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ABSTRACT
This study aims at conducting the feasibility study on detecting damage of bridges through using passing
vehicles and wireless sensors. As the first step, the finite element program has been compiled and some
explorative tests have been conducted. It is found that the damage detection process is affected by the
parameters of the vehicles and bridge, such as mass ratio, stiffness ratio, vehicle speed, bridge type, road
roughness, etc. The theoretical results showed satisfied results of the proposed approach. Because of the
scope and limitation of the testing in this study, however, further study will be needed to validate the
applicability of this approach with advanced testing in the future.
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EXECUTIVE SUMMARY
This study aims at conducting the feasibility study on detecting damage of bridges through using passing
vehicles and wireless sensors. This study includes theoretical modeling and experimental studies. The
major efforts of this study were on the modeling part because of the scope of the study. A bridge-vehicle
interaction model was first developed based on the finite element theory. Second, the damage detection
algorithm was developed. Third, parametric studies were conducted to investigate the impacts of several
major factors, including road surface roughness, vehicle speed, noise from signals, and vehicle
parameters. Finally, a simple experimental study was conducted to partially validate the approach. The
simulation results showed that the proposed damage detection approach is promising. The single and
multiple damage scenarios were able to be detected. On the experimental part, the wireless sensors were
tested and compared with the wired sensors in terms of the accuracy. A moveable vehicle model with
amplified Tuned Mass Damper (TMD) function was tested on a simple wood plate. In a summary, the
feasibility of the proposed mobile damage detection technique has been analytically and numerically
studied successfully and some interesting findings were obtained. Simple experimental studies have been
conducted, which only partially verified some results. Because of the scope and limitation of the testing in
this study, further studies will be needed to validate the applicability of this approach with an advanced
testing plan in the future.
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1.

INTRODUCTION

1.1

Background

Future sustained economic growth of the nation significantly depends on the reliability and efficiency of
the transportation infrastructure system, which includes numerous highway bridges. In a study conducted
on 503 recent bridge failures in the United States between 1989 and 2000, it was identified that “bridge
failures took place primarily during the service life of the bridges” (Warhana and Hadipriono 2003).
These deteriorating structures either require expensive renovations, or experience growing safety risks in
future decades if the deficiencies are not addressed. As a result, regular inspections and monitoring are
usually important in order to maintain the structural integrity of bridges. Presently, despite some
limitations on identifying some hidden problems, visual inspections are still commonly used to discover
deterioration and damage via observation. However, the cost of a full inspection can be quite high and
time consuming, especially for a huge number of rural bridges across the country.

1.2

Problem statement

The 2007 report on the condition of bridges and highways shows there are 72,264 bridges and 81,257
bridges classified as structurally deficient and functionally obsolete, respectively (USDOT 2007).
Biennial bridge inspections are currently required by the Federal Highway Administration (FHWA). In
addition to visual inspections with some limitations, health monitoring approaches using sensors are
currently becoming popular for bridge inspection. During the past several decades, dynamic health
monitoring has become a popular approach to assess bridge performance under excitation. This excitation
can be from ambient traffic, wind, or test vehicles using controlled traffic typically with a large array of
sensors (e.g., wired and wireless) installed on the bridge. There are some limitations of current sensor
technology in order to obtain accurate information for the modal properties (e.g. mode shape) for health
monitoring and damage detection purposes. For example, a large number of sensors must be distributed
throughout the bridge to get enough data points to form an accurate mode shape in order to detect
damages (information between two sensors is not available). Besides, the maintenance of a large number
of sensors is also challenging since the functionality and reliability of sensors is affected by the field
environment. As a result, the whole monitoring process of a typical bridge can be very expensive as a
result of instrumentation, maintenance, and data acquisition and processing equipment for the sensor
array. Thus, for local transportation agencies, i.e., state departments of transportation (DOTs), to conduct
long-term monitoring of a bridge or diagnostic short-term testing of multiple bridges would be very
expensive and time consuming.

