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ABSTRACT 
 
 The development of structural health monitoring systems for bridge 
structures necessitates improvements in the understanding of vehicle-bridge 
interactions.  Direct measurement of the complex coupling that naturally exists 
between vehicles and bridges is a challenging undertaking due to the limitations 
of existing sensor technologies.  However, the emergence of wireless sensors in 
the field of structural health monitoring has created opportunities for directly 
monitoring vehicle-bridge interactions.  In this study, the mobility of wireless 
sensors is exploited to instrument a test vehicle with inertial and vibration 
sensors.  The mobile wireless sensor network installed within the test vehicle is 
time-synchronized with a wireless sensor network permanently installed on a 
highway bridge.  The time synchronized vehicle and bridge vibration 
measurements represent a rich set of input-ouput data from which vehicle-bridge 
interactions can be thoroughly studied.  In addition, Kalman estimation can be 
used to accurately track the location of the test vehicle during forced vibration 
testing of the bridge.  Experimental testing of the mobile wireless sensor 
network on the Yeondae Bridge is presented in detail. 
 
INTRODUCTION 
 
 Recent advances in the field of sensor technologies have made structural 
monitoring of operational structures easier and more cost-effective.  The 
majority of the sensors proposed for structural health monitoring have focused 
on the measurement of the mechanical response (e.g., strain, acceleration, 
displacement) of the structure.  Comparatively, less research has been focused 
on sensors designed to measure loadings imposed on the structure.  The lack of 
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cost-effective methods for measuring structural loads has rendered problems 
like system identification and damage detection more challenging to solve.  
Specifically in the case of highway bridges, measurement of the structural loads 
would allow engineers to assess unsafe overloading conditions and to improve 
their understanding of long-term degradation introduced by traffic.   
 Heavy vehicles crossing a bridge at high speeds represent a challenging 
structural dynamics problem due to the complex coupling that develops between 
a vehicle and bridge.  The complexity of this coupling is abstracted away from 
the designer through the use of equivalent static load design procedures where 
the dynamics of the structure are accounted for by dynamic amplification factors 
(DAF) [1].  The derivation of DAFs are often based on the use of finite element 
models [2] combined with data obtained from experimental studies that apply 
controlled truck loads on a bridge while measuring structural responses [3-7].  
After a bridge is constructed and put into service, engineers lack cost-effective 
methods for measuring the actual loads imposed on the bridge from traffic.  As 
interest in structural health monitoring continues to grow within the bridge 
engineering community, the need for sensing technologies that can directly 
measure the loads imposed on a bridge grows in tandem.   
 Load monitoring of bridges is a very challenging undertaking due to the 
mobility of the vehicles introducing the bridge loading.  With most data 
acquisition systems wired, it is nearly impossible to include vehicle-based 
sensors within the data acquisition architecture of a bridge monitoring system.  
Alternatively, two separate data acquisition systems can be used: one installed in 
a vehicle to measure vehicle vibrations and another in the bridge to measure 
bridge vibrations.  While such an approach has been previously proposed, the 
time synchronization required between the two data acquisition systems can be 
challenging to accomplish.  Furthermore, the location of the vehicle must be 
tracked.   
 Alternatively, wireless sensors can be used to monitor a test vehicle driven 
over a bridge during forced vibration testing.  Wireless sensors are a powerful 
sensing solution for this specific application because their wireless, ad-hoc 
communication capabilities permit sensors installed in the vehicle and bridge to 
operate within a single wireless monitoring system. This results in the collection 
of time synchronized vehicle and bridge response data.    In this study, Narada 
wireless sensors [8] were installed within a 4-axel truck that was used for forced 
vibration testing of the Yeondae Bridge (Icheon, Korea). Accelerometers were 
installed in the truck to measure both vertical vibrations and horizontal inertial 
acceleration.  The mobile wireless sensors in the truck communicated with a 
network of Narada wireless sensors installed in the bridge for measurement of 
deck accelerations during forced vibration testing.  In addition, polyvinylidene 
fluoride (PVDF) strips were installed on the bridge deck to measure the truck 
location.  Using the horizontal inertial acceleration of the truck and the voltage 
output of the PVDF strip sensors, a Kalman filter was designed to accurately 
identify the complete trajectory of the truck position.   
 
