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This paper investigates the feasibility of detecting local damage in a bridge using Laser Doppler Vibrometer (LDV) measurements
taken from a vehicle as it passes over the bridge. Six LDV's are simulated numerically on a moving vehicle, collecting relative velocity
data between the vehicle and the bridge. It is shown that Instantaneous Curvature (IC) at a moving reference, which is the curvature
of the bridge at an instant in time, is sensitive to local damage. The vehicle measures Rate of Instantaneous Curvature (RIC), defined
as the first derivative of IC with respect to time. A moving average filter is found to reduce the effects of noise on the RIC data.
A comparison of filtered RIC measurements in healthy and damaged bridges shows that local damage can be detected well with

noise-free measurements and can still be detected in the presence of noise.

1. Introduction

Highway bridges are important components of trans-
port infrastructure. Aging, environmental conditions, and
increased loading can cause deterioration in their lifetime
but damage from bridge strikes due to vehicles passing
underneath is of particular concern [1]. In recent years,
many methods have been used by road owners to provide
an acceptable level of safety [2-5]. Visual inspection is the
most frequently used approach to bridge damage detection.
However, this method can be expensive with the result that it
may not be done with suflicient frequency [6]. Several exam-
ples exist of direct instrumentation of bridges for structural
health monitoring (SHM) purposes [7-10]. Many sensors
(e.g., accelerometers or strain gauges) are installed directly
on the bridge and the bridge condition is evaluated using
the response measured at these sensors. Despite its reliability
and efficacy, direct instrumentation has several drawbacks.
The most notable is that many systems of sensors, with
associated data acquisition systems, are needed to monitor a
large network of bridges.

The idea of indirect (or drive-by) bridge health mon-
itoring is first proposed by Yang et al. [11, 12]. In this
method, the bridge condition is assessed using the response
measured on a passing vehicle [13, 14]. Several studies have
used indirect measurements to estimate the bridge modal
parameters such as natural frequencies [15, 16] and mode
shapes [17, 18]. Malekjafarian et al. [13] provide a critical
review of indirect methods published up to 2015. Yang
and Chen [19] propose a novel method for estimating the
bridge natural frequencies from the responses measured on
a vehicle based on the Stochastic Subspace Identification
(SSI) method which is claimed to be more effective than
conventional methods. Nagayama et al. [20] use a cross-
spectrum of the signals measured from different vehicles. A
higher peak corresponding to the bridge natural frequency
is obtained compared to the power spectral density (PSD).
Gonzalez et al. [21] use a Half-Car model over a finite
element bridge to obtain the damping value on a simply
supported beam. Damping is identified as the value that
minimizes the error function. Malekjafarian and OBrien [22]
use drive-by measurements to estimate the bridge mode
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shapes. OBrien and Malekjafarian [17] introduce a mode
shape-based damage detection algorithm using the response
measured by laser vibrometers installed on a passing vehicle.
Kong et al. [23] present a tractor towing two trailers crossing
a bridge. They show an optimized vehicle configuration for
drive-by estimation of bridge natural frequencies and mode
shapes.

OBrien et al. [24] propose a drive-by damage detection
method using empirical mode decomposition (EMD) of the
accelerations measured on a passing vehicle. It is shown that
some components of the signal include damage information.
Hester and Gonzélez [25] employ a wavelet transform of
the signal measured on a vehicle for the localization of
bridge damage. McGetrick et al. [26] use Global Navigation
Satellite Systems (GNSS) in a drive-by monitoring approach.
The potential of smartphones to measure accelerations is
investigated by comparing the results to the accelerations
obtained through sensors installed in the vehicle. Kim et
al. [27] develop a laboratory test consisting of a truck-
trailer system. They show that the effect of road profile can
be reduced by subtracting the signals measured from two
following axles. Elhattab et al. [28] obtain bridge displace-
ment profile differences using accelerations measured from
a passing vehicle for damage detection. The approach is
able to detect localized damage, but vehicle calibration is
needed to use the method in field applications. OBrien et
al. [29] propose using curvatures of the bridge deflections
at a moving coordinate for damage detection. They assume
that the bridge deflection can be measured from a passing
vehicle. OBrien et al. [30] propose the use of a Traffic Speed
Deflectometer (TSD) for drive-by bridge damage detection.
A TSD [31] is a specialized vehicle which is used to measure
the deflection “basin” (depression) in a road pavement due to
aheavy axleload. It is equipped with several laser vibrometers
which measure relative velocities between the road pavement
and the vehicle [32].

