
ScienceDirect

Available online at www.sciencedirect.com

Procedia Engineering 199 (2017) 1955–1963

1877-7058 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of EURODYN 2017.
10.1016/j.proeng.2017.09.299

10.1016/j.proeng.2017.09.299

© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of EURODYN 2017.

1877-7058

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia Engineering 00 (2017) 000–000 

 www.elsevier.com/locate/procedia

 

1877-7058 © 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EURODYN 2017.  

X International Conference on Structural Dynamics, EURODYN 2017 

A Vehicle-based Health Monitoring System for Short and Medium 
Span Bridges and Damage Detection Sensitivity 

Ayaho Miyamotoa,*, Akito Yabeb, Eugen Brühwilerc 
aVisiting Prof., Dr. Eng., Swiss Federal Institute of Technology(EPFL), Lausanne, Switzerland 

bDr. Eng., Sustainable Solutions Dept., Kozo Keikaku Engineering Inc, Tokyo, Japan 
cProfessor, PhD, Swiss Federal Institute of Technology(EPFL), Lausanne, Switzerland  

Abstract 
  
In this paper, one practical solution to the problem for condition assessment of short and medium span(10-30m) bridges is 
discussed. It uses vehicle-based measurements with public buses as part of a public transit system (called bus monitoring system). 
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using the under-spring vibration of an in-service bus (public bus) are described in detail. This paper also describes the procedure 
for calculating "characteristic deflection," which is an indicator used to evaluate the degree of deterioration (bridge condition) of 
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bus and discussing an evaluation method of the bridge condition. The details of theoretical background and the 
system are described with detailed flow of the bridge monitoring process that uses an in-service fixed-route bus 
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(public bus) (i.e. bus monitoring system). The aim of the bus monitoring system is to detect anomalies of the target 
bridge, namely the transition from the damage acceleration period in which the structural safety of an aged bridge 
declines sharply, to the deterioration period by continually monitoring the target bridge (Fig. 1), by using vibration 
data, mainly vertical acceleration data, obtained from the acceleration sensor installed under the rear wheel spring of 
an in-service fixed-route bus. Main reasons for having decided to use an in-service fixed-route bus (i.e. a heavy 
vehicle) are as follows: ① If a large vehicle about 10 m long is used for measurement, it is highly likely that when 
the vehicle crosses a short or medium span bridge, that is the only vehicle in the same lane on the bridge, ② If a 
short or medium span bridge, which is has relatively high flexural stiffness, is to be vibrated, it is necessary to use a 
relatively heavy vehicle, ③ 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, ④  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, and ⑤ The electric power for the measuring instruments used can be 
supplied by the power supply of the bus. With regard to the first item(①), vehicles moving in the opposite direction, 
or oncoming vehicles, are regarded as an external disturbance factor included in operational conditions in this study 
(described later). The bus monitoring system is a rational system capable, by using local fixed-route buses, of 
monitoring bridges on a daily basis while serving as part of transport infrastructure. The bus monitoring system, 
however, does not identify local deteriorations and their causes because the purpose of the system is to detect 
damage (anomalies) indicating an overall structural problem of a bridge. This paper also describes the procedure for 
calculating "characteristic deflection," which is an indicator used to evaluate the degree of deterioration (bridge 
condition) of short and medium span bridges. Finally, the sensitivity of “characteristic deflection”, which is a bridge 
(health) condition indicator used by the bus monitoring system, in damage detection is evaluated by 3D FEM 
analysis.  
 
2. BUS MONITORING SYSTEM PRINCIPLE 
 

This section describes in detail the principle of operation of the bus monitoring system: how bridge anomalies are 
detected from vehicle vibration as proposed in a previous study [1]. Fig. 2 shows the operational flow (simplified) of 
the bus monitoring system. 

 
2.1  Bridge response and the under-spring 
response of the bus 
 

The case in which a vehicle crosses a bridge 
can be represented by a dynamic interaction 
(coupled) between the equation of motion 
expressed by Eq. (1) and the equation of motion 
expressed by Eq. (2). Thus, structural models of 
the bridge and the vehicle are formulated with 
different equations of motion, and interactions 
at points of connection between them are 
expressed by input and output vectors. This 
approach is called the "substructure method" [2]. 