1.3

Research objectives

Some researchers have made contributions to this problem through various vibration-based damage
detection techniques (Doebling et al. 1998). Most current methods can be categorized into two aspects.
One is to identify the damage through changes in basic modal properties such as the frequency, mode
shape, and mode shape curvatures (Doebling et al. 1998, Yang et al. 2004, Lin and Yang 2005, Xu and
Wu 2007). Other people make use of the flexibility/stiffness matrix changes (Law and Lu 2004, Bu et al.
2006, Law et al. 2007, Zhu and Law 2007). The second type is the element-type method which can locate
the damage and level using passing vehicles to excite the vibration of bridge and vehicle.

1

In this study, a fast damage detection technology, as the second type of techniques, is explored. As the
first step, only several feasibility issues will be investigated with a focus on the analytical part. To capture
more details of the signal, wireless sensors are adopted and the TMD is used to amplify the response of
vehicle for extracting the signals. Moreover, considering the blockage of traffic during the detection will
cause economic loss and transportation problems in an actual situation, the feasibility study is
implemented to check if the calculation model can detect the damage without disturbing the normal traffic
flow. In other words, the validation is performed to see if the noise caused by the typical traffic flow can
be filtered in the program.
Thus, the report is organized in the following way: the first part will introduce the analytical approach.
The second part will present the parametric study results. The third part will provide the preliminary test
results, and the conclusions will be arrived at in the fourth part.
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2.

ANALYTICAL APPROACH

A typical scheme of using mobile sensors (passing vehicles) to detect possible damage on bridges
is shown in Figure 2.1. The detection process can be regarded as a typical problem of
bridge/vehicle interaction. The finite element method is applied to obtain the response of bridge
and vehicle. The general analytical process is described in the following (Law and Lu 2004, Bu et
al. 2006):
1) The response of the vehicle and the bridge under the assumed condition that the bridge is
intact is calculated;
2) It is expected that the actual response of the vehicle and the bridge will be measured
under the actual environment;
3) Comparing the calculated value with the measured data, the iteration process will be
conducted to find the location and level of degree.
Therefore, the whole analytical process involves two core models: one is the bridge/vehicle
interaction model and the other is the damage identification model. The detailed two models are
introduced in the following.
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Figure 2.1 Damage test using a passing vehicle

2.1

Finite Element Model of Bridge/Vehicle Interaction

In the finite element model, the bridge is discretized into a few elements according to the specific
situation, such as the variation of cross section. The passing vehicle is modeled as the system of
mass body, spring, and damping. The bridge model, the vehicle model, and their interaction
analysis are presented in the following separately.

2.1.1 Bridge Model
The classical Euler-Bernoulli beam is adopted to model the bridge (Bu et al. 2006). The equation
of motion of the bridge can be expressed as

M b 
yb + Cb yb + K b yb =
Hc P

(2.1)

where M b , Cb and K b denote the mass, damping, and stiffness matrix of the bridge. y , y , and
y represent the acceleration, velocity, and displacement of the node of the bridge model. The
3

subscript b means the bridge. H c P is the equivalent nodal load vector from the vehicle which
can be calculated through Hermit interpolation. When the vehicle moved to the point between the
jth and the j+1th node of the bridge, H c can be written as

H c = {0  0 H j

0  0}

T

(2.2a)

H j is the vector of shape functions and is expressed as
2
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where l is length of the bridge element.