In this paper, a local damage detection method is pro-
posed using relative velocities such as those measured on a
TSD. The method is based on the concept of Instantaneous
Curvature (IC). It is shown that curvature is sensitive to
damage and can detect the presence and location of damage
(14, 29, 30]. Since velocities are measured on a TSD, Rate
of Instantaneous Curvature (RIC), the first time derivative
of IC, is introduced for damage detection. Data such as that
which would be collected from Laser Doppler Vibrometers
(LDVs) are used for RIC calculation. A numerical case study
of a TSD passing over a simply supported bridge with a class
A road roughness is used. Two damage scenarios including
single damage and multiple damage points are considered.
Two damage indicators are proposed using the concept of
RIC. The effectiveness of the proposed indicators is evaluated
for noisy measurements.

2. Numerical Modelling

2.1. Vehicle Bridge Interaction Model. A numerical model of
vehicle bridge interaction is implemented using the finite
element (FE) method (Figure 1) in MATLAB. A Half-Car
model is used here to represent the TSD. The model has
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TABLE 1: Properties of the vehicle.

Half-Car property Notation Value
Weight of the sprung mass m 16.2t
Unsprung mass axle 1 My, 900 kg
Unsprung mass axle 2 My, 900 kg
Length of the vehicle L, 11.25m
Tyre 1 stiffness K, 1.75 x 10° N/m
Tyre 2 stiffness K,, 3.5 x10°N/m
Damper 1 stiffness K, 4 x10° N/m
Damper 2 stiffness K, 10° N/m
Damper 1 damping (O 10* Ns/m
Damper 2 damping Cs, 2 x10* Ns/m
Body mass frequency Foody 1.27Hz
Axle 1 mass frequency Saxtel 7.80 Hz
Axle 2 mass frequency Saxte2 11.28 Hz
Centre of gravity distance from axle 1 D, 471m
Centre of gravity distance from axle 2 D, 2.89m
TABLE 2: Properties of the bridge.
Bridge property Notation Value
Number of elements N 200
Length L 20m
Young’s modulus E 3.5 % 10" N/m*
2nd moment of area I 126 m*
Bridge depth h Im
Mass per unit length U 37,500 kg/m
Damping ¢ 3%
First natural frequency fi 4.26 Hz
Length of the approach Loy 10 m

4 independent degrees of freedom (DOFs) corresponding
to body mass vertical translation (v,), body pitch rotation
(65), and two vertical axle translations (v, and v, ,). The
vehicle body mass is m; and I, is its moment of inertia.
Two unsprung masses, m,,; and m,, ,, between the tyres and
the suspension, represent the axle weights. These unsprung
masses are connected to the road by linear springs simulating
tyre stiffnesses, K,; and K,,. The sprung and unsprung
masses are connected by a combination of linear springs, K |
and K ,, and viscous dampers, C,; and C,,. The properties
of the vehicle are given in Table 1.

The bridge is modelled as a simply supported beam using
200 discretized elements. Each element has 4 DOFs (one
translation and one rotation per node). The properties of
the beam are listed in Table 2. Viscous damping is generally
accepted to model the complex behaviour of a bridge [33-35].
Rayleigh damping is adopted here to model viscous damping
of the bridge using its mass and stiffness matrices with

Cb = (be + ﬁKb’ (1)
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FIGURE 2: Damage scenarios: (a) single damage case and (b) multiple damage case.

where « and f are constants estimated from the two main
natural frequencies, w; and w,, of the bridge and the damping
ratio, & [36]:

2w, w
L dow,
w; + w,
(2)
28
B= -
w; +w,

A bridge damping ratio of 3% is assumed in this study.
The vehicle and bridge are coupled at the tyre contact
point. The equation of motion of the coupled system is

Mgy +Cyv+Kyv=F, (3)

where M _, C P and K 4 Tepresent the global matrix mass,
damping and stiffness matrices and F represents the force
vector. The equation of motion of the coupled system is solved
using the Wilson-Theta integration method at each time step
[37]. Unconditional stability of the integration is achieved by

setting 6 = 1.420815. The model is implemented using a
sampling frequency of 1000 Hz.

Six Laser Doppler Vibrometers (LDVs) are taken to be
installed on the TSD, as illustrated in Figure 1. Such sensors
measure the relative velocity between the vehicle and the
bridge, g = V — V-

2.2. Damage Modelling. The damage in the bridge is modelled
using the method described by Sinha [38]. Distress in the
locations close to the crack is considered, resulting in a
progressive loss of stiffness. The model assumes a linear
decrease in stiffness over a distance of 3 times the bridge
depth, A, resulting in a triangular reduction that is zero at a
distance of 1.5/ on either side of the crack and maximum at
the crack location.

