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Fleet Monitoring – Using Sensors in a Fleet of Passing Vehicles to Monitor the Health of 

Bridges 

Eugene J. OBrien, Yifei Ren, Shuo Wang, Jennifer Keenahan, Daniel P. McCrum 

University College Dublin, Ireland. 

ABSTRACT 

This paper proposes the use of a fleet of instrumented vehicles to monitor the condition of infrastructure and bridges. It is 

anticipated that data from privately owned vehicles with low-cost accelerometer and GPS data, will be available for this purpose 

in the future. An inverse version of the well known Newmark-Beta method is proposed to determine road/rail surface profile 

from measured accelerations. Some results are reported from an instrumented train that made repeat runs on railway track over 

a period of a month. For bridge health monitoring, the concept of a moving reference influence line is proposed as a damage 

indicator. It is shown in simulation to give good indications of bearing damage in a simply supported bridge. 

Keywords: Bridge, fleet monitoring, drive-by, SHM, structural health monitoring. 

1. INTRODUCTION 

There has been increased interest in recent years in methods of electronic health monitoring of road and rail bridges. However, 

while individual sensors are inexpensive, a complete monitoring system installed on a bridge, with a power source and data 

acquisition electronics, is relatively expensive. This has become commonplace on larger cable-supported bridges but would be 

prohibitively expensive for the entire stock of small and medium-span bridges in a region or country. Some early results suggest 

that the problem could be addressed with drive-by monitoring [1-3], i.e., where data from an instrumented vehicle crossing a 

bridge would be used to infer information on the bridge’s condition. However, the challenge is considerable, given that a vehicle 

at a typical highway speed, typically crosses a short-span bridge in one or two seconds. Fleet monitoring has the potential to 

finally solve the bridge health monitoring problem by combining drive-by data from a large number of vehicle crossings. 

Vehicles have ever greater numbers of sensors, including accelerometers, and it seems reasonable to assume that, in the medium  

or long term, this data can be accessed for road and bridge management purposes. The concept is to harvest this data, from 

regular vehicles using the network, and use it to infer information on the entire bridge stock. 

Railway networks have particular potential for fleet monitoring as a relatively small number of trains make repeat runs over 

the same bridges. An added advantage is that the trains are generally under one ownership, or a small number of ownerships. 

Trains also generally come in a limited number of configurations, and generally return to the same stations where there is 

potential to transfer data overnight. There are perhaps greater challenges for road bridges where the vehicles come with a great 

variety of owners and operators, mostly from the private sector. To harvest such data would require regulation/legislation or an 

opt-in process in return for some reward. For example, trucks could be allowed to carry greater load if they agreed to provide 

access to on-board data. 

This paper explores the concept of fleet monitoring for road and rail bridges. Inexpensive in-vehicle accelerometers are 

assumed, combined with low-grade Global Positioning System data. Particular attention is given to the calibration challenge, 

i.e., finding the dynamic properties of the vehicles, such as masses, centres of gravity and spring stiffnesses. 

2. DRIVE-BY MONITORING 

Drive-by or indirect monitoring of bridges was proposed by Yang et al in the 00’s [1,2] and validated by passing an instrumented 

vehicle over a highway bridge in Taiwan [3]. The vehicle is considered as both exciter of the bridge and receiver of the resulting 

vibration signal. The bridge vibrates as a result of the passing vehicle, in a way that reflects its dynamic properties and condition. 

The bridge motions interact with those of the vehicle and its condition influences the vehicle vibrations. While small, the effect 

has been shown to be measurable. An advantage is that the vehicle acts as a moving sensor, passing close to many potentially 

damaged locations [4, 5].  

 



 

2.1. Natural frequency, damping and mode shape 

Malekjafarian et al [6], citing Yang et al [1], identify four key frequencies in any vehicle bridge crossing event: vehicle 

frequency, moving vehicle pseudo-frequency and two shifted bridge frequencies – Fig. 1. Oshima et al [7] propose a specialist 

excitation vehicle, incorporating an on-board oscillating mass. Kim et al [8] and Toshinami et al [9] validate the concept with 

scaled laboratory tests though the vehicle mass was considerable, guaranteeing a high bridge excitation. Siringoringo and Fujino 

[10] adopt a similar approach, this time validated with field experiments, and find the bridge fundamental frequency to an 

accuracy of 11% for a vehicle travelling at 30 km/h. It should be noted that much greater levels of accuracy would be required 

to detect bridge damage. 

