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A B S T R A C T   

Damage detection of bridges using vibrations from a passing vehicle has received a lot of interest 
recently. Though non-modal parameter-based methods (e.g., data-driven approaches) have 
shown promising results in this context, their advancement towards a comprehensive and 
rigorous monitoring system is hampered by their overreliance on machine learning techniques. 
On this background, this paper proposes a novel automatic physics-guided diagnosis framework 
for bridge health monitoring utilizing only raw vehicle accelerations. First, numerical studies are 
conducted to investigate the relationship between vehicle time-domain signals and bridge dam-
age, based on which a new damage index is proposed. At the same time, it also explores the 
identification of damage locations and proposes a location index. Second, a damage diagnosis 
framework, which consists of a data processing method and a physics-guided model, is designed 
to overcome deficiencies from a drive-by measurement and to automate the damage detection 
process. The proposed framework was validated using datasets acquired from laboratory exper-
iments employing a scale vehicle model and a steel beam. The results affirmed the method’s 
efficacy in damage indication, quantification, and localization. Moreover, the superiority of the 
proposed damage index and the rationale for the proposed physics-guided approach were also 
demonstrated through comparisons with machine learning-based methods.   

1. Introduction 

Bridges represent a crucial component of civil infrastructure, contributing to the promotion of societal economic growth and living 
standards. However, bridge structural failure has increasingly become a global concern these days. In the United States, 42 % of all 
bridges have been in service for at least half a century, with structural deficiencies (such as material deterioration) identified in 46,154, 
or 7.5 %, of the country’s bridges [1]. In Europe, the majority of bridges were built between 1945 and 1965, and many have recently 
faced aging and degradation issues [2]. Clearly, the development of effective bridge health monitoring systems capable of detecting 
damage at an early stage is of paramount importance. Due to the strategic goal of smart cities, robotic construction and automated 
inspection have become a trend recently [3–5]. 

Generally, conventional structural health monitoring (SHM) methods necessitate the placement of multiple sensors directly on the 
bridge [6]. The significant costs associated with on-site sensor installation and maintenance have long rendered such technology an 
expensive option [7]. Although the use of wireless sensors can reduce costs to some extent, a challenge in direct methods is that the 
instrumentation is often permanently affixed to the bridge, becoming a tailored SHM system for a specific bridge [8]. Transferring the 
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monitoring framework to other bridges proves to be a challenging task. These obstacles hinder the widespread adoption of direct SHM 
technologies in bridges. Therefore, it is essential to develop a method that does not require instrumentation directly on bridges, which 
would significantly benefit engineering practice. 

An indirect SHM approach, also known as the “drive-by inspection method” or “vehicle scanning method”, can provide a low-cost 
solution to bridge health monitoring problems. First introduced by Yang et al. [9], this approach utilizes the vehicle-bridge interaction 
(VBI) model to derive the bridge’s fundamental frequency from the dynamics of a traversing vehicle. The vehicle serves both as the 
exciter and the receiver, eliminating the need for direct bridge instrumentation [10]. Instead, sensors are mounted on the vehicle. 
Numerous studies have confirmed the potential to extract bridge modal parameters like frequencies and mode shapes from vehicle 
responses [11–25]. Changes in these parameters can hint at structural degradation [26], based on which the methods are referred to as 
modal parameter-based methods [27]. Yet, many such techniques struggle to detect minute damage or quantify damage [28]. 
Although there are methods that employ metrics like damping, displacement, and moving force, they too face challenges and often lack 
experimental validation [29–32]. Furthermore, modal parameter-based methods can be subjective, leaning on expert judgement, 
posing the risk of human bias, which is not in line with the trend towards automatic SHM in smart cities [3,33,34]. 

Recent years have seen a surge in non-modal parameter-based methods, notably data-driven approaches, for indirect SHM. Several 
studies have proven their potential for damage quantification. For instance, Lan et al. [35] accurately identified different bridge 
damage levels using vehicle vibration data via an optimized AdaBoost-linear Support Vector Machine (SVM). In 2019, Malekjafarian 
et al. [36] first applied Artificial Neural Networks (ANNs) to indirect SHM, achieving the detection of damage degrees. Although 
promising results have been obtained, they usually require a large number of labelled samples from varied damage states to fit the 
model (i.e., supervised learning), which is often impractical. As an example of non-supervised learning model, Liu et al. [37] utilized 
stacked autoencoders as dimensionality reduction methods to explore the full bandwidth frequency response, and then performed 
regression analysis on the extracted features for damage quantification. Similarly, Sarwar and Cantero [38] employed deep autoen-
coders as dimensionality reduction methods, combined with statistical distribution-based strategies, to quantify the bridge damage 
using vibration responses from a fleet of vehicles. In their studies, the features extracted by the autoencoders had a roughly linear 
relationship with the damage labels. Taking advantage of this, semi-supervised learning models were proposed to quantify the damage 
requiring only a few damage-labelled data; they greatly reduce the need for damage labels, increasing the method’s practicability. 
However, the performance of these methods relies on Machine Learning (ML) methods. Such methods usually lack a clear physical 
explanation, and they often demand the evaluation of dimensionality reduction/feature extraction methods (e.g., autoencoders) over 
raw dynamic measurements and sometimes strict parameter tuning. An important concern is that such approaches might bind the 
monitoring model to a particular structure or system, as features from ML techniques are often not applicable to different bridges [39]. 
Thus, this is also not conducive to the establishment of a comprehensive automatic monitoring system in general. 

An ideal automated inspection can take vehicle responses as direct inputs (e.g., acceleration signals) to diagnose damage quickly 
and automatically with little or even no reliance on human guidance. There are some expectations for building a vehicle-based instant 
monitoring system. First, most existing research relies on the vehicle’s frequency-domain responses, and indirect SHM frameworks that 
use time-domain responses lack physical insights. Besides being inconvenient for automated inspection, another concern is that the 
transformation of signals from the time domain to the frequency domain can lead to information losses, which may be also related to 
the damage (especially for small or local damage) [40]. Hence, understanding the relationship between time-domain responses and 
bridge damage is pivotal. Second, the time-domain signals of vehicles can contain noise and data redundancy, etc. In order to ensure 
the efficiency and transferability of the SHM framework, the data processing methods should be efficient, universal, and less 
parameter-dependent. Third, since SHM is a highly responsible task and deficiencies from a drive-by measurement are inevitable, in 
addition to being automatic, the diagnostic model should be physics-guided, interpretable, and robust. 

In this paper, a novel automatic physics-guided framework for indirect SHM that uses raw vehicle accelerations as inputs is pro-
posed to diagnose possible damage in bridge structures. First, numerical studies are conducted to investigate the relationship between 
the time-domain response and bridge damage, based on which a new damage index is proposed for damage diagnosis. At the same 
time, it also explores the identification of damage locations and proposes a location index. Second, data processing methods to the raw 
vehicle acceleration data are presented, which include filtering and pooling procedures. Third, a novel physics-guided semi-supervised 
model is designed to automate the damage diagnosis process. Damage detection involves three aspects: (1) Damage indication, which 
aims to indicate the occurrence of damage; (2) Damage quantification, which seeks to estimate the damage severity; and (3) Damage 
localization, targeting the identification of the damage location. The proposed framework was validated using datasets acquired from 
laboratory experiments employing a scale vehicle model and a steel beam. Additionally, the superiority of the proposed damage index 
and the rationale for the proposed physics-guided approach were also demonstrated through comparisons with ML-based methods. 
The goal is to develop a physics-guided framework for indirect SHM that can use raw vehicle accelerations as direct inputs to achieve 
automated and accurate damage detection. 

