalogram was calculated then the frequency distribution of local bus axis
acceleration and bridge’s one can be compared.

Fig.4 shows comparison of frequency distribution with Gabol wavelet transform scalogram.
Fig.4 (a) was obtained from the object bridge acceleration, (b) was obtained from bus. Both red dot
square areas in scalograms are shown passing rear tires on the center of the bridge just in time. In
those areas, both scalogram shapes are similar. It shows that frequency distribution is also similar.

Frequency [Hz] Frequency [Hz]

200}
ol EALE 8- SEE N
; | 3 3 = 15.0~20.0
5 | 3 3 10.0~15.0
00 e REiT e = 5.0~10.0
’ | 1 1 s 0.0~5.0
| 5.0 == REEF PR <o SRR
0 " 1.0,
0.0 0.5 1.0 1.5 20 25 0.0 0.5 1.0 1.5 20 25
Time [sec] Time [sec]
(a) Subject bridge (b) Local bus axis

Fig.4 Compare frequency distribution with Gabol wavelet transform scalogram
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Fig.5 (a) shows measured accelerations of local bus rear axis at three times, which red lines are
measured acceleration and orange lines are measured difference form averaged acceleration. Fig.5
(b) shows the difference distribution from average. It shows that measuring difference distribution
follows the normal distribution. Therefore average with many sampling close to a constant value to
assess the bridge condition using local bus rear axis acceleration.

ent difference

0.2 measurem
distribution
10 : | —a— 0=0053m/sec2lnormal
N I I — 1'st time 15 distribution
§ 05 ik ' — 2'nd time
~ " |
5 00 W{’E’:\ mww . LY (i Oy NiaaN Ty — Average
E v : hi Y ' : “—‘FJM difference 1'st 05
g -05 T T difference 2'nd s \
< : : difference 3'rd 0 " “1,.__. !
-1.0 : '
09 095 1 105 11 115 12 -03 02 -01 0 0.1 02 , 03
Time [sec] measurement difference acceleration [m/sec”]
(a) Measured acceleration of local bus rear axis (b) Difference distribution

Fig.5 Compare frequency distribution with Gabol wavelet transform scalogram

3. Sensitivity Analysis for a virtual Deteriorating Bridge

3.1 Summary of Analysis

When a vehicle passes on bridge expansion joints and the bump of the road surface, it causes
vehicle vibrations. Then the vibrations transmit to the bridge. These dynamic interaction will causes
stronger vibrations of vehicle and bridge. Especially a dynamic interaction problem such as stronger
vibrations of vehicle and bridge, an advanced structural analysis method e.g. “Substructure
Method” was applied by FE (Fig.6) model. Substructure method equations are shown as (2).

Heavy Car
Bump (Sub-structure)

Bridge
(Main-structure)

My Mfg g N Cy Cfg U N Ky ng Uy _
sym M, ||, sym  C,, |(U, sym K, |lu,
M M u C C u K K u 0

ff fg i f + ff fg . f + ff fg f S R G @ (Sub _ struc ture)
sym M, ||, sym  C,, ||U, sym K, ||u, R,

Where

i, u,u, : Degreeof freedom response
i, U, u, Dregree of fix response

F : Inputing reaction force

R,: Reaction force

The substructure algorithm can be summarized as follows. At first equation of motion
concerning a Vehicle (sub-structure) is used to getting the solution of reaction forces which can be
written as a live-load vector on a bridge. When these reaction forces vector put on a bridge, an
equation of motion concerning a bridge (main-structure) was used to getting the solution of
displacement of the bridge. These displacements are applied to vehicle wheels. In this step, the

HrigEzk Vol.23 2009/11
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vehicle influence is appeared only as a reaction forces vector. The bump displacement on the bridge
is added to a bridge displacement vectors for applied to a vehicle wheels. If this displacement was
applied to the vehicle wheels, an equation of motion concerning a Vehicle (sub-structure) which can
be built to getting the solution of reaction forces. These processes are iterated.

Fig.7 shows a FE structural analysis model for comparison acceleration response to assess
severe condition or not. This FE model is turned real bridge(ref. Fig.2). Fig.7 (b) is local public bus
model.

1.38m
/M 855 kKN/(m/sec?)
—/
1200kN/m 300kN/m
0.8 kN/(m/sec?) 0.4 kN/(m/sec?)