2.1.2 Vehicle Model
A 3-parameter model composed of a mass body, a spring, and a damper is used to simulate the
vehicle as shown in Figure 2.2. The equation of motion of the vehicle is

mv 
yv + kv y v +=
cv yv kv w  xv ( t )  + kv r  xv ( t ) 

(2.3)

where mv , cv , and kv are mass, damping, and stiffness of the test vehicle. yv , y v , and yv are the
vertical acceleration, velocity, and displacement of the vehicle. w  xv ( t )  denotes the vertical
displacement of the contact point on bridge, and r  xv ( t )  stands for the roughness of the
contact point.
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Figure 2.2 Vehicle model

2.1.3 Bridge/Vehicle Interaction Model
The vehicle-bridge interaction force P can be expressed as

{

}

{

}

P =mv g + kv y − w  xv ( t )  − r  xv ( t )  + cv y − w  x v ( t ) 

(2.4)

where g is the acceleration of gravity.
After substituting Eq. (2.3) into Eq. (2.4), we can obtain

=
P mv g − mv 
y

(2.5)

Combining Eqs (2.1), (2.3) and (2.5), the bridge-vehicle interaction system can be expressed in
the matrix form (Bu et al. 2006):

M b

 0

yb   Cb
H cT mv   
    + 
mv   yv   −cv H c

0   yb   K b
 +
cv   y   −kv H c

T
0   yb   H c mv g 
 =


kv   y  kv r  xv ( t )  



(2.6)

The Newmark-Beta method is applied to solve Eq. (2.6).

2.2

Damage Identification Model

2.2.1 Damage Index
The final aim of the program is to recognize the location and level of damage for bridges. The
results can be expressed simply as a vector of the damage index for each element of the bridge.
The value of the damage index represents the percentage of the lost stiffness of the segment
compared with the designed value (Bu et al. 2006). Therefore, the flexural stiffness parameter of
the jth element in current status can be written as:
(2.7)
( EI )o (1 + α j ) ( −1 ≤ α j ≤ 0, j =1, 2,, m )
j
j
where ( EI )o and ( EI )d are the flexural stiffness parameter of the intact bridge and the damaged

=
( EI )d
j

j

one, respectively.
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Calculating the first derivative of Eq. (2.6) to the damage index α j of each element, the equation
can be obtained as

MS + CS + KS =
P
1
 ∂
yb 


 ∂α j 
 ∂
y2 
 b 
 ∂α j 


=
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2.2.2 Damage Identification Process
The acceleration of the passing vehicle is taken as the criterion when conducting the damage
identification process (Bu et al. 2006). The corresponding sensitive matrix is procured through
the comparison of the measured data from the lab and the computed one from the Finite Element
Method (FEM) program. The iteration process is conducted until the calculated damaged index is
not converged within the allowable tolerance. The flow chart of the damage index identification
process is shown in Figure 2.3. The details of this process are explained as follows.
Assuming the damage index to be zero for all elements, one can calculate the vehicle response
using the FEM program. Subsequently, the difference between the measured one and the
theoretical one is:

∆
yvi = 
yvm − 
yvi ( i = 0,1, 2,  )

(2.9)

where the superscript i stands for the ith iteration and the superscript m means the measured data
from the test.
The change of the flexural stiffness ∆pi can be obtained through (Bu et. al 2006):

Si ∆pi =
∆
yii ( i = 0,1, 2,  )

(2.10)

where Si is a nt × m matrix. nt is the time points during the studied time. m is the number of
the element of the studied bridge. Si can be expressed as:
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where yvi represents the vehicle acceleration at the ith iteration. α ij is the damage index at the
element j during the ith iteration.
After obtaining ∆pi from Eq. (2.10), the updated damage index can be calculated (Bu et. al 2006)

pi +1= pi + ∆pi

(2.12)

The iteration will be stopped until the bellowing condition is satisfied.

