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1 INTRODUCTION 

1.1 Damage detection 

Structural damage detection is a complex and 
challenging issue in bridge engineering. Its main 
purpose is to identify the presence, location, type 
and quantity of damage and predict the remaining 
service life of the structure. The need for an effec-
tive and robust detection method that can be applied 
to complex structures has led to the development of 
global damage-identification methods which exam-
ine changes in the measured vibration characteristics 
of the structure. The basic idea behind these methods 
is that damage will alter the stiffness, mass, or 
damping properties of a system, and that this 
change, in turn, will alter the measured dynamic re-
sponse of the structure (Salvino et al. 2005). Time 
series analysis is receiving increased attention in the 
field as it permits vibration signals, from structures, 
to be decomposed into fundamental basis functions 
that are used to characterise the vibration response. 
Wavelet analysis and Empirical Mode Decomposi-
tion (EMD), as part of the Hilbert-Huang Transform 

(HHT), are two widely researched time-series analy-
sis methods. In contrast to the Fourier transform, 
which maps from the time domain to the frequency 
domain, wavelet analysis and EMD may be applied 
and mapped to the space or time domain of the 
structure therefore making them capable of damage 
location.  

 

1.2 Wavelet analysis 

Wavelet analysis, in recent years, has been one of 
the emerging and fast-evolving mathematical and 
signal processing tools for vibration-based analysis. 
It has been used to locate discontinuities in dynamic 
measurements that could be associated to structural 
damage. Kim & Melhem (2004) describe wavelet 
analysis as the breaking up of a signal into shifted 
and scaled versions of a mother wavelet or basis 
function. This results in variable sizes of a window 
function and makes it possible to detect discontinui-
ties and breakdown points of data. Zhu & Law 
(2006) first suggested that by performing a continu-
ous wavelet transform (CWT) on the deflection-time 
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for a variety of scenarios including two vehicle configurations (light and heavy), a range of speeds between 5 
and 15 m/s, and smooth and rough road surfaces. The influence of the distance from the simulated accelera-
tion points to the damage locations, on the accuracy of the predicted damage, is also discussed.  

 



signal of a cracked beam subject to a constant mov-
ing load, it was possible to determine the position of 
the crack. This study however focused on large 
cracks leading Gonzalez & Hester (2009) to investi-
gate if the method is feasible to identify small cracks 
and examine the application of a number of wavelet 
functions for comparison purposes. They concluded 
that wavelets can be employed to identify damaged 
sections by using the response of a structure to a 
moving load. Ayenu-Prah & Attoh-Okine (2009) 
however highlight that there are complications that 
arise out of defining a priori basis functions, these 
being that a wavelet based interpretation of a signal 
is only meaningful relative to the selected mother 
wavelet. Other disadvantages they mention include 
spectral leakage and its being non-adaptive. The dis-
advantages of wavelet analysis prompted the devel-
opment of a new spectral analysis method called the 
Hilbert-Huang Transform (HHT). 

1.3 Hilbert-Huang transform 

The HHT consists of two parts: Empirical Mode 
Decomposition (EMD) and Hilbert Spectral Analy-
sis (HSA), a full description of which can be found 
in Huang & Shen (2005). The most notable research 
and testing into HHT is outlined by Huang (2001) 
who patented the method. Huang applies HHT to a 
model of a simply supported bridge with a transient 
load, designed as a three axle truck. A crack is simu-
lated as a reduction in cross section near the mid-
span. The research concluded that, HHT can detect 
and locate damage, it can estimate the degree of 
damage and it can be applied to other structures. 
However the clearest results lay where the undam-
aged data was used as a comparison. 

The use of EMD, on its own, has been recently 
applied to damage identification in structures subject 
to dynamic loading. Xu & Chen (2004) conducted 
experiments, on the use of EMD, using a three sto-
rey steel frame building model which was welded to 
a base plate and bolted to a shaking table. A sudden 
change of structural stiffness was simulated and sig-
nals were acquired using accelerometers. The meas-
ured structural response time history was processed, 
to obtain the first Intrinsic Mode Function (IMF) 
component, using the EMD approach with intermit-
tency check. This component was then used to iden-
tify the damage time instant and damage location of 
the building. Xu & Chen concluded that the EMD 
approach can accurately identify the damage time 
instant by observing the occurrence time of the dam-
age spike in the first IMF component of the accelera-
tion response. They found it to be a useful tool for 
damage detection in real structures in the sense that 
it is a signal based and model free method, requiring 
no prior knowledge on the structure.  

