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Abstract

Highway structures such as bridges are subject to continuous degradation primarily due to ageing and environmental factors. A
rational transport policy requires the monitoring of this transport infrastructure to provide adequate maintenance and guarantee
the required levels of transport service and safety. In Europe, thisis now alegal requirement - a European Directive requires al
member states of the European Union to implement a Bridge Management System. However, the process is expensive, requiring
the ingtallation of sensing equipment and data acquisition electronics on the bridge. This paper investigates the use of an
instrumented vehicle fitted with accelerometers on its axles to monitor the dynamic behaviour of bridges as an indicator of its
structural condition. This approach eliminates the need for any on-site installation of measurement equipment. A simplified
half-car vehicle-bridge interaction model is used in theoretica simulations to test the possibility of extracting the dynamic
parameters of the bridge from the spectra of the vehicle accelerations. The effect of vehicle speed, vehicle mass and bridge span
length on the detection of the bridge dynamic parameters are investigated. The algorithm is highly sensitive to the condition of
the road profile and simulations are carried out for both smooth and rough profiles.

Introduction

There has been a worldwide increase over recent years in the number of larger bridges that are being
instrumented and monitored on an ongoing basis — so called Structural Health Monitoring (Farrar and
Worden, 2007). Given the very large number of bridges that are not instrumented, some alternative
method is needed to detect any change in behaviour of the structure which might be an indicator of some
form of damage. This paper investigates the use of a vehicle fitted with accelerometers on its axles to
monitor the dynamic behaviour of bridges. This approach eliminates the need for any sensing equipment
or data acquisition electronics to be installed on the bridge and it is aimed at allowing the assessment of
bridge condition to become a simplified and much less laborious and time consuming process. It would
facilitate more effective and widespread monitoring of the condition of existing bridge structures in a
transport network while its development would enable maintenance to be carried out at an earlier stagein
degradation, which generally resultsin more economical repairs.

The feasibility of extracting bridge dynamic parameters from the dynamic response of a vehicle passing
over a bridge has been verified theoretically by Yang et al (2004). The method studied by Yang et al
would only require a vehicle instrumented with accelerometers acting as a ‘message carrier’ of the
dynamic parameters of the bridge. The bridge was assumed to be a simply supported beam while a sprung
mass represented the vehicle. The bridge natura frequency was extracted from the vehicle acceleration
spectrum of the sprung mass and they found that the magnitude of the peak response at the bridge natural
frequency increased with vehicle speed but decreased with increasing bridge damping ratio.
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Lin and Yang (2005) carried out an experimenta validation of this method. A two wheeled cart towed by
a four wheel commercial light truck was driven across one simply supported 30m span of a six span
bridge. The truck of this tractor-trailer system served as the exciter of the bridge into vibration and the
cart was fitted with an accelerometer, acting as the receiver of the bridge vibrations. Their field tests
verify that the bridge natural frequency can be easily identified from the dynamic response of the cart for
vehicle speeds less than 40 km/h (11.11 nVs). They note that at higher speeds the bridge frequency
becomes blurred by high frequency components from pavement roughness and cart structure. They also
found that ongoing traffic had a beneficial effect asit increased the vehicle response.

Oshima et al (2008) aso carried out an experimental investigation of an estimation method for the
eigenfrequencies of a bridge. A heavy truck with an excitation system was driven across a 30m simply
supported steel bridge at different speeds and acted as an exciter of the bridge while another vehicle
equipped with accelerometers travelled behind it and acted as a receiver of the vibrations. The system did
not detect the bridge frequency without forced vibration from the truck excitation system. However, the
bridge frequency was detected with forced vibration at excitation frequencies close to the bridge
frequency; the estimated frequency from the vibrations of the monitoring vehicle compared well with the
value recorded directly on the bridge. Several bridge crossings were required to obtain al of the
low-order eigenfrequencies which were extracted using a Bode diagram.

