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Abstract: Ongoing inspection and maintenance of bridges poses a challenging task for 

infrastructure owners who must manage large bridge stocks with limited budgets. Drive-

by monitoring approaches, using sensors in a vehicle, provide a promising solution to this 

challenge. This paper investigates the use of the response at the point-of-contact between 

the tyre and the bridge as a means of monitoring bridge frequency. An expression is 

derived to allow the contact-point (CP) response to be inferred directly from in-vehicle 

measurements, expanding on previous studies by allowing the vehicle suspension 

characteristics to be considered. The sensitivity of the CP-response to the pavement 

characteristics is investigated in detail and a rigid-disk model is used to overcome issues 

with how existing vehicle-bridge interaction models consider the interaction between the 

wheel and the pavement. The feasibility of the CP-response as a measure of bridge 

condition is investigated and results show that the CP-response significantly outperforms 

the response measured directly on the vehicle. The CP-response is successful in 

identifying the bridge frequency and changes caused by damage, without being 

influenced by the vehicle frequencies. Incorporating the CP-response into drive-by bridge 

monitoring will improve accuracy over existing methods which use the vehicle response 

alone. 

Keywords: Drive-By; Bridge; Structural Health Monitoring; SHM; Damage Detection; 

Contact-Point Response. 
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Introduction 

The economic success and development of all countries relies on efficient and well-

maintained transport infrastructure. With road and rail being prominent modes for both 

freight and passenger transport, it is imperative that the physical condition of the 

infrastructure can be monitored. Ongoing monitoring allows repairs and maintenance to 

be proactively carried out in order to avoid disruptions on the network. 

Bridge failures can have particularly significant impacts, not only relating to 

fatalities or damage associated directly with the collapse, but also in relation to 

disruptions in service in the period following the collapse. Concerns regarding the 

safety of bridges are becoming more and more prominent following a number of high-

profile bridge collapses in recent years. On Friday 21st August 2009, a 20-metre section 

of the Malahide Viaduct in Dublin, Ireland, collapsed. The collapse, caused by scour 

under one of the piers, occurred directly after the passage of a train across the bridge 

and resulted in significant disruption to journeys for a number of months while repair 

works were undertaken. In April 2020, the 260 m long Caprigliola Bridge, a 5-span 

concrete structure in Italy, suffered a complete collapse. Due to travel restrictions which 

were in place at the time during the COVID-19 pandemic, the consequences were 

fortunately limited, with only minor injuries to two truck drivers reported. Other bridge 

collapses in recent years have had more significant consequences. In 2018, the collapse 

of the Ponte Morandi viaduct in Genoa, Italy, resulted in 43 deaths and a state of 

emergency in the Liguria region. It is essential that measures can be put in place to 

monitor these structures and identify damage or deterioration to provide advance 

warning to infrastructure owners so that repairs or preventative maintenance can be 

targeted towards structures which may be at risk of failure. With limited funding 

available for maintenance of bridges and an ageing global bridge-stock, there is a 



demand for efficient and inexpensive techniques for monitoring and detection of 

damage in bridges. 

Structural Health Monitoring (SHM) of bridges is becoming more 

commonplace, particularly for larger structures on major transport routes, whose closure 

would result in significant disruption to transport and cause major financial losses to the 

economy (Favai et al., 2014). These SHM strategies often require customised designs 

for sensor installations which are bespoke to the individual structure being monitored. 

The installation of sensors on individual bridges is expensive and time consuming and is 

not feasible for large-scale monitoring of all bridges on the transport network 

(McGetrick et al., 2017). In response to this problem, research efforts have focused on 

various approaches to facilitate large-scale monitoring of the condition of bridges on the 

transport network. The concept of using sensors located within vehicles, using a drive-

by approach to monitor the condition of bridges, has become the focus of much 

attention in recent years. 

The drive-by concept was initially proposed by Yang et al. (2004) and since 

then, there have been significant developments in the area of drive-by bridge 

inspections. The majority of drive-by approaches make use of the fact that the vibration 

characteristics of a bridge are likely to change when the structure becomes damaged or 

has deteriorated over time (Malekjafarian, 2018). Different damage mechanisms can 

affect bridge vibrations in different ways so there have been various efforts to examine 

how drive-by techniques can be used to identify these changes, e.g. for scour (Fitzgerald 

et al., 2019), cracking in the deck (Malekjafarian et al., 2018; McGetrick & Kim, 2013) 

or changes in boundary conditions (Cerda, 2014; Mei & Gül, 2019) amongst others. 

Drive-by techniques have also been used for different applications, including 

calculation of bridge damping (Keenahan et al., 2014), estimation of vehicle properties 



and investigation of pavement characteristics (McGetrick et al., 2017; McGetrick et al., 

2013).  