∆pi ≤ tolerance

(2.13)

where • is the norm of the matrix. The tolerance is taken to be 1.0e-6 in the reference (Bu et al.
2006). However, it can be adjusted according to the actual situation.
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Start

Assumed initial damage index vector p0={α1 ，α2 ，…, αm }=0

Calculate the vehicle acceleration response and sensitivity matrix

Calculate the change of damage index △p0
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No
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Figure 2.3 Flow chart of the damage index identification process
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2.2.3 Regularization Technique
From section 2.2.1, it can be seen that the key to obtain the ideal results is to find an efficient way
to solve the inverse calculation of the ill-posed Eq. (2.10). Some regularization technique is
chosen to study this problem (Bu et. al 2006). The solution of Eq. (2.10) involves finding the
solution of minimizing the following function:

J ( ∆pr , λ=
)

2

S r ∆pr − ∆
yvi + λ ∆pr

2

(2.14)

where λ is the non-negative regularization parameter for the optimal results.
L-curve method is applied to search for λ (Hansen 1992, Bu et al. 2006) and then

pr
∆=

(S

T
r

Sr + λ I

)

−1

S rT ∆
yvi

(2.15)

where I is identity matrix.
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3.

NUMERICAL ANALYSIS

The numerical simulation is to explore the applicability of the approach presented in Section 2.
Several cases will be calculated to check the feasibility of the approach under different
parameters of the bridge/vehicle system.
Case 1: The recognition of the smallest damage level;
Case 2: The multi-damage identification;
Case 3: The impacts of the road roughness;
Case 4: The impacts of the vehicle speed;
Case 5: The impacts of the bridge type;
Case 6: The impacts of the noise of traffic flow;
Case 7: The impacts of different mass ratio and stiffness ratio between vehicle and bridge.
The basic parameters of bridge and vehicles are determined by following some existing
references (e.g., Bu et al. 2006). The prototype of bridge and vehicle is shown in Table 3.1 and
Table 3.2. Results of each case listed above are shown in the following part.
Table 3.1 Property of bridge
Bridge type
Bridge span (m)
Approach road length (m)
EI (N m2)
ρ A (kg/m)
1st frequency (Hz)

Simple-supported bridge
30
5
4.32e9
5000
1.62

Table 3.2 Property of vehicle
Mass of vehicle(kg)
4000
Spring stiffness(N/m)
6e5
Damping (Ns/m)
1000
Driving speed (m/s)
20

3.1

Least-Damage-Level Recognition

As introduced in Part 2, the damage index represents the stiffness loss for each studied segment
of bridge. Different damage levels of one element located at the middle of the bridge, which
varied from light to severe, are studied and the results are shown in Figure 3.1 to Figure 3.2. As
shown in Figure 3.1 and Figure 3.2, the difference between the bridge and vehicle’s response
under different damage levels (1% to 5%) is minor. From Figure 3.3, it can be clearly seen that
this approach can discern the damage level to 1%, which can cover most cases engineers are
concerned with. Also, the iteration times increases with the level of damage index as shown in
Figure 3.3.

3.2

Multi-Damage Identification

When three damage locations with different levels occur at the same time, the identification
results are displayed from Figure 3.4 to Figure 3.6. In the multi-damage case, the damage levels
of element 5 and element 7 are assumed to be both 1%, and the damage level of element 8 is 2%.
11

The number of iteration cycles is around 600, which is much larger compared with the iteration
cycles for the single-damage case.

3.3

Impact of Road Roughness

Road roughness cannot be neglected in the actual situation while it introduces noise during the
damage detection process. Thus, the impacts of road roughness need to be studied to check the
feasibility of the approach. The road condition for previous cases is assumed to be good.
According to International Standard Organization (ISO) (1995), the road condition is categorized
into four levels: poor, average, good, and excellent. The damage level of 1% is considered under
different road conditions and the results are presented in Figure 3.7 to Figure 3.9. The vibration
amplitude increases with the increasing severity road condition. Under the poor road condition,
the iteration takes the longest time to figure out the result.