                                                                                      
  (1) 

 
 (2) 

 
where,                 :mass/damping/stiffness matrix on the bridge side,                 :response acceleration/velocity/displacement 
matrix on the bridge side,               :mass/damping/stiffness matrix on the vehicle side,            :response acceleration/velocity/ 
displacement vector on the vehicle side,        :input forced displacement vector on the vehicle side,          :support reaction vector 
on the vehicle side. 
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To express the interaction between the bridge and the 
vehicle, the under-spring reaction of the vehicle is input to the 
bridge side as load vector sF , and bridge deflection (   mt   ) 
and road surface roughness,  t ) are input as forced 
displacement vector, gs . The bridge–vehicle system at time, t 

to tt   when the vehicle passes the bridge can be simply 
represented by a three-mass-interaction spring–mass model. 
The vibration of this system is caused by the vehicle vibration 
induced by the input of the road surface roughness (  t ) and 
the bridge deflection,  t , and the excitation to the bridge 
due to the reaction.  

The first step is to consider the case where various physical 
parameters of the bridge system and the vehicle system and 
the road surface roughness,   remain constant during a 
certain measurement period. Naturally, the same 
measurement results are obtained every time from this 
interaction system. The next step is to consider the case where 
various physical parameters for the vehicle system and the 
road surface roughness,   remain constant and the stiffness, 

mK  of the bridge has changed because of some kind of 
damage. In this case, the measured value of bridge deflection,  t  due to the reaction from the vehicle system at a 
given time t also changes. As  t  changes, vehicle system nodal response, 

fsss  ,,  also changes. Furthermore, as 

the vibration of the vehicle system changes, vehicle system reaction, that is, exciting force, 
sF  changes so that the 

bridge deflection,  tt   changes. As a result of this chain of changes, effects of the change in the stiffness, 
mK of 

the bridge appear in the measurement results obtained from both the bridge system and the vehicle system. Thus, 
structural anomalies of the bridge due to deterioration, etc. emerge as changes in vehicle system nodal response, 

fsss  ,,  . It is therefore possible, in theory, to detect bridge anomalies from the vehicle side. In the case of the 

proposed system, detection becomes easier as  t  increases. This is why large (heavy) vehicles are more suitable 
for monitoring than smaller vehicles. According to measurement data [3][4] in the case of a large vehicle, MA tends 
to be greater than MS ( SA MM  ), and Ks tends to be smaller(light) than Kt ( ts KK   ).  This means that the under-
spring part (Node B) of the vehicle is more sensitive to changes in the condition of the bridge than the over-spring 
part (Node A). For the purposes of this study, therefore, it was decided to pay attention to under-spring vibration. It 
was also decided to measure acceleration in order to realize a relatively simple vibration measurement system. If 
bridge vibration is to be estimated from the under-spring vibration of the bus, it is necessary to determine how they 
are correlated. 

Let us consider the upper body/lower body/bridge substructuring scheme. The equation of motion for a given 
system is given in the form of a second-order differential equation: 

 (3) 
 

where, M, C and K are lumped mass, damping and stiffness matrices for a given system; and  t ,  t ,  t  and  tF  
are displacement, velocity, acceleration response and external force vectors, respectively, for a given system at time 
t. Let differential operator D and shift operator Z be expressed as, 

 
 (4) 

              
(5) 

Then, the equation of motion in Eq. (3) can be rewritten as, 
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 (6) 
 

Taylor expansion of Eq. (5) gives, 
 

 (7) 
 
Using Eq. (4), we can obtain as, 

 
 (8) 

 
 

If Newmark's β method (β = 1/4) is used, the differential operator relation can be assumed as follows: 
 

(9) 
 

Substituting this in Eq. (6) gives Eq. (10): 
 

(10) 
 
 

Let k represent a post-discretization step at time t, and k+1, the next step. Then, Eq. (5) can be rewritten as  
   1 kxkxZ . Hence, Eq. (10) can be reduced to the difference equation: 
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The right-hand side and the second and third terms of the left-hand side of Eq. (11) are known when solving the 

equation at step k (= time t). Let  tF  represent the right-hand side of the equation;  tKCMC ,,,0 , the second and 
third terms of the left-hand side; and  tKCMP ,,, , the coefficient of  k  of the first term of the left-hand side. Then, 
Eq. (11) can be rewritten as, 