The originality of the work can be summarized as follows: Firstly, numerical studies are conducted to investigate the relationship 
between vehicle time-domain signals and bridge damage, based on which a new damage index is proposed. Secondly, it explores the 
identification of damage locations based on the proposed methodological framework, introducing a location index and a preliminary 
method for localizing damage. Thirdly, a physics-guided diagnosis framework for bridge health monitoring is designed. This frame-
work incorporates a data processing algorithm to handle raw vehicle acceleration (e.g., data denoising) and an automatic damage 
detection model. Fourthly, the proposed damage index is compared with machine learning-extracted features, discussing the limi-
tations of the latter and underscoring the rationale for the proposed physics-guided approach. Fifthly, through laboratory experiments, 
the feasibility of the proposed framework using raw vehicle accelerations in indicating damage occurrence, quantifying damage, and 
locating damage has been validated, a feat seldom achieved in previous studies. 
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2. Numerical study 

2.1. VBI model 

As mentioned in the introduction, numerical studies are conducted to provide a physical basis for the diagnosis framework. So far, 
several VBI models have been developed for numerical analysis. Some researchers have modelled vehicles as single vertical forces or a 
series of constant forces [41], while others have adopted a lumped sprung mass model [9,42]. More complex vehicle models include 
the 2-degree-of-freedom (DOF) quarter-car model, as well as 4-DOF models and so on [18,43,44]. In this study, the element-level 
coupling method is chosen using a 2-DOF vehicle model, in order to achieve a compromise between model complexity and compu-
tational efficiency, as shown in Fig. 1. The governing coupled equations for the VBI system are given by: 

[Mv]

{

üv

}

+ [Cv]

{

u̇v

}

+ [Kv]{uv} = {Fcv} 1  

[Mb]

{

üb

}

+ [Cb]

{

u̇b

}

+ [Kb]{ub} = {Fcb} 2 

Equations (1) and (2) pertain to the motion equations for the vehicle and the bridge, respectively. The matrices [Mv], [Cv], and [Kv]

are related to the vehicle’s mass, damping, and stiffness, while [Mb], [Cb], and [Kb] signify the mass, damping, and stiffness matrices for 
the bridge model. Within the equations, {uv} denotes the displacement vector of the vehicle, while {ub} refers to the nodal 
displacement of the bridge system. Furthermore, {Fcv} and {Fcb} represent the time-dependent interaction forces on the vehicle and the 
bridge, respectively. 

The vehicle model’s matrices and response vectors can be presented as follows, where the body and axle masses are symbolized by 
mv and mt , the suspension and tire damping are represented by cs and ct, and the suspension and tire stiffnesses are denoted by ks and kt . 
The vertical displacements of the vehicle body and axle are portrayed by yv and yt , respectively. 

[Mv] =

[
mv

mt

]

3  

[Cv] =

[
cs − cs
− cs cs + ct

]

4  

[Kv] =

[
ks − ks
− ks ks + kt

]

5  

{uv} = [ yv yt ]
T 6 

In the study, the road roughness is modelled in compliance with ISO 8608 [45], which can be represented using a power spectral 
density (PSD) function, as indicated in [46]: 

Gd(ns) = Gd
(
ns,0
)
(

ns

ns,0

)− α

7  

where ns refers to the spatial frequency, and ns,0 is the reference spatial frequency set at 0.1 m− 1. The constant α has a value of 2, and 
the roughness coefficient, Gd

(
ns,0
)
, is ascertained based on a variety of roughness classes. From Class A (best) to Class H (poorest), there 

Fig. 1. VBI model.  
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are eight classes associated with differing levels of road roughness [47]. For example, the geometric spatial means of Classes ‘A’, ‘B’ 
and ‘C’ profiles are 16 × 10− 6 m3, 64 × 10− 6 m3 and 256 × 10− 6 m3, respectively. 

A standard zero-mean real-valued stationary Gaussian process can then be used to simulate the surface roughness profile as follows: 

r(x) =
∑N

i=0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2Gd
(
ns,i
)
Δns

√

cos
(
2πns,ix + θi

)
8 

In this equation, N represents the count of harmonic waves involved in constructing the roughness profile. ns,i indicates the i − th 
spatial frequency, while Δns = 0.01 cycle/m serves as the spatial frequency sampling interval. θi, the random phase angle for the i-th 
cosine function, is chosen uniformly at random from the range [0, 2π]. 

The bridge is modelled as a simply supported Euler-Bernoulli beam, and each node of its FE model consists of 2 DOF (vertical 
translation and rotation). There are n elements, n+1 nodes and 2n DOF (excludes the constraints at both ends) in total. It has a length of 
L, a uniform flexural rigidity of EI, and a mass per unit length of m. The damping of the bridge is approximated by mass-stiffness 
proportional Rayleigh damping. Generally, bridge damage can be considered to be a loss of stiffness [48], which is given by: 

SD = SH × φ 9  

where SD is the damage severity (stiffness loss); SH represents the intact stiffness and φ denotes the reduction of the stiffness of an 
element. This is often used to represent true bridge damage like cracks and delamination [49,50]. 

However, real damage should be avoided in experiments or field tests if possible, and the usual means is to add mass to the bridge to 
simulate the damage. The additional mass changes the mass of the bridge system and its dynamic characteristics [37], which can 
simulate changes in the physical properties of the bridge. Assuming that the bridge has an even number of elements, the mass matrix of 
the bridge model after placing the additional mass can be expressed as: 

[
M′

b

]
= [Mb] +Diag(0⋯0,ms, 0⋯0) 10  

where Diag(•) denotes the diagonal operator; the additional mass, ms, is the n-th value (n-th DOF) in the diagonal operator and the rest 

Fig. 2. Comparison of vehicle acceleration responses.  

Fig. 3. Vehicle acceleration differences: (a) 50% damage severity, (b) 10% − 50% damage severity.  
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are zeros, which represents a concentrated mass added to the (n
2 + 1)-th node (midspan of the bridge) as the artificial damage. 

The VBI process can be solved by employing the Newmark-Beta method to obtain the dynamic responses of vehicle. The parameters 
β and γ of the Newmark-Beta method are selected as 0.25 and 0.5, respectively, as suggested by many studies [13,46,51]. 

2.2. Numerical analysis of damage severity 

The numerical analyses are performed based on a steel beam bridge, which can be regarded as a real-scale bridge of the laboratory 
beam model used in the study. The bridge parameters are: m = 1250 kg/m, EI = 2.6 × 1012N • m2, L = 45 m (the beam of length is 
divided into 10 elements, that is, n = 10), fb,1 = 35.4 Hz (the first modal frequency), and road profile class ‘A’. It should be noted that 
the purpose of this section is only to verify the method but not to reproduce the actual behavior of the bridges. The initial vehicular 
parameters are adopted from McGetrick et al. [52] with some modifications, which can represent a truck or a bus, while the per-
formance of the methodology will be demonstrated below to be less dependent on the car parameters. The initial vehicle parameters 
are: mv = 1.6 × 104 kg, mt = 7 × 103 kg, cs = 1.0 × 104N • s/m, ct = 0, ks = 4 × 105N/m, kt = 1 × 104N/m, and v = 9 m/s. Since the goal 
of the diagnostic framework is to solve the real damage problem, the numerical studies will be mainly based on the stiffness loss as 
damage. As a simulated damage used in the laboratory, the use of mass increase will then be justified. 