VEHICLE AND BRIDGE INSTRUMENTATION STRATEGY 
 
 The Yeondae Bridge (Figure 1) located in Icheon, Korea was instrumented 
with a wireless monitoring system.  In total, 20 MEMS accelerometers 
(Crossbow CXL02) oriented in the vertical direction were installed along the 
center of the roadway.  For each accelerometer, a Narada wireless sensor node 
[8] is used to digitize the data (with a 16-bit resolution) and to communicate the 



data using its IEEE 802.15.4 transceiver (Chipcon CC2420).  In addition, 5 
PVDF strips were mounted to the roadway surface (orthogonal to the roadway 
direction) to capture the point in time when the truck crosses each strip.  PVDF 
is a piezoelectric polymer [9] that generates a voltage when mechanically loaded 
by a dynamic load.   PVDF is selected because it is flexible (unlike ceramic 
piezoelectric materials such as lead zirconate titante, or PZT) and tough.   
Commercial PVDF films were procured from Measurement Specialities and cut 
into 5 cm wide by 1.5 m long strips.  Copper tape (5 mm wide) was attached to 
the top and bottom surfaces of the PVDF strips to serve as voltage electrodes.  
The voltage generated when the wheels of the truck ride over the strip was 
measured using a Narada unit integrated with each strip (see Figure 2).   The 
PVDF strips were installed at each end of the bridge and at each pier (Figure 1).    
 A 20.9 ton truck with four axels was used to excite the Yeondae Bridge.  A 
total of 6 MEMS accelerometers (Crossbow CXL02) were installed in the truck 
as shown in Figure 3.  One accelerometer was mounted to each axel to measure 
the vertical acceleration of the wheels.  An additional accelerometer was 
installed at the truck’s center of gravity in the vertical direction.  The last 
accelerometer was installed in the horizontal direction to measure the forward 
inertial acceleration of the truck.   A MEMS angular rate gyroscope (Analog 
Devices ADXRS150) was also installed at the truck’s center of gravity to 
measure the rotational velocity of the truck body.  Narada wireless sensor nodes 
were used to digitize the measurements obtained from the truck sensors and to 
communicate them to the permanent monitoring system installed on the bridge.   
 
FORCED VIBRATION TESTING 
 
 Once the installation of the sensors on the truck and bridge was completed, 
the bridge was loaded by driving the truck across the bridge at three different 
fixed speeds (30, 50 and 60 km/hr).   The starting position of the truck is 
roughly 500 m north of the bridge.  At the start of each test, the mobile (truck-
based) and static (bridge-based) Narada wireless sensors are initiated by a 

 
Figure 1. Yeondae Bridge: location of MEMS accelerometers and PVDF position sensors 

identified. 
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Figure 2. (a) PVDF strip sensor and (b) collected signal from the five PVDF strip sensors 
(multiple voltage spikes correspond to each axel of the truck).  



laptop computer serving as the centralized data server of the wireless monitoring 
system.  Once initiated, the truck is directed to accelerate until it achieves the 
desired speed. The wireless monitoring system simultaneously collects: 1) 
acceleration and rotational velocity of the truck; 2) truck position using the 
PVDF roadway sensors; 3) bridge accelerations.  Data was collected using a 100 
Hz sample rate during all tests.  Representative response data from the truck is 
presented in Figure 4 while the time synchronized time history response data 
from the bridge is presented in Figure 5.    For the same test, the PVDF sensor 
output is presented in Figure 2b. 
 
TRAJECTORY ESTIMATION OF A MOVING TRUCK 
 
 The location of the truck is required to fully analyze the response data 
collected from the truck and bridge.  Kalman filtering is adopted to estimate the 
position trajectory of the truck.  A moving truck trajectory is described by: 
 

   tatx   with initial conditions  0x and  0x (1) 
 

where x is position of the moving truck and a is its measured horizontal 
acceleration.  It should be noted that due to sensor noise, equation (1) is not 
perfectly valid.  Equation (1) is perturbed using the differential operator, δ: 
 

   tatx   (2) 
 

The measured acceleration error, δa(t), consists of a deterministic unknown bias, 
bias(t), and stochastic process noise, w(t): 
 

     twtbiasta  (3) 
 

 A state space variable, X, is introduced: 
 

   T: biasδxxδtX   (4) 
 

where xδ  is the velocity error and δx  is the position error.  Using this state, the 
continuous-time state space equation can be written: 
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Figure 3. Sensor installation on a 20.9 ton calibrated truck. 