A further numerical and experimenta analysis of this technique was carried out by Gonzélez et al (2008).
They tested the approach numerically for various speeds, road roughness, damping levels and traffic
conditions using a 3-D FEM vehicle-bridge interaction (VBI) model. The experimental analysis consisted
of afield test on a main route near Oviedo, Northern Spain. For this test a vehicle instrumented with
accelerometers and GPS was driven over a long-span bridge (9 spans of lengths between 41 and 50 m,
and a total length of 423.5 m) to obtain its frequencies. Gonzdlez et al concluded that an accurate
determination of the bridge frequency is only feasible at low vehicle speeds and when the dynamic
excitation of the bridge is high enough. Therefore, the interference of the road surface profile frequencies
corrupts the spectrum and prevents the identification of the bridge natural frequency. They note that lower
vehicle speeds and the presence of heavy traffic on the bridge would have improved the ability to detect
the bridge frequency as the bridge deflection would have been more significant compared to the height of
the road surface irregularities.

McGetrick et al (2009) performed a theoretical investigation of the identification of bridge dynamic
parameters using a moving vehicle fitted with accelerometers on its axles. The instrumented vehicle was
used to identify not only bridge frequencies of vibration but also a change in the bridge's structura
damping. A simplified VBI model was used for theoretical simulations using MATLAB. The vehicle was
represented by a 2-degree-of-freedom wheel/suspension system (quarter-car). McGetrick et al conclude
that the bridge's frequency of vibration and structural damping can be detected easily from the dynamic
response of the quarter car for a perfectly smooth road profile. Introducing a road profile resulted in the
bridge frequency and structural damping becoming difficult to detect as the road profile had a greater
influence than the bridge deflection on the vehicle' s dynamic response which is similar to the conclusion
reached by Gonzélez et al.

This paper aims to extend the analysis carried out by McGetrick et al to other test conditions. For this
theoretical investigation, a VBI simulation model is created in MATLAB. The vehicle is modelled as a
4-degree-of-freedom half-car and the bridge is modelled as an Euler-Bernoulli beam. The aim is to detect
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the natural frequency of vibration of the bridge and aso identify changes in bridge structural damping
from the dynamic response of the vehicle. Thisinvestigation involves anaysis of the frequency spectra of
vertical vehicle accelerations obtained from the dynamic response of the half-car as it travels across the
bridge. The frequencies of vibration are identified from the vertical acceleration spectra and compared to
the true corresponding bridge or half-car frequencies. Simulations are carried out for simply supported
bridge spans of 15, 25 and 35 metres, vehicle velocities of 5 m/sto 25 m/s and for smooth and rough road
surface profiles of varying 1SO class. As structural damping has been shown to be damage sensitive
(Curadelli et al, 2008; Modena et al, 1999), bridge structural damping is also varied from 0% to 5% (in
steps of 1%) to investigate its effect. 0% bridge damping is not a realistic value, but it is used here as a
reference point. The effect of the vehicle mass on the dynamic response of the vehicle is considered by
using gross vehicle weights of 4.8 tonnes, 9 tonnes and 18 tonnes representing an empty, half-loaded and
fully loaded 2-axle truck respectively. The results will indicate the conditions in which this method can be
used to detect bridge dynamic parameters with a reasonable degree of accuracy.

Vehicle — Bridge Interaction Model

A theoretical half-car model is used to represent the behaviour of the vehicle (Figure 1). Although a half
car isasimplified version of avehicle, its response still illustrates many of the important characteristics of
dynamic tyre forces (Cebon, 1999). The half-car is a 4-degree-of-freedom suspension model. The four
degrees of freedom account for axle hop displacements, sprung mass bounce displacement and sprung
mass pitch rotation. The body of the vehicle is represented by the sprung mass, ms, and the front and rear
axle components are represented by unsprung masses, my; and my, respectively. The axle mass connectsto
the road surface via a spring of stiffness K;, while the body mass is connected to the tyre by a spring of
stiffness K in combination with a viscous damper of value C; modelling the suspension. Tyre damping is
assumed to be negligible and thusis omitted. Other properties the model accounts for are the sprung mass
moment of inertia, |, and the distance of each axle to the vehicle's centre of gravity (0), i.e., D; and D, in
Figure 1 (‘D; + D, isequal to the axle spacing). For these simulations, the centre of gravity of the vehicle
(o) is taken to be equidistant from each axle (D, = D,). The half-car property values are listed in Table 1
and are based on values obtained from work by Harriset al (2007) and Cebon (1999).