Fig. 2 presents the vehicle axle’s acceleration responses, ÿt, for the bridge in both healthy and damaged states (50 % stiffness loss); 
their time-domain responses have similar curve shapes. As shown in Fig. 3a, subtracting the accelerations of the damaged case from the 
healthy case yields a residual acceleration curve. As the damage becomes severer from 10 % to 50 %, the acceleration difference 
increases gradually (see Fig. 3b). The cumulative acceleration difference is calculated as (the area enclosed by the residual acceleration 
curve and the baseline): 

ΔA =

∫ T

0

(⃒
⃒
⃒
⃒ÿH − ÿD

⃒
⃒
⃒
⃒

)

dt =
∑N

i=1
(|xH

i − xD
i |)Δt 11  

where ÿH and ÿD are the vertical accelerations of the axle in healthy and damaged states, respectively; T denotes the total time for 
which the car is on the bridge. For discrete acceleration signals, xD

i and xH
i represent the i-th acceleration signal in the healthy and 

damaged states, respectively; and N stands for the total number of discrete accelerations contained in the passing time, T. 
A new damage index can be defined as follows (symbols in the formula represent the same as above): 

DI = ln(ΔA) = ln

[
∑N

i=1
(|xH

i − xD
i |)Δt

]

12 

Fig. 4 shows that there is an approximate linear relationship between DI and damage severity. Such an index considers the con-
tributions of all acceleration amplitudes. It is a parameter-less index, which could be more sensitive to damage and more suitable for 
damage detection problems. 

The above analytical findings are not limited to a particular vehicle configuration, and this is demonstrated using vehicle pa-
rameters chosen from a wide range, which can cover most commercial vehicle parameters. Fig. 5 shows that, despite changes in vehicle 
parameters, the connection between DI and damage severity is still approximately linear. Additionally, the adverse effects of road 
roughness are eliminated by the residual acceleration responses. It is also found that greater tire stiffness can be beneficial for damage 
detection since it provides higher DI values, which can reduce the requirement for the sensor’s sensitivity, while other parameters have 
less effect on the DI value. 

The above results show the relationship between DI and damage severity when stiffness loss is used as damage, which can represent 

Fig. 4. Damage severity and its damage index, DI.  
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Fig. 5. Effects of vehicle parameters: (a) mv, (b) mt , (c) cs, (d) ks, (e) kt , (f) v, (g) road roughness.  
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the real damage [53]. To avoid permanent or irreversible destruction to the bridge, adding mass to it as artificial damage is a common 
practice in the laboratory [31,35,37]. Fig. 6a shows that the residual curve for mass increase is different to that of stiffness loss. 
However, it is noted that, when the mass increase is relatively small, its residual curve has a similar mode of change to that of stiffness 
loss (their areas grow in proportion). A damage index for mass increase can be defined by Eq. (13). When the mass increase is below 2 
% of the bridge mass, the damage index, DI′, is roughly linear with the mass increase as the artificial damage (see Fig. 6b). 

DI′ = ΔA =
∑n

i=1
(|xH

i − xD
i |)Δt 13  

2.3. Investigation of damage location 

Fig. 7a and Fig. 7b depict the residual acceleration curves for the 3rd and 7th beam elements from 10 % to 50 % damage, rep-
resented by 0.3L and 0.7L, respectively (the same below). It is evident that while their residual curves have a similar mode of change to 
those of the mid-span (the amplitudes grow proportionally), their “curve shapes” are different. Fig. 8 showcases the 50 % damage 
residual curves of all beam elements, from which the shape of the curve changes with the location of the damage. These indicate that 
the damage location correlates with the curve shape, while the damage severity is related with their amplitude. 

A method to measure the similarity between two signals is the coherence, which can be mathematically given by Eq. (14) [54]. This 
measure serves to compare the relation between two signals. A coherence value of 1 indicates identical signals, whereas a value of 
0 suggests complete dissimilarity. In this work, the average of the coherence values of the residual curves for two locations is used to 
represent their similarity (see Eq. (15), denoted as the location index (LI)). 

Cxy(f ) =
⃒
⃒Gxy(f )

⃒
⃒2

Gxx(f )Gyy(f )
(14)  

LI = E
[
Cxy(f )

]
(15)  

Fig. 6. Mass increase and its damage index: (a) residual acceleration, (b) DI′ for mass increase.  

Fig. 7. Residual acceleration curves at different damage locations: (a) 0.3L, (b) 0.7L.  
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where Gxy(f) is the cross-spectral density of signals x and y, Gxx(f) is the power spectral density of signal x, and Gyy(f) is the power 
spectral density of signal y. 

By calculating pairwise among different locations, a 10 × 10 matrix of the LI value can be obtained, as depicted in Fig. 9. It is 
evident that adjacent locations have higher LI values, with the LI value being 1 for identical locations. This index can serve to pinpoint 
the damage location. These are also applicable for cases where mass increase acts as artificial damage. 

From the aforementioned analyses, the main insights are summarized as follows:  

1. Damage on the bridge (e.g., stiffness loss) will change the amplitude of the vehicle’s acceleration response, affecting the entire time- 
domain response; the damage information is contained in every acceleration amplitude. A new damage index that considers the 
contributions of all acceleration amplitudes is proposed for evaluating damage levels.  

2. Severer damage have a greater amplitude change in the vehicle’s acceleration responses, and there is a roughly linear relationship 
between the proposed damage index, DI, and the damage severity, which can be used to diagnose damage; the same applies to mass 
increase (less than 2 % in this study) as the artificial damage. These provide the basis for the algorithm below and justify the use of 
additional mass to simulate damage in the experiment.  

3. The effects of vehicle parameters (e.g., mass and stiffness) and road roughness are eliminated by subtracting the acceleration 
responses over two runs (residual acceleration method) when computing the index, DI. So, this method does not require any specific 
vehicle configuration, but the same vehicle to travel on the same path at similar speeds throughout the tests.  

4. The damage location correlates with the “shape” of residual acceleration curves, while the damage severity is related with their 
amplitude. By comparing the similarity in the shape of the residual curves, the damage can be located; they can be evaluated using 
the LI metric. 

Fig. 8. Residual acceleration curves corresponding to the change of damage location.  

