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Abstract 

The drive-by bridge health monitoring is to assess the bridge condition using the 
acceleration responses measured on the body or axle of instrumented vehicles. The 
vehicle responses are greatly affected by the road surface roughness that makes the 
bridge dynamic information blurred. Instead of direct using vehicle responses for the 
bridge monitoring, the dynamic response of contact point (CP) between the vehicle and 
bridge is further explored to enhance the drive-by bridge modal identification. A novel 
three-step framework is proposed to extract the components related to the bridge 
vibration from vehicle responses. The first step is to identify the input forces of two 
successive vehicles by solving the combined state-input estimation problem using Dual 
Kalman filter. The CP responses of two contact points are calculated using the input 
forces and vehicle parameters. In the second step, the subtraction technique is applied 
to the identified CP responses of the two instrumented vehicles and the effect of the 
road surface roughness can be significantly reduced. Finally, an automatic singular 
spectrum analysis technique (Auto SSA) is incorporated to decompose the response 
residual. Then the mono-component modes related to the bridge response are extracted 
from the response residual for drive-by bridge modal identification and/or the 
nonstationary characteristic identification of vehicle-bridge interaction (VBI) system. 
Results of numerical and experimental study demonstrate that the method can 
significantly suppress the vehicle response component and reduce the effect of road 
surface roughness to enhance the bridge modal identification. 
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1. Introduction  

Drive-by bridge health monitoring using responses of passing vehicles has been 
studied for over two decades[1-3]. Unlike the traditional direct methods that require 
sensor instrumentation on the structure, the drive-by bridge inspection uses 



instrumented vehicles to acquire and process vibration data of bridges. It facilitates a 
rapid and cost-effective bridge structural health monitoring approach. When a vehicle 
moves over the bridge, there is a dynamic coupling effect between the vehicle and 
bridge structure via the contact point. The vehicle is regarded as an actuator to excite 
the bridge vibration and also a moving sensor with proper sensor installation to capture 
structural dynamic responses[4]. The dynamic responses acquired from the vehicle 
contain the information of bridge dynamic properties which can be extracted for bridge 
condition assessment. The acceleration responses of passing vehicles are widely used 
to extract the bridge modal parameters. Yang et al.[1] proposed the method to extract 
bridge frequencies from the dynamic response of a passing vehicle that laid the 
theoretical basis of drive-by bridge modal identification. The vehicle is modelled as a 
sprung mass system, and the bridge is modelled as a simply supported beam considering 
only its first vibration mode. Damping effect of the vehicle and the bridge was ignored 
in the analytical formulation. Besides the modal frequencies[5], the responses of the 
passing vehicle were also used to estimate the damping ratio and mode shapes of 
bridges[6-9].  

The vehicle response is a multi-component signal mainly including the 
components related to vehicle vibration, bridge vibration and driving motion. In VBI 
system, the road surface roughness has been found to have great effects on the dynamic 
responses of moving vehicles[10]. When moving over a rough surface, the vehicle 
response is amplified significantly that leads to the dominance of the vehicle frequency 
in its response spectrum. The bridge related dynamic information becomes less visible 
and further signal processing is required to enhance the bridge modal identification. 
Empirical model decomposition (EMD)[11] and ensemble EMD[12] were used to extract 
the bridge-related intrinsic mode functions. Despite the improvement of the drive-by 
bridge modal identification, the EMD based methods suffered from the issue of inability 
to extract closely spaced frequencies[13]. Singular spectrum analysis (SSA) is a data-
adaptive and non-parametric method for time series decomposition and 
identification[14-15]. It can extract dynamic information of an underling dynamical 
system from noisy sampled observations. The authors[16] proposed a drive-by blind 
modal identification method (SSA-BSS) by combining singular spectrum analysis[17] 
and second-order blind identification[18]. The effectiveness of the method for the 
decomposition of vehicle response into different meaningful components were verified. 
However, the dynamic component related to the vehicle was still dominant due to the 
road surface roughness and the bridge related dynamic information cannot be clearly 
separated when there is Class B road surface roughness.  

The subtraction technique using the responses of successive moving vehicles has 
been used to reduce the effect of road surface roughness. Yang et al.[19] proposed to use 
the subtraction of the response spectra of two identical successive vehicles to mitigate 



the impact of road surface roughness which was found effective to enhance the drive-
by identification. Malekjafarian and O’Brien[20] also found that the subtraction of the 
acceleration responses of two identical vehicles was helpful in reducing the effects of 
road surface roughness. However, these methods cannot separate the response 
components of the bridge from that of the vehicle. Besides, the current subtraction 
technique to reduce the effect of road surface roughness normally requires using 
identical vehicles. Despite the wide study of drive-by bridge modal identification 
numerically and experimentally, the effect of road surface roughness remains a 
significant challenge for the drive-by bridge modal identification. 

Recently, it is found that the CP responses are directly related to the bridge 
dynamic response and are more promising for bridge modal identification than that 
from vehicle responses. The CP response is the response at the contact point of vehicle 
tire with the bridge surface which is related to the interaction force at the contact point. 
O’Brien et al.[21] proposed a drive-by bridge inspection via moving force identification. 
Higher frequency components of the forces were not well predicted due to the 
smoothing of the solution by regularization. Zhu et al.[22] showed that the interaction 
force of the VBI was more sensitive than the acceleration responses of vehicle to the 
bridge damage. The sensitivity of a damage indicator based on the CP responses also 
demonstrated it [23]. Yang et al.[24] proposed a method to use the contact-point response 
for the identification of bridge modal frequencies and mode shapes. The acceleration 
response of an undamped linear single degree of freedom (DOF) system was used to 
calculate the contact-point acceleration response. The driving dynamic component of 
the contact-point response was extracted for the bridge damage detection. However, for 
a multi-DOFs vehicle model, the measurement of the contact-point response is not 
straightforward. Nayek and Narasimhan[25] proposed an input estimation approach for 
the extraction of contact-point response based on a Gaussian process latent force model. 
The contact-point acceleration response was approximately represented with ordinary 
time-derivative of CP displacement as base-excited input to the vehicle. The identified 
contact-point response enhanced the bridge modal frequency identification, but the 
method can only deal with the single contact-point problems. Based on a joint input-
state estimation procedure, Li et al.[26] proposed a method using the dual Kalman Filter 
(DKF) for the interaction force identification. The interaction forces between the two-
axle vehicle and bridge were identified using acceleration responses of vehicle axles. 
The results showed the high accuracy of DKF for the interaction force identification 
which can be used for the identification of CP responses. 