Yang et al (2004) performed a similar study em-
ploying a four-storey ASCE benchmark building. 

They also found that they could detect exact damage 
locations. They noted that the magnitude of the 
spikes identifying the damage depends on the exter-
nal loads, the damage location and the severity of 
damage. 

Recently, Bradley et al (2010) used EMD to de-
tect damage in the acceleration response of a beam 
model subject to the crossing of a load. This investi-
gation concluded that EMD could be used to detect 
damage from the accelerations of a structure subject 
to a moving load. They applied a high-pass filter to 
the IMFs, resulting from the acceleration response, 
to detect a single damaged location. It was found 
that high levels of noise and long beam lengths in-
troduced some small inaccuracies; however, these 
could be reduced with an increase in observation 
points. Meredith et al (2011) advanced this research 
by using a Moving Average Filter followed by EMD 
to detect multiple damage locations in the accelera-
tion response of a beam model subject to the cross-
ing of a load. This investigation concluded that 
EMD could be used to detect multiple damage loca-
tions from the accelerations of a structure subject to 
a moving load.  

A further study by Meredith & Gonzalez (2011) 
used simulations based on large samples of moving 
loads generated stochastically. Velocity and magni-
tude of the moving loads were generated by apply-
ing random sampling to statistics from real Weigh-
In-Motion data. The analysis concluded that the re-
sponse of a structure to everyday traffic (as opposed 
to the use of a calibrated load of known characteris-
tics) can be used as a tool to identify damage using 
EMD. It was found that the method could detect 
small levels of damage with an increase in sensitivi-
ty as the number of load crossings is increased. 

In this paper, the technique is further developed 
using simulations from a vehicle-bridge dynamic in-
teraction finite element model. Different levels of 
damage are simulated as localised losses of stiffness 
at random locations within the bridge and a number 
of longitudinal and transverse locations are used as 
observation points. The ability of the EMD algo-
rithm to detect damage is analysed for a variety of 
scenarios including two vehicle configurations (light 
and heavy), a range of speeds between 5 and 15 m/s, 
and smooth and rough road surfaces. The influence 
of the distance from the simulated acceleration 
points to the damage locations, on the accuracy of 
the predicted damage, is also discussed. 

2 VEHICLE-BRIDGE INTERACTION MODEL 

For this study, a vehicle-bridge interaction model 
(VBI) was developed in Matlab 7.11.0 (R2010b). 
The VBI uses individual models of a bridge, road 
profile and vehicle that interact with one another to 
obtain the response of the bridge at a certain point 



on it. The response of a discretized FE bridge model 
to a series of time-varying forces can be expressed 
by: 

[𝑀𝑏]{�̈�𝑏} + [𝐶𝑏]{�̇�𝑏} + [𝐾𝑏]{𝑤𝑏} = {𝑓𝑏}    (1) 

where [𝑀𝑏], [𝐶𝑏] and [𝐾𝑏] are global mass, damping 
and stiffness matrices of the model respectively and 
{𝑤b}, {�̇�b} and {�̈�b}  are the global vectors of nodal 
bridge displacements and rotations, their velocities 
and accelerations respectively, and {𝑓b} is the global 
vector of interaction forces between the vehicle and 
the bridge acting on each bridge node at time t. Ray-
leigh damping is used to model viscous damping and 
is given by: 

[𝐶𝑏] = 𝛼[𝑀𝑏] + 𝛽[𝐾𝑏]            (2) 

where α and β are constants of proportionality which 
can be obtained using the relationships:  
 

𝛼 =
2𝜁𝜔1𝜔2

(𝜔1+𝜔2)
   (3)     𝛽 =

2𝜁

(𝜔1+𝜔2)
   (4) 

 
where ω1 and ω2 are the first two natural frequencies 
of the bridge and ζ is the viscous damping ratio 
(Gonzalez 2011). The damping mechanisms of a 
bridge may involve other phenomena such as fric-
tion, but in this case they are ignored because the 
levels of damping of a bridge are small and more 
complex damping modelling would not change the 
outcome significantly. 

