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Abstract. As one solution to the problem for condition assessment of existing short and 
medium span (10-30m) reinforced/prestressed concrete bridges, a new monitoring method 
using a public bus as part of a public transit system (called “Bus monitoring system”) was 
proposed, along with safety indices, namely, “characteristic deflection”, which is relatively free 
from the influence of dynamic disturbances due to such factors as the roughness of the road 
surface, and a structural anomaly parameter. In this study, to evaluate the practicality of the 
newly developed bus monitoring system, it has been field-tested over a period of about four 
years by using an in-service fixed-route bus operating on a bus route in the city of Ube, 
Yamaguchi Prefecture, Japan. In here, although there are some useful monitoring methods for 
short and medium span bridges based on the qualitative or quantitative information, the 
sensitivity of damage detection was newly discussed for safety assessment based on long term 
health monitoring data. The verification results thus obtained are also described in this paper, 
and also evaluates the sensitivity of the “characteristic deflection”, which is a bridge (health) 
condition indicator used by the bus monitoring system, in damage detection. Sensitivity of 
“characteristic deflection” is verified by introducing artificial damage into a bridge that has 
ended its service life and is awaiting removal. Furthermore, the sensitivity of “characteristic 
deflection” is verified by 3D FEM analysis. 

1.  Introduction 
 
In the field of bridge management engineering, a great deal of decision making often depends on the 
assessment and experience of the domain experts in related fields, such as professional experience, 
knowledge on bridge management, etc. Then an important parameter in management for existing 
bridges is the remaining life assessment that is crucial as a kernel of the systematization for bridge 
maintenance throughout service life including economic analyses referring to initial cost and 
assessment technologies. In bridge structures there are many different unforeseen conditions because 
bridges are larger and often need to serve longer more than 100 years, compared with the other 
products such as electrical, mechanical and systems engineering fields. And they are subjected to 
diverse types of deterioration mechanism such as corrosion, fatigue, carbonation, alkali aggregate 
reactions, etc. Therefore it is probable to have some risk for not fulfilling the complete standards of 
safety so some failure probability is possible. Structural aging, environmental conditions, and reuse are 
examples of circumstances that could affect the reliability and the life of a bridge structure. Engineers 
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have been visually inspecting, monitoring and proof testing bridges for Centuries. However, presently 
health and performance are described based on subjective measures that are not universal. In addition, 
defects, deterioration and damage are not discovered until it is possible to visually observe the signs 
they exhibit at which time these would have taken their toll on health. These shortcomings impact the 
timeliness, effectiveness and the reliability in any management decision irrespective of any 
sophistication in the management process. Moreover, even experienced engineers may find visual 
signs of defects, deterioration and damage and still not be able to diagnose the causative mechanisms, 
or their impact on the reliability of the system and global health. The global health of an entire bridge 
as a system, inclusive of the performance criteria corresponding to every one of the limit-states is 
actually what is needed for effective management decisions. There are needs of periodic inspections to 
detect deterioration resulting from normal operation and environmental attack or inspections following 
extreme events, such as strong-motion earthquakes or hurricanes. To quantify these system 
performance measures requires some means to monitor and evaluate the integrity of civil structures 
while in service [1-8]. Then, since the necessity of developing a practical health monitoring system 
has been point out for detecting deterioration phenomenon as early as possible for bridge maintenance. 

The authors have been developing a long term health monitoring method using a public bus as part 
of a public transit system (called “Bus monitoring system”) [9-11] to be applied mainly to short and 
medium span bridges. As a safety index from the system, “characteristic deflection” which is 
relatively free from the influence of dynamic disturbances due to such factors as the roughness of the 
road surface, and a structural anomaly parameter was proposed. The advantages of bus monitoring 
system are as follows: a) If a large vehicle about 10 m long is used for measurement, it is highly likely 
that when the vehicle crosses a short and medium span bridge, that is the only vehicle in the same lane 
on the bridge, b) If a short and medium span bridge, which is has relatively high flexural stiffness, is to 
be vibrated, it is necessary to use a relatively heavy vehicle, c) If a fixed-route bus is used as a source 
of bridge excitation, it is easy to reproduce measuring conditions such as the time of passage, route, 
frequency and velocity, d) Since a fixed-route bus equipped with a sensor makes the rounds, it is 
possible to monitor main short and medium span bridges in a particular area on a regular basis. As a 
result, substantial cost reduction can be achieved because there is no need to install sensors to all 
bridges to be monitored, e) The electric power for the measuring instruments used can be supplied by 
the power supply of the bus. 