This study proposed a novel three-step signal process framework to extract the 
mono-components of the bridge from vehicle responses. In the first step, the input 
forces of VBI to the vehicle systems are identified using a Newmark-b based DKF 
model from the dynamic responses of successive vehicles and then two sets of CP 



responses are obtained; In the second step, the identified CP responses are used to get 
response residual by subtraction; Finally, an automatic SSA[27] is incorporated to extract 
the mono-component of bridge response for the bridge modal identification. The study 
is organized as follows. Firstly, preliminaries related to the VBI model, DKF based 
force identification and the automatic SSA are introduced along with the proposed 
three-step signal process method for indirect bridge model identification. Secondly, 
extensive numerical studies are conducted to investigate the effectiveness of the 
proposed method. The pros and cons of the method comparing to the existing methods 
are discussed. Finally, experimental study is conducted to further demonstrate the 
effectiveness of the proposed method followed by the conclusions.  
     
2. Preliminaries for the proposed method 
2.1 Vehicle-bridge interaction 
2.1.1 Analytical study 

For a vehicle modelled as a lumped mass 𝑚! supported on a spring of stiffness 
𝑘! moving across a simply supported beam bridge of length l with a smooth pavement 
and damping effect neglected, the equation of motion for the vehicle is 

𝑚!𝑞̈! + 𝑘!(𝑞! − 𝑢") = 0       (1) 
where 𝑞!  is the vertical displacement of the vehicle measured from the static 
equilibrium position; 𝑢" is the contact-point displacement of the vehicle on the beam. 
The analytical solution of the vehicle and CP responses considering the first bridge 
vibration mode can be represented as follows[1,24]:  
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where 𝜔!  is the vehicle frequency, 𝜔5  is the frequency of the beam, ∆60=
−2𝑚!𝑔𝑙7 𝐸𝐼𝜋8⁄ , 𝜇 = 𝜔5 𝜔!⁄ , 𝑆 = 𝜋𝑣 𝑙𝜔5⁄ , EI is the flexural rigidity of the beam 
and v is the moving speed of the vehicle. By comparing the vehicle response and CP 
response in Eqs. (2) and (3) respectively, it can be seen that the CP response consists of 
the driving component with frequency 2𝜋𝑣 𝑙⁄  due to the vehicle’s motion, and the 
bridge component with frequencies 𝜔5 ± 𝜋𝑣 𝑙⁄ . While the vehicle response also 
contains the vehicle dynamic component with frequencies 𝜔!. Therefore, the dynamic 
component related to vehicle can be suppressed and the bridge dynamic component can 
be extracted more readily from contact-point response. The closed-form solutions of 
the CP responses are based on a simplified VBI model. To consider the practical 



conditions, a numerical model of VBI is introduced in the following subsection. 
 
2.1.2 Vehicle-bridge interaction modelling 

 
Figure 1 Simulation of the VBI model 

 
The VBI model as shown in Figure 1 consists of the bridge model and two moving 

vehicles. The bridge is modelled as a simply supported beam of total span length TL 
using finite element (FE) method. The model consists of discretized beam elements 
with 4-DOFs each, constant mass per unit length 𝜌, modulus of elasticity E, and second 
moment of area I. The vehicle has two independent DOFs corresponding to the motion 
of body bounce and axle hop. Two quarter cars are instrumented with sensors to serve 
as sensing vehicles. The sensing vehicles first move over an approach before entering 
the bridge with a velocity v and a distance s. In FE model, the equation of motion of the 
bridge under moving vehicle loads can be expressed as: 

𝐌5𝐝̈5(𝑡) + 𝐂5𝐝̇5(𝑡) + 𝐊5𝐝5(𝑡) = 𝐇"(𝑡)𝐏9:;0(𝑡)   (4) 
where 𝐝5 denotes the vertical displacement vector of the bridge. 𝐌5, 𝐂5, 𝐊5  are the 
mass, damping and stiffness matrices of the bridge, respectively. 𝐇"(𝑡) is a function 
of time for the calculation of the equivalent nodal force from moving loads. The 
components of vector 𝑯: 	(𝑖 = 1,2) evaluate for the i-th interactive force on the j-th 
finite element.  
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with (𝑗 − 1)𝑙B ≤ 𝑥[:(𝑡) ≤ 𝑗𝑙B and 𝑙B is the length of finite element. NN is the total 



number of DOFs of the bridge structure. 𝐏9:;0(𝑡) = {𝑃&(𝑡), 𝑃$(𝑡)}< = f(𝑚!: +

𝑚:)g + 𝑘0 6𝑦: − 𝑟j𝑥[:(𝑡)k − 𝑤(𝑥[:(𝑡), 𝑡)7 , 𝑖 = 1,2m	< 	is the force vector at the contact 

points between bridge and two instrumented vehicles. 𝑦: is the displacement response 
of the vehicle axle; 𝑤(𝑥[:(𝑡), 𝑡)  is the displacement response of the bridge; and 

𝑟j𝑥[:(𝑡)k is the height of the roughness at the contact point 𝑥[:(𝑡). 