Figure 3.1 Bridge response under different damage level (Case 1)
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Figure 3.2 Vehicle response under different damage level (Case 1)

Damage level =1%

13

Damage level=2%

Damage level=5%
Figure 3.3 Iteration process under different damage level (Case 1)
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Figure 3.4 Bridge response under multi-damage condition (Case 2)

Figure 3.5 Vehicle response under multi-damage condition (Case 2)
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Figure 3.6 Iteration process under multi-damage condition (Case 2)
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Figure 3.7 Bridge response under different road roughness (Case 3)

Figure 3.8 Vehicle response under different road roughness (Case 3)

17

Poor road condition

Average road condition

18

Excellent road condition
Figure 3.9 Iteration process under different road roughness (Case 3)

3.4

Impact of Vehicle Speed

Three vehicle speeds varying from slow to fast are selected to check the identification level. The
damage index is chosen for 1% and the road condition is assumed to be good. The results of the
bridge and vehicle response are shown in Figure 3.10 and Figure 3.11. From Figure 3.11, the
frequency of vehicle response decreases with the increase of vehicle speed. The iteration process
for Uv=2m/s and Uv=10m/s is shown in Figure 3.12. When the vehicle speed is Uv=5m/s, the
allowable tolerance is set as 1e-4, smaller than that for Uv=10m/s and Uv=20m/s, which have the
tolerance as 0.5e-3. The iteration process for Uv=5m/s costs more time. However, Uv=10m/s takes
less iteration time than that for Uv=20m/s.

3.5

Impact of Bridge Type

In the above cases, the simplest bridge type (i.e., simple-supported) is calculated. To check the
applicability for other types of bridge, a continuous bridge (another commonly-used bridge type)
is studied. The other parameters are the same with the simple-supported bridge while an
additional support is added in the middle. The results are plotted in Figures 3.13−3.15. The results
have proven that this method can be applied to common continuous bridges as well. As expected,
compared with the simple-supported bridge, the iteration process for the continuous bridge
consumes more time.

19

3.6

Impact of Noise from Traffic Flow

Two vehicles with an interval of 1m pass through the bridge with the speed of 20m/s while the
wireless sensor is installed on one vehicle. Damage level of 5% is assumed for element 2. The
bridge’s response under two vehicles is shown in Figure 3.16. The response of the vehicle with a
wireless sensor is plotted in Figure 3.17. The iteration process is displayed in Figure 3.18. From
the calculation results, it is found that the damage can be inspected although other vehicles passed
the bridge simultaneously, which implies that the damage inspection can be implemented with the
existence of other traffic. In other words, the inspection process may be conducted without
controlling the normal traffic flow. It is noted that further validation should be conducted in the
field.

3.7

Impact of Vehicle’s Parameter

Four mass ratios of vehicle to bridge (0.5%, 5%, 10%, and 20%) and three stiffness ratios
(Kv/(EI/L)=5%, 100%, and 600%) are calculated and the damage level is set as 5%. The mass
ratio and stiffness ratio of the prototype bridge/vehicle system are 3% and 0.4%, respectively.
The results for each case of different mass ratios are shown in Figures 3.19−3.21. The results for
each case of different stiffness ratios are shown in Figures 3.22−3.24.
For different mass ratios, the bridge’s response increases with the increase of the vehicle mass
while the vehicle’s response decreases with the increase of its mass. For different stiffness ratios,
both the bridge’s and vehicle’s acceleration increases with the increase of the stiffness of the
vehicle’s spring. The iteration time decreases when the stiffness of the vehicle increases.

20

Uv=2m/s

Uv=10m/s

21

Uv=20m/s
Figure 3.10 Bridge response under different driving speed (Case 4)
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Uv=2m/s

Uv=10m/s

23

Uv=20m/s
Figure 3.11 Vehicle response under different driving speed (Case 4)
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Uv=2m/s (Tol=1e-4)

Uv=10m/s (Tol=0.5e-3)
Figure 3.12 Iteration process under different driving speed (Case 4)
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Figure 3.13 Bridge response for continuous bridge (Case 5)
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Figure 3.14 Vehicle response for continuous bridge (Case 5)

Figure 3.15 Iteration process for continuous bridge (Case 5)
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Figure 3.16 Bridge response under traffic flow (Case 6)