 This paper described not only the validation results obtained from the long-term monitoring and 
discusses the usefulness of the system but also the problems of the conventional observation method 
based on the “characteristic deflection”, which is a bridge condition indicator that makes possible 
efficient detection of structural anomalies of the bridge being monitored, are identified, and a new 
observation method that enhances the damage detection sensitivity of the system is evaluated. This 
study also examines the influence of artificial damage (guardrail removal) on the characteristic 
deflection to evaluate the sensitivity of the system in detecting damage given to the field test bridge. 
The sensitivity of the characteristic deflection is verified by 3D FEM analysis. Finally, various study 
results as mentioned above are put together to systematically discuss the practical scope of application, 
damage detection accuracy and remaining problems of the system. 

 
2. Basic Concept of the Bus Monitoring System 

 
The bus monitoring system has been developed by the method of monitoring short and medium span 
bridges by using fixed-route buses operated as part of public transport systems [9-11]. Fig. 1 illustrates 
a basic concept and damage detection flow of the bus monitoring system. Main reasons why the use of 
fixed-route buses, which are large and heavy vehicles, was considered are as follows: (1) If a large 
vehicle about 10 m in length is used for on-the-move measurement on a short or medium span bridge, 
that vehicle is likely to be the only vehicle passing over the bridge at point in time, (2) In order to 
make a short or medium span bridge, whose stiffness is relatively high, it is necessary to use a 
reasonably heavyweight vehicle, (3) Large vehicles used to vibrate bridges make it easier to reproduce 
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measuring conditions such as travel time, route, frequency of passages and vehicle speed, (4) By using 
a fixed-route bus equipped with acceleration sensors, main short and medium span bridges in the area 
of interest can be monitored on a regular basis. By so doing, monitoring cost would be substantially 
less than in the case where sensors were installed at all bridges, and (5) Power for the measuring 
devices can be supplied from the power supply available in the bus.  

As shown in Fig. 1, the vertical displacement of the bridge and the bus under its rear wheel springs 
is an estimated deflection obtainable by integrating the vertical acceleration waveform twice. The 
displacement can be expressed, as the sum of (1) the static displacement dependent on bridge stiffness 
and bus weight, (2) a non-steady-state vibration component having a stochastic nature characterized as 
a Gaussian process attributable to a rough road surface and having a mean value of 0, (3) vibration 
components governed by the equation of motion such as the bridge and the vehicle, and (4) external 
disturbance factors due to differences in the operating conditions of the bus and differences in data 
extraction and processing methods. For the purpose of this study, the characteristic deflection [9],[10] 
which is relatively free from the influence of dynamic disturbances due to the roughness of road 

Figure 1. Basic concept and damage detection flow of the bus monitoring system 
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surface, etc., is defined as an indicator that may be useful in efficiently detecting a structural anomaly 
of existing bridges [11].  

 
3. Examination and Discussion of Damage Detection Sensitivity 

 
3.1 Examination by an Existing Bridge with Artificial Damage 
To evaluate the sensitivity of the characteristic deflection used by the bus monitoring system as a 
serious damage indicator, the influence of artificial damage (bridge guardrail removal) on the 
characteristic deflection was evaluated by using a decommissioned bridge (a real old bridge to be 
removed shortly). This chapter deals with the field test results thus obtained. A simulation analysis 
using an analysis model allowing for the coupling between the bus and the bridge is also performed to 
calculate changes in the characteristic deflection of the artificially damaged bridge, and damage 
detection sensitivity is compared and evaluated from the analytical point of view. 

 
3.1.1 Overview of the test 
The field test was carried out by using a 72-year-old (as of the time of the study) reinforced concrete 
bridge to be dismantled and removed shortly (“Sakae(SK) Bridge” [12]; see Fig. 2). In view of factors 
such as seasonal (temperature) changes and the presence or absence of bridge guardrails, it was 
decided to conduct measurement using the bus monitoring system a total of four times, namely, in 
September 2012 and in January, February and March 2013. As in the case of the long-term field test 
mentioned earlier, the vertical (z-axis) acceleration response and “characteristic deflection” occurring 
when the municipal bus (vehicle) running at a constant speed crosses the bridge in the in-bound and 
out-bound lanes (15 in-bound runs and 15 out-bound runs) are calculated. Taking advantage of the 
absence of other road traffic (ideal condition) because the bridge was already in the process of 
demotion and removal, the measurements were conducted under various conditions by varying such 
conditions as vehicle weight and vehicle speed (constant speed). 
 