The vehicle parameters 	𝑚! and 𝑚& are the masses of vehicle body and axle, 
respectively. 𝑘6 and 𝑐6	are the stiffness and damping of suspension spring and damper, 
respectively. 𝑘0 is the stiffness of the tire. The equation of motion for each vehicle can 
be expressed as 
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where 𝑦!  and 𝑦&  are the displacement responses of the vehicle body and axle, 

respectively. 𝑑"C(𝑡) = 𝑤(𝑥[:(𝑡), 𝑡) + 𝑟j𝑥[:(𝑡)k  is the displacement of contact point 

with location at 𝑥[:(𝑡). Eq. (7) can be rewritten as 

𝐌!𝐝̈!(𝑡) + 𝐂!𝐝̇!(𝑡) + 𝐊!𝐝!(𝑡) = 𝐃𝐹"C(𝑡)        (8) 

where 𝐃 = [0,1]< and 	𝐹"C(𝑡) = 𝑘0𝑑"C(𝑡). 
The road surface roughness in time domain can be simulated from[28] 

𝑟(𝑥) = ∑ w4𝑆D(𝑓:)∆𝑓
=*
:E& cos	(2𝜋𝑓:𝑥 + 𝜃:)               (9) 

where 𝑆D(𝑓) is the displacement power spectral density of the road surface roughness, 
𝑓: = 𝑖∆𝑓 is the spatial frequency(cycles/m), ∆𝑓 = 1 𝑁F∆⁄  , ∆ is the distance interval 
between successive ordinates of the surface profile, 𝑁F is the number of data points, 
and 𝜃: is a set of independent random phase angle uniformly distributed between 0 
and 2𝜋. Class B road surface roughness from ISO (8606)[29] is used in the simulation 
to represent a road profile in a good condition.  
    
2.2 CP response identification with Newmark-b based DKF 
2.2.1 The state space representation of the vehicle dynamic system 

In the right-hand side of Eq. (8), 𝐹"C(𝑡) is the unknown input force to the vehicle 
system that is directly related to the CP response. The identification of the force is a 
joint state-input estimation problem that can be solved by using the Newmark-b based 
DKF[26]. After 𝐹"C(𝑡) is identified, the CP response can be obtained by  

𝑑"C(𝑡) = 𝐹"C(𝑡)/𝑘0        (10) 
The input force of the vehicle system is identified based on a state space representation 
of Eq.(8) using Newmark-b based DKF. In the following formulation, the state of 



vehicle 𝐝!(𝑡) is replaced by 𝐱 for conciseness. The state space representation of the 
vehicle dynamic is written as follows 

𝐗G2& = 𝐀𝐗G + 𝐁𝐹"CG2&                         (11) 

where 𝐗G = [𝐱G< 	𝐱̇G< 	𝐱̈G<]<  is a state vector; 𝐱G  is the state at k-th time step. The 
derivation of the state space representation based on Newmark-b and the forms of 
matrices 𝐀 and 𝐁 are presented in Appendix A.   

 
2.2.2 Measurements 

The measured acceleration, velocity and displacement responses of the vehicle are 
𝐱̈G , 𝐱̇G , 𝐱G respectively. They can be assembled as a vector 𝐲G ∈ 𝑅;6×&  

𝐲G = 𝐑H𝐱̈G + 𝐑!𝐱̇G + 𝐑5𝐱G                     (12) 
where 𝐑H, 𝐑! and 𝐑5 ∈ 𝑅;6×=9 are the output influence matrices for the measured 
acceleration, velocity and displacement, respectively, 𝑛𝑠  is the dimension of the 
measured responses and 𝑁𝑉 is the number of DOFs of the vehicle.  
Letting 𝐑 = [𝐑D 	𝐑!	𝐑H], Eq.(12) can be rewritten into the following discrete form as 

𝐲G = 𝐑𝐗G                              (13) 
 

2.2.3 State-space model 
The state space model of the vehicle system can be obtained by combining Eqs. 

(11) and (13) as 

�
𝐗G2& = 𝐀𝐗G + 𝐁𝐹"CG2& + 𝒗G

𝒙 																																								(14a)
𝐲G = 𝐑𝐗G +𝒘G 																																																																(14b)

		                                         

where 𝒗G𝒙  and 𝒘G  are the process noise and the measurement noise vectors 
respectively representing uncertainties in the modelling and the measurement processes 
respectively. The noise vectors 𝒗𝒌𝒙  and 𝒘G  are assumed Gaussian white with 
covariance 𝑸𝒙 and 𝑸𝒚 respectively. A reduced state 𝐗�G = 𝐗G − 𝐁𝐏G can be further 
formulated by transforming Eq. (14) as 

�
𝐗�G2& = 𝐀𝐗�G + 𝐀𝐁𝐹"CG + 𝒗G

𝒙 																																													(15a)
𝐲G = 𝐑𝐗�G + 𝐑𝐁𝐹"CG +𝒘G 																																																		(15b)

 

For the joint input-state estimation, a random walk model is introduced to represent the 
state equation for the input 𝐹"C as 

𝐹"CG2& = 𝐹"CG + 𝑣G
C                           (16) 

where 𝑣G
C  is a zero mean Gaussian white process with covariance matrix 𝑄C . 

Combining Eqs. (15b) and (16) gives a new state-space equation for the input as   



�
𝐹"CG2& = 𝐹"CG + 𝑣G

C																																																														(17a)
𝐲G = 𝐑𝐁𝐹"CG + 𝐑𝐗

�G +𝒘G 																																																		(17b)
 

where the observation is 𝐲G, and the state is 𝐹"CG. A sequential implementation of the 

Kalman Filter described in Eqs. (15) and (17) can give the state 𝐗G and input force 

𝐹"CG.  

