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ABSTRACT: In recent years, indirect bridge health monitoring methods using sensors mounted
on measuring vehicles, known as drive-by methods, have received increasing attention. This
study intends to investigate the feasibility of a drive-by bridge health monitoring method utiliz-
ing moving vehicle accelerations. The proposed method investigates whether there is any ab-
normality in the bridge by using the subtraction between the preliminary-measured vehicle ac-
celeration when the bridge is healthy and the newly-measured vehicle acceleration when the
bridge is tested. A band pass filter is applied to the vehicle accelerations before the subtraction
in order to eliminate undesirable vibration components other than the frequency of the first
bending mode of the bridge. The damage existence and level are investigated by calculating the
RMS of the difference between the preliminary-measured and newly-measured accelerations of
the vehicle. Considering the variation in the measurements, several measurements are conducted,
and the RMS (Root Means Square) values and their probability distributions are examined. The
laboratory experiment using a test vehicle equipped with accelerometers was conducted. Obser-
vations through this study demonstrated that the proposed method successfully determined the
bridge damage existence and its level in a certain accuracy when the frequency of the first mode
of the bridge varies with the damage of the bridge.

1. INTRODUCTION

Appropriate maintenance of bridges is getting more important with the increase in traffic vol-
ume and vehicle weights in recent years. A number of structural health monitoring (SHM)
methods for bridges are developed and researched. Conventional bridge SHM is visual inspec-
tion, which is time-consuming and inefficient. To cope with the defect in visual inspection, a vi-
bration-based bridge SHM has been developed, which aims to extract structural information
from bridge acceleration measured on the target bridge. Such a vibration-based method is called
the direct method. While the direct method has enough high accuracy, it is still time- and labor-
consuming since many sensors should be installed on the target bridge.

To overcome the defect of the direct method, drive-by-bridge SHM methods (Kim & Kawa-
tani 2009, Kim et.al. 2014, O’Brien et. al. 2014), the so-called indirect methods of bridge SHM,
have been studied in recent years. The drive-by-bridge SHM indicates a bridge SHM method
using vehicle vibrations during the vehicle traveling on the target bridge. For example, Yang et
al. proposed a drive-by-bridge SHM method of extracting the bridge's natural frequency using
vehicle vibration (Yang et.al. 2004), and Lin and Yang (2005) showed the feasibility of this
method through a field experiment. Many drive-by-bridge SHM methods focus on the identifi-
cation of dynamic parameters such as natural frequency (Tan et.al. 2017, Nagayama et.al. 2017),
mode shape (Yang et.al. 2014, Tan et.al. 2021, Malekjafarian & O’Brien 2014), and damping
(Gonzalez et.al. 2012, Keenahan et.al 2014) of the target bridge. However, the drive-by-bridge



SHM is still in the research phase and there are many challenges to practical implementation.
One of the challenges in the drive-by bridge SHM is how to obtain accurate bridge information
from the vehicle acceleration which originates from interacted vibration between a bridge and
vehicles. The road surface roughness also affects the accuracy of the drive-by-bridge SHM.

This study proposes a method for detecting bridge anomalies using the difference between
the reference vehicle acceleration measured when the target bridge is assumed to be in a healthy
state, and the test accelerations measured again when the bridge is in an unknown state. A band-
pass filter (BPF) is applied to the vehicle accelerations before estimating acceleration difference
so that they pass only around the first-order natural frequencies of the bridge. This is to improve
the accuracy of damage detection by removing vibration components other than those originat-
ing from the bridge. The proposed method does not focus on any dynamic parameters, hence is
less challenging than identifying specific dynamic components in terms of screening the condi-
tion of the bridge, and thus has greater potential for practical application. The effectiveness of
the proposed drive-by-bridge SHM, which focuses on anomaly detection, is verified through la-
boratory experiments using a model bridge with accelerometers and a model vehicle.

2. DAMAGE DETECTION THEORY

Reference vehicle accelerations are measured, and the bridge condition at that time is assumed
as a healthy or reference state. For bridge damage detection, the vehicle acceleration is meas-
ured again when the test vehicle traveling on the inspection bridge. This acceleration is named
test acceleration and is compared with the reference acceleration. Acceleration in the bounce di-
rection, which is calculated from two accelerations measured on the front and rear axles, is used
for damage detection. The difference between the test acceleration and reference acceleration in
the time domain is estimated, and the root mean square (RMS) of the difference in the vehicle
accelerations is adopted as a damage-sensitive feature. Before the difference is determined, a
bandpass filter (BPF) is applied to both reference and test accelerations to remove undesirable
vibration components and increase the possibility of bridge damage detection. The bandwidth of
the filter is decided so that it passes only around the natural frequencies of the first bending
mode of the bridge. To reduce damage detection errors due to measurement variations, multiple
measurements should be performed in both the reference and test state.