 (12) 
 

where,  tKCMP ,,,  is a proportionality coefficient dependent on the system at time t.  
On the assumption that difference approximation is valid, the equation of motion for the wheel–bridge system can 

be written, by using the proportionality coefficient P and the state constant, 0C  (known value), as shown in Eq. (12) 
[5]. This means that the response to the input vector is distributed proportionately depending on system-dependent 
constants. Next, let us consider the vibration of the wheel–bridge system due to the force transmitted from the upper 
part of the vehicle. As in the case mentioned earlier, the response of the wheel–bridge system to the input from the 
upper part of the vehicle is distributed proportionately depending on physical constants of the system. It can be 
inferred, therefore, that if bA  represents the bridge response vector and sA   represents the bus wheel response vector, 
then matrix P that satisfies the following equation under continuously changing conditions: 

 
 (13) 

 
2.2  Assessment of deterioration 
 

This sub-section describes the concept of the method of extracting damage and deterioration related information 
from the vertical under-spring vibration of the bus without being affected by the dynamic characteristics of the 
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bridge and the vehicle and road surface roughness. The vertical under-spring vibration response,  ta  of a bus 
traveling at a constant speed can be expressed as the sum of static displacement,  tsa , which is dependent on the 
stiffness of the bridge and the weight of the bus, and dynamic displacement  tda , which is dependent on road 
surface roughness and the vibration characteristics of the bridge and the vehicle: 

 
 (14) 

 
If road surface roughness is assumed to be a stationary random Gaussian process with a mean value of 0 and if 

dynamic displacement including the bridge–vehicle interaction is assumed to be an ergodic process and therefore 
Fourier-expandable, the dynamic displacement,  tda  can be expressed as their sum: 

 
 (15) 

where,  tSr ,  is a density function for road surface roughness;  , the spatial frequency of the road surface; and 
 fX , a Fourier series. In Eq. (15), the limit of the sample means of the second term is 0. The mean value, therefore, 

of N samples, where N is a sufficiently large number, obtained from  tda  can be expressed as, 
 

 (16) 
 

As the next step, a total of k samples are taken from measured values of  ta , and their mean value can be 
expressed, by representing their mean by  ta  , as, 
 

(17) 
 

Since the distribution of sample means should be normal according to the central limit theorem,  ta  should 
converge to a certain value, a . For a sufficient number (n) of sample means  ja , therefore, it can be expressed as, 

 
 (18)  

 
If sampling from  ta  is done so as to avoid duplication and N is sufficiently large relative to nk = N and t = 1 to 

N, then the following approximation can be made: 
 

 (19) 
 

This expresses the average vertical under-spring displacement of a bus crossing a bridge. This can be rewritten, 
on the basis of Eqs. (14) and (16), as, 

 
(20) 

 
This means that the means of sample values obtainable from a sufficiently large number (N) of measured values 

of vertical under-spring displacement of a bus crossing a bridge can be extracted as values ( a ) that are relatively 
unaffected by the vibration characteristics of the bridge and the vehicle and the dynamic displacement due to road 
surface roughness. The a  thus obtained is referred to as "characteristic deflection". Means of deflection,  tb  at a 

given point on the bridge when a vehicle crosses it also converge to a certain value, b , relatively unaffected by 

dynamic deflection by making similar assumptions. In a similar way, b  can be expressed, by using static deflection, 
 tsb , as, 

(21) 
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If the law of similarity mentioned earlier holds true with respect to  tsa  and  tsb , they can be related as, 
 (22) 

 
Let a  and b  represent values extracted from values obtained from measurement when the bridge is in a sound 

condition and, a  and b  represent values extracted from values obtained after the occurrence of deterioration or 
damage. Then, the change ratio α expressed as, 
 

 (23) 
 

And it can be defined as a parameter for structural anomaly detection. After setting the value of α, ”characteristic 
deflection“ is monitored, and if it has exceeded a certain limit, it can be deemed to indicate that the latter half of the 
damage acceleration period of the bridge has ended and the bridge has entered the deterioration period. In reality, 
however, bus operation is affected by not only the static displacement,  tsa  and the dynamic displacement,  tda  
expressed by Eq. (14) but also external disturbance factors,  tx , such as weather and oncoming vehicles. For the 

purposes of this study, the vertical displacement,  ta  including the influence of external disturbance factors,  tx  
is expressed as, 

 (24) 
 

and its characteristics and actions to be taken are considered by using a real in-service fixed-route bus. 
 