3.1.2 Types and characteristics of vehicles 

 used for measurement 
The vehicles used for the measurement 
purpose are Ube-city's sightseeing bus 
having a gross weight of about 15 tf and a 
mini vehicle having a gross weight of about 
1.3 tf. As in the long-term field test 
mentioned earlier, an acceleration sensor was 
installed at a similar position (under the rear 
wheel spring) of each vehicle for continuous 
measurement. Besides this sensor, three 
other acceleration sensors of comparable 
performance were also installed [on the right 
side, at the center (normal location) and on 
the left side under the rear wheel spring] to 
evaluate the influence of sensor locations. 
Fig. 3(a) and (b) show the general views of 
the two types of vehicles used and the 
acceleration sensor locations. Table 1(a) and 
(b) show the specifications of the vehicles used and data on the performance and other details of the 
sensors. 
 
3.1.3 Outline of the bridge 

Figure 2. General view of SK-Bridge in service 
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The SK-Bridge used for the field measurement is a 168.3-meter-long, 11.0-meter-wide eight-span 
simple cantilever reinforced-concrete T-girder bridge completed in 1941 (managed by the Ministry of 
Land, Infrastructure, Transport and Tourism). For reconstruction, the bridge was demolished and 
removed by stages over a period of two years from fiscal year 2012. Table 2 and Fig. 4 show the 
structural specifications and pre-removal configuration and dimensions of the SK-Bridge and the 
bridge section where the field test was conducted. Since there was no other road traffic on the bridge 
at the time of measurement, only seasonal (temperature) changes were taken into consideration as an 
external disturbance factor affecting characteristic deflection in evaluating the influence of the 
presence or absence of bridge guardrails (regarded as artificial damage). For the purpose of that 
evaluation, a field test was carried out on four occasions (once in autumn, twice in winter and once in 

Figure 3. Measurement vehicles and acceleration sensor locations(Sightseeing bus & Mini-van)  

(a) Sightseeing bus (b) Mini vehicle 
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spring). For the evaluation of changes in the 
characteristic deflection before and after bridge 
guardrail removal, the data obtained in January and 
February 2013 were compared. Fig. 5 shows the 
bridge before and after the guardrail removal. 
 
3.1.4 Test results and discussion 
This section puts together and discusses the results 
obtained from the field test conducted by using the 
decommissioned bridge as mentioned above. 

Table 1.  Specifications of measurement vehicles and acceleration sensors 

Table 2.  Structural specifications of 
field test bridge (SK-Bridge) 

Figure 4. Configuration and dimensions of SK-Bridge and spans used for field testing 

To Hiroshima To Iwakuni 
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1) Differences in sensor location 
Changes in characteristic deflection depending on the location of the acceleration sensor installed 
under the rear wheel spring were examined. Fig. 6 compares the acceleration response waveforms 
obtained from the different sensor locations under the rear wheel spring of the sightseeing bus(see 
Table 1(a)). As shown in Fig. 6, acceleration response can be measured at any sensor location with 
accuracy good enough to make characteristic deflection calculation possible. From this, it can be said 
that an acceleration sensor needed by the bus monitoring system to calculate the characteristic 
deflection as a serious damage indicator may be installed at any location under the rear wheel spring. 
2) Differences in axle weight due to vehicle type 
To evaluate the effects of vehicle axle weight on the characteristic deflection, the characteristic 
deflection was calculated from the acceleration responses of the sightseeing bus and the mini vehicle, 
which have a gross weight difference of more than 10 tf, measured while they were moving. As 
examples, Figs. 7(a) to (d) show an under-rear-wheel-spring (center) acceleration response waveform 
of the sightseeing bus and an under-rear-wheel-spring (right) acceleration response waveform of the 
mini vehicle, along with acceleration response waveforms of the sightseeing bus and the mini vehicle 
obtained from the acceleration sensor installed to the bridge when they crossed the bridge. 
Comparison of Figs. 7(a) and (b) reveals that the response waveform obtained from the acceleration 
sensor installed to the mini vehicle tends to be larger, in both the noise portion and the signal portion, 
than the waveform obtained from the sightseeing bus. The reason for this is thought to be that since 
the mini vehicle is lighter than the sightseeing bus (smaller axle weight), the former is more easily 
affected by the roughness of the road surface when in motion so that vertical vibration of the mini 
vehicle becomes greater. Comparison of Figs. 7(c) and (d) reveals that the response waveform 
obtained from the bridge acceleration sensor when the mini vehicle cross the bridge is significantly 
smaller than the response waveform recorded when the sightseeing bus crossed the bridge. From this, 
it is presumed that the mini vehicle, whose gross weight is small, is not heavy enough to cause the 
bridge to vibrate and that external disturbance factors such as road surface roughness prevent the 
under-spring structure of the vehicle and the bridge from vibrating together (i.e. the similarity between 
the vehicle and the bridge does not hold). As a result, it is presumed, the requirements of the bus 
monitoring system are not met (i.e. not suitable for the calculation of the characteristic deflection). 
3) Comparison of characteristic deflections before and after guardrail removal 
In this section, 15 calculated values of the characteristic deflection derived from the measurement 
results obtained at four different times of year by using the sightseeing bus having a gross weight of 
about 15 tf are used to examine the effects of the artificial damage (guardrail removal) introduced into 
the bridge (“SK-Bridge”). As an example, Fig. 8 shows the characteristic deflection calculation results 
for Span 2(cantilever part) and Span 3 (see Fig. 4) of the bridge obtained by using the sightseeing bus 
(moving at 40 km/h). The concrete guardrail removal was carried out between the second 
measurement (January 2013) and the third measurement (February 2013). The characteristic deflection 