 

Figure 1. Acceleration spectrum of the vehicle (Finite Element model and Analytical); (1) vehicle frequency; (2) 2v/L; (3) 

b - v/L; (4) b + v/L; where v = speed, L = span length, b =bridge natural frequency. After [1]. 

Li et al [11] suggest that bridge frequency can be extracted with reasonable accuracy using a method of optimisation 

(Generalised Pattern Search Algorithm) but do not consider a road profile. Malekjafarian and OBrien [12] apply frequency 

domain decomposition to the power spectral density of the measured vehicle response in the presence of a road profile. In a 

numerical study, they find bridge frequency, but only when the vehicle is moving slowly – 2 m/s. Malekjafarian et al [6] 

identified a number of outstanding challenges in drive-by monitoring at that time: the influence of road profile and the variation 

of the bridge frequency under a moving load [13, 14]. They recommend (i) low speed (below 40 km/h); (ii) multiple crossings 

(at least 3) of the same vehicle; a heavy vehicle to excite the bridge; (iv) a small ratio of initial vehicle/bridge acceleration 

amplitude and (v) prior calibration of the vehicle’s dynamic properties. 

For concrete bridges in particular, the damping coefficient has been found to be damage sensitive [15, 16]. McGetrick et al [17] 

investigate damping ratio using a drive-by approach. However, damping can be difficult to quantify in practice [18] and its 

relationship with damage is uncertain. Mode shape and modal curvature have also been proposed for bridge health monitoring. 

It is well established that there are discontinuities in modal curvature corresponding to local damage locations [19, 20]. Yang 

et al [21] propose the Hilbert transform of the filtered response of the vehicle to estimate mode shape. Malekjafarian and OBrien 

[22] propose a short time frequency domain decomposition to determine mode shapes. However, in both cases, very low speeds 

were required to extract sufficient information for these approaches to be effective. 

2.2. Damage Indicators 

Apart from bridge dynamic properties, a number of authors have proposed other indices that they have correlated with bridge 

damage. For example, McGetrick uses Moving Force Identification to determine the contact force history between vehicle and 

bridge and suggests that any significant change in this signal is indicative of a change in bridge condition. Miyamoto and Yabe 

[23, 24] install a sensor in a public bus and use data from multiple runs to monitor the condition of a bridge. They use a structural 

anomaly parameter and a characteristic deflection as damage indicators and suggest that the concept is feasible for bridge health 

monitoring provided the same bus is used for all measurements. Li and Au [25] propose modal strain energy and a Genetic 

Algorithm optimisation to determine a damage indicator. Cerda et al [26, 27] use a support vector machine classifier to identify 

damage in a laboratory scale model vehicle and bridge. Lederman et al [28] extend Cerda’s work, applying a regression to a 

large dataset of damage locations and severities. Chen et al [29] also apply classification to the drive-by problem. 

A number of authors use the Wavelet Transform to identify features in the vehicle vibration signal. Nguyen and Tran [30] apply 

a Symlet wavelet to displacement responses which could presumably be inferred from the vibration signal. Khorram et al [31] 

use a Gaussian 4 wavelet in a numerical study where the vehicle is represented by a simple moving force. McGetrick and Kim 

[32, 33] apply a Continuous Wavelet Transform and show that damage manifests itself as peaks in the wavelet coefficients. 



 

Malekjafarian et al [6] conclude that the main challenges for drive-by monitoring are (i) the excitation of the road profile which 

tends to mask the influence of the bridge; (ii) the limited time of vehicle/bridge interaction which limits the quantity of relevant 

data and (iii) environmental effects which can influence bridge properties. Fleet monitoring can address all three of these 

challenges. The combination of data from many vehicle crossings overcomes the issue of a limited duration of data. While the 

road profile remains present, the larger database improves the overall accuracy which allows the influence of the bridge to be 

distinguished from the influence of the profile. Finally, the collection of data over an extended period of time reduces the 

influence of time-dependent environmental effects as data will be combined from many different times of vehicle crossing. 