Figure 3.17 Vehicle response under traffic flow (Case 6)
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Figure 3.18 Iteration process under traffic flow (Case 6)

Figure 3.19 Bridge response under different mass ratio (Case 7)
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Figure 3.20 Vehicle response under different mass ratio (Case 7)

30

mass ratio =0.5%

mass ratio =5%

31

mass ratio =10%

mass ratio =20%
Figure 3.21 Iteration process under different mass ratio (Case 7)
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Figure 3.22 Bridge response under different stiffness ratio (Case 7)

Figure 3.23 Vehicle response under different stiffness ratio (Case 7)

33

stiffness ratio= 5%

stiffness ratio=100%

34

stiffness ratio=600%
Figure 3.24 Iteration process under different stiffness ratio (Case 7)
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4.

LABORATORY TEST

4.1

Introduction

The laboratory test for this feasibility study includes (1) the feasibility study of wireless sensors and (2)
the damage detection of a simple beam with a moving vehicle model. The actual combination of the
sensors and the damage detection process requires extensive work which was not conducted in this study
because of the scope.

4.2

Wireless and Wired Sensor System

4.2.1 Crossbow Wireless System (Xbows 2008)
Crossbow Imote2.BuilderKit is designed to be a complete development environment for high performance
wireless sensor networking (WSN) applications leveraging the Microsoft .NET Framework. Code on the
“Mote tier” uses the .NET Micro Framework. The Imote2.Builder Kit provides the tools to simplify the
development and deployment of highly customized distributed sensory systems. It also makes it easy to
connect to a base station mote and capture the resultant data and sensor readings.
Some basic information of the wireless sensors as follows is from the Xbow Inc., and more details can be
found at: http://www.xbow.com/Products/wproductsoverview.aspx
The contents of the Imote2.Builder kit include:
• 3 x Pre-programmed IPR2400 Imote2 Processor boards
• 2 x ITS400 Imote2 Sensor Boards
• 2 x IIB2400 Imote2 Battery Boards
• 1 x USB Cable – A Male to Mini Male

Figure 4.1 Wireless sensor system (Xbows 2008)
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Imote2 Processor Board

The Crossbow Imote2 is an advanced sensor network node platform designed for demanding wireless
sensor network applications requiring high CPU/DSP and wireless link performance and reliability.
®

The platform is built around Intel’s XScale processor, PXA271. It integrates an 802.15.4 radio (TI
CC2420) with an on-board antenna. It exposes a “basic sensor board” interface, consisting of two
connectors on one side of the board, and an “advanced sensor board” interface, consisting of two
high density connectors on the other side of the board. The Imote2 is a modular stackable platform
and can be stacked with sensor boards to customize the system to a specific application, along with a
“battery board” to supply power to the system.

Figure 4.2 Imote2 processor board (Xbows 2008)

Figure 4.3 ITS400 sensor board (Xbows 2008)
LIS3L02DQ sensors (3-Axis - ±2g digital output linear accelerometer)
• 2.7V TO 3.6V Single supply operation
• 1.8V Compatible IOs
• 12 bit resolution
• I2C/SPI Digital output interfaces
• Interrupt activated by motion
• Programmable interrupt threshold
• Embedded self test
• High shock survivability
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4.2.2 Wired Sensor System: NI Data Acquisition System