Two damage scenarios are used in this research. The
first one has a single crack at 4.2m from the left support
(Figure 2(a)) and the second has two cracks, at 42m and
10.6 m (Figure 2(b)). A crack depth equal to 20% of the
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FIGURE 3: Contour plot of deflections (in m) for the damaged bridge
for single damage scenario in Figure 2(a).

total depth of the bridge is considered at each location. This
equates to a maximum loss of stiffness of approximately 50%
at the damage location.

3. Instantaneous Curvature

Curvature is commonly approximated as the ratio of bending
moment to stiffness [39]. Consequently, a local increase in
curvature is expected at a damage location due to the local
loss of stiffness. In this section, bridge deflection is considered
versus time and position, as the vehicle is passing over it.

3.1. Bridge Deflection versus Time and Position. The TSD is
simulated to pass over the healthy and damaged bridges at
a speed of ¢ = 20m/s. The first damage scenario shown in
Figure 2(a) is considered. The deflections are calculated at all
positions on the bridge at each time step. A contour plot of
the damaged bridge deflection is shown in Figure 3. No road
profile is considered in this example.

Bridge deflections can be measured at a fixed point (e.g.,
using laser-based systems). He and Zhu [40] show that the
bridge deflection response at a fixed point to a moving load
can be used for damage detection. Such a measurement can
be represented by line A in Figure 3. Figure 4(a) shows the
deflections at a fixed point on the beam for the healthy and
damaged cases. There are peaks, partly due to vibration and
partly due to the axles passing the “sensor” location. The
bridge deflections can also be represented at a point in time.
Line B in Figure 3 represents this measurement. Figure 4(b)
shows the deflection at a fixed point in time (corresponding
to line B) as would be captured by a camera measurement
system. In this way, the vehicle is located at the same location
in the damaged and healthy cases and there is a difference in
the deflections due to damage. Such a measurement would
need something like a high-quality camera that can cover the
whole bridge in one shot which is infeasible at the required
level of accuracy at this time.

OBrien et al. [24] show that the bridge deflection response
to a passing vehicle at a moving coordinate provides the
damage location. This measurement type is represented by
lines Cand D in Figure 3. Figure 5 shows the bridge deflection
signal for a moving reference—line D—as would be recorded
by a vehicle travelling at constant speed measuring relative to
a perfectly horizontal reference line. There is a clear difference
between the healthy and damaged bridge models and the
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difference is greatest in the region of the damage location.
The challenge with this method is that it is not possible
to measure the bridge absolute deflection directly from the
passing vehicle.

3.2. Curvature. Curvature at each point in time can be
estimated from deflection measurements at three different
positions on the bridge [29]. Figure 6 shows a contour plot
of deflections for the healthy bridge without considering a
road profile. A system of 3 equally spaced sensors (3 yellow
points) passing at constant speed over the healthy bridge
is illustrated. Instantaneous Curvature (IC) is the second
derivative of deflection at a given instant and is estimated
here as the difference of the differences. In this case, it could
be calculated using the deflections from the 3 yellow points
shown.

Figure 7 shows the IC for the healthy and damaged cases
when the measurements are centered on the second axle of
the vehicle. The x-axis in the figure shows the position of the
middle yellow point (middle sensor). A sharp difference near
the crack location is clear, as expected due to the local loss of
stiffness. By comparing Figures 5 and 7, it can be concluded
that IC provides more local information about damage.

4. Damage Detection Using
Velocity Measurements

Although IC is a good damage indicator, it is infeasible at
this time to measure bridge deflection accurately at a moving
reference. However, the TSD is equipped with several laser
vibrometers which can measure the relative velocity between
vehicle and bridge at several points (see Figure 1). Such a
relative velocity contains the vehicle and bridge response
components. Rate of Instantaneous Curvature (RIC) is intro-
duced as a new parameter in this section based on the concept
of IC. Two damage indicators are proposed based on RIC.

