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Summary: 
Bridges, being concrete structures, oscillate from excitation with impulsive forces. The details of these 
oscillations such as amplitudes, frequencies, and their decay coefficients bear information about the 
structural health of the bridge. Each tire of a passing vehicle excites the bridge with a short impulse of 
force, which contains a broad frequency spectrum. We developed a mathematical model to describe 
the resulting oscillations and compared the time response of the model with measurements taken at 
the deck of a bridge. 
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Introduction 
In this work, we investigated the impulse re-
sponse of a highway bridge to excitation by 
vehicles passing the expansion joint. If the re-
sponses to the impulses from different vehicles 
prove to be similar, a change in the response 
characteristics has to be related to changing 
properties of the bridge like cracks or rust. Alt-
hough there has been an extensive amount of 
research on the problem of bridge monitoring, 
one still faces challenges. Some methods re-
quire a large amount of sensors throughout the 
bridge [1], others need an artificial ultrasound 
excitation [2], and RF imaging methods often 
lack the necessary resolution [3]. In this work, 
we use the natural excitation by passing vehi-
cles to monitor accelerations in the deck of the 
bridge with a single sensor. This will hardly bear 
information about the whole bridge, but it 
should provide information about the abutment, 
expansion joint, and a part of the deck. 

 
Fig. 1. Schematic drawing of the abutment and the 
deck of the investigated bridge. 

Theoretical considerations 
The bridge is regarded as a linear time-invariant 
(LTI) system. Every tire of a vehicle entering or 
leaving the bridge across the expansion joint 
excites the bridge with a Dirac impulse. As a 
consequence, impact sound waves are stimu-
lated leading to a displacement of the surface of 
the deck. The impulse response as it becomes 
manifest in the acceleration of the deck’s sur-
face at a given point is modeled as a sum of 
decaying sinusoidal signals: 
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with ijA  the amplitude of the j-th oscillation re-

sulting from the i-th Dirac impulse. ij  and ij  
are the corresponding damping coefficients and 
oscillation frequencies, and ( )t  denotes the 
Heaviside step function. In this work, we limited 
the number of relevant waves to three. 

Measurement system and setup 
The measurement system consisted of a cus-
tom-built data logger and a commercial accel-
eration sensor. The latter (ADXL355) had a re-
solution of about 4 µg/LSB, a 3 dB-bandwidth of 
1 kHz, and a sample rate of 4 kHz. All three 
axes of acceleration were continuously logged 
with an Arduino-based logging system. The me-
mory and the battery both lasted for about 36 
hours. The sensor was placed on the deck of 
the bridge near the expansion joint (see Fig. 1). 
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Measurement results 
To fit the model function (1) to the measured 
response of the bridge, we first extracted peri-
ods from the measured time-dependent vertical 
acceleration that are obviously associated with 
a passing vehicle. An example presenting fit 
and measurement is given in Fig. 2. The 
damped oscillation occurring first in chronologi-
cal order is due to the first tire touching the 
expansion joint (which was right front in this 
experiment), the second oscillation is due to the 
second tire (left front in the example), etc. In the 
example, the oscillations corresponding to tires 
number one and three exhibit higher frequen-
cies and lower amplitudes than those caused 
by tires number two and four. 

 
Fig. 2. Measured (blue) and fitted (red) vertical 
acceleration. See text for further details. 

 
Fig. 3. Dominant frequencies excited by five differ-
ent vehicles, displayed separately for each tire. Out-
liers were excluded.  

The impulse responses to five different vehicles 
were fitted as described above. In order to in-
vestigate the benefits as well as the limits of the 
model, the three dominant frequencies from 
each of the four impulse responses for every 
vehicle were extracted from the corresponding 
frequency spectra and used as starting points 
for the fit. The fitted frequencies ij  are dis-
played in Fig. 3. Two clusters can be formed, 

one for the first and third impulses and another 
one for the second and fourth impulses.  

Discussion 
From the measurement results, it is evident that 
some tires cause bridge responses that are 
very similar between them but different from the 
responses to other tires. In our measurements, 
the tires causing similar responses belonged to 
the same vehicle side. The origin of this classi-
fication could be twofold: (a) The vehicle sus-
pension characteristics belonging to the same 
axle could change after contact of the first tire 
with the expansion joint. (b) The expansion joint 
itself acts as a separate resonator, the charac-
teristics of which are influenced by the tire con-
tact. This would require the bridge to be mod-
eled as a system of coupled resonators.   

Conclusion 
We analyzed the oscillating behavior of a bridge 
at one point originating from impulsive forces 
generated by vehicles crossing the expansion 
joint. The vehicle tires triggered different re-
sponses of the bridge, depending on the posi-
tion of the tire in the vehicle (left, right, front, 
rear). The extracted resonance frequencies of 
the damped bridge oscillations formed distinct 
clusters, corresponding to distinct tire classes. 
In order to model the oscillating behavior of the 
bridge in a way that predicts these clusters, the 
present model has to be extended to describe 
coupled resonators. We believe that changes of 
the clusters over time could be an early warning 
signal in that they predict an emerging damage 
of the bridge. 
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