The drive-by approach has demonstrated the ability to extract the fundamental 

frequency of vibration of the bridge, based solely on measurements taken within a 

vehicle (Cantero et al., 2019; Miyamoto & Yabe, 2011). As such, many drive-by 

approaches aim to monitor the natural frequency of the bridge over time to identify any 

changes which may be indicative of damage to the bridge. One of the primary 

difficulties faced when using this approach relates to the separation of bridge-related 

frequencies from the vehicle frequencies in the measured response. The vehicle 

frequencies are often shown to dominate the overall response (Yang et al., 2013) and 

can mask the contribution of bridge vibrations to the overall response measured within 

the vehicle.  

Yang et al. (2018) proposed the use of the response at the point-of-contact 

between the vehicle tyre and the pavement surface and showed that the contact-point 

(CP) response was independent of the vehicle frequencies (Yang et al., 2018; Zhang et 

al., 2018). This was confirmed by in-field testing (Yang, Xu, et al., 2020) where a 

formulation was developed which allowed the CP-response to be derived from the 

measured response within the vehicle. The formulation was developed for a single 

degree of freedom, sprung-mass model, which was used to represent a specific trailer, 

designed to be towed across a bridge. The CP-response calculated from the 

measurements within the vehicle was then used to detect the bridge frequencies. Results 

from field testing of the approach were promising and demonstrated the ability to 

extract the bridge frequencies with little interference from the vehicle frequencies. The 

work by Yang et al. is the only known field-test of this approach, however, to extend the 

approach to more commonly used vehicles, the vehicle suspension and vibration of the 



vehicle body need to be considered. Since the use of the CP-response was initially 

proposed by Yang et al. (2018) additional numerical studies have been carried out in 

this area (Yang, Xiong, et al., 2020) with only one study, by Nayek and Narasimhan 

(2020), extending the formulation for the CP-response beyond the single degree of 

freedom model initially proposed by Yang et al. (2018). Nayek and Narasimhan (2020) 

use the CP-response for a quarter-car model, however they use an input-state estimation 

procedure employing a Gaussian process latent force model to estimate the CP-

response. This approach employs a complex optimisation procedure to estimate the CP-

response and requires a number of assumptions to be made, while also requiring 

information on the vehicle properties.  

This paper proposes the use of a more simplified approach for calculating the 

CP-response for a quarter-car vehicle model which is considered to be suitable for 

practical implementation in drive-by bridge monitoring regimes. A relationship is 

derived to describe the CP-response in terms of the vehicle properties and the measured 

accelerations on the vehicle. The vehicle model contains two degrees of freedom and 

allows the damping and stiffness characteristics of the vehicle’s suspension to be 

considered so that the methodology can be practically extended to standard vehicles. 

The sensitivity of the CP-response to the pavement roughness is investigated and the 

importance of considering the interaction between the wheel and the pavement is 

highlighted. A rigid-disk is used to overcome the limitations of how existing vehicle-

bridge interaction models consider the interaction between the wheel and the pavement 

surface. The formulation proposed for the quarter-car model is compared to that used by 

Yang, Xu, et al. (2020) and the importance of considering the influence of the vehicle 

suspension system is demonstrated. 



This study uses numerical simulations to test the proposed approach and the CP-

response formulation derived in this paper is shown to be capable of accurately 

identifying the bridge frequencies and also changes in these frequencies which occur 

with damage. It is shown that the approach for calculating the CP-response proposed in 

this paper would provide a more simplified and practical approach for calculating the 

CP-response as part of drive-by bridge monitoring regimes. As a next step, field testing 

of the approach should also be carried out to examine the benefits in a real-world 

scenario. 

Numerical Modelling Approach 

Modelling the Interaction Between the Vehicle and the Bridge 

Numerical simulations are used in this paper to examine the potential for using the CP-

response to identify the natural frequencies of a bridge and to investigate whether 

changes to the natural frequency, due to damage, could be identified. 

The simulations were carried out using a Finite Element (FE) beam model 

representing a 15 m long, 0.75 m deep, simply supported concrete slab bridge as 

presented by Malekjafarian et al. (2019). The properties of the bridge are listed in Table 

1. The FE model consisted of 20 no. beam elements, 0.75m long, with 2-degrees of 

freedom per node, representing rotational and vertical displacements as depicted in 

Figure 1.  

In order to consider the interaction between the vehicle and the bridge, a quarter-

car model was used to represent the vibration of the vehicle. The quarter-car model, also 

shown in Figure 1, consists of two degrees of freedom, with two lumped masses, 

representing the vertical motion of the (i) vehicle body and (ii) the axle (including the 

wheel). The two masses are connected using a spring and dashpot representing the 



stiffness and damping properties of the vehicle suspension and the axle degree of 

freedom is connected to the bridge using a spring to represent the tyre stiffness. While 

the quarter-car is a simplified representation of the actual behaviour of a vehicle, it has 

been widely adopted to represent the two primary modes of vibration of a vehicle, i.e. 