2.3  Calculation of characteristic deflection 
 

Fig. 3 shows the flow of “characteristic deflection“ calculation 
after the acquisition of measurement data from the acceleration 
sensor installed to the bus. Each step is described below in detail. 
The step numbers ("Step 1" to "Step 5") shown below correspond 
to the numbers shown in Fig. 3: 
Step 1: Extract data on vertical acceleration during 

 bridge crossing 
Data on vertical acceleration during bridge crossing are extracted 

from acceleration sensor measurement data by referring to a 
combination of other data such as the time at which the buss 
crossed each bridge and GPS data. 
Step 2: Estimate the time at which the midspan 

 point was passed 
Extracted data on acceleration during bridge crossing include 

considerable vibrations recorded at joints. It is therefore necessary 
to use midspan acceleration data that do not include such joint 
vibrations. The time at which the midspan point of a girder was 
passed can be estimated by identifying bridge sections meeting 
such criteria as duration and wave count and extracting relevant 
data from non-joint data. It may be difficult, however, to identify 
joint locations because acceleration data may vary in magnitude 
depending on such factors as bus operating conditions. For accurate 
estimation of the time at which the midspan point was passed, 
therefore, attention is paid to estimated deflection diagrams 
obtained by integrating vertical acceleration data twice. 
Step 3: Extract data on vertical acceleration during bridge crossing 

Extract the midspan vertical acceleration data identified at Step 2. The most important thing in “characteristic 
deflection“ calculation is to determine the extraction range according to such details as wave count and duration and 
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extract acceleration waveform data from the same sections every time. Step 3 is described in detail in the next 
section. 
Step 4: Integrate the extracted acceleration data twice 

The extracted acceleration data is converted to velocity data by integrating once and to displacement data by 
integrating twice. In this study, the vertical displacement obtained by integrating the vertical acceleration twice is 
regarded as estimated midspan deflection during bridge crossing. 
Step 5: Average estimated deflections 

The estimated midspan deflections during bridge crossing 
shown in the graph are time-averaged to calculate the 
“characteristic deflection“. Described above is the procedure for 
calculating the “characteristic deflection“ used as an indicator in 
the proposed evaluation method. “Characteristic deflections“ thus 
calculated include the effects of external disturbance factors as 
shown in Eq. (24). It has been confirmed that „characteristic 
deflections“ calculated as described above are significantly 
affected by human errors (individual errors). Efforts need to be 
made, therefore, to minimize human error in the calculation 
process. 

 
3. DAMAGE DETECTION SENSITIVITY 
 

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. The target bridge for 
simulation analysis is a 168.3m long with 11.0m width, eight-span 
reinforced concrete(RC) cantilever T-girder bridge completed in 
1941[6]. In the analysis, a static 3D FEM analysis was conducted of the simple girder structure excluding Span 2 on 
the Hiroshima side[6] 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. 

In here, the analysis used MIDAS-GEN (MIDAS-IT Co.). 

3.1  Analysis model and conditions 
Fig. 4 shows an enlarged view of an assumed damage region in the "damaged" case. The static analysis conditions 

are shown in Table 1. 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 [7][8] is also 16 Hz. It is therefore thought 
that the model mentioned above is suitable for use in this study. 

3.2  Discussions 
Table 2 shows the obtained analytical results. The change ratio in the "with guardrails and no damage(Case 1)" 

case under the assumed conditions(Case 2) 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(Case 4) 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 3. As 
shown, 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, 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 
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extract acceleration waveform data from the same sections every time. Step 3 is described in detail in the next 
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shown, 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, 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 
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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 characteristic deflection reveals that the 
calculated values of characteristic deflection for Span 2 show decreases after the guardrail removal [6]. 

3.3  Summary 
According to the characteristic deflection calculation 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. CONCLUSIONS 
 

This paper has discussed about the details of theoretical 
background and the system for long-term monitoring of short and 
medium span bridge with the characteristic deflection used as a 
damage detection indicator. Main results of the study are summarized 
as follows: 

1) A new monitoring method for short and medium span bridges by using public buses has been proposed. 
Then the details of theoretical background and how the system has been developed were described 
systematically. 

2) And some fundamental problems related to practical application of the proposed method, such as the 
possibility of damage detection (effectiveness), degree of external disturbance including in bus operational 
conditions, etc. were discussed based on the 3D FEM analysis results. As the results, it will be able to make 
a rational long-term health monitoring system for existing short and medium span bridges, then the method 
helps bridge administrators to establish the rational maintenance strategies. 

3) 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 
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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. 
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