Figure 5.  Bridge before and after guardrail removal 

(a) Before guardrail removal (b) After guardrail removal 
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values obtained before and after the guardrail removal are compared below. 
First, turning attention to Span 3 (see Fig. 4), we notice that the two characteristic deflection values 

(−2.97, −2.89) obtained after the guardrail removal are about 10% larger than the values (−2.67, 
−2.61) obtained before the guardrail removal. This is thought to be because the decrease in the flexural 
stiffness of the bridge resulted in an increase in the characteristic deflection. In Span 2, which includes 
a cantilever structure, however, the characteristic deflection value (−2.24) obtained after the fourth 
measurement is slightly smaller than the value obtained before the guardrail removal. Since Span 2 
includes a cantilever structure, it is thought likely that the cantilever structure somehow influenced the 

Figure 6.  Comparison of acceleration response waveforms obtained from sensors installed at 
different under-rear-wheel-spring locations of the sightseeing bus 

Figure 7.  Effects of vehicle type on vehicle and bridge acceleration response waveforms 
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characteristic deflection. When 
calculating characteristic deflection of a 
bridge with a cantilever structure, 
therefore, it is necessary to perform a 
simulation analysis and compare the 
calculated values with the analytical 
results. 
 
3.2 Examination by Model-based 
Simulation Analysis 
This section deals with a model-based 
simulation analysis of the bridge 
measurement results obtained from the 
bus monitoring system performed to 
analytically identify the bridge behavior 
before and after the guardrail removal. 

In the analysis, a static FEM analysis 
[13] was conducted of the simple girder 
structure excluding Span 2 on the 
Hiroshima side to calculate the maximum deflection ratio and evaluate the influence of the bridge 
guardrails on girder stiffness. The analysis, by using the three-dimensional finite analysis method, 
calculates and compares the midspan deformation in the cases where a midspan vertical downward 
unit concentrated load (1 kN) is applied. Static analyses were conducted of the four cases listed below: 

 
Case 1: With guardrails, no damage 
Case 2: Without guardrails, no damage 
Case 3: With guardrails, damaged 
Case 4: Without guardrails, damaged 

Figure 8.  Changes in characteristic deflection 
due to railing removal 

Figure 9.  Model used for analysis 
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The analysis used MIDAS-GEN (MIDAS-IT Co.). 
 
3.2.1  Analysis model and analysis conditions 
Fig. 9 shows how the analysis model used looks. 
Fig. 10 shows an enlarged view of an assumed 
damage region in the "damaged" case shown in 
Fig. 9. The static analysis conditions are shown in 
Table 3. An eigenvalue analysis showed that the 
first mode natural frequency is 16 Hz. The first 
mode frequency determined from theoretical 
solutions and other study findings [14],[15] is also 
16 Hz. It is therefore thought that the model 
mentioned above is suitable for use in this study. 
 