To estimate the Rate of Instantaneous Curvature, three
laser vibrometers are required:

_q(x—Ax,t) - 2q(x,t) + g (x + Ax,t)

RIC (x,1) o
X

(4)

where q(x,t) is the relative velocity (between vehicle and
bridge) when the central laser vibrometer is located at a
distance of x from the left end of the bridge. As there are
six sensors available, four combinations of the sensors can be
taken for RIC (sensors 1, 2, and 3, sensors 2, 3, 4, sensors 3, 4,
and 5, and sensors 4, 5, and 6). To increase the accuracy of the
measurement, an average of these four measurements, RIC
is used.

av>

Two variations of the damage indicator are proposed
based on RIC,,. Difference Ratio (DR) is based on the
difference between the RIC,, values for the healthy and
damaged bridges at each point:

RICE™ (x) — RIC™ (x)
min (RICE)

DR (x) = x 100 (%),  (5)
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FIGURE 6: Instantaneous Curvature calculation using three deflec-
tion measurements on the healthy bridge.

where RIC™ and RIC#™ are the average RIC values for
the healthy and damaged bridges, respectively. In the second
variation, a moving average filter is applied to these functions
to remove high frequency effects:

MAD (x) =

min (RICE)

where z is the number of points used for the moving average
and dx is the sampling interval in space, defined by dx = ¢/ f,,
where ¢ is the vehicle’s speed and f, is the sampling frequency.
A value of z = 51 is considered in this study which averages
over 1 m (equal to the bridge depth in this example) around
each point.

5. Numerical Case Study

5.1. Noise-Free Measurements. The numerical model outlined
in Section 2 is employed here. A class “A” road profile is
introduced, as is typical of a highway in good condition [41].

x 100 (%), (6)

It is generally assumed that profiles in adjacent tracks of a
vehicle in a lane are well correlated, reducing the change
in dynamic excitation. Other changes in the road profile
caused by environmental issues such as spring thaw in cold
climates are much less likely in a bridge than on a regular road
foundation. However, there is a risk that local profile damage,
such as a pothole, may be confused as bridge damage.

The same two damage scenarios as used in Section 2
are considered. Relative velocities are noted from six laser
vibrometers on the simulated TSD. Four RICs are calculated
using (4) and RIC,, is calculated for the healthy and damaged
bridges. Other external factors such as temperature change
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are not considered in the simulation. Axial temperature
changes in concrete affect stiffness but in a uniform way and
no local drop in stiffness are expected at any particular bridge
location. Differential temperature changes (e.g., top heating
up relative to bottom of bridge deck) do cause curvature along
bridges but do not cause local changes in curvature.

Figures 8(a) and 8(b) show RIC,, for the single and
multiple damage scenarios, respectively. The effect of damage
at the 1st location is quite clear at that location for both
damage scenarios. RIC,, tends to oscillate, likely due to
bridge vibration, and the damage causes a phase shift in that
oscillation in the 2nd half of the bridge. Damage at the 2nd
location has some effect (Figure 8(b)) but it is not as obvious
as at the 1st location. Further, there is risk that the effect of
damage at the 2nd location could be confused with the phase
shift caused by damage at the Ist location.

Figure 9 shows the damage ratio (DR) for both damage
scenarios. For the single damage case, there is a clear peak
at the damage location and oscillations in the second half of
the bridge, corresponding to the phase shift evident in Fig-
ure 8(a). For the multiple damage scenario (Figure 9(b)) the
second damage close to midspan is not clearly distinguishable
from the oscillation.

The moving average filter has been found to be effective
in filtering out the oscillation due to the phase shift. Figure 10
shows the MAD for the two damage scenarios. It can be seen
that there are reasonable peaks at both damage locations.

5.2. Influence of Changes in Bridge Boundary Condition.
Boundary conditions in a simply supported bridge may
change due to failure of a bearing which may result in it
becoming resistant to rotation. In this section, a rotational
spring is added to the left support of the bridge to investigate
the influence of changes in the bridge boundary conditions
on the effectiveness of the proposed method. Two different
cases are considered, first with K., = 10® Nm and a second
with K, = 3.15x 10° Nm, where K, is the rotational
stiffness added to the left support. This additional component
of stiffness is added to the beam stiffness matrix using the
procedure explained in [42]. Figure 11 presents MAD using
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the rotational springs (with nonzero stiffness) as the damage.
Differences in values close to the left support can be seen
due to the hogging moment generated by the presence of
the springs. It is noteworthy that changes in MAD due to
bridge damage to the underside of a girder are of opposite
sign (corresponding to sagging moment).

MAD is also calculated for the combined effect of a
rotational spring and regular (loss of stiffness) damage.
Figure 12 shows the influence of adding a rotational spring
with stiffness K., = 3.15 x 10* Nm. In this case, the change
in support condition has little effect on the result. Changes
in boundary conditions are not considered in the following
sections.