Fig. 9. LI matrix.  
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3. Damage diagnosis framework 

The numerical study validates the feasibility of using the vehicle’s raw time-domain responses to diagnose damage and proposes a 
new damage index, DI for damage quantification. Additionally, it explores the issue of damage localization and proposes an LI metric 
for identifying the damage location. However, there are several challenges in applying this method in practice. For example, drive-by 
measurements inevitably contain noise/inaccuracies, ensuring a constant velocity is generally difficult, and the time-domain signals 
can be voluminous, demanding significant computational resources. To address these issues and to automate the SHM process, this 
section proposes a damage diagnosis framework. The designed framework consists of data processing methods and physics-guided 
semi-supervised models, aiming to apply the methodology proposed in the numerical study to practical engineering. The focus of 
the diagnostic model is on damage indication and quantification, while damage localization will be elaborated upon in the experi-
mental analysis section. In the authors’ previous work, there were explorations on automated SHM models [55], but the model 
proposed in this study is more comprehensive. It has two stages: damage indication (stage I) and damage quantification (stage II). In 
stage I, only vehicle accelerations collected from a healthy bridge (health label) are required to train the model, while vehicle ac-
celerations of a known damage severity (damage label) are also needed for model training in stage II. It can provide feedback to newly 
obtained raw vehicle acceleration data and automatically update the database, achieving automated damage detection of bridges. 

It should be noted that this is an approach framework based on physical insights and statistical methods, in which typical ML 
operations are not performed; it is a physics-based diagnosis framework. Some terms of ML are used in the text to give readers a better 
understanding of the algorithmic processes only, such as clustering, semi-supervised models, pooling, and training. 

3.1. Signal processing methods 

A two-step data processing method for the raw vehicle acceleration data is proposed. It includes a filtering process and a pooling 
process, as presented in Fig. 10. The purpose of the filtering process is to denoise the raw data without altering its size. Utilizing the 
sliding window method, each signal in the input data is scanned with a template (or kernel, mask). The signal value is replaced based 
on a weighted average from its neighboring values, which is determined by a window function (see Eq. (16). In the formula, i, denotes 
the i-th signal in the acceleration data, S(i); w represents the length of the window function (or filter function), W(n); the window 
function should be chosen based on the dominant noise. Given the predominance of white noise in the laboratory environment, a 
Gaussian function was chosen as the window function (see Eq. (17). Its expected value, μ, is zero and the deviation, σ, is chosen to be 
20 by trials. In fact, the function’s parameters do not significantly affect the results. It primarily removes the high-frequency noise in 
the signal, which is mainly related to the ambient noise [56]. The signal processing techniques investigated include Empirical Mode 

Fig. 10. Data processing methods.  
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Decomposition/ Ensemble Empirical Mode Decomposition (EMD/EEMD) and inverse Fourier transform (removing high-frequency 
data in the spectrum and then re-converting it to time-domain data), and the proposed method outperformed them. 

f (i) =
∑w

n=1
S(i + n)W(n) 16  

W(x) =
1̅̅̅
̅̅

2π
√

σ
exp

(

−
(x − μ)2

2σ2

)

17 

After filtering, the denoised data undergoes a pooling process, drawing inspiration from the pooling layer in neural networks [57]. 
This operation extracts the representative feature, such as the maximum or mean value, within a certain neighbourhood along the 
time-series direction. Even though pooling reduces data size, it mostly retains the data’s essential features [58], further reducing noise, 
normalizing data, and cutting computational expenses. As shown in Fig. 11, the two acceleration records (after the filtering process) 
are obtained by the same vehicle crossing the bridge repeatedly at speeds of v and s× v, respectively. The passing time of the first run is 
T, sampled at frequency f , leading to a data size of f × T. If the speed ratio for the other run compared to the first is s, then its data size 
becomes (f × T)/s. This study employs max pooling to capture the peak value within a range, proving more insightful in real-world 
applications [59]. By adjusting the pooling window length, l, based on speed variations, the equal-sized data, (f × T)/l, can be ob-
tained. Although the pooling process can equalize the data size, the velocity difference should not be too large. A roughly 40 % speed 
variance is deemed tolerable based on prior findings [56,60]. Additionally, due to the reduced data redundancy, the diagnostic 
framework’s computational efficiency witnesses an improvement. The data size here is chosen to be 450, with each run automatically 
adjusting the window size (stride equals window length). Data that cannot be divided by 450 will have zeros appended to the end of it 
automatically. Simulation study indicates that the edge data scarcely affects the results. For a more detailed discussion on this data 
processing method, one can refer to the authors’ past work [61]. 

3.2. Physics-guided models for damage diagnosis 

The diagnosis program has two stages: (1) damage indication; and (2) damage quantification. The first stage only requires vehicle 
accelerations recorded from healthy bridge as labelled data. After the collected accelerations are processed, they are fed into the 
clustering operation as inputs to find the cluster centre, OH, which is considered as the representative of the health data (baseline). If 
there is a single cluster centre, it can be calculated using the formular: 

Fig. 11. Pooling process for vehicle acceleration records with different speeds: (a) v, (b) s× v.  
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OH = (1/|H| )
∑

x(i)∈H

x(i) 18  

where |H| denotes the number of samples in the cluster H (healthy set); x(i) represents a labelled sample within the healthy set. 
The analytical results in Section 2 suggest that the bridge health state can be diagnosed by the damage index, DI. Thus, the DI value 

for each sample in the healthy set is calculated using Eq. (13) and they are experimentally observed to be normally distributed. The 
threshold, DIH, is defined as the DI value at the 95th percentile of the distribution (2σ), as shown in Fig. 12. In practice, some of the data 
that lies outside the 95 % interval may come from measurement errors. The above is referred to as the training phase, through which 
the baseline, OH, and the threshold, DIH, are acquired. In the detection phase, unlabelled data from the raw vehicle accelerations (after 
processing) are compared to the baseline, and if their DI values surpass the threshold, DIH, an alarm will be triggered to inform a 
possible damage occurrence. Meanwhile, data that fall below the threshold will be labelled as healthy and used to update the health 

Fig. 12. The statistics distribution for DI.  

Fig. 13. Damage severity comparison.  
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dataset. Such a model can achieve instantaneous damage indication and automatic dataset updating when only health-labelled data 
are available. Health-labelled data are usually easier to access in engineering practice. 

The second stage aims to quantify the damage severity. It requires labelled data of a known damage severity as input to train the 
clustering model, in addition to the health-labelled data. The training procedure is similar to that of the stage I, through which the 
damage point, OD, and its ambit, DID, are obtained. The raw acceleration signals identified as damaged would be fed into the second 
diagnosis stage for severity estimation. As shown in Fig. 13, if a data falls within the ambits of the damage point, it will be recognized as 
that damage level (δ%) and then used to update the damage dataset and associated variables (e.g., the damage point and ambits); the 
input that does not fall into the known damage level will be sent into the damage severity comparison program. 

As illustrated in Fig. 13, the DI value at the 95th percentile (2σ) is considered as the boundary of the damage distribution, and it is 
assumed that the unknown damage data have a similar distribution to the known damage. According to the results in Section 2, the 
damage severity is roughly proportional to the damage index, DI. Thus, a possible damage severity of the unknown data can be solved 
as: 

S =
DIU

OD − OH
δ% 19  

where DIU is the DI value of the unknown data; δ% represents the known damage level (labelled data). 
Considering that the input data may be located at the boundaries of two damage distributions at the same time, the possible severity 

range is determined by the two distributions, which is given by: 

SU
L =

DIU − 2DID

OD − OH
δ% 20  

SU
R =

DIU + 2DID

OD − OH
δ% 21  

where SU
L and SU

R are the left and right boundaries of the severity range, respectively; OD, DID, OH, and δ% represent the same as above, 
which are the damage point, its ambits (2σ boundary), the baseline, and the known damage level, respectively. 