 
2.2.4 Implementation of the DKF 

The implementation of DKF is described as following: 
1) Initialization of the state and input force at tL 

Estimation of the initial state 𝐗�L  and input force value 𝐹"CL  and their 

corresponding covariance matrices 𝐆𝟎𝒙	and GLN 
2) For each time instant 𝑡G (𝑘 = 1,… ,𝑁0) 

- Prediction stage for the input 
Evolution of the input and prediction of covariance with 

𝐹"CG
' = 𝐹"CG'&;            GGN' = GG'&N + 𝑄C 

- Update stage for the input 
Kalman gain for input with 
KGN = GGN'𝐉𝑻(𝐉GGN'𝐉𝑻 + 𝑸𝒚)'&      

where 𝐉 = 𝐑𝐁 
Improved predictions of input with 

						𝐹"CG = 𝐹"CG
' + KGN(𝐲G − 𝐉𝐹"CG

' − 𝐑𝐗�G'&);     GGN = GGN' − KGN𝐉GGN' 

- Prediction stage for the state: 
Evolution of state and prediction of covariance of state with 

																																𝐗�G' = 𝐀𝐗�G'& + 𝐀𝐁𝐹"CG;      𝐆G𝒙' = 𝐀𝐆G'&𝒙 𝐀 + 𝑸𝒙 

- Update stage for the state  

Kalman gain for state：  

𝐊G𝒙 = 𝐆G𝒙'𝐑𝑻(𝐑𝐆G𝒙'𝐑𝑻 + 𝑸𝒚)'& 

Improved predictions of state： 

																			𝐗�G = 𝐗�G' + 𝐊G𝒙(𝐲G − 𝐑𝐗�G' − 𝐉𝐹"CG);     			𝐆G𝒙 = 𝐆G𝒙' − 𝐊G𝒙𝐑𝐆G𝒙' 

The detailed description on parameter initialization of DKF is discussed in [26,31] 
 



2.3 Auto SSA 
 The identified 𝑑"C(𝑡) from Eq. (10) consists of bridge response and road surface 
roughness at the contact point as described in Eq.(7). The road surface roughness has a 
significant effect on the vehicle response. When the responses of the two contact points 
are obtained, the response residual denoted as vector 𝐝P"C  can be calculated by 
subtracting the time-shifted response of the second CP from the response of the first CP. 
The time interval for shifting the second set of CP response is ∆𝑡 = 𝑠/𝑣. The response 
residual is related to the driving components and bridge dynamic components. To 
eliminate the effect of driving component and extract the mono-components related to 
the bridge response, an automatic SSA method is introduced to decompose the residual 
of CP responses. The SSA is briefly introduced.  
2.3.1 The singular spectrum analysis method 

There are two successive stages for performing the SSA, i.e. decomposition and 
reconstruction. In the decomposition stage, the CP response residual 𝐝P"C(𝑡)  is 
mapped into a trajectory matrix with K lagged column vectors of length L. The 
trajectory matrix Z is then expanded into a sum of weighted elementary matrices using 
Singular Value Decomposition (SVD). In the reconstruction step, the elementary 
matrices are split into disjoint groups and summing the matrices within each group. The 
grouping procedure can be determined based on the information contained in the 
singular vectors and in the singular spectrum. A skew diagonal averaging procedure is 
implemented to the grouped matrices to recover time series referred to as elementary 
components. The SSA finally expands the time series into a set of components 𝒅(4) 

(𝑙 = 1,2, 	 …𝑁Q) . The flowchart of SSA is presented in Figure 2 and the detailed 

information of SSA can be found in [32]. 
 

2.3.2 Automatic SSA 
Aiming at making the SSA automatic and adaptive for any component type, 

Harmouche et al.[27] proposed an Auto SSA method to extract the physically 
interpretable components of a time series. The agglomerative hierarchical clustering[33] 
was adopted to apply the automatic grouping to the elementary component. The Auto 
SSA is adopted to extract the components from the CP response residual.  

 



 
Figure 2 Flowchart of the SSA 

 
2.4 The proposed drive-by bridge modal identification method 

To reduce the effects of road surface roughness and extract the bridge dynamic 
components, a framework is proposed to process the vehicle acceleration responses. 
Two instrumented vehicles with a constant distance are used to measure the vehicle axle 
responses during their moving over the bridge with same speed. The measured vehicle 
responses are firstly input to the state space model of the vehicle to get the input forces 
of the vehicles at the contact points using DKF. The displacement responses at two 
contact points are calculated with the identified forces. After shifting the response of 
the second contact point to the same location of the first contact point with the time 
interval ∆𝑡, the response residual is obtained by subtracting the response of the first 
contact point to that of the second one. After this procedure, the road roughness can be 
significantly reduced. The response residual mainly consists of the components related 
to the driving frequency and bridge frequency. Finally, the Auto SSA is used to extract 
the bridge dynamic components. A flowchart of the proposed method for the 
enhancement of drive-by bridge modal analysis is given in Figure 3. 
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Figure 3 Flowchart of the proposed bridge modal identification method 

 
3 Numerical study 

Numerical study is conducted to analyze the effectiveness of the proposed method 
in enhancing the drive-by bridge modal identification and extracting the mono-
components related to bridge dynamic information. The properties of the bridge 
are:	𝑇𝐿 = 35m, 𝜌 = 5000 kg m⁄ , 𝐸𝐼 = 2.178e10	Nm$. The damping ratio is set as 
0.01 and the first three theoretical bridge modal frequencies are 2.68, 10.71 and 
24.09Hz, respectively. The bridge is divided into 20 finite elements. The properties of 
the vehicles are given in Table 1. The mass ratio between vehicle and bridge is 0.86% 
that is small enough to assume that the vehicle does not change the dynamic properties 
of the bridge. The distance between two vehicles is 2 m. The equations of motion of 
VBI system presented in Eqs.(4) and (8) are solved to simulate the vehicle acceleration 
responses. Moving speed of vehicles is 4m/s and sampling frequency is set as 200Hz. 
The fast Fourier transform (FFT) with rectangular window is used to calculate the 
spectrum of response. The length of response data is used as the number of data point 
in performing FFT.  
 