L D> L D L

L

Figure 1 Half car — beam interaction model

The haf-car travels at constant speed, ¢, over a simply supported Euler-Bernoulli beam which has
constant cross section and mass per unit length, p. It has span L, modulus of elasticity E, second moment
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of area J and structural damping &. The properties of the 3 bridge spans used in these simulations are
given in Table 2. The first and second natural frequencies of each bridge, furiager 8Nd firiggeo, @€ aso given
for future reference.

Table 1 Half car properties

Propert Unit Symbol Moddl 1 Model 2 Model 3
perty (Figurel) | (18tonnes) | (9tonnes) | (4.8 tonnes)
Body mass kg ms 16600 7600 3400
My 700 700 700
Axle mass kg
my; 700 700 700
Ka 4x10° 4x10° 4x10°
Suspension Stiffness N/m
Ke 4x10° 4x10° 4x10°
Ca 10x10° | 10x10° 10 x 10°
Suspension Damping | Ns/m
Ceo 10x10° | 10x10° 10 x 10°
K 35x10° | 35x10° | 35x10°
Tyre Stiffness N/m
Kio 35x10° | 35x10° | 35x10°
Moment of Inertia | kg m? ls 64598 29575 13231
Distance of axle to . D, 1.875 1.875 1.875
centre of gravity D, 1.875 1.875 1.875
Body massfrequency | foounce 1.05 155 231
of vibration foiten 1 147 2.19
Axle mass frequency by faxter 11.9 11.9 11.9
of vibration faxie 11.9 11.9 11.9
Table 2 Bridge properties
Span | Modulus of Second Mass per 1st natural 2nd natural
. . Sructural | frequency of | frequency of
Length, elastlc;,;%/, roment OI unit length, damping, & | vibration vibration
L (m E (N/ area, J(m kag/m ’ ! !
(m) ( ) (m) H (kg/m) foriager (H2) foriagez (H2)
15 35x 10" 0.5273 28125 1% to 5% 5.66 22.62
25 35x 10" 1.3901 18358 1% to 5% 4.09 16.37
35 35x 10" 3.4162 21752 1% to 5% 3.01 12.03

The simulation of the half-car crossing the beam is based on the approach proposed by Fryba (1999)
whereby the half car — beam interaction model is described by a system of coupled differential equations.
These can be solved using standard numerical techniques. In this case, the system is solved using the
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Wilson-Theta integration scheme (Bathe and Wilson, 1976; Tedesco et al, 1999). The value of 8 used is
1.420815, which is the optimum value (Weaver and Johnston, 1987).

Smooth Profile Simulation Results for a Single Axle

The following simulations are carried out using the VBI model outlined in the previous section with a
smooth road surface profile. The properties which will be varied in these simulations are the bridge span
and structural damping, and the half-car mass and velocity. The theoretical frequencies of the bridge and
half-car given in Tables 1 and 2 will be located in the acceleration spectra and compared to the
frequencies estimated from the vehicle accelerations. The scanning frequency used in all simulations is
8192 Hz. The results presented in the following sections are for a half-car mass of 18 tonnes and velocity
of 20 m/s.

15-metre S mulation Results

Figure 2 shows an example of the power spectrum of processed accelerations obtained from the front axle
of the half-car as it crosses the 15 metre bridge. All simulated structural damping levels are represented
on this figure. The resolution of the acceleration spectrais + 0.25 Hz. A small peak exists close to 1 Hz
which can be attributed to the frequencies of vibration of the half-car body mass for the 18 tonne model,
foounce @Nd fitcn respectively (Table 1). A clear peak is visible at 6 Hz which corresponds to the first natural
frequency of the bridge, fiige (Table 2). The peak deviates slightly from the dashed line representing the
bridge frequency. Driving the vehicle lower velocity would improve the accuracy of this peak as more
measurements would result into a higher frequency resolution. At this peak, it can be seen that thereis a
decrease in Power Spectral Density (PSD) magnitude for increasing structural damping level. The
sengitivity of this decrease to a 1% change in damping is greater for changes between lower levels of
damping. For example, for a change from 0% to 1% damping, the sensitivity of the PSD is 20% and from
1% to 2% the senditivity is 19%. This sensitivity is obtained by calculating the difference between the
PSD peaks and dividing it by the PSD peak magnitude at the lower damping level e.g. for the change
from 0% to 1%, the difference between the PSD peaks is divided by the PSD peak magnitude for 0%.
Thistrend also existed for other velacities and vehicle masses investigated.