When the 2σ boundary is selected, the confidence is 97.4 % (there is a 97.4 % possibility that the damage event belongs to this 
severity range); the confidence is 83.6 % for the σ boundary (DIU ± 1.5DID). The processes described above can be encapsulated in an 

Fig. 14. Architecture of the damage diagnosis framework.  
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algorithmic framework, which is illustrated in Fig. 14. 
It is worth mentioning that, obtaining data for a known damage level in real-world applications can be challenging. In response to 

this, the authors envision two possible solutions:  

1. The occurrence of structural damage is usually a progressive process, and minor damage typically does not impose fatal harm to the 
structure. When minor damage appears in the structure, measurements can be taken to obtain the labelled data. This allows the 
current framework to be applied to diagnose subsequent damage and take preventive measures before severe damage emerges. In 
previous studies by the authors, the detection of minor damage was investigated, introducing methods such as the optimized 
AdaBoost-linear SVM [35] and the A2M-based approach [62]. These allow for the acquisition of minor damage information, 
subsequently providing labeled data for the methodology.  

2. An alternative is leveraging Digital Twin technology to transfer damage sample data, simulated using finite element models, to 
measurements of experimentally tested structures and real bridge structures. However, it is crucial to ensure the fidelity of the data. 
Some efforts in this avenue include the works by Zhang et al. [63] and Teng et al [64]. 

4. Experimental study 

4.1. Experimental program 

Laboratory experiments were conducted to validate the present methodology, in which a steel beam and a scale truck model with 
an engine were employed. The acceleration data, collected from the vehicle sensor, were utilized to establish the dataset. As afore-
mentioned, the damaged states were simulated by adding masses to the beam as “artificial damage”, thereby avoiding any permanent 
or irreversible destruction. The data acquisition system was managed via a PC and was connected to the sensors via wires, exhibiting a 
sampling rate of 2 kHz. Specifically, the sensors utilized in the experiments were made by Bruel & Kjær (TYPE 4371) [65]. 

4.1.1. Bridge model 
As shown in Fig. 15, the bridge model utilized in the experiment was a HEA400 simply supported steel beam. Physical properties of 

the steel beam are given as follows: elastic modulus E = 199 GPa; density ρ = 7.85 × 103 kg/m3; length L = 4.4 m; section area A =

Fig. 15. Steel beam used as a bridge model.  

Fig. 16. Details of the bridge model (unit: mm).  
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15898 mm2 and moment of inertia I = 8.564 × 107 mm4. The layout and sectional details of the beam model are shown in Fig. 16. The 
beam model has a first mode frequency of 35.4 Hz, which is measured by the direct method (placing sensors on the bridge). This beam 
model is approximately a lab-scale model for the bridge utilized in the numerical study. The experimental setup includes an accel-
eration ramp and a deceleration ramp, as well as a wire system that guides the vehicle to travel through the beam in a straight line and 
along the same path (see Fig. 17a). As shown in Fig. 17b, masses were added to the beam at the mid-span to generate damage cases, and 
a heavier mass indicates more severe damage. The details will be discussed later. 

Fig. 17. Setup for the lab test: (a) wire system, (b) added mass at the mid-span.  

Fig. 18. Setup for the vehicle model: (a) scale vehicle model, (b) sensor installation on the vehicle, (c) electric controller.  

Fig. 19. Statistics distribution for speeds.  
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4.1.2. Vehicle model 
As presented in Fig. 18a, the Tamiya Mercedes-Benz 1850L was used as the scale vehicle model in the study. This 1/14 scale model 

(568 mm × 202 mm) closely mirrors the design of a full-sized truck, with the exception of its weight. The vehicle’s weight, determined 
experimentally, was 4.05 kg, accounting for 0.8 % of the bridge’s total mass. Two accelerometers were strategically positioned on the 
front and rear axles, as illustrated in Fig. 18b. An added 5 kg weight was situated within the vehicle, bringing its total weight to 9.05 kg. 
Additionally, a 540-brushed type motor was utilized to drive the car model, operated by a remote controller, as shown in Fig. 18c. 
According to the numerical analysis, the method’s sole requirement for the vehicle is that the dataset should be built by the same car, 
without needing any specific vehicle configuration. It is recommended that a similar or identical speed be maintained during different 
trials, and that an appropriate and relatively low speed be selected [18]. A too-low speed might not provide ample vehicle-induced 
excitation to provoke a strong enough VBI response. Conversely, exceedingly high speeds (akin to highway velocities) might result 
in a transient passage time, preventing the bridge from undergoing a full vibrational cycle [10,27]. An important concern is that too- 
different velocities could excite distinct modes of the bridge, thereby potentially influencing detection performance. Fig. 19 shows the 
velocity statistics from the experiment, approximately adhering to a normal distribution. Velocity varied between 0.78 m/s and 1.02 
m/s, with a maximum to minimum speed ratio of 130.8 % - well within the generally accepted 40 % variance [56,60]. The mean speed 
is 0.87 m/s. It can replicate a speed of approximately 32.4 km/h (or 9 m/s) on a 45 m-span simply supported bridge with similar 
properties [31], aligning with the speed used in the numerical study. 

4.1.3. Experimental dataset 
In the proposed method, the vehicle was driven across the bridge repeatedly to acquire the dataset. Initially, a dataset pertaining to 

damage located at the mid-span was collected to validate the damage diagnosis framework. A more diverse set of validation scenarios 
will be presented in the subsequent sections to explore the identification of damage locations and to examine the robustness of the 
framework across various scenarios. For the diagnosis framework, the acceleration signals of the vehicle collected from the bridge in a 
healthy state are required to be used as the label data in stage I. In addition to the health-labelled data, stage II also requires damage- 
labelled data from a known damage severity. The test data obtained from other three damage states were utilized as unknown data to 
verify the performance of the proposed method. A description of these cases can be found in Table. 1. The healthy state contains 200 
vehicle runs while the others have 50 runs each, which can correspond to the fewer and unbalanced damage samples in practice. For 
each run, the signal segment with the whole car on the beam is selected as the input acceleration. Thus, there are 200 (runs) × 1 (cases) 
× 2 (sensors) = 400 (signals) for the healthy state and 50 (runs) × 4 (cases) × 2 (sensors) = 400 (signals) for the damaged state; the 
experimental dataset has 800 signals in total. 

4.2. Results and analysis 

In this section, the experimental results are shown to validate the performance of the proposed framework. There are four sub-
sections in total. The first subsection seeks to indicate the occurrence of damage (stage I). The second subsection aims to estimate the 
damage severity (stage II). The third subsection compares the features from dimensionality reduction/feature extraction methods like 
Principal Component Analysis (PCA) to demonstrate the superiority of the proposed damage index. The fourth subsection demon-
strates how to pinpoint the damage location using the proposed methodology, and further validate the robustness of the diagnostic 
framework. 