2.1 Bridge 

For this study the FE model used for modelling 
the bridge deck is a 2-D plate model (Fig. 1). The 
bridge is a simply supported, 15 m long and 12 m 
wide, single span, orthotropic slab.  

Figure 1. 2-D Plate Model 

 
The bridge model properties, provided in Table 1, 

are thought to be typical of a bridge of this type 
(O’Brien et al. 2010). Damage in the bridge is mod-
elled as a percentage reduction in the modulus of 
elasticity in the longitudinal direction, Ex. 

 
 

 

Table 1. Bridge model properties  

Longitudinal Modulus of Elasticity (Ex) 3.5 x 10
10

 N/m
2
 

Transverse Modulus of Elasticity (Ey) 3.22 x 10
10

 N/m
2
 

Shear Modulus (G) 1.4 x 10
10

 N/m
2
 

Poisson’s Ratio (vx, vy) 0.2 

Damping Ratio (ζ) 0.02 

Natural frequencies (ω1 , ω2) 1.048, 2.084 rads/s 

Slab Depth (d) 0.85 m 

Element length (a) and width (b) 0.25 m, 0.25 m 

2.2 Road Profile 

The road profile is generated stochastically from 
power spectral density functions following guide-
lines by ISO standards (ISO 8608, 1995). The spec-
tral densities, 𝐺𝑑(𝑛) are given by 

𝐺𝑑(𝑛) = 𝐺𝑑(𝑛0) (
𝑛

𝑛0
)

−𝑤
           (5) 

where 𝑛 is the wavenumber in cycles/m, 𝑛0 = 0.1 
cycles/m and 𝐺𝑑(𝑛0) and 𝑤 are constants related to 
the surface roughness of the pavement. The spectral 
density is inverse Fourier transformed to produce a 
discrete set of points representing the profile height, 
𝑟(𝑡), at regular finite intervals (Harris et al. 2007). 
Three different road profiles are examined; a per-
fectly smooth profile, a class ‘A’ profile (𝐺𝑑(𝑛0) ≤ 
2x10

-6
 m

3
/cycle) and a class ‘B’ profile (2x10

-6
 

< 𝐺𝑑(𝑛0) ≤ 8x10
-6 

m
3
/cycle).  

Only the paths where wheels will cross are then 
considered and a profile smoother is applied using a 
moving average filter of wavelength 24 cm that 
simulates the tire footprint. An example of a typical 
class ‘A’ profile is shown in Figure 2. Vehicles are 
required to travel a minimum of 100 m on the gener-
ated road profile before arriving on the bridge to al-
low them to reach dynamic equilibrium. 

Figure 2. Typical class ‘A’ road profile  
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bridge is a quarter-car model (Fig. 3). This is a sim-
ple two-DOF model that models two main modes of 
vibration of the moving load. The suspension con-
sists of a spring with a stiffness coefficient (ks) of 
7.5 x 10

5
 N/m and a damper with damping coeffi-

cient (Cs) of 1 x 10
4
 Ns/m. The tyre model has a 

mass (m2) of 375 kg with a stiffness coefficient (kw) 
of 1.2x10

6
 N/m. The sprung mass of the quarter-car 

(m1) is varied from light to heavy loads. The car is 
deemed to be moving, from left to right, along a path 
3 m from the edge of the bridge, which is the 
equivalent to the centre line of one lane (the 12 m 
wide bridge is assumed to carry two lanes of traffic). 

Figure 3. Q-car model  

 
The equations of motion for the vehicle are de-

scribed in detail by Cantero et al (2009), and similar-
ly to the equations of the bridge, they can be ex-
pressed in matrix form as: 

[𝑀𝑣]{�̈�𝑣} + [𝐶𝑣]{�̇�𝑣} + [𝐾𝑣]{𝑤𝑣} = {𝑓𝑣}       (6) 

where [𝑀𝑣], [𝐶𝑣] and [𝐾𝑣] are global mass, damping 
and stiffness matrices of the vehicle respectively, 
{𝑤v}, {�̇�v} and{�̈�v} are the vectors of global dis-
placements, their velocities and accelerations respec-
tively, and {𝑓v} is the vector of forces acting on the 
vehicle at time t. The model assumes vertical tyre-
ground contact forces at single points, constant vehi-
cle speed, driving path in a straight line, and negligi-
ble lateral and yaw motions. 