1.8 T T T T T T T T - -
(+]
16 fbn’dgef-" T 6 Hz _?t::
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—_—a4% |
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-
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o ©
[=2] (=] =

o
I

o
)
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Frequency (Hz)

Figure 2. Acceleration spectra (PSD in m%s?) for front axle of 18 tonne half-car travelling
across 15-m bridge with smooth road profile. Damping varies from 0% to 5% and vehicle
velocity is 20 m/s.
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25-metre Smulation Results

The results obtained for the 25 metre bridge were similar to those obtained for the 15 metre bridge. Figure
3 shows the spectra of front axle accelerations obtained at 20 mv/s for the 18 tonne vehicle. The resolution
of the acceleration spectrais £ 0.125 Hz. A minor peak can be seen close to 1 Hz which corresponds to
the frequencies of vibration of the half-car body mass. Once again a clear peak is visible in the spectra;
this time at 4.25 Hz which corresponds to the first natural frequency of the 25 metre bridge. Thereis a
dight inaccuracy at the peak similar to the one seen in Figure 2. There is adso a decrease in PSD
magnitude for increasing structural damping level at the bridge frequency peak. Once more, the
sengitivity of this decrease in PSD to a 1% change in damping is greater for changes between lower levels
of damping. For example, for a change from 0% to 1% damping, the sensitivity of the PSD is 24%, from
1% to 2% the sengitivity is 23% and from 4% to 5% the sensitivity is 21%. It is observed that the
sengitivities are greater for this span than the 15 metre bridge, although it may also be taken into account
that the absolute value of PSD is smaller and the final accuracy in detecting changes will also depend on
the resolution of the accelerometers.

Two secondary peaks occur in the spectrain Figure 3 in the region of the second natural frequency, firidgeo,
of the 25 metre bridge. The decrease in PSD magnitude for increasing structural damping level is also
seen at these two higher frequency peaks.

0.7

€ fbrfdge? fbrr'd > 0%
0.6/ g 1%
- 2%
2ol 4.25 Hz well
é_“ —_—A4%
= 04 5%
131
203l
et
5
2 02}
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0.1
% 2 8 10 12 14 16 18 20

Frequency (Hz)
Figure 3. Acceleration spectra (PSD in m%s®) for front axle of 18 tonne half-car travelling

across 25-m bridge with smooth road profile. Damping varies from 0% to 5% and vehicle
velocity is 20 m/s.

35-metre Smulation Results

Extending the discussion to the 35 metre bridge, there are some differences in the results compared to
those obtained for the 15 and 25 metre bridges. Figure 4 shows the spectra of front axle accelerations
obtained at 20 m/s for the 18 tonne vehicle. The resolution of the acceleration spectra is £ 0.125 Hz.
Minor peaks can be seen close to 1 Hz and 3 Hz and these correspond to the frequencies of vibration of
the half-car body mass and the first natural frequency of the 35 metre bridge respectively. Two clear
peaks are visible in the spectra again, however, this time the peaks occur close to the second natural
frequency of the 35 metre bridge; at 11.5 Hz and 12.5 Hz respectively, and they are much more
significant than the peaks occurring at lower frequencies. They can be attributed to resonance which
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occurs due to the second natural frequency of the 35 metre bridge (12.03 Hz) being almost equa to the
axle hop frequency of the front axle of the half car (11.9 Hz). The decrease in PSD magnitude for
increasing structural damping level is identifiable at these two frequency peaks too. Analysing the larger
of the two peaks (at 11.5 Hz) thereisasimilar sensitivity trend to that seen earlier in resultsfor the 15 and
25 metre bridges. For a change from 0% to 1% damping, the sensitivity of the PSD at 11.5 Hz is 65%,
from 1% to 2% the sensitivity is 55% and from 4% to 5% the sensitivity is 31%. The sensitivities noted
here are greater for this span than those for the 15 and 25 metre bridges. For this particular bridge,
resonance is shown to cause a beneficial effect on vehicle response, amplifying some of the bridge
properties being sought.