Table 1 Properties of quarter-car model 
Property Unit Symbol Quarter car model 
Body mass kg mv 1000 
Axle mass kg m1 500 
Suspension stiffness N/m ks 2.47e5 
Suspension damping N s/m cs 3.00e3 
Tire stiffness N/m kt 5.50e5 
Frequency of vehicle bounce Hz fbounce 2.02 
Frequency of axle hop Hz faxle 6.52 

 
3.1. Comparison of the identification using vehicle responses and CP responses 
3.1.1 Vehicles moving over smooth road surface 

The first case is two identical vehicles moving over a bridge with a smooth road 
profile. The acceleration responses of vehicle axles and the response spectrum are given 
in Figure 4. The response and spectrum results are normalized by dividing each data by 
the maximum absolute value, respectively. From the spectrum, it can be seen that the 
acceleration responses contain the dynamic information related to the vehicle, bridge 
and driving frequencies. The first bridge frequency dominates the response spectrum 
that can be easily identified. Figure 5 presents the contact-point displacements and 
response spectrum of the VBI model. No vehicle related frequency component is 
identified from the spectra. The numerical results are consistent with the analytical 
analysis that the contact-point response can suppress the vehicle dynamic component 
to enhance the drive-by bridge modal identification. 

 

  
Figure 4 Vehicle axle responses and response spectra 



 
Figure 5 Contact-point responses and response spectra 

 
3.1.2 Vehicles moving over rough road surface 

Road surface roughness has great effects on the vehicle dynamic responses. When 
a class B rough road surface is considered, the vehicle axle acceleration and CP 
displacement of the first vehicle are computed. The normalized dynamic responses 
(divided by the maximum absolute value of the responses) and the spectra are shown 
in Figure 6. The spectrum of the vehicle response is dominated by the vehicle frequency 
and the driving component dominates the spectrum of the contact-point response. The 
bridge related dynamic information is hardly visible. The response residuals are 
therefore calculated with two sets of responses from two vehicles and contact points, 
respectively. The response residuals and the spectra are given in Figure 7. The first 
bridge frequency is observed. The results demonstrate that the subtraction technique 
can reduce the effect of road surface roughness and improve the visibility of the bridge 
dynamic information. However, the spectrum of the vehicle response residual still 
contains notable dynamic components related to vehicle. The amplification of the 
driving frequency near the vehicle frequency may cause confusions when determining 
the bridge modal frequencies from the spectrum of vehicle response residual.  

 



  
Figure 6 Normalized responses of vehicle and contact point and their spectra 

 

  
Figure 7 Response residuals of vehicle and contact point and their spectra 

 
3.2 Identification of CP displacement responses 

The numerical study above shows the effects of the road surface on the drive-by 
bridge modal identification. The results demonstrate the effectiveness of the subtraction 
technique in reducing the effect on road surface roughness and enhancing the visibility 
of bridge modal parameters. Compared to the vehicle responses, the contact-point 
responses can suppress the dynamic component related to the vehicle and make the 



identification of bridge modal frequency more straightforward. In an actual situation, 
the contact-point responses cannot be measured directly. Therefore, the CP responses 
are identified from vehicle responses using the proposed method. In the following 
subsections, the response residual from the two sets of contact-point responses is 
presented to verify the accuracy of the proposed method. 

The CP responses at two contact points are identified using the DKF, and the 
response residuals are calculated for smooth and rough bridge road surface, respectively. 
Figure 8 shows the response residuals and the spectra for different bridge surface 
conditions. It can be seen that the identified responses using DKF match very well with 
the true values. Besides, for the rough road surface condition, an enhancement of the 
bridge response components is observed from the response spectrum. The reason is that 
the road surface roughness amplifies the vehicle responses and the bridge dynamic 
response. 

 

  
Figure 8 Response residuals of contact points and their spectra 

 
3.3 Parametric study 
3.3.1 Effect of vehicle parameters 

In the previous study, two identical vehicles are used for the measurement. 
Actually, the proposed method can identify bridge frequencies using two different 
vehicles or a two-axle vehicle. Therefore, the parameters of the first vehicle remain the 
same as in previous subsection and those for the second vehicle are given in Table 2 
which are adopted from [34]. The response residuals of the vehicle responses and the 
identified CP responses are presented in Figure 9 along with the response spectra. From 



the spectra of the response residuals, it can be seen that when two sensing vehicles with 
different parameters are used, the subtraction technique is more effective to reduce the 
effect of roughness for the CP responses than for vehicle responses. Therefore, the 
proposed method can be applied to vehicles with different parameters, such as using a 
two-axle vehicle model. 
 