‘bounce’ of the vehicle body and axle ‘hop’ (Jazar, 2008). The properties used in the 

quarter-car model and the natural frequencies of the model are included in Table 2, with 

the model properties taken from (Cebon, 1999). 

The analysis involved simulating the passage of the quarter-car over the bridge 

at a constant speed and finding the dynamic response of the vehicle and the bridge by 

solving the equations of motion for the coupled vehicle-bridge system. A sampling 

frequency of 2000 Hz was used in the simulations to capture the pavement 

characteristics as well as the vehicle & bridge vibrations. Rayleigh damping of 2% was 

included to model structural damping effects in the bridge (Clough & Penzien, 1993). 

The acceleration response of the quarter-car was then used to identify the natural 

frequencies of the bridge and to test the proposed drive-by bridge monitoring algorithm. 

Simulating Bridge Damage 

Damage was simulated to represent cracking in the bridge. This was simulated as a 

global loss of stiffness at the location of the crack following the approach proposed by 

Sinha et al. (2002). The crack, of depth 𝛿, was modelled by a reduction in stiffness at 

the location of the crack, with the stiffness reduction propagating linearly away from the 

crack location as shown in Figure 2. 

The loss of flexural rigidity, 𝐸𝐼𝑒(𝜁), in the region influenced by the crack was 

modelled using the formulation shown in equation (1): 



𝐸𝐼𝑒(𝑥) =

{
 

 𝐸𝐼0 − 𝐸(𝐼0 − 𝐼𝑐) (
𝑥 − 𝜁1
𝜁𝑐 − 𝜁1

)  𝑖𝑓 𝜁1 ≪ 𝑥 ≪ 𝜁𝑐

𝐸𝐼0 − 𝐸(𝐼0 − 𝐼𝑐) (
𝜁2 − 𝑥

𝜁2 − 𝜁𝑐
)  𝑖𝑓 𝜁𝑐 ≪ 𝑥 ≪ 𝜁2

 (1) 

where 𝜁𝑐 is the crack location and 𝜁1 & 𝜁2 are locations either side of the crack where 

the reduction in stiffness begins. The second moment of area of the undamaged portion 

of the bridge is denoted as 𝐼0, with 𝐼𝑐  denoting the second moment of area at the 

location of the crack. 

Evaluating the Contact-Point Response 

Developing an Expression for the Contact-Point Response 

Figure 3 shows the quarter-car vehicle representation which was used in this study, 

where the displacement of the vehicle body is depicted as 𝑦𝑉 and the displacement of 

the wheel/axle degree of freedom is depicted as 𝑦𝑊. The mass of the vehicle body (𝑀𝑉), 

the mass of the wheel/axle (𝑀𝑊) and the spring stiffness values for the tyre (𝑘𝑇) and 

suspension (𝑘𝑉) are defined in Table 2, along with the suspension damping coefficient 

(𝑐𝑉). The deflection at the point-of-contact between the bottom of the tyre and the 

pavement surface, is depicted as 𝑢𝑐𝑝.  

In order to develop an expression which allows the CP-response to be evaluated 

from in-vehicle measurements the equations of motion for the quarter car model are 

presented below: 

[
𝑀𝑉 0
0 𝑀𝑊

] {
�̈�𝑉
�̈�𝑊
} + [

𝑐𝑉 −𝑐𝑉
−𝑐𝑉 𝑐𝑉

] {
�̇�𝑉
�̇�𝑊
} + [

𝑘𝑉 −𝑘𝑉
−𝑘𝑉 𝑘𝑉 + 𝑘𝑇

] {
𝑦𝑉
𝑦𝑊
} = {

0
𝑘𝑇𝑢𝑐𝑝

}  (2) 

where the dot notation is used to describe the time derivatives of the displacements of 

the various degrees of freedom. Extracting the equation of motion for the axle/wheel 



from equation (2) gives: 

𝑀W�̈�𝑊 + 𝑐𝑉(�̇�𝑊 − �̇�𝑉) + 𝑘𝑉(𝑦𝑊 − 𝑦𝑉) + 𝑘𝑇𝑦𝑊 = 𝑘𝑇𝑢𝑐𝑝 (3) 

This equation can be rearranged so that it is expressed in terms of the CP deflection as 

shown in equation (4).  

𝑢𝑐𝑝 =
𝑀W

𝑘𝑇
�̈�𝑊 +

𝑐𝑉
𝑘𝑇
(�̇�𝑊 − �̇�𝑉) +

𝑘𝑉
𝑘𝑇
(𝑦𝑊 − 𝑦𝑉) +

𝑘𝑇
𝑘𝑇
𝑦𝑊 (4) 

This gives an expression for the CP deflection; however, it is the acceleration response 

which is of interest. Assuming that an ordinary time derivative of the signals can be 

used, differentiating this expression twice, with respect to time, gives the acceleration 

response at the point-of-contact between the vehicle tyre and the pavement surface. 