3.2.2 Comparison between analytical results and 
characteristic deflection values 
Table 4 shows the obtained analytical results. The 
change ratio in the "with guardrails and no 
damage" case under the assumed conditions is 
1.04, indicating that the change amounts only to 
about 4%. The change ratio in the case where 
general delamination of the underside of the girder 

is assumed is about 1.05, 
indicating a change of about 
5%. The geometrical moment 
of inertia was also calculated in 
both the "with guardrails" and 
"without guardrails" cases. The 
second moments of area thus 
obtained are shown in Table 5. 
As shown in Table 5, the 
geometrical moment of inertia 
shows a decrease of about 40% 
as a result of the guardrail 
removal. This translates to a deflection ratio of 1.64. 

The results of the 3D FEM analysis mentioned earlier show that the change ratio ranges from 1.04 
to 1.05(see Table 4), and the effects of the guardrail removal are very small compared with the values 
obtained from the geometrical moment of inertia. This is thought to indicate that stress transmission 
paths extend two-dimensionally under the midspan loading due to the moving bus. This does not agree 
with the result of stiffness evaluation based on the 
assumption, for cross-sectional calculation, of Navier's 
hypothesis (of plane sections remaining plane) and 
bending in the bridge axis direction. 

Comparison with the characteristic deflection 
reveals that the calculated values of the characteristic 
deflection for Span 2 show decreases after the 
guardrail removal. 

 
3.2.3 Discussions 
According to the characteristic deflection calculation 

Figure 10.  Assumed damage 

Table 3.   Analysis conditions 

Table 4.   Analysis results (midspan 
deflection) 
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results for Span 3, the characteristic deflection values obtained after the guardrail removal (average: 
2.93 mm) indicate a decrease of about 10% compared with the characteristic deflection values 
(average: 2.64 mm) obtained before the guardrail removal. In view of the fact that the change ratio 
obtained through the static analysis in the case assuming general delamination of the underside of the 
girder was about 5%, it can be said that the characteristic deflection is reasonably sensitive to the 
guardrail removal. For Span 2, which includes a cantilever structure, however, the characteristic 
deflection after the guardrail removal showed a slight increase from the value obtained before the 
guardrail removal. This result is not consistent with the results of 3D FEM analysis, either. One likely 
reason for this is that the model used for the analysis consists of a simple span without a cantilever 
structure, while the calculated values of the characteristic deflection have been influenced by the 
cantilever structure. Changes in measurement results due to seasonal factors are possible, but that 
seems unlikely in view of the results for Span 3. Span 2 requires further study, and it is also necessary 
to examine other factors such as the possible influence of the type of bridge structure on the 
characteristic deflection. 

These results have shown, at least at this stage of 
study in which the usefulness and validity of the 
characteristic deflection as an evaluation indicator 
for use by the bus monitoring system is being 
verified, that the method of using a three-
dimensional model for comparison and evaluation is 
useful when measuring a bridge in which stress 
transmission paths extend two-dimensionally. 
 

4. Concluding remarks 
 
This paper has discussed the results of damage detection sensitivity of the bus monitoring system for 
short and medium span bridges, that is the characteristic deflection used as an evaluation indicator. 
Damage detection performance of the characteristic deflection has been verified systematically by 
introducing artificial damage (guardrail removal) into a decommissioned bridge that was in the 
process of demolition. Main results of this study are summarized as follows: 
1) In the field test conducted by using a bridge that was decommissioned and was undergoing 

demolition, the influence (sensitivity) of artificial damage (guardrail removal) on the characteristic 
deflection was evaluated. The results obtained for Span 3 of the bridge confirmed that the 
characteristic deflection is reasonably sensitive to a decrease in the flexural stiffness of the entire 
bridge. In the case of Span 2, which includes a cantilever structure, however, the characteristic 
deflection before the guardrail removal was greater than the characteristic deflection after the 
guardrail removal. This result is not consistent with the 3D FEM analysis results, either. It is likely 
that the calculated values of the characteristic deflection have been influenced by the cantilever 
structure. Further study is needed, therefore, particularly on the influence of the type of bridge 
structure on the characteristic deflection. 

2) At present, the usefulness and validity of the characteristic deflection as an evaluation indicator 
are being evaluated and verified. It can be concluded, at least at this stage, that the method of 
using a three-dimensional model for comparison and evaluation is useful when measuring a bridge 
in which stress transmission paths extend two-dimensionally. 

 
Finally, the long-term field test of the bus monitoring system has produced useful results associated 

with the practical application of the system although a number of problems still remain to be solved. 
Important challenges for the bus monitoring system include the automation and rationalization of 
measurement. The structural health evaluation of bridges can be made simpler and more efficient by 
analyzing and solving the problems identified as a result of this study. 