Figure 4.4 Wired sensor system

Figure 4.5 NI cDAQ-9172
The National Instruments cDAQ-9172 is an 8-slot NI Compact DAQ chassis that can hold up to eight C
Series I/O modules. The chassis operates on 11 to 30 VDC and includes an AC/DC power converter. The
NI cDAQ-9172 is a USB 2.0-compliant device that includes a 1.8 m USB cable. The NI cDAQ-9172 has
two 32-bit counter/timer chips built into the chassis. With a correlated digital I/O module installed in slot
5 or 6 of the chassis, you can access all the functionality of the counter/timer chip including event
counting, pulse-wave generation or measurement, and quadrature encoders (Figure 4.5).
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Figure 4.6 NI 9233 Dynamic Signal Acquisition Module
The NI 9233 is a four-channel dynamic signal acquisition module for making high-accuracy audio
frequency measurements from IEPE sensors with NI CompactDAQ or CompactRIO systems. The NI
9233 delivers 102 dB of dynamic range and incorporates integrated electronic piezoelectric (IEPE) signal
conditioning for accelerometers and microphones. The four input channels simultaneously digitize signals
at rates from 2 to 50 kHz per channel with built-in antialiasing filters that automatically adjust to your
sampling rate. It has 2 mA IEPE signal conditioning for accelerometers with 50 kS/s per-channel
maximum sampling rate (Figure 4.6).
PCB Accelerometers

Figure 4.7 PCB Model 333B30 Accelerometer
This type of accelerometer has the measurement range of +/- 50 g and the frequency range from 0.5 to
3000 Hz. It has the sensitivity of 100 mV/g (Figure 4.7).
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4.2.3 Parameters of Different Accelerometers
Table 4.1 shows the parameters of the two different kinds of accelerometers. The typical sampling rate is
50Hz for wireless sensor system, and 10000Hz for wired sensor system.
Table 4.1 Parameters of different accelerometers
Parameters
PCB 333B30 (wired)
Sensitivity
100 mV/g
Acceleration Range
±50 g
Temperature range
-18 to +66 °C
Non Linearity
<1%
Resonant Frequency
>40 kHz
Wireless range
Wired
*1 LSB is equal to 0.97mg = (4g / 4096)

LIS3L02DQ (wireless)
1024 LSB/g
±2.0 g
-20 to +70°C.
0.3%(X,Y axis)
0.6%(Z axis)
>1.5 kHz
30 m

The Imote2 wireless sensor integrates an 802.15.4 radio transceiver from ChipCon (CC2420). The
802.15.4 is an IEEE standard describing the physical and MAC layers of a low power low range radio,
aimed at control and monitoring applications. The Imote2 platform integrates a 2.4 GHz surface mount
antenna which provides a nominal range of about 30 meters. If a longer range is desired, an SMA
connector can be soldered directly to the board to connect to an external antenna.

4.2.4 Results of Sampling Acceleration Motion Using Different Sensors
The following two figures show the results of a typical simple harmonic oscillation using a wired sensor
system and wireless sensor. Figure 4.8 is the result of a simple harmonic oscillation using a wired sensor
system and Figure 4.9 is the result of the same simple harmonic oscillation using a wireless sensor
system. The results are similar. The signal of the wired sensor system is smoother than the signal of the
wireless sensor system. But the wireless sensor system can capture the important characters of
acceleration motion, such as frequency and damping.

Figure 4.8 Signal of wired sensor system
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Figure 4.9 Signal of wireless sensor system

4.3

Experiment Setup

Figure 4.10 Bridge deck on concrete supports
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Figure 4.11 Vehicle model on bridge deck

Figure 4.12 CMD system on vehicle model
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4.4

Testing Results

After the parametric studies were made, the laboratory tests were conducted to partially validate the
applicability of this approach. A light electronic vehicle with a uniform speed is used to move through a
wood-made simple-supported bridge. A simple TMD consisting of a spring and a mass was installed on
the vehicle. The parameters of the TMD were tuned close to the frequencies of the bridge model (Krenk
and Hogsberg 2008).
Compared with the results from the theoretical calculation, there may be more errors caused by the
following factors in tests. The noise caused by the roughness may cause the problem for convergence. In
the theoretical part, the roughness can be simulated in a similar pattern. However, in the actual test, the
measurement and simulation of roughness were difficult to be made on the model. The errors will be
caused by the initial conditions of the test vehicle, such as the initial displacement, velocity, and
acceleration of vehicle when starting to test. Without the initial velocity, the TMD was hard to keep
vibrating on the testing bridge. How to maintain a constant initial condition, which can give enough
excitation during a short period of the actual testing process, is still a challenge. Some more creative
testing techniques will be explored.