�̈�𝑐𝑝 =
𝑀𝑤

𝑘𝑇

𝑑2�̈�𝑊
𝑑𝑡2

+
𝑐𝑉
𝑘𝑇
(
𝑑�̈�𝑊
𝑑𝑡

−
𝑑�̈�𝑉
𝑑𝑡
) +

𝑘𝑉
𝑘𝑇
(�̈�𝑊 − �̈�𝑉) + �̈�𝑊 (5) 

In equation (5), the 
𝑑𝑛�̈�𝑉

𝑑𝑡𝑛
 notation is used to represent the 𝑛th time derivative of the 

measured acceleration signals from the vehicle. Equation (5) provides an expression 

which allows the CP-response to be inferred from the in-vehicle acceleration 

measurements on the axle and in the vehicle body, once the vehicle properties are 

known. This new formulation extends the approach proposed by  Yang, Xu, et al. 

(2020) beyond a single degree of freedom sprung-mass, to a model which allows the 

properties of the vehicle suspension and vehicle body to be considered, allowing the 

CP-response to be evaluated for more common vehicle types. While the vehicle 

properties required to evaluate equation (5) may not be completely trivial to obtain, they 

can be measured using either direct testing of the vehicle or using indirect approaches to 

estimate these parameters. Direct testing of the vehicle to calculate the suspension 

stiffness, based on the measured deflection under loading, or the damping of vibrations 



from the suspension system, for example, can yield accurate values for these 

parameters. However, these methods may be considered time consuming and laborious. 

Therefore, many studies have reported methods for estimating the vehicle parameters 

using indirect techniques based on measurements taken while the vehicle is in motion 

(Caldeira et al., 2017; Lalthlamuana & Talukdar, 2017; Majjad, 1997). Studies have 

examined the influence of the suspension damping and other vehicle properties on the 

measured response in the vehicle and they have been shown to have an effect (Sharma 

& Sharma, 2018). Various factors, including general wear and tear, will cause changes 

in these properties and may result in errors in the assumed values for the vehicle 

properties. While the potential for errors in the vehicle parameters exists, it is noted that 

the CP-response is governed primarily by the pavement roughness & bridge response, 

as discussed in the subsequent sections. The bridge response will be governed by the 

weight of the vehicle body, which is not a required input in equation (5) and as such, the 

CP-response will not be particularly sensitive to errors in the estimation of the other 

vehicle parameters. This serves as an added benefit of using the CP-response to 

examine the bridge frequency.  

Contact-Point Response on a Perfectly Smooth Bridge Surface 

Figure 4(a) shows the CP-response along with that of the vehicle body and the axle for a 

2 ms-1 passage of the quarter car over the bridge for the idealised case when it is 

assumed to have a perfectly smooth surface (i.e. when no pavement roughness is 

considered) and no bridge damping. It can be seen that magnitude of the CP-response is 

noticeably larger than the acceleration response of both the axle and the vehicle body. It 

can also be seen that there are some higher frequency components evident in the CP-

response.  



Figure 4(b) shows the frequency content of each of these signals, with the FFT 

of each being normalised with respect to their peak values for ease of comparison. It is 

evident that all three of the signals have a primary peak at the first natural frequency of 

the bridge with smaller peaks at the second and third bridge frequencies. The vehicle 

body response also exhibits a peak at its own ‘bounce’ frequency, whereas the axle 

response does not show any vibrations at the vehicle frequencies. It is also clear that the 

higher frequency components in the CP-response are those of the higher bridge 

frequencies, with the CP-response displaying much more prominent peaks at the second 

and third bridge frequencies than the accelerations directly taken from the vehicle, for 

this idealised case. This phenomenon illustrates the perceived advantage of using the 

CP-response as a suitable measure for bridge monitoring as it is governed primarily by 

the bridge frequencies rather than those of the vehicle.  

Contact-Point Response in the Presence of Pavement Roughness 

While the results of the simulation shown in Figure 4 demonstrate the ability of the CP-

response to capture the natural frequencies of the bridge, the assumption of a perfectly 

smooth road surface with no bridge damping is not a realistic one. The influence of the 

surface roughness of the pavement has been shown to be problematic in drive-by bridge 

inspection, with the pavement causing the vehicle to vibrate at its own frequencies, 

covering up the bridge frequencies which are of interest (Hester & González, 2017; 

Locke et al., 2020). 

In order to examine the behaviour of the CP-response in a more realistic 

scenario, the quarter car passage was simulated again, this time with a surface 

roughness included on the bridge and 2% damping. The pavement roughness was 

generated in accordance with ISO 8608 (ISO, 2016) and a ‘Class A’ pavement, 

considered to be in very good condition as expected on well-maintained highway, was 



included in the simulation. The pavement was simulated with a geometric spatial mean 

of 32 x 10-6 m3/cycle and the surface height of the pavement over the length of the 

bridge is shown in Figure 5. 