1.4

Fo s
bridge2 0%
Al ﬁ 112.5 Hz o

2%
— 301'1]
— 4%
5%

1 11.5Hz

€ fbrfdge?

Power Spectral Density

% 274 & 8 10 12 14 16 18 2

Frequency (Hz)
Figure 4. Acceleration spectra (PSD in m%s®) for front axle of 18 tonne half-car travelling
across 35-m bridge with smooth road profile. Damping varies from 0% to 5% and vehicle
velocity is 20 m/s.

Summary of Smooth Profile Smulation Results

The results for the smooth profile simulations were in general positive. A peak was obtained
corresponding to the first natural frequency of the 15 and 25 metre bridges and a peak also occurred at the
second natural frequency for the 35 metre bridge. The accuracy of these frequency peaks depended on the
velocity of the vehicle and the length of the bridge span as generally the deviation of the location of the
highest peak in the frequency domain with respect to the true value occurred at greater velocities and
shorter spans due to the reduction in time for the vehicle to record data as it crosses the bridge, i.e., poorer
spectral resolution at higher velocities. For the 35 metre bridge, a resonance effect due to the axle hop
frequency of the vehicle matching the second natural frequency of the bridge was found to favour the
identification of a change in damping properties.

For all the frequency peaks in the spectra shown in Figures 2 to 4, a decrease in peak PSD magnitude
exists for an increase in structural damping of the bridge. The percentage decreases in peak PSD with
damping are very sensitive for the smooth profile simulations and suggest that the detection of bridge
structural damping is possible through periodic measurements. The peak PSD is more sensitive to
changes in damping between lower levels, i.e. larger changes in peak PSD occur between 0% and 1%
damping than between 1% and 2% etc. In the results presented the 35 metre bridge provided the
maximum sensitivity of 65% to a 1% change in damping at 20 m/s. Similar results were obtained in the
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spectra of accelerations for the other vehicle masses of 4.8 tonnes and 9 tonnes. An illustration of the
primary difference between the results for varying vehicle mass is shown in Figure 5. Only the spectrum
of axle accelerations for a 15 metre bridge with 3% damping is plotted but this is representative of the
trend occurring for other spans and damping levels. The magnitude of PSD at the bridge peak for smooth
profile increases with increasing vehicle mass, being easier to measure by an accelerometer. This is a
consequence of a heavier vehicle increasing the bridge deflections, and in turn, the vehicle vibration.
However, the relative sensitivities of the PSD at the bridge peaks to changes in damping do not vary with
vehicle mass significantly. It should be observed that results are shown for a vehicle velocity of 20 m/s
which corresponds to highway speeds, i.e., a travelling condition where the instrumented vehicle would
not cause traffic disruption while monitoring a bridge. Despite the encouraging results discussed here, a
smooth profile is not sufficiently realistic as it does not account for the effect of aroad profile roughness
on the vibration of the vehicle, which will be discussed in the section that follows.

1 T T H T T T T T T

0.9 fbrfdgef l ~_ |—e—3% 18 tonnes
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Figure 5. Acceleration spectra (PSD in m%s®) for front axle of half-car travelling across 15-m
bridge with smooth road profile. Damping is 3% and vehicle velocity is 20 m/s.

Rough Road Profile Simulation Results for a Single Axle

The importance of the road surface profile in the dynamic interaction between the vehicle and bridge has
been highlighted by Gonzédlez et al (2008) and McGetrick et al (2009). Therefore, a rough road profile is
now included in simulations to investigate its effect. Three rough road profiles are used in simulations.
The road irregularities of each profile are randomly generated according to 1SO (1995); the first two are
‘very good’ profiles falling within road class A, and the third is a ‘good’ profile defined as road class B.
Due to similarity between results obtained for each road profile and bridge span, only the results from the
simulations for the first class A road profile and 15 metre bridge are presented in the following sections
unless otherwise stated. As for the smooth profile simulations, the properties varied in these simulations
are the bridge span, bridge structural damping and the half-car mass and velocity. The scanning frequency
used in al smulations is 8192 Hz. The results presented in this section are for a half-car mass of 18
tonnes and velocity of 20 m/s; spectra obtained for the 4.8 tonnes and 9 tonnes model gave similar results
and are therefore not included.