The procedure of damage detection using the time histories of the vehicle accelerations is
summarized as presented below.

. REFERENCE STEP
1. The vehicle accelerations while running through the target bridge are measured for N times.
2. The BPF around the first bending frequency of the bridge is applied to the accelerations.

3. The average of the bandpass filtered accelerations of the N times measurements is calculated.

. TEST STEP

1. The vehicle accelerations while running through the target bridge are measured for N times.
2. The BPF around the first bending frequency of the bridge is applied to the accelerations.

3. Differences between filtered test accelerations and the average of the reference accelerations are
estimated.

4. RMS values of the differences are calculated.

5. The likelihood of bridge damage being present is examined statistically using the RMS values.




3. FEASIBILITY INVESTIGATION BY LABORATORY EXPERIMENT

3.1. Experimental setup

To evaluate the feasibility of the proposed method, a laboratory experiment was conducted. The
steel model bridge had 5.4 m span length. A picture of the bridge is displayed in Fig. 1. The
model bridge properties are presented in Table 1. The bridge has three slits at 3.14 m, 3.49 m,
and 3.82 m from the exit to reduce the flexural rigidity of the bridge, as shown in Fig. 2. These
slits can be reinforced as shown in Fig. 3. By utilizing this reinforcement, four levels of bridge
damage status are defined. The scenario in which all slits are reinforced is assumed to the No
damage scenario. The scenario in which two of three slits are reinforced is the Damage 1 sce-
nario. The scenario in which one of three slits is reinforced is the Damage 2 scenario. Finally,
the scenario in which all slits are open is the Damage 3 scenario. All scenarios are presented in
Fig. 4. For the test measurements, 10 runs are conducted for each scenario of No damage, Dam-
age 1, Damage 2, and Damage 3. In addition to that, 10 runs for the reference measurement are
conducted for only No damage scenario.

The model vehicle used for the laboratory experiment is depicted in Fig. 5, and the model
vehicle properties are presented in Table 2. Damping constants and spring stiffness of the model
vehicle are estimated from a free vibration test. Accelerometers are located at the front and rear
axles of the model vehicle. For bridge damage detection, the bounce acceleration at the center of
gravity of the vehicle body is calculated by the two measured accelerations and used as input.

Fig. 1. Bridge used for the laboratory experiment.

Table 1 Bridge properties in the experiment

Property Value
Span length 18000 kg
Mass per unit length 46.9 kg/m
Second moment of area 5.5x10" m*
Young’s modulus 2.1x10" N/m?
First natural frequency No damage 2.81 Hz
Damagel 2.71 Hz
Damage?2 2.59 Hz
Damage3 2.59 Hz
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Fig. 5. Model vehicle used for the experiment. (unit: m)

Table 2 Vehicle properties in the experiment.

Property Value
Body mass 22.9kg
Suspension stiffness front 3480 N/m
rear 3531 N/m
Suspension damping front 3.51 Ns/m
rear 13.2 N s/m
Axle distance 04m
First natural frequency 233 Hz
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Fig. 6. Road surface roughness for the experiment.

The accelerometers are M-AS50AC32x produced by Seiko Epson Corp., and the sampling
frequency of the accelerometers was 200 Hz. Two steel rails are installed on the bridge as a
runway track which is under the right and left wheels of the vehicle. The road surface roughness
is carved on the rails, which is designed by decreasing the scale of the existing bridge’s surface
roughness of a 40.5 m long road shown in Fig. 6.