The results from the simulation with the pavement roughness included are 

displayed in Figure 6. It is clear that the pavement roughness has dramatically changed 

the recorded acceleration responses, particularly in the case of the CP-response as seen 

in Figure 6(a). 

The magnitude of the CP-response has increased significantly, relative to the 

response on the axle or the vehicle body, which are almost indistinguishable in 

comparison. Examining the frequency content of the responses in Figure 6(b), which 

again have been normalised for comparative purposes, it can be seen that both the axle 

and vehicle body accelerations are completely dominated by their own natural 

frequencies with almost no visible influence of the bridge vibrations. The axle response 

does display a small peak at the fundamental frequency of the bridge; however, the 

inclusion of the pavement has induced significant vibrations at the vehicle frequencies. 

Perhaps the most interesting finding relates to the CP-response, which no longer 

displays any clear peak relating to the frequencies of interest. The CP-response now 

appears to comprise of a combination of many frequencies, with the higher frequencies 

dominating the response. Only the portion between 0-20 Hz is shown on the in Figure 

6(b) and the subsequent FFT plots in this paper, as no higher frequencies are visible 

following the introduction of the pavement roughness and bridge damping. 

It is evident that the CP-response, as shown in Figure 6, is heavily influenced by 

the road surface roughness. More specifically, the vertical accelerations at the point-of-

contact between the tyre and the pavement surface are essentially a combination of the 

bridge vibrations and the movement of the tyre up and down as it passes over the 



pavement at a particular velocity. The primary components in the CP-response are (i) 

the bridge accelerations and (ii) the second derivative of the pavement profile, which is 

given the term ‘profile acceleration’. To address the importance of this issue in greater 

detail, the bridge accelerations at the contact-point were extracted from the FE model of 

the bridge at each point in time during the crossing of the vehicle. In addition, the 

second derivative of the simulated pavement profile was calculated. Figure 7 shows a 1-

second signal which compares the bridge accelerations under the tyre to the CP-

response with the profile acceleration subtracted for a vehicle passage of 1 ms-1. It can 

be seen, that despite the large magnitude of the CP-response itself (e.g. Figure 6(a)), 

when the profile acceleration is eliminated, the CP-response closely follows the bridge 

vibration, with some additional higher frequency components which result from the 

numerical differentiation of the vehicle acceleration signals. 

While this concept intuitively makes sense and demonstrates the strong link 

between the pavement surface and the vertical acceleration of the contact-point, it is 

also clear that there is a shortcoming in the modelling approach. In the vehicle-bridge 

interaction model used in this study (Figure 1), the contact-point between the tyre and 

the road surface is modelled as a single point. This is a common assumption in most 

vehicle-bridge interaction models and very often a moving-average filter is applied to 

the surface profile to imitate the effect of a contact-patch (e.g. 200 mm contact length) 

between the tyre and the road surface (Gonzalez, 2010). The influence of this 

assumption has not received a great deal of attention and in many cases it may be 

assumed that the impact on the bridge vibrations, which are often of most interest, are 

not significant. Chang et al. (2011) investigated the problem in more detail and 

proposed the use of a rigid-disk to model the passage of the wheel over the pavement 



surface, showing that the modelling approach used for interaction between the tyre and 

the pavement can affect the results. 

Considering the Interaction Between the Tyre and the Pavement 

As demonstrated above, the CP-response is particularly sensitive to the irregularities in 

the pavement. In reality, the tyre will not touch every single point on the pavement 

surface. The tyre will pass over the pavement, primarily making contact with the higher 

points on the surface. As such, the vehicle-bridge interaction model presented in 

Figure 1 was updated to consider the rigid-disk model proposed by Chang et al. (2011) 

to more accurately model the passage of the wheel over the road surface. Figure 8 

shows an exaggerated example of how the use of a rigid-disk to model the wheel 

provides an adjusted pavement profile which reflects the path of the tyre over the peaks 

in the pavement surface, highlighting that the contact-point, and hence the point of 

application of the interaction force between the vehicle and the bridge, is not always 

directly below the centre of the wheel. More details on the application of the rigid-disk 

model for vehicle-bridge interaction can be found in the paper by Chang et al. (2011). 

In order to test the effectiveness of the model, the 2 ms-1 passage of the quarter 

car over the bridge was simulated again, this time with an 800 mm rigid-disk used to 

represent the outer diameter of the tyre. Figure 9 shows a portion of the pavement along 

with the adjusted path representing the passage of the wheel over the pavement. The 

thicker line represents the point of the tyre directly below the wheel centre, which is not 

always the point which is in contact with the pavement. It can be seen that the wheel 

only makes contact with some points on the pavement surface and doesn’t make contact 

with many of the low points on the surface of the road.  