Table 2 Properties of the second quarter-car model 
Property Unit Symbol Quarter car model 
Body mass kg mv 1600 
Axle mass kg m1 160 
Suspension stiffness N/m ks 1.00e5 
Suspension damping N s/m cs 5.00e3 
Tire stiffness N/m kt 3.00e5 
Frequency of vehicle bounce Hz fbounce 1.09 
Frequency of axle hop Hz faxle 7.98 

 

  
Figure 9 Response residuals and their spectra using different vehicles 

 
3.3.2 Effect of operational load 

During the drive-by inspection of the bridge, there may be other operational force, 
such as traffic. Therefore, the operational load is considered as a random moving force 
in the VBI model[35]. When the moving operational load 𝑃PH;(𝑡) is incorporated into 
the VBI system, the motion of equation of bridge Eq. (4) becomes 

𝐌5𝐝̈5(𝑡) + 𝐂5𝐝̇5(𝑡) + 𝐊5𝐝5(𝑡) = 𝐇"(𝑡)𝐏9:;0(𝑡) + 𝐇P(𝑡)𝑃PH;(𝑡)   (18) 
where 𝐇P(𝑡) is the function for the calculation of the equivalent nodal force from 



moving load 𝑃PH;(𝑡). The operational load moves over the bridge before the entrance 
of the inspection vehicles with the moving speed 𝑣C = 𝑇𝐿 (𝑇𝐿 + 𝐿HC)⁄ 𝑣, where TL is 
the length of bridge, 𝐿HC is the length of approach and 𝑣 is the speed of vehicle. The 
time series of the simulated operational load is shown in Figure 10. The CP response 
residual when two identical inspection vehicles are used is shown in Figure 12. It is 
found that the first bridge modal frequency becomes more obvious when the operational 
load is considered. The presence of the operational load amplifies the bridge dynamic 
and is beneficial for the modal identification from the contact-point responses.  

 
Figure 10 Moving operational load 

 

  
Figure 11 Response residuals of CP and their spectra  



3.3.3 Effect of moving speed 
The effect of moving speed on identification of the contact-point response is 

studied. The identified response residual when moving speed is 8 m/s is presented and 
compared to that when moving speed is 4 m/s, as shown in Figure 12. It can be seen 
that the contact-point responses are identified with high accuracy for different vehicle 
moving speeds. However, a lower moving speed can identify the bridge modal 
frequency with higher precision. 

 

 
Figure 12 Response residuals of CP and their spectra for different speeds 

 
   To mitigate the unwanted road roughness effects, the speed of the front and rear 
vehicle axles should keep constant during the measurement. To investigate the effects 
of the error of the vehicle speed measurement on the identification, an adjustment term 
is introduced to calculate the time interval Δt for the time shifting in the substruction 
procedure. Considering the general case, the error of the measured speed is 5%. The 
time interval will be Δ𝑡 = 𝑠/(1 ± 5%)𝑣. Figure 13 shows the response residuals and 
their spectra with and without considering the operational load to the bridge. When no 
operational load of bridge is considered, it can be seen that the variation of the moving 
speed makes it difficult to eliminate the effects of road roughness. The bridge related 
dynamic component is not visible. However, when the operational load as shown in 
Figure 10 is considered, it can be seen that the bridge related dynamic components can 
be identified from the spectrum of CP response residual. Therefore, the speed of 
vehicles axles should be monitored accurately to eliminate the road surface roughness 
effectively. It is beneficial to conduct the drive-by modal identification when the bridge 
is subjected to a large operational load.  



 

 
Figure 13 Response residuals of CP and their spectra for a varying vehicle speed 

 
3.3.4 Effect of measurement noise 

The identified CP responses for the noise-free condition using the proposed 
method is very accurate compared to the true value. However, the actual measured 
vehicle responses contain measurement noise. To assess the performance of the 
proposed approach with noise contaminated signals, two scenarios with 5% and 10% 
noise are considered. The noisy measurement is simulated as[25]: 

𝑦R+S,T = 𝑦UVWX +
R+S,X%
&LL

× SD(𝑦UVWX) ×WGN     (19) 

where, 𝑦UVWX is the true vehicle acceleration response, noise% is the noise level in 
percentage, SD(𝑦UVWX) is the standard deviation of 𝑦UVWX and WGN is the Gaussian 
white noise. The response residuals of the contact points considering Class B road 
surface roughness and different noise levels are presented in Figure 14. It can be seen 
that the measurement noise has significant effects on the identified CP responses. The 
identified values are found deviate from the true values. Despite of the deviation of the 
response residual in time domain, the spectra of the responses are less sensitive to the 
measurement noise. 



  
Figure 14 Response residuals of CP and their spectra for different measurement noise 
 
3.3.5 Extraction of the mono components from noisy measurement by Auto SSA  

From the previous numerical study, it can be seen that the spectrum of the response 
residual of contact point is usually dominated by the driving frequency. Therefore, the 
Auto SSA is applied to the response residual to extract the mono components related to 
the bridge dynamic information. The Auto SSA is applied to the response residual 
identified by DKF to extract the response components considering different 
measurement noise. The identified components and the spectra are shown in Figure 15. 
Three components are extracted from the response residuals with the component 1 
corresponding to the driving frequency and the other two corresponding to the bridge 
modal frequencies. It can be seen that the Auto SSA can extract the mono-components 
related to bridge accurately and enhance the drive-by modal identification. The 
extracted bridge-related components also show robustness to the measurement noise 
using the proposed method.  EMD is also used to extract bridge dynamic components 
from the identified response residual for comparison. The extracted bridge dynamic 
components using two methods are shown in Figure 16. It can be seen that the Auto 
SSA outperforms the EMD in separating the mono-components related to the bridge 
dynamic response.  

A SSA based method SSA-BSS in previous study[16], is used to analyze the 
response residual of vehicle axles to identify the bridge dynamic components for 
comparison with current method. Three components are extracted and the normalized 
components and spectra are presented in Figure 17. Mode 1 and Mode 3 are related to 
the vehicle frequencies and Mode 2 is related to the first bridge frequency. Compared 
to the results in Figure 15, it can be seen that the component related to the first bridge 



frequency using previous method contains some part of the component related to 
vehicle dynamics. Besides, the previous method fails to identify the second bridge 
frequency. The results demonstrate that the proposed method is more capable of 
reducing the effects of vehicle dynamic information due to road surface roughness and 
extracting clear mode related to bridge dynamics. Moreover, the Auto SSA used in this 
study can perform decomposition more effectively compared to the previous SSA based 
method.   