2.3 Vehicle-bridge interaction algorithm 

There are two sets of differential equations of 
motion, one set defining the DOFs of the bridge and 
the other the DOFs of the vehicle. To analyse the 
VBI problem it is necessary to solve both subsys-
tems while ensuring compatibility at contact points. 
The algorithm used to carry out this calculation is 
based on an uncoupled iterative procedure where 
equations of motion of the bridge and vehicle are 
solved separately and equilibrium between both sub-

systems and geometric compatibility conditions are 
found through an iterative process. The basic idea 
behind this procedure consists of assuming some ini-
tial displacements for the contact points, which can 
be replaced in the equations of motion of the vehicle 
to obtain the interaction forces. Then these interac-
tion forces are employed in the equations of motions 
of the bridge to obtain the bridge displacements 
(wb(x,t+1)) that will represent improved estimates of 
the initial displacements (wb(x,t)) assumed for the 
contact points. The process is repeated until differ-
ences in two successive iterations are sufficiently 
small. This algorithm employs the Newmark-Beta 
direct integration method to solve each subsystem 
and to achieve convergence after a number of itera-
tions. This is an implicit direct integration scheme, 
where the dynamic response of the structure is 
solved at a particular point in time, using values of 
the dynamic variables at both the current and previ-
ous time steps (Tedesco 1999). Full details of the al-
gorithm iterative process can be found in González 
(2011). 

The program model is set so that convergence oc-
curs if 

 

𝑚𝑎𝑥(𝑤𝑏(𝑥,𝑡+1)−𝑤𝑏(𝑥,𝑡))

𝑚𝑎𝑥(𝑤𝑏(𝑥,𝑡+1))
 × 100 < 0.1      (7) 

Once convergence has been achieved, the simulation 
of the acceleration signal, at any point on the bridge, 
can be extracted and subjected to further signal pro-
cessing. 

3 SIGNAL PROCESSING 

The signal processing technique used is a 2-step 
procedure, firstly a Moving Average Filter (MAF) is 
applied to the signal and secondly, EMD is carried 
out on the filtered signal. 

3.1 Moving Average Filter 

The simulated damage will reveal as a local dis-
continuity in the acceleration signal as the load 
crosses the bridge. This acceleration signal is made 
up of three component parts; the ‘static’, ‘damage’ 
and ‘dynamic’ components. The ‘static’ component 
increases linearly from zero to a maximum at the 
monitored location and then decreases linearly back 
to zero while, the ‘damage’ component is zero eve-
rywhere except at the damage location. Therefore by 
applying an appropriate filtering method to the ac-
celeration signal, it is possible to remove its dynamic 
component and locate damage in a bridge (Hester & 
González, 2010). The MAF has been found to be a 
suitable filtering method for this purpose. 



A MAF replaces each point in the signal with an av-
erage of several adjacent points. The acceleration 
signal vibrates primarily at one frequency, associat-
ed to the main mode of vibration of the bridge, and 
therefore the dynamic oscillations can be removed 
by setting the span of the filter equal to one period of 
vibration. In practice, a fast Fourier transform of the 
acceleration signal can be used to obtain the domi-
nant frequency, that will be subsequently used to 
calculate the span required for the MAF. The filter 
removes the dominant frequency of the bridge, while 
smoothing higher frequencies associated to modes of 
vibration of the structure, the static component and 
any discontinuities. When applying the MAF, the 
number of data points obtained will be reduced by 
the span of the filter and the location of the disconti-
nuities will be altered. To allow for this the signal is 
relocated to start one half span distance from the 
first support. Figure 4 is an example of a damaged 
acceleration signal after undergoing the filtering 
process. For this example, a 10 tonne vehicle is 
crossing at 5 m/s and the damage is modelled as a 
30% reduction in stiffness, across the width of the 
bridge, at 12 m. This figure clearly shows the trian-
gular shape of the ‘static’ component along with the 
‘damage’ component which occurs as a spike at 2.4 
s, the time that the vehicle reaches the damage point.  