Upon application of the rigid-disk model, it was found that at the locations 

where the disk moved from one peak to the next, there was often an abrupt change in 



direction in the path of the wheel. This resulted in discontinuities in the CP-response, 

which are not realistic as the tyre will not be completely rigid in reality. Figure 10 

shows an example of this situation. The discontinuities in the signal were automatically 

identified by calculating the difference between adjacent points in the signal. Points 

seen to have large differences were labelled as discontinuities and were adjusted to 

match the values of the adjacent points in the signal, allowing them to be filtered out of 

the CP-response prior to analysing its frequency content. Figure 11(a) shows the CP-

response when the discontinuities have been removed and the frequency content of the 

signal, along with that of the axle response and vehicle body response is shown in 

Figure 11(b). It is immediately evident that the use of the rigid-disk within the vehicle-

bridge interaction model removes the significant contribution of the high pavement 

frequencies in the CP-response. The response of the vehicle axle and the vehicle body 

are still dominated by the vehicle frequencies, however the CP-response now displays a 

distinct peak at the first bridge frequency. This indicates that the CP-response is still 

capable of detecting bridge vibrations when the roughness of the pavement is 

considered, however due to the sensitivity of the CP-response to the surface roughness 

it is important that the interaction between the wheel and the pavement is considered 

appropriately. 

Comparison with Sprung-Mass Model 

The expression developed in this paper to evaluate the CP-response for a quarter-car 

model allows the influence of the vehicle suspension system to be considered when 

inferring the CP-response from in-vehicle measurements. In order to assess the value of 

considering this influence, a comparison was carried out with the existing model 

developed by Yang, Xu, et al. (2020), which was originally proposed to allow the CP-



response to be evaluated for a single degree-of-freedom sprung-mass vehicle 

representation, as depicted in Figure 12. 

Using the same notation as previously, the displacement of the wheel/axle degree of 

freedom is depicted as 𝑦𝑊. The mass of the wheel/axle (𝑀𝑊) and the spring stiffness 

values for the tyre (𝑘𝑇) are the same as those presented for the quarter-car model (Table 

2). 

As presented by Yang, Xu, et al. (2020), the CP-response for the sprung-mass model 

can be evaluated using the expression in equation (6). 

�̈�𝑐𝑝 = �̈�𝑊 +
𝑀𝑤

𝑘𝑇

𝑑2�̈�𝑊
𝑑𝑡2

 (6) 

A 2 ms-1 passage of the quarter-car vehicle model (Figure 3) was simulated, and the CP-

response was evaluated using both the formulation presented in equation (5) and that in 

equation (6). The frequency content of the CP-response evaluated using both 

expressions is presented in Figure 13. It can be seen that while the expression which has 

been developed for the quarter car can distinctly identify the frequency of the bridge, 

the CP-response evaluated using Yang et al.’s formulation for the sprung-mass model is 

dominated by the vehicle frequency and cannot capture the contribution of the bridge 

vibration. It is important to note that this does not infer that the model presented by 

Yang, Xu, et al. (2020) is incorrect, as it was specifically developed to model a trailer 

which could be appropriately represented by a single degree-of-freedom sprung-mass. 

The results do, however, highlight the importance of considering the effects of the 

vehicle suspension when evaluating the CP-response and show the advantage of using 

the approach developed in this paper when considering typical vehicle types, for which 

the influence of the suspension cannot be ignored. 



Investigating the Contact-Point for Bridge Condition Monitoring 

Overview of Simulations 

To test the ability of the CP-response to identify bridge frequencies and hence be used 

as a measure of bridge condition, a number of passages of the quarter-car over the 

bridge were simulated. Again, the pavement roughness was simulated by including a 

roughness profile for a ‘Class A’ pavement in accordance with ISO 8608 (ISO, 2016).  

The quarter car was simulated passing over the bridge at ten different speeds, from 

1 ms-1 to 10 ms-1. In previous studies, the axle response has been widely adopted for the 

identification of bridge frequencies using the drive-by approach (Cerda, 2014; 

Malekjafarian et al., 2019), so a comparison was made between the results obtained 

using the CP-response and those using the axle response. As demonstrated in the 

previous sections, the response of the vehicle body is governed by its own body 

‘bounce’ frequency and when the pavement is considered there is no apparent bridge 

frequency component, therefore it is not considered as part of the assessment. While 

simulations cannot truly represent the sources of measurement error which will occur in 

a real-world scenario, 2% random noise was added to the generated acceleration signals 

to account for measurement errors which will occur in practice. In reality, the measured 

signals may contain errors for various reasons including electrical noise, poor 

installation of sensors, vibrations caused by external sources such as other traffic, 

crossing expansion joints, or modes of vibration which are not captured by the quarter-

car vehicle model (e.g. pitching or rolling motion of the vehicle). 

 In order to assess the suitability of the CP-response for bridge monitoring, 

varying levels of cracking were simulated, as per the approach illustrated in Figure 2. 

Two damage locations were examined, with cracking at midspan and also at ¾ span 



being considered. Damage levels were represented in terms of the crack depth as a 

percentage of the overall section depth, with damage ranging from 5% to 40%.  