4.4.1 Testing Data
The mechanical properties of the testing bridge and vehicle are shown in Tables 4.2 and 4.3, respectively.
First, the frequency of bridge was checked. Three wireless sensors were installed on the middle of bridge
and three tests were done. The vibration results are shown in Figure 4.13. The frequency of the bridge
was 4.94 Hz after averaging the results from the repetitive tests.
Second, two sensors were installed on the vehicle (PT1) and TMD (PT2), respectively. The other one was
installed on bridge (PT3). Five tests were done, and the results are shown in Figure 4.14. It was found
from Figure 4.14 that the measurements from the sensors on the TMD and the bridge give data with better
quality, while the data from the sensor on the vehicle have excessive noise. So the advantage of adopting
the measurements on the TMD over the vehicle directly has been confirmed.

4.4.2 Comparison with Theoretical Results
The results from test one, using the vehicles with installed TMD passing bridge were also studied. The
time-domain acceleration results from the theoretical calculations and field test were compared as shown
in Figure 4.15. It can be seen that when the time increases, the calculation results and the test results have
different phase angles. In the actual damage-detection analysis, the results have been processed through
adjusting the phase angle. Some additional improvements on the experimental techniques and designs
may be required.
Table 4.2 Property of test bridge
E (GPa)
8.96
397.27
ρ (kg/m3)
st
1 frequency (Hz) 4.82
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Table 4.3 Property of test vehicle with TMD
Mass of TMD (kg)
0.555
Mass of vehicle(kg)
0.560
Spring stiffness(N/m) 2279.331
Damping ratio
1.875

Test 1

Test 2

45

Test 3
Figure 4.13 Test of bridge frequency
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Test 1

Test 2
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Test 3

Test 4
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Test 5
Figure 4.14 Test of vehicle and bridge
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Figure 4.15 Comparison of test and theoretical results
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5.

CONCLUSIONS AND RECOMMENDATIONS

The analytical framework of the damage detection using moving vehicles has been developed. Extensive
parametric studies have been carried out on studying the feasibility of this method. From the theoretical
calculations, some conclusions can be drawn as follows.
1) The damage level or the reduction of the stiffness loss for the divided element can be as small as
1% to be detected;
2) The method can inspect multi-damage with different damage levels;
3) Poor road roughness can induce more noise for recognition, which involves more iteration times
compared with better road roughness;
4) Compared with a simple-supported bridge, a continuous bridge requires more calculation time
when other conditions are the same for damage detection;
5) The noise caused by other vehicles passing on the bridge simultaneously can be filtered in the
identification process;
6) Several different sets of mass and stiffness ratios of vehicle to bridge were studied and the results
implied the rigorous applicability of the method;
7) The adoption of the TMD instead of the vehicle itself as the signal source has shown its
advantage based on the results from both the simulation and the experimental studies.
Compared with the theoretical results, the experimental studies were not as satisfied. The reasons may
include: (1) the over-simplified wood plate, which may not represent the bridge in a realistic way; an
(2) noise in the actual test from surface roughness and the limitations of the experimental designs.
Because of the limitation of the scope, time frame, and the budget of the present study, no improved
testing was able to be conducted. In the future study, the laboratory test needs be improved through
conducting the tests on a larger scale with more “real” conditions of the bridge and the test vehicles. As
the feasibility study, some results and findings will be very helpful for future efforts on exploring this
topic. The major limitations of this study include: (1) the Euler-Bernoulli Beam was studied in the
analytical study, and detailed slab-girder modeling may be applied in the future to give more accurate
analytical results; and (2) the oversimplified experimental study using wood plates. More realistic
experimental study is necessary.
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