5.3. Influence of Measurement Noise. Although the LDV is
known as a very accurate sensor, its signals are still polluted by
some levels of noise and there are other sources of inaccuracy
that may affect the measurement. LDV noise is a function of
sampling frequency [43]. In order to evaluate the effectiveness
of the proposed damage indicators in a noisy environment,
a noise is added to the relative velocity measurements as
follows:

s (1) = 4 (1) + K x \[f, x Ny, 7)

where g,,,(¢) is the noisy relative velocity, 4(t) is the original
signal, K is a constant value defining the energy in the noise,
and N, is a random vector with zero mean value and unit
standard deviation. K = 107° m/s+/Hz is chosen in this study
according to information provided by the designer of the TSD
[44].

The simulations are repeated and noisy relative velocities
from six sensors are obtained. In order to reduce the influence
of the noise on the measurements, a low-pass Blackman
window filter is applied [45] to the measurements:

1
qﬁl (t) = izzlwnorm [l] X qns <t + (l - “Tl> X §> > (8)

where g (t) is the filtered signal, w,,,[i] is the normalized
vector of the Blackman window and T is the total time of

measurement. w, ., [i] is defined by

w [i]

= 9
Zszlw[k] ©)

norm [ ]

where w[k] is a component of the vector of the Blackman

window, defined by
2k ) +0.08 sin( 4k ) (10)
K-1 K-1

where K is the number of components in the vector w and k is
the position of the window vector. In this study, a Blackman
window of K = 11 points is used to filter the noisy signals.
RIC,, is obtained from the filtered noisy relative velocity
measurements. Figure 13 shows the effect of noise on RIC,,.
Although more oscillation can be seen in Figure 13 compared
to Figure 8, there are still detectable changes in RIC,; at the
damage locations.

w[k] =0.42 - 0.5 cos (
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Figure 14 shows the DR for the noisy measurements. It
can be seen that more oscillations are present than in the

absence of noise (Figure 9). The location of first damage in
both cases is hardly detectable and there is no dominant peak
at the location of the second damage in the multiple damage
case.

Figure 15 show the results for the filtered results (MAD)
in the presence of noise. In this case, the damage locations
are detectable in both damage cases with acceptable accuracy.
There is a clear peak at the damage location in Figure 15(a).
Figure 15(b) shows that even multiple damages can be
detected using the MAD. There is a smaller peak at the second
damage location compared to the first one.

6. Discussion

It is shown here that the proposed damage detection strategy
works well in numerical case studies. However, there are some
issues that may need to be considered before application in
the field. In this paper the influence of additional random
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traffic is not considered. However, it is expected not to affect
the ability of RIC to locate damage. Drive-by methods are
generally proposed for short and medium span bridges. A
short time is spent crossing the bridge, normally between 1
and 2 seconds. Considering that following vehicles are gener-
ally more than a second apart, no contamination is expected
to affect the measurements from the same-lane vehicle.
However, contamination from a vehicle in an adjacent lane
in same-direction lanes is likely to be common though the
contribution of traffic in one lane to curvature in another lane
is relatively small. Furthermore, vehicles in a neighboring
lane are usually of lesser weight (e.g., cars) compared to the
TSD. Fortunately, no sharp change in curvature is expected
to occur due to vehicles in adjacent lanes. While there may
be a change in the velocity response, bridge strike damage
should still be detectable through the “bump” caused by the
local change in curvature.

Wind and boundary motion tend to cause vibration at
the bridge natural frequencies. If a frequency is excited that
has a similar local effect as damage, this may be a source
of increased contamination of the signal. However, wind
influence is usually considered for the analysis of long-span
bridges (e.g. greater than 100 m). As mentioned before, a
drive-by strategy usually involves short and medium span
bridges. For this reason, wind influence is expected not to
create a sharp increase in an unexpected location.

The road profile roughness could be rougher than a class
A profile. The expansion joints at the bridge entrance/exit
may be damaged and may generate bouncing and/or pitch-
ing in the vehicle response. Finally, there may be other,
unanticipated sources of inaccuracy which may influence the
effectiveness of the proposed method.

7. Conclusion

In this paper, a new damage detection approach is proposed
using the response measured on a TSD. It is shown that Rate
of Instantaneous Curvature (RIC), which is obtained from
relative velocities, is sensitive to damage. Two variations of the
damage indicator, Difference Ratio (DR) and Moving Average
Difference (MAD), are introduced. The effectiveness of the
approach in the presence of noise is also investigated. It is
shown that MAD provides the damage location in a noisy
environment for single and multiple damage scenarios. The
numerical results confirm that the proposed approach can
be used for drive-by damage detection for a vehicle speed of
20m/s.
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