Results 

Speed vs. accuracy 

Figure 14 shows the first natural frequency of the bridge as detected from the CP-

response and the axle response, comparing speeds of 1 ms-1 and 7 ms-1 (solid = 1 ms-1, 

dotted = 7 ms-1). The actual value of the bridge frequency, as calculated from the FE 

model, is shown, and can be seen to be reducing with increasing levels of bridge 

damage. In addition, the axle-hop frequency of the vehicle, which is 11.3 Hz, is also 

included. 

It can be seen that at the lower speed, the CP-response is able to almost exactly 

capture the reduction in frequency which occurs with increasing damage, while the axle 

response is dominated by the axle-hop frequency of the vehicle, which makes the bridge 

frequency indistinguishable in the response. 

Examining the predictions made at 7 ms-1 it can be seen that the CP-response 

perform less accurately, while the axle response provides similar results. At 7 ms-1 the 

axle response is again, dominated by the vehicle vibration with the identified frequency 

always very close to the axle-hop frequency, apart from the case of 5% midspan 

cracking where it does detect the first bridge frequency. With increasing levels of 

damage there is no identifiable change in the frequency detected by the axle response. 

The CP-response, during the 7 ms-1 passage, demonstrates the ability to capture the first 

frequency of the bridge quite well. However, when the level of damage increases in the 

bridge, the reduction in frequency is not captured by the CP-response demonstrating 

that it is less effective at detecting damage at the higher speed. 



It is also worth noting that as vehicle speeds increased, the CP-response became 

dominated by the effects of the roughness of the pavement and no clear frequency could 

be distinguished. At speeds of 8-10 ms-1 the CP-response was unable to accurately 

quantify any of the bridge frequencies, whereas the axle response showed a clear peak 

(similar to Figure 11(b)) at the axle-hop frequency of the vehicle. These findings are in 

agreement with much research relating to drive-by bridge inspection techniques, where 

accuracy tends to be better at lower speeds.  

Damage-detection for cracking at midspan 

In order to give a better idea of the damage detection capabilities of the algorithm, the 

detected values for the first frequency of the bridge were averaged across all of the 

speeds that were tested (1-10 ms-1). This provided an overall indication of the frequency 

predictions for different levels of cracking at midspan. Figure 15 shows a comparison of 

the frequency obtained from the axle response compared to that of the CP-response. It 

can be seen that the CP-response is capable of capturing the changing bridge frequency 

with damage, whereas the axle response predictions are biased towards the vehicle 

frequency and cannot capture the reduction in bridge frequency which occurs with 

damage. 

It should be noted that the results obtained using the CP-response are biased 

towards the frequency predictions made at lower speeds (which are more accurate) 

because of the fact that it was unable to identify any dominant frequency at higher 

speeds, with these invalid predictions being discarded. If higher speeds alone were 

considered, the CP-response would not perform as well.  

Damage-detection at three-quarter span 

Similarly, for cracking at the ¾ span point on the bridge, the detected values for the first 



frequency were averaged across all of the speeds that were tested for increasing crack 

depths. Damage at this location would be expected to have a smaller influence on the 

detected bridge frequency as the magnitude of the bridge response reduces at locations 

which are further from midspan. Figure 16 shows the results of the simulations and 

again compares the frequency obtained from the axle response to that of the CP-

response. Like the case of midspan cracking, the axle response is still seen to be 

dominated by the axle-hop vehicle frequency and again is unable to identify any change 

that is indicative of increasing levels of damage in the bridge. The CP-response on the 

other hand is still able to quite accurately identify the bridge frequency and the 

reduction which is occurring with damage, demonstrating its ability to detect both 

cracking at the midspan and ¾ span point on the bridge. 

Discussion 

The results clearly show that the CP-response provides a better measure of bridge 

condition than the axle response. Whilst the axle response can identify the first natural 

frequency of the bridge in some isolated instances, it is typically dominated by the 

natural frequency of the axle itself, which masks the contribution of the bridge 

vibrations. The CP-response, on the other hand, is not influenced by the natural 

frequencies of the vehicle and it is more successful in identifying the vibrational 

frequencies of the bridge. The results are typically more accurate at lower speeds, which 

is a common finding in many proposed techniques for drive-by monitoring of bridges. 

While the results are promising, it is clear that the vehicle speeds tested in this study 

would not allow bridge condition monitoring at full highway speeds. In order to develop 

this methodology towards a solution which could practically be used in a real-world 

scenario, further research and laboratory or field-testing is required to overcome this 

challenge.  



In relation to damage-detection, it is clear that the CP-response provides a more 

robust measure of bridge frequency and can identify changes to the bridge frequencies 

with damage. It is noted, however, that bridge frequencies can be influenced by other 

factors, including temperature (Jin et al., 2016), and that changes due to damage can 

often be small. This is even seen in the results in this paper where there is less than a 

10% change for the case of 40% damage at midspan. As such, the use of the natural 

frequency may not always be the best indicator of bridge damage, with mode-shapes or 

other dynamic properties also showing promise (Malekjafarian et al., 2015). 