 
Figure 4. Acceleration signal after applying MAF 

3.2 Empirical Mode Decomposition 

EMD is a signal processing method which de-
composes data into several IMFs by a procedure 
known as the sifting process. Huang & Shen (2005) 
provide a detailed description of the EMD process. 
The first IMF contains the highest frequency com-
ponents in the signal and therefore, by the removal 
of the low frequency elements, highlights any high 
frequency discontinuities that may occur in a signal. 

Once the MAF has been applied to the signal, EMD 
is next employed to obtain the first IMF. This cre-
ates a monocomponent signal which has a zero 
mean. Applying EMD reduces the presence of the 
static component of the signal which, remains after 
filtering as a triangular shape and leaves mainly the 
damage component of the signal, Figure 5. The 
peaks obtained above the zero mean line in the first 
IMF considerably magnify the presence of damage 
compared to just employing the MAF, see Figure 4, 
particularly with the occurrence of low levels of 
damage. 

 
Figure 5. IMF 1 of Figure 4 

4 TESTING RESULTS 

The effects that the level of damage, road surface 
smoothness, vehicle speed, vehicle load and sensor 
location have on the accuracy of the proposed signal 
processing technique are examined here. Unless 
specified otherwise, the acceleration signal is taken 
from the midpoint on the bridge (i.e., longitudinal 
position of 7.5 m at the bridge centerline). 

4.1 Influence of size and location of damage 

The ability of the signal processing procedure to 
detect a reduction in stiffness of 50, 30 and 10% was 
examined using a perfectly smooth road profile and 
a vehicle weighing 10 tonne, moving at a speed of  5 
m/s. Damage was first assumed to cover the full 
width of the bridge at a longitudinal position of 12 m 
(3/5

 
of the total span) from the start of the bridge. 

Figure 6 shows IMF 1 after applying the MAF fol-
lowed by EMD. The horizontal axis shows time 
from the instant the vehicle enters the bridge, which 
means the damage should be located at 2.4 s.  

0 0.5 1 1.5 2 2.5 3
0

1

2

3

x 10
-4

Time (s)

A
m

p
lit

u
d

e

0 0.5 1 1.5 2 2.5 3
-4

-3

-2

-1

0

1

2

3
x 10

-5

Time (s)

A
m

p
lit

u
d

e



Figure 6. IMF 1 results  

 
Peaks in these results are clear for 50 and 30% dam-
age, however, 10% damage cannot be easily detect-
ed. Using the acceleration signal obtained at a loca-
tion 10 m along the bridge centerline (i.e 2.5 m 
closer to the damage location than in Figure 6), al-
lows damage of 10% to be detected as shown in 
Figure 7, however the results are still not as clear as 
for higher levels of damage. 

Figure 7. IMF 1 of filtered acceleration signal obtained at 10 m 

on a bridge with 10% loss stiffness at 12 m  
 
Next, as it is unlikely to find damage through the full 
width of a bridge, two small isolated damaged por-
tions were separately examined. Both damaged loca-
tions were at a longitudinal position of 12 m from 
the start of the bridge, but located at different trans-
verse locations of 1 m and 6 m in from the edge. 
Both damage locations contain two adjacent dam-
aged elements in the transverse direction, i.e they are 
0.25 m long and 0.5 m wide. All vehicle and road 
properties remained the same as the previous model. 
It was initially found that these small sections of 
damage could not be detected, however on further 
testing it was discovered that for damage to be de-
tected it was necessary for the wheel run to cross 
over the damage location.  

The results shown in Figure 8 are for damage locat-
ed from 1 m to 1.5 m from the edge, the reduction in 
stiffness is 50% and different locations of the wheel 
run are illustrated. Damage can only be detected 
where the run of the wheel crossed the damage loca-
tion, i.e, at 1.5 m. The same results occurred for the 
damage located at 6 m from the edge of the bridge. 
 