 

  
Figure 15 Components extracted from response residual with auto SSA 

 

 
Figure 16 Using Auto SSA and EMD to extract bridge dynamic components 



 

 
Figure 17 Bridge dynamic component extraction using SSA-BSS 

 
3.4 The nonstationary characteristics of the VBI system 
 The numerical study in Section 3.1 to Section 3.3 applies light measuring vehicles 
for the bridge modal identification. The mass ratio between the vehicle and bridge is 
less than 1%. Therefore, it is assumed that the vehicle properties do not change the 
bridge dynamic properties and only the constant bridge modal frequencies are identified.  
In the VBI system, the locations of the inspection vehicles are time-varying due to the 
moving nature. Therefore, the dynamic response of the VBI system is nonstationary, 
especially when heavy vehicles are used as the moving sensor and actuator at the same 
time. The inherent nonstationary characteristics can reveal important information of the 
actual dynamic interaction. A commonly used two-axle car model is used in the VBI 
system as shown in Figure 18. There are four independent DOFs corresponding to 
sprung mass bounce displacement, yv, pitch rotation, θv, and axle hop displacement of 
the unsprung masses at front and rear axles, y1 and y2, respectively. For the generality, 
two vehicle models of different properties are adopted for the VBI analysis. The 
parameters of vehicle Model 1 are gathered from the literature[21,36] and that of vehicle 
Model 2 are from the literature[37] neglecting the damping of the vehicle tires. The 
parameters of the vehicle models are listed in Table 3. The frequencies of the vehicle 
dynamic corresponding to the four independent DOFs are also presented. The vehicle 
is assumed moving over the bridge at a speed of 2m/s considering a Class B road surface 
roughness. The acceleration responses of the vehicle axles are used to extract the CP 
responses using the proposed signal process framework considering 5% measurement 
noise. The identified response residuals and the spectra for two vehicle axles are shown 



in Figure 19. From the spectra, it can be seen that the vehicle related dynamic 
component dominates the CP response residual which is quite different with that when 
light inspection vehicles are used as presented in previous subsections. For vehicle 
Model 1, the frequency of vehicle bounce fv1,1 has higher amplitude than the bridge first 
frequency. While, for vehicle Model 2, the two obvious peaks in the spectrum are the 
frequency of vehicle bounce and pitch, fv1,2 and fv2,2 respectively. The bridge frequencies 
are not obviously identified. It can be seen that when using the heavy vehicle to excite 
the bridge, both the bridge and vehicle systems are the actuator and sensor at the same 
time. The time-varying dynamic modal parameters reveal important non-stationary 
characteristics regarding to the VBI. However, the extraction of the time-varying 
dynamic modal parameters from vehicle response is challenging especially when road 
surface roughness is considered[38]. In this study, the response component related to the 
first mode of bridge dynamic is extracted using the proposed method from response 
residual. Hilbert spectrum is used to study the time-frequency properties of the 
extracted bridge dynamic component. The components and their Hilbert spectra 
considering two vehicle models are presented in Figure 20. The evolution of the bridge 
frequency under moving vehicular loads can be clearly observed. The identified time-
varying frequency of bridge extracted from the mono-component is compared to the 
true values from the numerical eigenvalue analysis. In general, the identified trend and 
amplitude of the instantaneous frequency are similar to the numerical true values except 
at the two ends. The discordances at the two ends are due to the assumption of static 
initial conditions of the bridge and the effect of Gibbs phenomenon with the record 
length of the data. Moreover, the difference of the trend is obvious when different 
vehicle models are considered.    
 

 
Figure 18 VBI using a two-axle car model 

 
Table 3 Properties of the heavy two-axle car models 
Property Unit Symbol Model 1 Model 2 
Body mass kg mv 16200 17735 
Pitch moment of inertia kg m2 Iv 93457 147000 



Mass of front axle kg m1 700 1500 
Mass of rear axle kg m2 1100 1000 
Stiffness of front suspension N/m Ks1 4.00e5 2.47e6 
Stiffness of rear suspension N/m Ks2 1.00e6 4.23e6 
Damping of front suspension N s/m Cs1 1.00e4 3.00e4 
Damping of rear suspension N s/m Cs2 2.00e4 4.00e4 
Stiffness of front tyre N/m Kt1 1.75e6 3.74e6 
Stiffness of rear tyre N/m Kt2 3.50e6 4.60e6 
Axle distance m S 4.75 4.27 
Axle distance ratio  a1/a2 0.50/0.50 0.52/0.48 
Frequency of vehicle bounce Hz fv1 1.00 2.29 
Frequency of vehicle pitch Hz fv2 1.55 1.61 
Frequency of front axle hop Hz fv3 8.83 10.35 
Frequency of rear axle hop Hz fv4 10.21 15.10 

 

 
Figure 19 Identified response residuals of two-axle vehicles 

 



 
Figure 20 Extracted bridge dynamic components and Hilbert spectra 

 
3.5 Discussions  

From above studies, some discussions on the proposed method can be summaries 
as following: (1). The method can use more sophisticated inspection vehicle models 
without limiting to SDOF or single-axle vehicles[24-25]. To reduce the effects of road 
surface by using subtraction technique, no requirement on the using of identical 
inspection vehicles is needed; (2). Even though the measurement noise has large effects 
on the identification of CP responses using DKF, the incorporation of Auto SSA to the 
CP response residual can reduce the effect of noise and extract more bridge dynamic 
information. However, it is still worthwhile to explore noise-robust joint state-input 
estimate methods for further improvement of the identification[39]; (3). The proposed 
method successfully extracts mono-components related to the bridge dynamic response. 
The bridge modal frequencies are identified from these components in this study. 
Moreover, it has been theoretically analyzed that the mono-components related to 
bridge dynamic response extracted from the CP response residual also contain the 
information of damping ratio under certain assumptions[7]. The identification of 
damping ratios based on the proposed framework will be further explored in the future; 
(4). The extracted bridge related mono-component maintains the nonstationary 
characteristics of VBI when the heavy vehicles are used which can be further processed 
to reveal the time-varying properties of bridge dynamic under vehicle loads. 
 