4.2.1. Damage indication 
This subsection involves data from three different health states (cases 0, 1, and 2). Case 0 as the health-labelled data is used to train 

the model, while others are utilized as test data (unknown input) to show the performance of the proposed method. The results from 
the rear axle sensor are illustrated in the 1st and 2nd subsections, while results from the front axle sensor will be discussed in the 3rd 
subsection. Since our experimental dataset is based on the artificial damage of mass increase, DI′ is taken as the damage index at this 
time (DI = DI′), and the same is applied below. In the training phase, the threshold of the healthy state, DIH, can be computed as 1.75 ×
10-2 (95 % confidence), and the baseline is the coordinate origin. Fig. 20a shows a comparison between the healthy state and the case 1 
(0.4 % mass increases). They roughly follow the normal distribution, and the statistics distributions of their DI values are close; the 
accuracy rate of damage identification is only 68 % in this case. While the DI values in the case 0 (healthy state) and the case 2 (0.8 % 
mass increase) are visually different (see Fig. 20b), in which the accuracy rate rises sharply to 100 %. These show that the present 
method is sensitive to structural change that is greater than 0.8 %. The task of this stage is to indicate the occurrence of damage on the 
bridge, and the identified damage will be sent to the next stage for severity qualifying. 

Table 1 
Health state description.  

Case No. Weight Runs Type Case No. Weight Runs Type 

0 0 (Healthy) 200 Label 3 6 kg (1.2 %) 50 Test 
1 2 kg (0.4 %) 50 Test 4 10 kg (2 %) 50 Label 
2 4 kg (0.8 %) 50 Test      
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4.2.2. Damage qualification 
This stage focuses on the estimation of damage levels. Vehicle accelerations obtained from experiments with a 10 kg mass increase 

on the bridge are used as damage-labelled data (case 4) in addition to the health-labelled data (case 0). Cases 1, 2 and 3 are employed 
as testing data (unknown input) to illustrate the model’s performance on damage qualification. The damage point, OD, and its ambit, 
DID, can be obtained as 7.3 × 10-2 and 9.9 × 10-3 (95 % confidence), respectively, through the training phase. When multiple data are 
available for the same damage severity, since they belong to the same distribution, the estimated damage severity should be an 
intersection. Given N pieces of data (vehicle passages), and each data corresponds to a severity range Ri = [SUi

L , SUi
R ], which can be 

computed using Eqs. (20) and (21). The intersection of these ranges, RN, can be expressed by Eq. (22). This representation describes 
the intersection of the ranges from R1 to RN. In this study, N can be chosen from 1 to 50. 

RN =
⋂N

i=1
Ri 22  

In the detection phase, the damage levels (mass increases) for the left and right edge data of case 3 can be estimated as 0.5 %-1.6 % and 
1 %-2.1 %, respectively (see Fig. 21). The damage level of case 3 should be R50 =

⋂50
i=1Ri, which is 1 % to 1.6 % (97.4 % confidence). 

When the confidence interval is reduced to 83.6 %, the severity range can be further estimated to be 1.15 %-1.45 %; the actual severity 
is 1.2 % (case 3), which lies within this range. For all test cases (e.g., cases 1, 2 and 3), their estimated severity range and actual severity 
are shown in the Fig. 22. The solid line in the figure is the actual severity, and the coloured area represents the estimated severity range. 
The results show that the present methodology can successfully estimate the severity for all cases, and there is a roughly linear 
relationship between the damage index, DI, and the actual severity, which verifies the findings from the numerical study. Furthermore, 
it can be found that increasing the number of measurements of the same state can improve the accuracy of damage estimation. In this 
study, for vehicle measurements ranging from 1 to 50, N of severity ranges are randomly select from R1 to R50 to compute RN. This 

Fig. 20. Damage indication for different cases: (a) 0.4% mass increase, (b) 0.8% mass increase.  

Fig. 21. Damage comparison.  
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process is repeated 2000 times. If 
⃒
⃒RNM

⃒
⃒ represents the length of the intersection obtained in the M-th iteration, then the average, 

⃒
⃒RN
⃒
⃒, 

is given by Eq. (23). For example, with two vehicle measurements, R21 is the intersection of R1 and R2, while R22 is the intersection of 
R1 and R3, and so on. 

⃒
⃒R2
⃒
⃒ represents the average range length of 2000 random combinations. Accuracy (or, its improvement) for the N 

passages in this study can be defined by Eq. (24). It refers to how close an estimated value/range is to the actual value. 

⃒
⃒RN
⃒
⃒ =

1
2000

∑2000

M=1

⃒
⃒RNM

⃒
⃒ 23  

Precision =

⃒
⃒R1
⃒
⃒ −
⃒
⃒RN
⃒
⃒

⃒
⃒R1
⃒
⃒

24  

Fig. 23 illustrates that the accuracy in the case 3 generally increases with the number of vehicle measurements (similar results in other 
cases). Initially, the accuracy rises sharply with the increasing number of drives, but after 10 passages, the growth in accuracy starts to 
plateau. Nevertheless, multiple measurements are encouraged in engineering practice to enhance the accuracy of damage detection. 

4.2.3. Comparison of feature extraction methods 
To show the superior performance of the proposed damage index, it is compared with representative features extracted through 

different dimensionality reduction/feature extraction methods previously used in literature. These methods aim to find a low- 
dimensional representation of the correlation and distribution of acceleration signals collected from a passing vehicle [37,38,56]. 
In this study, PCA, Isomap, and Laplacian Eigenmaps (LE) are chosen as comparison methods. PCA is a linear dimensionality reduction 
technique that focuses on capturing the most variance in the data using eigenvectors of the dataset’s covariance matrix [66]. Isomap is 
a nonlinear dimensionality reduction method that seeks to maintain geodesic distances between data points, ideal for high- 
dimensional datasets with intricate relationships [67]. LE is a technique preserving the local structures by constructing a weighted 
graph from neighborhood data and utilizing its Laplacian matrix’s eigenvalues and eigenvectors for reduction [68]. 

To evaluate the clustering performance of different methods, the Root Mean Squared Errors (RMSE) of the representative features 
of acceleration signals are calculated as: 

Fig. 22. Damage estimation for different cases.  

Fig. 23. Accuracy changes with vehicle passages.  
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RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1/|C| )

⎧
⎨

⎩

∑

y(i)∈C

[
y(i) − OC

ymax − ymin

]2
⎫
⎬

⎭

√
√
√
√
√ 25  

where |C| denotes the number of samples in the cluster C (test set); y(i) is the representative feature of the i-th sample learned by the 
dimensionality reduction method; OC represents the cluster centre; ymax and ymin are the maximum and minimum values of y, 
respectively. The closer the RMSE value is to zero, the better the clustering of the data set, reflecting the “stability” of the feature. 

In this subsection, the clustering performance of different methods is illustrated in cases 0–4. Fig. 24 presents the RMSE results for 
different methods on both the rear and front axles, which are the average values for all five cases. It can be observed that the proposed 

Fig. 24. RMSE results for different methods.  

Fig. 25. Representative features obtained by different methods: (a) The proposed method, (b) PCA, (c) Isomap, (d) LE.  
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method outperforms PCA, Isomap, and LE in terms of RMSE; the clustering performance of these methods is: Proposed method > PCA 
> Isomap > LE. Additionally, the results from the rear and front axle sensors are similar (or the rear axle results are slightly better than 
the front axle), indicating that the methodology’s performance is not affected by the sensor position. 