Figure 8. Results for varying wheel run locations 

4.2 Influence of road surface smoothness 

As all test results up to this point have been for a 
perfectly smooth road profile, it is now important to 
examine results with profiles set to ISO standards. A 
class ‘A’ profile (𝐺𝑑(𝑛0) ≤ 2x10

-6
 m

3
/cycle) was 

first modelled with vehicle properties remaining the 
same as previous models. The damage is again lo-
cated across the full width of the bridge at 12 m and 
the acceleration signal is obtained from the centre of 
the bridge. Figure 9 shows that it is not possible to 
determine the damage location at 2.4 s with a load of 
10 tonnes moving at 5 m/s. Larger loads were then 
tested, and Figure 10 shows how a load of 50 tonne 
appears to be sufficient to identify 30% damage in 
this particular case. 

Figure 9. Class ‘A’ profile with 10 tonne load 
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Figure 10. Class ‘A’ profile with 50 tonne load 

 
Finally a class ‘B’ profile is tested (2x10

-6
 <

𝐺𝑑(𝑛0) ≤ 8x10
-6 

m
3
/cycle). Here, loads that could 

be sufficient to detect damage in class ‘A’ profiles, 
are unable to locate damage due to the increasing 
difficulty in capturing damage as the road gets 
rougher. Figure 11 shows how a load of 200 tonne 
appears to be sufficient to detect 30% damage in a 
class ‘B’ road. 

 
 
 
 
 

 
 
 

 

 

 

 

 

 

 

Figure 11. Class ‘B’ profile with 200 tonne load 

4.3 Influence of vehicle speed 

It is found that the lower the speed the sharper the 
damage peak is, however the peaks become broader 
with increased speed due to the reduction in the 
wave frequency and increase in wavelength. At 
speeds of 15 m/s and above the occurrence of dam-
age is still clear however the accuracy in locating the 
damage is reduced. The increase in wavelength of 
the acceleration signal makes detection of the fre-
quency shift location less accurate. The results in 
Figure 12 are for a vehicle travelling at 10 m/s on a 
smooth road profile. Three bridge models are shown 
with losses in stiffness of 50, 30 and 10% at 12 m. 
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 

 

 

Figure 12. IMF 1 for vehicle travelling at 10 m/s 

4.4 Influence of sensor location 

Finally, the influence on the sensor location on the 
ability to detect damage is examined. Up to this 
point, the sensor has been located at the midpoint of 
the bridge. Testing has shown that locating the sen-
sor transversely close to the path of the vehicle caus-
es a peak to occur at the point where the vehicle 
passes the sensor location as well as at the damage 
location (i.e., at 1.5 and 2.4 s in Fig. 13).  

 
 
 
 

 
 
 
 
 
 
 
 
 

 

 

Figure 13. Sensor located along vehicle path 

 
This non-damage peak can make the existence of 

damage close to the sensor location difficult to dis-
tinguish and therefore it was determined that the 
sensor should be located in excess of 2 m to either 
side of the wheel path to remove this extra peak. The 
effect of the longitudinal distance of the sensor from 
the damage is shown in Figure 14. For this example 
a 10 tonne vehicle is crossing at 5 m/s and the dam-
age is modelled as a 30% reduction in stiffness, 
across the width of the bridge, at 12 m. In this fig-
ure, it can be seen that , sensors situated closer to the 
damage location will produce higher peaks than 
those further away. For this bridge model, it is found 
that beyond a distance of 6 m it becomes difficult to 
detect damage occurrences.  
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Figure 14. Effect of longitudinal distance between sensor and 

damage 

5 CONCLUSION 

It is desirable that bridge damage detection tech-

niques employ operating loads, such as vehicular 

loads, as excitation sources, which do not require 

controlled vibration conditions, a perfect knowledge 

of the excitation source or closure of the structure. 

This paper has proposed a health monitoring tech-

nique with the potential to be used with everyday 

operating loads, and to identify and locate damage 

with minimal use of resources.  

Testing of the technique has been carried out here 

using simulations from a quarter-car vehicle-bridge 

dynamic interaction finite element model. It was 

found that the method is capable of detecting a loss 

in stiffness as low as 10 %, however to detect this 

level the vehicle must cross the damage location. It 

was also found that an increase in road roughness 

made detection more difficult, requiring larger vehi-

cle loads and an increase in vehicle speed has an ef-

fect on the accuracy of locating the damage. This 

approach, however, is shown to be a promising tool 

for damage detection of real structures with relative-

ly low-costs and simple implementation.  
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