Table 5.  Geometrical moment of inertia 
calculation results 



12

1234567890

12th International Conference on Damage Assessment of Structures   IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 842 (2017) 012032  doi :10.1088/1742-6596/842/1/012032

 
 
 
 
 
 

 
Acknowledgments 
The authors would like to express our sincere thanks to Dr. Hisao Emoto, Kouzoubutsu Clinic Co., Ltd. 
for his great support on this research work, and also to the Traffic Division of Ube-city's 
Transportation Bureau for the generous cooperation in connection with the long-term field test 
conducted for the purposes of this study including bus sensor installation and bus operation 
arrangements. 

References 
[1]     Miyamoto A and Emoto H 2015 Performance evaluation and remaining life prediction of an existing RC bridge by J-
BMS fib Symposium Proceedings on Concrete – Innovation and Design fib Copenhagen 1-18. 
[2]     Khatir A, Tehami M, Khatir S and Abdel Wahab M 2016 Multiple damage detection and localization in beam‑like and 
complex structures using co-ordinate modal assurance criterion combined with firefly and genetic algorithms Journal of 
Vibroengineering 18(8) 5063‑5073. 
[3]     Zhou Y-L, Maia NMM, Sampaio R and Wahab MA 2016 Structural damage detection using transmissibility together 
with hierarchical clustering analysis and similarity measure Structural Health Monitoring  doi: 10.1177/1475921716680849. 
[4]     Zhou Y-L, Maia N and Abdel Wahab M 2016 Damage detection using transmissibility compressed by principal 
component analysis enhanced with distance measure Journal of Vibration and Control doi: 10.1177/1077546316674544.  
[5]     Zhou Y-L and Abdel Wahab M 2016 Rapid early damage detection using transmissibility with distance measure 
analysis under unknown excitation in long-term health monitoring Journal of Vibroengineering 18(7) 4491-4499. 
[6]     Khatir S, Belaidi I, Serra R, Abdel Wahab M and Khatir T 2016 Numerical study for single and multiple damage 
detection and localization in beam-like structures using BAT algorithm Journal of Vibroengineering 18(1) 202-213. 
[7]     Khatir S, Belaidi I, Serra R, Abdel Wahab M and Khatir T 2015 Damage detection and localization in composite beam 
structures based on vibration analysis Mechanika 21(6) 472-479. 
[8]     Gillich G-R, Praisach Z-I, Abdel Wahab M, Gillich N, Mituletu IC and Nitescu C 2016 Free vibration of a perfectly 
clamped-free beam with stepwise eccentric distributed masses Shock and Vibration 2016(Article ID 2086274) 10 pages; 
http://dx.doi.org/10.1155/2016/2086274. 
[9]     Miyamoto A and Yabe A 2012 Development of practical health monitoring system for short and medium-span bridges 
based on vibration responses of city bus Journal of Civil Structural Health Monitoring ISHMII 2(1) 47-63. 
[10]    Yabe A, Miyamoto A and Nagata M 2015 Verification tests for practical application of a health monitoring system for 
short- and medium-span bridges based on public bus vibrations Journal of Civil Structural Health Monitoring ISHMII 5(1) 
67-95. 
[11]    Miyamoto A, Lúcio V.J.G, Emoto H and Tanaka H 2015 Long term application of bus monitoring system to short and 
medium span bridges and damage detection Journal of Physics: Conference Series 628(2015)012037, IOP Publishing, 1-14 
doi:10.1088/1742-6596/628/1/012037. 
[12]    Miyamoto A, Emoto H, Takahashi J and Yabe A 2015 Structural health evaluation and remaining life estimation of a 
decommissioned bridge based on site investigation: Sakae Bridge investigation results Infrastructure Management Series No. 
22 The Research Center for Environmental Safety Yamaguchi University Ube Japan 22 1–104. 
[13]    Yabe A 2011 Fundamental study on development of bridge anomaly detection system using in-service fixed-route bus 
Doctoral Dissertation Yamaguchi University Ube Japan. 
[14]    Omi H, Mori S and Twayan R P 2013 Detectability of natural frequency of concrete girder bridge by vehicle loading 
and hammering Proceedings of the Annual Conference of JSCE Shikoku Branch, I-4. 
[15]    Tamada K 2013 Experimental study on damage and dynamic characteristics of bridges managed by local governments 
Japan Institute of Countryology and Engineering Proceedings of the 13th JICE Annual Presentation of Subsidized Research, 
I-5. 
 