000kN/m 1500kN/m

Al
y

Traffic lane . : s 5.25m

(a) Bridge model (b) Bus model
Fig.7 FE structural analysis model

The local bus model is going on the bridge model at 30km/h on traffic lane solving dynamic
interaction problem. Fig.8 shows comparison of strain between a real bridge mesurement and a FE
structural analysis model at the center of one girder. The results are coincide well each other.

w40 g — simulation
= 30 g N — measurement

0.0 1.0 20 3.0 4.0

time [sec]

Fig.8 A comparison of strain between a real bridge and a FE structural analysis model

Fig.9 shows 2 type assumptions with severe damaged area. Type A assumed a condition of all
main girder’s undersurface damaged. Type B assumed a more damaged condition that one girder is
severe deteriorating. Calculations of no damage type and above two damged types by FE model
were carried out.

(a) severe damege type A (b) severe damege type B
Fig.9 Assumption with severe damaged area
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Fig.9 and Table.1 show results of acceleration response of local bus rear axis. The gray line is
result at sound condition. The red line is results at severe damge condition type A and B. The brack
line is the defference between sound and severe condition. It can be found the difference about 14%
between sound and severe 2 types condition with damaged. By the difference from those responses

Analysis Result

on real bridges, it can be assessed whether bridge is in severe condition or not.

Acceleration [m/sec?]

Acceleration [m/sec’]

15.0 1 T
} - — sound condition
10.0 : : : A — severe condition —A
50 | \ | | — difference
| | AR
| [ | | | |
0'0 I 1 I I I I
-5.0 l 1 l ' ! R
-10.0 | ) R
| | | | | | |
| | | | | | |
_1 5.0 I I I I I I I
0.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0
Time [sec]
(a) severe damege type A
15.0 i
l — sound condition
10.0 ; n — severe condition -B
50 i ] | 3‘ i il . —_ difference‘ —
| | | | |
DA :\_h.. ‘ A L
0.0 SRan- ‘ N ™ 1 | o
-5.0 i ] 1 ' SRR
-10.0 l B——
| | | | |
| | | | |
-15.0
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 40

Time [sec]
(b) severe damege type B

Fig.9 Comparison acceleration response severe condition or not and the difference

Taible.1 defference acceleration

Damage Type  Max Difference of Max
acceleration  acceleration from
No damage
No damage 9.06 m/sec’ -
Type A 10.16 m/sec’ 1.27 m/sec” (+14.0%)
Type B 10.10m/sec’ 1.31 m/sec’ (+14.5%)
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4. Concerning considerations of the sustainable bridge maintenance

In inspection by expert engineers or SHM, the cost problems for sustainable bridge
maintenance should be solved first. The above results of experiment and sensitivity analysis show
possibility of using a bus acceleration monitoring for reasonable assessment of the bridge condition.
Therefore, It can be considered to apply a newly monitoring sysytem by using a local bus
tranportation system. A creative idea concerning using local bus transportation sysytem to monitor
bridges at a certain local area (Fig.10) is proposed here. This system gives following merits. At first,
only installing one accleration sensor on a bus can monitor major biridges at a certain local area, so
that the monitoring initial cost problem was reduced. Next, problem such as power supply to
sensors will also be solved by using the bus battery. Another monitoring running cost problems is
sensor maintenace, especially for necessary change of sensors somtimes, which could be solved by
doing maintenace at bus station. Therefore it is no necessary to go to a lot of places to install
sensors on bridges and to maintenace or change sensors there if using a bridge monitoring system
with a bus. These merits solve almost all cost problems for sustainable bridge maintenance.

A certain local area
= <] Cj o ¢ Cj
Bus station N
/ Acceleration
Data down load
=
:I & analysis / sena
& o
N

Fig.10 Local bus transportation sysytem to monitor bridges at a certain local area

5. Conclusions

Main conclusions about foundational investigation for reasonable method of detecting sever
damaged and sustainable bridge maintenance can be drawn as follows.

(1) Local bus rear axis acceleration response has liner relation with bridge acceleration response.

(2) It is possible to use a bus acceleration monitoring system for assessment of the bridge
condition.

(3) Sensitivity analysis results by applyed “Substructure Method” were showen that a bus
acceleration is useful for evaluation of the bridge condition.

(4) A foundational investigation for reasonable methods of detecting bridge with sever damage
by sustainable bridge maintenance is carried out.
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