Fig. 25 illustrates the representative features learned by different methods from the time-domain signals of the rear axle sensor, and 
similar results can be seen in the front axle sensor. The result of the proposed method shows that the DI s of each case are concentrated 
in a cluster, making it possible to distinguish different health states. The results of PCA and Isomap show that they also tend to cluster, 
and the features shift with increasing masses to some extent. However, their performance is visually worse than that of the proposed 
method, where the health states cannot be clearly or easily distinguished. Among them, LE is deemed to perform the worst, and it is 
almost impossible to identify the health state from the extracted feature. In addition to the advantage of the proposed damage index, 
there are two reasons for these results. First, there are discontinuities between data samples in the experimental dataset, caused by 
experimental interruptions such as battery changes and setup adjustments (e.g., car track correction). Data discontinuities often occur 
in practice. The present dimensionality reduction methods are susceptible to discontinuities, with LE being the most vulnerable [37]. 
Second, the features extracted by the dimensionality reduction method can only represent a portion of the health state information and 
can be sensitive to outliers. The proposed damage index, DI, as a global feature, exhibits superior damage comparison results than the 
representative features learned by the other three methods on the experimental dataset. 

Even though it is usually challenging to thoroughly interpret the features extracted using ML-based methods, a perturbation-based 
approach [69] can be employed to examine the ’contribution’ of each acceleration data to these features, offering deeper insights into 
these ML methods. 

In this approach, each acceleration data of the input is slightly perturbed. The difference (Diff) in the output between the perturbed 
and original input indicates the importance of that data point. Data points causing larger differences in the output are deemed more 
influential; this process is iteratively done for all acceleration data. In this study, the perturbation is set at 0.1 % of the maximum 
acceleration. For ease of comparison, their differences are displayed as Relative Importance (RI), which can be calculated using Eq. 
(26). In the equation, DiffMin and DiffMax represent the minimum and maximum Diff values in the output, respectively. They corre-
spond to the acceleration at the normalized time, t/T, of the car traveling on the beam. When the vehicle is at the beginning and the end 
of the bridge, t/T equates to 0 and 1, respectively. 

RI =
Diff − Diff Min

Diff Max − Diff Min
26  

Fig. 26 displays the RI in the representative features learned through different ML techniques, corresponding to the acceleration at the 
normalized time. In cases where the damage is represented by the mass at the midpoint (as seen in Fig. 6a), the central data points 
should contain more damage information (t/T = 0.5), while the data points at both ends should contain less (t/T = 0,1). Fig. 26a 
reveals that, in the PCA method, the data points around t/T = 0.5 have a greater influence on the feature, which is reasonable. 
However, the points near t/T = 0 also demonstrate significant importance, indicating that a considerable portion of the feature in-
formation consists of noise rather than actual damage. Fig. 26b shows that Isomap seems to overly emphasize information at t/T =

0.5. However, damage information should be encompassed within the entire time domain signal. Overemphasis on localized data 
might not only overlook crucial damage information but also confront the peril of being tainted by local noise. As for the LE method, its 
focus, as shown in Fig. 26c, appears somewhat elusive, suggesting that this technique might not be well-suited for such problems; in 
fact, its performance was the worst. These indicate that features derived from ML techniques might not well represent or only capture a 
portion of the health status information. An inappropriate selection of ML methods could even lead to detection failures. Thus, the 
adoption of a physics-guided approach is rational. 

Purity can be introduced as a metric to evaluate the clustering accuracy of the damage features [70]. It can be calculated using Eq. 
(27). The value of purity ranges between 0 and 1, with a higher value signifying greater accuracy in the clustering of the damage 
feature. 

Fig. 26. RI for different ML techniques: (a) PCA, (b) Isomap, (c) LE.  
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p =
1

Np

∑k

i=1
maxj

⃒
⃒ci ∩ tj

⃒
⃒ 27  

where Np denotes the total number of samples, k is the number of clusters, ci is the i-th cluster, tj represents the samples with the j-th 
true class label. 

In Fig. 27, the purity results of different methods obtained from cases 0–4 are presented. Results from the rear and front axle sensors 
are similar. The proposed method outperforms PCA, Isomap, and LE, showing superior clustering accuracy. Their accuracies are: 
Proposed method > PCA > Isomap > LE. 

4.2.4. Exploration of the damage location 
The diagnostic framework has successfully indicated the occurrence of damage and quantified its severity. In this subsection, it 

aims to demonstrate how to pinpoint the damage location in the laboratory data set using the proposed methodology, and further 

Fig. 27. Purity results for different methods.  

Table 2 
Validation cases.   

0.1L 0.3L 0.5L 0.7L 0.9L  

0.0 % Case 0 (Healthy)  
0.4 % Case A1 Case B1 Case 1 Case C1 Case D1  
0.8 % Case A2 Case B2 Case 2 Case C2 Case D2  
1.2 % Case A3 Case B3 Case 3 Case C3 Case D3  
2.0 % Case A4 Case B4 Case 4 Case C4 Case D4  

Fig. 28. LI matrix for validation cases: (a) diverse locations, (b) diverse severities.  
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validate the robustness of the diagnostic framework across diverse scenarios. Here, in addition to the above cases 0, 1, 2, 3, and 4, new 
cases as detailed in Table 2 have been introduced. These represent the damage at 0.1L, 0.3L, 0.5L, 0.7L, and 0.9L of the beam, with 
severities of 0.4 %, 0.8 %, 1.2 %, and 2 % respectively. According to numerical investigation, close or identical damage locations 
should have similar residual curve shapes. This can be measured by LI, which is given by Eqs. (14) and (15). Fig. 28a delineates the LI 
matrix for various damage locations at a 1.2 % severity (cases A3, B3, 3, C3, and D3) in comparison with cases A4, B4, 4, C4, and D4 (2 
% severity). Fig. 28b showcases the LI matrix for damage ranging from 0.4 % to 1.2 % at the midspan (cases 1 to 3) compared with 
cases A4, B4, 4, C4 and D4. They are all averages calculated from samples in these cases. It is evident that damage at the same location 
exhibit the highest LI values, followed by those at neighbour locations, which is true for different levels of damage. The location labels 
in cases A4, B4, 4, C4, and D4 are considered known in this study, then the damage locations in the remaining cases can be identified. 

Fig. 29 displays the DI distributions across diverse scenarios obtained by varying the damage location. The positions 0.1L and 0.9L 
represent locations near the supports, while 0.3L and 0.7L signify regions closer to the mid-span. Evidently, the diagnostic approach 
exhibits superior performance for damage near the mid-span compared to those near the supports (their states are more easily 
discernible). At 0.3L and 0.7L, the damage of 0.8 % can be detected with accuracies of 72 % and 70 %, respectively, while at 0.1L and 
0.9L, the damage of 2 % can only be detected with accuracies of 58 % and 46 %, respectively. This is predominantly because the 
damage near the supports induces particularly subtle changes, and typically, the drive-by method is insensitive to them. Overall, the 
performance of the framework is commendable, especially for damage near the midspan. 