3. INVERSE NEWMARK-BETA METHOD 

An inverse Newmark-Beta method is proposed here to determine the road or rail profile using the vehicle response [34]. This 

method is efficient and can calculate the profile with minimal computational effort. Here, the inverse Newmark-Beta method 

is further developed using a simplified quarter-car model (Figure 2). The quarter car consists of a sprung mass, 𝑚𝑠, and an 

unsprung mass, 𝑚𝑢, which represent the body and axle masses of the vehicle system respectively. A spring of stiffness 𝑘𝑠 and 

a viscous damper of value 𝑐𝑠 connect the sprung mass and unsprung mass together. The axle mass connects to the road/rail 

surface via a sprung of stiffness, 𝑘𝑡.  

The equations of motion of the vehicle can be defined as: 

                                                                                𝑀�̈� + 𝐶�̇� + 𝐾𝑢 = 𝑓𝑣                                                                                 (1) 

where 𝑀, 𝐶, and 𝐾 are the mass, damping and stiffness matrices of the vehicle respectively. The parameters, �̈�, �̇� and 𝑢 are 

vehicle acceleration, velocity and displacement vectors respectively. The displacement vector of the vehicle is, 𝑢 = {𝑢𝑠, 𝑢𝑢}𝑇. 

The time-varying dynamic interaction force vector by 𝑓𝑣 where 𝑓𝑣 = {0, 𝐹𝑡}𝑇. The dynamic interaction force is, 𝐹𝑡 = 𝑘𝑡 × 𝑦 ; 
where 𝑦  is the profile. The matrices are given by: 

                                                                                 𝑀 = [
𝑚𝑠 0
0 𝑚𝑢

]                                                                                      (2) 

                                                                                 𝐶 = [
𝑐𝑠 −𝑐𝑠

−𝑐𝑠 𝑐𝑠
]                                                                                     (3) 

                                                                              𝐾 = [
𝑘𝑠 −𝑘𝑠

−𝑘𝑠 𝑘𝑠 + 𝑘𝑡
]                                                                                 (4) 

 

 

Figure 2. Quarter-car model and road model 

 

The mass, damping and stiffness matrices of the vehicle 𝑀, 𝐶, and 𝐾 are assumed initially to be known. Also, the acceleration 

of the sprung mass �̈�𝑠 will be measured and therefore assumed to be known for each time step. Then, the displacement and 

velocity of the sprung mass in each time step can be calculated using the Newmark Beta method:  

   𝑢𝑠,𝑡+𝛥𝑡 = (�̈�𝑠,𝑡+𝛥𝑡 + 𝑎2 × �̇�𝑠,𝑡 + 𝑎3 × �̈�𝑠,𝑡)/𝑎0+𝑢𝑠,𝑡                                                            (5) 

�̇�𝑠,𝑡+𝛥𝑡 = �̇�𝑠,𝑡 + 𝑎7 × �̈�𝑠,𝑡+𝛥𝑡 + 𝑎6 × �̈�𝑠,𝑡                                                                             (6) 

Taking Equations (3 - 6), 

𝑚𝑠 × �̈�𝑠,𝑡+𝛥𝑡 + 𝑐𝑠 × �̇�𝑠,𝑡+𝛥𝑡 − 𝑐𝑠 × �̇�𝑢,𝑡+𝛥𝑡 + 𝑘𝑠 × 𝑢𝑠,𝑡+𝛥𝑡 − 𝑘𝑠 × 𝑢𝑢,𝑡+𝛥𝑡 = 0                             (7) 