Equation (5) can be converted to a discrete-time state space equation as: 
 

     kwkXAkX d 1 (6) 
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 The measurement (observation) equation is also written as a discrete-time 
state space equation as: 
 

     kvkXCky d  (7) 
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By using the above stated discrete-time state-space system model presented 

in Equation (6) and (7), the unknown state of the system,  kX , can be optimally 
estimated through the use of a Kalman filter [10].  Based on the differential 
position and velocity estimated, the position of the vehicle can be estimated.  
However, if the filtering process is performed off-line, a more precise state can 
be estimated by fixed-interval smoothing [11].  Fixed-interval smoothing 
consists of the Kalman filter applied to the system, both forward and backward 
in time.  The forward and backward trajectories are then averaged using 
weighting factors, i.e., the ratio of the state co-variances.  The estimated truck 

 
 

Figure 4. Vertical acceleration of the truck body and axels. 
 

 
Figure 5. Vertical acceleration of the bridge at five sensor locations. 

 



position and velocity can be compared to the data derived from the PVDF 
sensors, as shown in Figure 6. 
 
CONCLUSIONS 
 The mobility of wireless sensors can be utilized to monitor the dynamics of 
a test truck used to excite a bridge structure.  The integration of mobile, truck-
based wireless sensor nodes with a static wireless monitoring system provided 
time-synchronized input-output data from which vehicle-bridge interaction can 
be studied.  The approach proposed was proven reliable in collecting truck and 
bridge acceleration data on the Yeodae Bridge.  Using horizontal accelerations 
recorded from the test vehicle, Kalman filtering proved highly accurate in 
estimating truck position along the bridge. 
 
ACKNOWLEGEMENT 
 
This work is supported by the National Science Foundation under Grant CMMI-
0726812 (Program Director Dr. S.C. Liu).  Additional support was provided by 
the NIST Technology Innovation Program (Contract 70NANB9H9008), Korea 
Research Foundation Grant funded by the Korean Government (MOEHRD) 
(KRF-2007-612-D00136) and the Smart Infra-Structure Technology Center 
(SISTeC) at KAIST.  The authors would also like to thank Prof. Chung-Bang 
Yun (KAIST) for his support and encouragement. 
 
REFERECES 
1. Paultre, P., Chaallal, O., Proulx, J. 1984. "Bridge Dynamics and Dynamic Amplification 

Factors Experimental Findings," Canadian J. Civil Eng., 19: 260-278. 
2. Hwang, E., Nowak, A.S. 1991. "Simulation of Dynamic Load for Bridges," J. Struct. Eng. 

ASCE, 117(5): 1413-1425. 
3. Billing, J.R. 1984. "Dynamic Loading and Testing of Bridges in Ontario," Canadian J. Civil 

Eng., 11: 833-843. 
4. Lee, P.K.K., Ho, D., Chung, H.W. 1987. "Static and Dynamic Tests of Concrete Bridge," J. 

Struct. Eng. ASCE, 113(1): 61-73. 
5. Hassan, M., Burdet, O., Favre, R. 1993. "Interpretation of 200 Load Tests of Swiss Bridges". 

in IABSE Colloquium: Remaining Structural Capacity, Copenhagen, Denmark. 
6. Horyna, T., Foschi, R.O., Ventura, C.E. 2001. "Response of Timber Bridge to Traffic 

Loading," J. Bridge eng. ASCE, 6(1): 69-77. 
7. Senthilvasan, J., Thambiratnam, D.P., Brameld, G.H. 2002. "Dynamic Response of a 

Curved Bridge under Moving Truck Load," Eng. Struct., 24(10): 1283-1299. 

Figure 6. Estimated position and velocity of truck on the bridge. 



8. Swartz, A., Jung, D., Lynch, J.P., Wang, Y., Shi, D., Flynn, M.P. 2005, "Design of a 
Wireless Sensor for Scalable Distributed In-Network Computation in a Structural Health 
Monitoring System". in the 5th International Workshop on Structural Health Monitoring, 
Stanford, CA. 

9. Wang, T.T., Herbert, J.M., Glass, A.M. , 1988. The Application of Ferroelectrical Polymers. 
New York, NY: Chapman and Hall. 

10. Kalman, R.E. 1960. "New Results in Linear Filtering and Prediction Theory," J. Basic Eng. 
ASME, 82(1): 95-108. 

11. Simon, D., 2006. Optimal State Estimation. Hoboken, New Jersey: John Wiley & Sons, Inc. 