The vehicle speed is set considering the speed parameter which is a non-dimensional param-
eter defined in Eq. (1).

v
 2fpal M
where a stands for the speed parameter, v denotes the vehicle speed (m/s), f}, ; expresses the
natural frequency of the first bending mode of the bridge (Hz), and L signifies the bridge span
length (m). In the experiment, vehicle speeds are changed as two patterns of 0.84 m/s and 1.26
m/s. Those correspond to 20 km/h and 30 km/h for a real bridge with a span length of 36 m.

a

3.2.  Result and Discussion

For damage detection, the range of the BPF applied before estimating the difference is set be-
tween 2.3Hz and 3.3Hz, considering the first natural frequency of the bending mode of the
bridge. The average of the measured accelerations for the body bounce motion and their PSDs
in the reference step (No damage scenario) are shown in Fig. 7 and Fig. &, respectively. Those
are the results when the vehicle speed is 1.26m/s. In Fig. 8, there is a peak at 2.74Hz, which is
considered to be caused by the natural frequency of both the vehicle and bridge (Chang et.al
2014).

The averages of the difference of the bounce accelerations between the reference and test
steps are shown in Fig. 9, which are the results when the vehicle speed is 1.26m/s. Those results
confirmed that greater damage severity is associated with greater amplitude of the difference of
the bounce accelerations.

The RMS values of the difference of bounce accelerations at a vehicle speed of 1.26m/s in
each run are plotted in Fig. 10. The RMS values are normalized so as that the average RMS val-
ues in No damage scenario in the reference step are equal to 1.0. Fig. 10 shows the higher corre-
lation between the damage level and the RMS. The normalized RMS values of the difference of
accelerations when the vehicle speed is 0.84m/s, is shown in Fig. 11. Result of one run is elimi-
nated in Damage 2 because the calculated RMS is an abnormal outlier and there may be meas-
urement error in Fig. 11. The RMS values of the difference of acceleration at the speed of
0.84m/s shows a clear correlation with damage level as well as when the vehicle speed is
1.26m/s, though the increase in the RMS value with respect to the damage level is smaller at the
speed of 0.84 m/s than 1.26 m/s. The reason for the higher accuracy at higher speeds may be
that the higher speed amplifies the bridge vibration and thus reduce the relative influence of
noise and other undesirable factors in the measured accelerations.

To evaluate the existence and severity of bridge damage, the Mahalanobis Distance (MD) of
the RMS values is used as a damage indicator. The MD is one of the distances which represents
a statistical similarity among data groups, unlike the commonly used Euclidean distance. In
anomaly detection, the MD between the reference data group and newly obtained data is calcu-
lated. If the MD is greater than a threshold, a possible anomaly is indicated. Such anomaly de-



tection utilizing MD is called Mahalanobis-Taguchi System (MTS) (Taguchi & Jugulum 2000).
In this study, the MD for i-th measured data in the test step is calculated as Eq. (2).

MDi — IRMStest,i — Uref

: 2)
ref

where RMS s denotes the RMS of the i-th acceleration difference for the test step, uy.r and

Sres represent the average and standard deviation of the RMS values of the acceleration differ-

ence in the reference step. The acceleration difference in the reference step is calculated by mu-
tual subtraction among the reference accelerations as Eq. (3).

i2i ACCrer i
DIFACC,.;; = ACC,f; — % 3)

where DIFACC,..¢; and ACC,..; indicate the vector of difference of acceleration and accelera-

tion vector in the reference state respectively. Subscript i indicates i-th measured data in the
reference measurement and N indicates the total number of measurements.
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speed of 1.26m/s. ences at vehicle speed of 1.26m/s.

Approximated normal distributions of the RMS values of difference of accelerations in the
reference and all test states are summarized in Fig. 12. In Fig. 12, the normal distribution of the
reference step and the No damage scenario in the test step has a similar mean value, while the
mean values of the normal distributions for the damaged scenarios differ from the reference step
as the damage severity increases.

The MD of the RMS value of the acceleration difference is shown in Fig. 13. The mean val-
ues of MD increase according to the increase in damage severity, which indicates the effective-
ness of MD as a damage indicator.

4. CONCLUSIONS

The feasibility of drive-by bridge SHM using the difference of vehicle accelerations is investi-
gated through the laboratory experiment, and following remarks are obtained. First, greater
damage severity of a bridge is associated with a greater RMS value of the difference in vehicle
accelerations. Second, it was observed that the MD also can be used to detect the damage level.
It should be noted that the threshold of damage detection using MD for practical use should be
determined by the field experiments in the future. There are also several limitations in the pro-
posed method; a constant vehicle speed during measurements, the same vehicle speeds between
the reference and test measurements, and no change in the road profile between the reference
and test measurements. How to deal with or alleviate these difficult limitations remains as future
work.
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