 



4 Experimental study 
To verify the proposed method for the extraction of bridge dynamic components via 

CP response identification based on DKF and Auto SSA, a vehicle-bridge interaction 
test was conducted on the model built in the laboratory, as shown in Figure 21. The 
bridge model as shown in Figure 21(a) consists of three rectangular steel beams with 
width and depth of 100mm and 15mm, respectively. The main beam in the middle is a 
two equal span continuous simply supported bridge model with a total length of 6m. A 
leading and trailing beam are placed before and after the main beam to allow for 
acceleration and deceleration of the vehicle and the length of these beams is 3m. A two-
axle vehicle model was fabricated as shown in Figure 21(b). The spacing of the two 
axles is 0.30 m and the mass of the vehicle is 4.9kg. The wheel of the vehicle model is 
made of plastic rubber with a light mass and large stiffness. The masses m1, m2 for the 
front and rear axles of the vehicle are very small and ignored. The spring above the 
wheel to support the vehicle body is considered as the suspension system of the vehicle 
model. Therefore, when compared to the typical 4-DOF two-axle vehicle model as 
shown in Figure 16, the experimental vehicle is simplified as a 2-DOF system only 
considering the vertical displacement and pitching motion of the vehicle body. Modal 
testing was carried out on the main beam and the first two natural frequencies were 
obtained as 5.68 and 8.48 Hz, respectively. The first vehicle frequency is 29.36Hz. A 
wireless sensory system was set up for the test with wireless accelerometer sensors, 
BeanDevice AX-3D. The sensors were installed on the front and rear axles of the 
vehicle as shown in Figure 21(b). Laser sensors were installed to record the time 
instants when the vehicle arrives at and exits from the main beam. The sampling 
frequency for the measurement was 500 Hz. Plastic strips with different thickness were 
attached to the surface of the beam to simulate bumps on the road. The model vehicle 
was pulled along the beam with an electric motor. The detailed description of the tests 
can be found in [26].   

 

 
(a) The bridge model 



                  
     (b) The vehicle model                                                               

Figure 21 Vehicle-bridge interaction model in the lab 
 

Figure 22 shows the measured responses of the vehicle when it passed over the 
main beam with a speed about 0.36m/s. The proposed method is used to identify the 
contact-point responses from the vehicle responses. The response residual of contact 
points estimated by using DKF and the response residual of measured vehicle responses 
along with their spectra are shown in Figure 23. It can be seen that the bridge modal 
parameters are very difficult to be identified from the residual of vehicle responses due 
to the dynamic component of vehicle. On the contrary, when the residual of the CP 
responses is used, the vehicle dynamic component is eliminated so that the bridge 
related dynamic parameters can be identified more readily. The mono-component 
related to the bridge dynamic is extracted using Auto SSA and the results are given in 
Figure 24. The identified bridge modal frequency is very close to the first bridge modal 
frequency obtained from modal test. The results demonstrate the effectiveness of the 
proposed method in enhancing the drive-by bridge modal identification by suppressing 
the vehicle dynamic components. 

 



  
Figure 22 The measurement data of vehicle responses 

 

 
Figure 23 Response residuals of vehicle and contact point and their spectra 

 
 



 
Figure 24 Extraction of bridge related dynamic component 

 
5 Conclusions 
    The extraction of bridge dynamic components from vehicle responses is 
challenging when road surface roughness is considered. The vehicle and driving related 
dynamic component can make the bridge related dynamic component blurred. In this 
study, a signal process method consisting of three steps is proposed to isolate the bridge 
dynamic components from noisy vehicle responses. The dual Kalman filter is first 
applied to obtain the input forces of two successive vehicles accurately using vehicle 
responses and to identify the CP responses. The response residual of two contact points 
is then calculated by subtraction of the identified CP responses. The bridge dynamic 
component is finally extracted from the response residual using Auto SSA for modal 
identification. The results of numerical and experimental studies demonstrate the 
effectiveness of the proposed method in enhancing the drive-by bridge modal 
identification despite the effects of road surface roughness.  
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Appendix A 

The explicit Newmark-b method [30] is based on an assumed variation 𝐱§̈  of 
acceleration between two time steps, i.e. 𝐱̈G and 𝐱̈G2&, as 



𝐱§̈ = (1 − 𝛾)𝐱̈G + 𝛾𝐱̈G2&								(0 ≤ 𝛾 ≤ 1)          (a1) 
    𝐱§̈ = (1 − 2𝛽)𝐱̈G + 2𝛽𝐱̈G2&							(0 ≤ 𝛽 ≤ 0.5)					    (a2) 

Integrating the acceleration between 𝑡: and 𝑡:2&, the displacement 𝐱:2& and velocity 
𝐱̇:2& at 𝑡:2& can be obtained as 

𝐱̇G2& = 𝐱̇G + ∆𝑡𝐱§̈                        (a3)                                                               

𝐱G2& = 𝐱G + ∆𝑡𝐱̇G +
&
$
∆𝑡$𝐱§̈                   (a4)  

The iterative form of the explicit Newmark-b method is obtained as [32] 
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