Nevertheless, the CP-response is shown to outperform the axle response as a candidate 

for frequency detection and hence represents a useful tool for drive-by monitoring of 

bridges. 

Conclusions 

Existing methods of drive-by bridge inspection, using vibrations measured within a 

vehicle driving over a bridge, experience difficulties in separating the contribution of 

the bridge vibrations and those from the vehicle to the overall response. This paper 

presents a study into the use of the acceleration response at the point-of-contact between 

the vehicle tyre and the bridge surface as a potential measure for monitoring of bridge 

condition. An expression is derived, for a quarter-car vehicle model, which enables the 

contact-point (CP) response to be inferred from the vehicle vibrations, allowing the CP-

response to be calculated from simple in-vehicle acceleration measurements, without 

having to be measured directly. 

Simulations are performed to assess the ability of the CP-response to monitor 

bridge frequencies under increasing levels of damage. The results clearly demonstrate 

the benefits of adopting the CP-response. Unlike the axle response, the CP-response is 

not influenced directly by the vehicle vibrations. This makes it a more robust measure 



of bridge frequency than the vibrations directly measured on the vehicle, which are 

dominated by the presence of the vehicle frequencies. The formulation presented in this 

paper for evaluating the CP-response allows the effects of the vehicle suspension to be 

considered and the advantage of doing so is demonstrated. 

The sensitivity of the CP-response to imperfections in the pavement and the 

importance of considering the interaction between the wheel and the pavement is 

highlighted. The shortcomings of typical vehicle-bridge interaction modelling 

approaches, which consider a single point-of-contact directly below the centre of the 

wheel, are discussed, and a rigid-disk model is adopted to address these problems.  

The results do however highlight some limitations. The CP-response performs 

better at lower speeds and due to the effect of the pavement cannot isolate bridge 

frequencies at higher speeds. This is a common problem for drive-by bridge monitoring 

techniques and one which must be addressed for these methods to become feasible for 

large-scale monitoring of bridges. Overall, the improved performance of the CP-

response makes it a useful candidate for incorporation into drive-by monitoring 

campaigns for bridges.  
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Figure 1 – Vehicle-Bridge Interaction Model 

 

 

 

Figure 2 – Damage Modelling Approach 

 

 

 

Figure 3 – Quarter-Car Vehicle Representation 



 

 

 

 

 

 

 

Figure 4 – (a) Acceleration Response and (b) FFT of Response During 2 ms-1 Passage 

of Quarter-Car over Bridge with no Surface Roughness 

 

 



 

Figure 5 – Simulated Pavement Roughness 

 

 

 

 

 

 

 

 



 

Figure 6 – (a) Acceleration Response and (b) FFT of Responses During 1 ms-1 Passage 

of Quarter-Car over Bridge with Class A Pavement 

 

 

Figure 7 – Bridge Acceleration vs. CP-Response with Profile Acceleration Removed 

 

Figure 8 – Approach for Modelling Passage of Wheel over Pavement 



 

Figure 9 – Portion of Pavement Showing Adjusted Path of Wheel Over Pavement 

 

 

 

Figure 10 – Discontinuities in CP-Response Signal 

 

 

 

 

 

 

 

 

 



 

 

Figure 11 – (a) Processed CP-Response Signal and (b) FFT of Response During 1 ms-1 

Passage of Quarter-Car with 800 mm Rigid-Disk to Model the Wheel 

 

 

Figure 12 – Single Degree-of-Freedom, Sprung Mass Vehicle Model 

 



 

Figure 13 – FFT of CP-Response using Equation for Quarter-Car (Eq. 5) vs. Sprung 

Mass (Eq. 6) 

 

Figure 14 – Frequency Identification from CP-Response vs. Axle Response for 1 ms-1 & 

7 ms-1 Vehicle Passages 

 



 

Figure 15 – Frequency Identification from CP-Response vs. Axle Response for Midspan 

Cracking 

 

Figure 16 – Frequency Identification from CP-Response vs. Axle Response for ¾ Span 

Cracking 



Table 1. Bridge Model Properties 

Property Value 

Length (L) 15 m 

Young’s Modulus (E) 35 GPa 

Cross Sectional Area (A) 7.5 m2 

Second Moment of Area (I) 0.352 m4 

Material Density (ρ) 2,500 kg/m3 

 

 

Table 2. Quarter-Car Properties 

Property Value 

Body Mass (Mv) 8,900 kg 

Axle/Wheel Mass (Mw) 1,100 kg 

Suspension Stiffness (kv) 2x106 N/m 

Suspension Damping (cv) 40,000 Ns/m 

Tyre Stiffness (kT) 3.5 x 106 N/m 

First Frequency (body bounce) 1.9 Hz 

Second Frequency (axle-hop) 11.3 Hz 

 

 