15-metre S mulation Results

The spectra of accelerations recorded on the front axle of the half-car in the class A road profile
simulation is shown in Figure 6. The resolution of the acceleration spectrais + 0.25 Hz. In thisfigure the
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clear peak with the largest magnitude occurs at 11.75 Hz which corresponds to the axle hop frequency of
the haf car, fae. NO peak is visible in the region around the first natural frequency of the 15 metre
bridge. Also, the spectra for the damping levels are indistinguishable from each other for the scale shown
in the figure. The rough road profile interferes with the ability to detect bridge frequency and changes in
structural damping due to its considerable influence on the dynamic response of the vehicle. By referring
back to the PSD magnitudes of Figure 2, it can be seen that this ISO class A road profile produces a
dynamic vehicle response which is approximately 1000 times larger than the response due to a perfectly
smooth road profile.

1400 T T T T T T T

5 g —0%
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Figure 6. Acceleration spectra (PSD in m%s®) for front axle of 18 tonne half-car travelling
across 15-m bridge with ISO Class A road profile. Damping varies from 0% to 5% and vehicle
velocity is 20m/s.

However, if the sengitivity of the PSD at all frequencies to 1% changes in damping level is calculated, it

can be shown in Figure 7 that in the region of the first natural frequency of the bridge, the PSD is still

guite sensitive to changes in damping, despite the lack of a significant peak at this frequency in Figure 6.
25 .
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Figure 7. Sensitivity of overall PSD (in m?/s®) of accelerations for front axle of 18 tonne half-car
travelling across 15-m bridge with ISO Class A road profile, vehicle velocity is 20 m/s.
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Summary of Rough Road Profile Results

The results for the rough profile simulations have only been shown for the 15 metre bridge as similar
conclusions arose for the 25 metre and 35 metre bridges. The axle hop vibration of the vehicle dominates
all of the spectra due to the presence of arough road profile. Thisis due to the ratio of the height of road
irregularities to bridge deflections being too large which prevents the bridge having a more significant
influence on the vehicle. Using a heavier vehicle than the relatively low weight vehicles used in this
investigation would increase the bridge contribution to the vehicle vibration and improve results.
However, by analysing the difference in the PSD of the entire spectrum between the different damping
levels, it is clear that the vehicle is till sensitive to changes in damping in the region of the bridge
frequency, even if the bridge frequency peak does not appear to be that relevant compared to other peaks
in the spectrum. The relationship between vehicle mass and peak PSD magnitude in simulations with
rough road profile is illustrated in Figure 8. As for the smooth road profile, the spectrum of axle
accelerations for a 15 metre bridge with 3% damping is plotted and similarly, the peak PSD magnitude
increases for increasing vehicle mass.
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Figure 8. Acceleration spectra (PSD in m%s®) for front axle of half-car travelling across 15-m
bridge with ‘very good’ road profile. Damping is 3% and vehicle velocity is 20 m/s.