5. Concluding remarks 

This paper proposes a physics-guided diagnosis framework for indirect SHM utilizing raw vehicle accelerations, which aims to 
achieve automated inspection of bridges. It consists of two parts. In the first part, a new damage index is obtained through numerical 
studies for bridge damage detection using vehicle time-domain signals. The index considers the contributions of all acceleration 
amplitudes and does not need any specific vehicle configuration. At the same time, it also explores the identification of damage lo-
cations and proposes a location index. To overcome deficiencies from a drive-by measurement and to automate the SHM process, a data 
processing method and a semi-supervised model are designed in the second part. Experiments were carried out to validate the pro-
posed framework by utilizing a scale vehicle model and a steel beam. Based on the numerical and experimental results, the following 

Fig. 29. Experimental results for different validation scenarios: (a) 0.1L, (b) 0.3L, (c) 0.7L, (d) 0.9L.  
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conclusions can be drawn: 

(1) There is a roughly linear relationship between the proposed damage index and the damage severity, which provides the po-
tential to quantify the damage. The influences of vehicle parameters and road roughness can be eliminated when computing the 
damage index, thus they do not affect the detection results.  

(2) The damage location correlates with the “shape” of residual acceleration curves, while the damage severity is related with their 
amplitude. The proposed location index has been proven to successfully identify the location of the damage.  

(3) The proposed damage index and diagnostic framework are sensitive to damage. In the lab tests, the mid-span damage (structural 
change) to a degree of 0.8 % can be successfully detected; this is of great significance for the detection of minor damage.  

(4) In the diagnostic framework, the bridge damage can be quantified using raw vehicle accelerations. A large number of drive-by 
measurements can ensure more precise results in damage estimation, and this encourages multiple measurements to be per-
formed in engineering practice.  

(5) The proposed damage index is shown to have better performance than the features from dimensionality reduction/feature 
extraction methods, such as PCA, Isomap, and Laplacian Eigenmaps. It demonstrates that features derived from ML techniques 
might not well represent or only capture a portion of the health status information. 

This study validates the feasibility of automated inspection of bridges using only raw vehicle acceleration data. It provides the 
potential to achieve automatic, robust, and practical SHM systems toward a smart city/bridge. Future work will target the limitations 
of the proposed methodology. First, the present approach framework can accurately and automatically indicate the occurrence of 
damage and qualify its severity. It has also explored the identification of damage location. However, comprehensive and fully auto-
mated location identification still requires further development. Second, there is a need to verify the robustness of the diagnostic 
framework under more realistic and complex conditions, like a full-scale test in practice. A promising application would be on buses in 
daily operation, given their fixed routes and schedules, allowing for the collection of vast amounts of data on bridges within major 
urban areas. 
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Sets and Knowledge Technology, Springer International Publishing, Cham, 2014: pp. 364–375. https://doi.org/10.1007/978-3-319-11740-9_34. 
[58] I. Goodfellow, Y. Bengio, A. Courville, Deep Learning, MIT Press, 2016. 
[59] N. Ketkar, Deep Learning with Python, Apress, Berkeley, CA, 2017. 10.1007/978-1-4842-2766-4. 
[60] A. Thorsen, G. Lederman, Y. Oshima, J. Bielak, H.Y. Noh, Mitigating the effects of variable speed on drive-by infrastructure monitoring, in: Sensors and Smart 

Structures Technologies for Civil, Mechanical, and Aerospace Systems 2015, SPIE, 2015: pp. 75–83. https://doi.org/10.1117/12.2084435. 
[61] Y. Lan, Z. Li, W. Lin, A Time-Domain Signal Processing Algorithm for Data-Driven Drive-by Inspection Methods: An Experimental Study, Materials. 16 (2023) 

2624, https://doi.org/10.3390/ma16072624. 
[62] Z. Li, Y. Lan, W. Lin, Investigation of Frequency-Domain Dimension Reduction for A2M-Based Bridge Damage Detection Using Accelerations of Moving Vehicles, 

Materials. 16 (2023) 1872, https://doi.org/10.3390/ma16051872. 
[63] Y. Zhang, Z. Li, R. Hao, W. Lin, L. Li, D. Su, High-fidelity time-series data synthesis based on finite element simulation and data space mapping, Mech. Syst. Sig. 

Process. 200 (2023), 110630, https://doi.org/10.1016/j.ymssp.2023.110630. 
[64] S. Teng, X. Chen, G. Chen, L. Cheng, Structural damage detection based on transfer learning strategy using digital twins of bridges, Mech. Syst. Sig. Process. 191 

(2023), 110160, https://doi.org/10.1016/j.ymssp.2023.110160. 
[65] Type 4371 Piezoelectric Charge Accelerometer | Brüel & Kjær, (n.d.). https://www.bksv.com/en/transducers/vibration/accelerometers/charge/4371 (accessed 

October 2, 2022). 
[66] T. Hastie, R. Tibshirani, J.H. Friedman, The elements of statistical learning: data mining, inference, and prediction, 2nd ed, Springer, New York, 2009. 
[67] J.B. Tenenbaum, V. de Silva, J.C. Langford, A Global Geometric Framework for Nonlinear Dimensionality Reduction, Science 290 (2000) 2319–2323, https:// 

doi.org/10.1126/science.290.5500.2319. 
[68] M. Belkin, P. Niyogi, Laplacian Eigenmaps for Dimensionality Reduction and Data Representation, Neural Comput. 15 (2003) 1373–1396, https://doi.org/ 

10.1162/089976603321780317. 
[69] M. Ivanovs, R. Kadikis, K. Ozols, Perturbation-based methods for explaining deep neural networks: A survey, Pattern Recogn. Lett. 150 (2021) 228–234, https:// 

doi.org/10.1016/j.patrec.2021.06.030. 
[70] A.K. Jain, M.N. Murty, P.J. Flynn, Data clustering: a review, ACM Comput. Surv. 31 (1999) 264–323, https://doi.org/10.1145/331499.331504. 

Y. Lan et al.                                                                                                                                                                                                             

https://doi.org/10.1016/j.istruc.2022.08.075
http://refhub.elsevier.com/S0888-3270(23)00807-5/h0270
https://doi.org/10.1007/978-3-031-39117-0_15
https://doi.org/10.1016/j.ymssp.2018.10.006
http://refhub.elsevier.com/S0888-3270(23)00807-5/h0290
https://doi.org/10.3390/ma16072624
https://doi.org/10.3390/ma16051872
https://doi.org/10.1016/j.ymssp.2023.110630
https://doi.org/10.1016/j.ymssp.2023.110160
http://refhub.elsevier.com/S0888-3270(23)00807-5/h0330
https://doi.org/10.1126/science.290.5500.2319
https://doi.org/10.1126/science.290.5500.2319
https://doi.org/10.1162/089976603321780317
https://doi.org/10.1162/089976603321780317
https://doi.org/10.1016/j.patrec.2021.06.030
https://doi.org/10.1016/j.patrec.2021.06.030
https://doi.org/10.1145/331499.331504

	Physics-guided diagnosis framework for bridge health monitoring using raw vehicle accelerations
	1 Introduction
	2 Numerical study
	2.1 VBI model
	2.2 Numerical analysis of damage severity
	2.3 Investigation of damage location

	3 Damage diagnosis framework
	3.1 Signal processing methods
	3.2 Physics-guided models for damage diagnosis

	4 Experimental study
	4.1 Experimental program
	4.1.1 Bridge model
	4.1.2 Vehicle model
	4.1.3 Experimental dataset

	4.2 Results and analysis
	4.2.1 Damage indication
	4.2.2 Damage qualification
	4.2.3 Comparison of feature extraction methods
	4.2.4 Exploration of the damage location


	5 Concluding remarks
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