Characterisation of relationship between PSD and road profile roughness

It is obvious that the road profile roughness is a crucial element in the VBI and any attempt to extract
bridge properties from vehicle measurements. Therefore, it is useful to characterise the effect of the road
profile on the ability to detect bridge frequency and changes in the structural damping of the bridge. The
following figures summarise the effect of the road profile roughness on the dynamic response of the
vehiclefor al 4 profilesinvestigated (Smooth, 1SO class A-1, ISO class A-2 and 1SO class B). Results are
presented for the vehicle mass of 18 tonnes, vehicle vel ocity of 20 m/s and bridge span of 15 metres only.
Similar conclusions were obtained for other vehicle masses, velocities and bridge spans. Figure 9
illustrates the relationship between road profile roughness and the absolute difference in PSD magnitudes
at the first natural frequency bridge peak. The road profile roughnessis represented here by the roughness
coefficient, Gy (m*cycle), of each profile. The PSD differences are calculated at the first natural
frequency of the bridge in the spectra of accelerations from simulations for each road profile. For
example, for the smooth profile, G4=0, and the difference in PSD is calculated from the corresponding
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peak at firigger iN Figure 2. Likewise, for the first ISO class A *very good’ road profile, Gq= 5.233 x 10°
m3/cycle and the difference in PSD is calculated at fiigger iN Figure 6, even though there is not a clear
significant peak at this location. For the 1SO class A-2 ‘very good road profile, Gy = 9.045 x 10°
m®/cycle and for the ISO class B ‘good’ road profile, Gg= 50.97 x 10° m%cycle. Figure 9 shows that the
magnitude of the differencein PSD between different levels of damping is larger between the lower levels
regardless of road roughness, i.e., the difference in PSD for 0% to 1% is greater than the difference for
1% to 2% etc.

1.8; . : :
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Figure 9. Difference in PSD of accelerations at the first natural frequency of 15-m bridge vs.
road profile roughness (PSD is in m?/s®)

Figure 10 illustrates the magnitude of the maximum PSD at the first natural frequency of the 15 metre
bridge for different road roughness relative to the magnitude of the differences shown in Figure 9.
Changes in damping at the bridge frequency will be easier to detect when the difference in PSD is
comparatively large relative to the maximum PSD to avoid interference due to changes in the road profile,
noise, changesin lateral position of the vehicle etc. Figure 10 shows how as the road roughness increases,
the difference in PSD becomes smaller relative to the maximum PSD. Therefore the greater the road
profile roughness, the more difficult it will become to detect changes in damping as the maximum PSD
magnitude increases at a much greater rate relative to the difference in PSD magnitude. This reiterates the
need to remove or minimise the influence of road profile on the vibrations of the vehicle before a
spectrum analysis on the region of the bridge frequency can be carried out. The identification of a change
in damping could be facilitated through frequency matching between bridge and vehicle (i.e. at the second
bridge frequency in Figure 4) or a higher dynamic excitation of the bridge due to other sources (i.e.
caused by avery heavy truck, a number of trucks or a bump prior to the bridge).
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Figure 10. Difference in PSD magnitude and Maximum PSD magnitude at the first natural
frequency of 15-m bridge vs. road profile roughness (PSD is in m%/s®)

Conclusions

This paper has investigated the feasibility of using an instrumented vehicle to detect the natural frequency
and structural damping of a bridge. In past studies, it has been shown that it is possible to obtain the
bridge frequency for smooth road profiles from the vehicle vibration but it is more difficult to do so with
rougher road profiles. The results presented in this paper are found in agreement with those studies. Using
a heavier vehicle would increase the bridge deflection and consequently increase the bridge influence on
the vehicle vibration improving results. Also, frequency matching between the axle hop of the vehicle and
the natural frequency of the bridge is beneficial for the detection of that bridge frequency. This paper has
shown that the magnitude of PSD at the bridge frequency decreases with increasing bridge damping. This
decrease is easy to obtain and quantify for a smooth profile due to the presence of a dominant bridge
frequency peak. For arough road profile there is no dominant bridge frequency peak but by analysing the
whole spectrum in the region of the bridge frequency, a lower PSD also appears in this region as a result
of adecrease in damping. The magnitude of the PSD for an axle of the half-car was found to increase for
both increasing vehicle mass and road profile roughness. Overal, it was found that the greater the road
profile roughness, the more difficult it becomes to detect changes in damping as the effect of a change in
damping in the PSD becomes relatively negligible compared to the effect of a change in the road profile.
The development of an instrumented vehicle as a sensitive low-cost method for the monitoring of the
dynamic behaviour of short to medium span bridges requires to successfully identify bridge parametersin
the presence of different degrees of road roughness. Further research is needed for the removal or
minimisation of the influence of the road profile roughness on the vehicle vibration and enable a better
definition of the region around the bridge frequency within the vehicle spectrum.
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