𝑚𝑢 × �̈�𝑢,𝑡+𝛥𝑡 − 𝑐𝑠 × �̇�𝑠,𝑡+𝛥𝑡 + 𝑐𝑠 × �̇�𝑢,𝑡+𝛥𝑡 − 𝑘𝑠 × 𝑢𝑠,𝑡+𝛥𝑡 + (𝑘𝑠 + 𝑘𝑡) × 𝑢𝑢,𝑡+𝛥𝑡 = 𝑘𝑡 × 𝑦             (8) 

In the Newmark Beta method, for unsprung mass: 

  �̇�𝑢,𝑡+𝛥𝑡 = 𝑎1 × (𝑢𝑢,𝑡+𝛥𝑡 − 𝑢𝑢,𝑡) − 𝑎4 × �̇�𝑢,𝑡 − 𝑎5 × �̈�𝑢,𝑡                                                        (9) 



 

Substituting Equation (9) into Equation (7) to replace �̇�𝑢,𝑡+𝛥𝑡: 

 𝑢𝑢,𝑡+𝛥𝑡 = (𝑚𝑠 × �̈�𝑠,𝑡+𝛥𝑡 + 𝑐𝑠 × �̇�𝑠,𝑡+𝛥𝑡 + 𝑘𝑠 × 𝑢𝑠,𝑡+𝛥𝑡 + 𝑐𝑠 × 𝑎4 × �̇�𝑢,𝑡 + 𝑐𝑠 × 𝑎5 × �̈�𝑢,𝑡 + 𝑐𝑠 × 𝑎1 ×  𝑢𝑢,𝑡)/(𝑐𝑠 × 𝑎1 + 𝑘𝑠)                                                                      

 (10) 

Hence, the displacement and velocity of the unsprung mass can be calculated as follows: 

�̇�𝑢,𝑡+𝛥𝑡 = 𝑎1 × (𝑢𝑢,𝑡+𝛥𝑡 − 𝑢𝑢,𝑡) − 𝑎4 × �̇�𝑢,𝑡 − 𝑎5 × �̈�𝑢,𝑡                                                       (11) 

�̈�𝑢,𝑡+𝛥𝑡 = 𝑎0 × (𝑢𝑢,𝑡+𝛥𝑡 − 𝑢𝑢,𝑡) − 𝑎2 × �̇�𝑢,𝑡 − 𝑎3 × �̈�𝑢,𝑡                                                       (12) 

The effective stiffness matrix is: 

[𝐾] = [𝐾] + 𝑎0 × [𝑀] + 𝑎1 × [𝐶]                                                         (13) 

The effective force is: 

 �̅�𝑡+𝛥𝑡  = 𝐾 × 𝑢𝑡+𝛥𝑡                                                                               (14) 

𝐹𝑡+𝛥𝑡 = �̅�𝑡+𝛥𝑡 − 𝑀 × (𝑎0 × 𝑢𝑡 + 𝑎2 × �̇�𝑡 + 𝑎3 × �̈�𝑡) − 𝐶 × (𝑎1 × 𝑢𝑡 + 𝑎4 × �̇�𝑡 + 𝑎5 × �̈�𝑡)   (15) 

 Finally, the profile can be calculated as follows: 

                        𝑦𝑡+𝛥𝑡 = 𝐹𝑡+𝛥𝑡/𝑘𝑡                                                                            (16) 

where, in the Newmark-Beta method, the integration constants are as listed here for time step, t: 

 𝛾 =  0.5, 𝛽 =  0.25 × (0.5 + 𝛾)2, 𝑎0 =
1

𝛽×𝛥𝑡2 , 𝑎1 =
𝛾

𝛽×𝛥𝑡
, 𝑎2 =

1

𝛽×𝛥𝑡
, 𝑎3 =

1

𝛽×2
− 1, 𝑎4 =

𝛾

𝛽
− 1, 𝑎5 =

𝛥𝑡

2
× (

𝛾

𝛽
− 2) , 𝑎6 =

(1 − 𝛾) × 𝛥𝑡, 𝑎7 =  𝛾 × 𝛥𝑡                                                                                                                                    (17)           

To demonstrate the accuracy of the inverse Newmark-Beta approach using a quarter car, a ‘true’ road profile is used to generate 

the accelerations. Then the generated accelerations are used to back-calculate the profile. A comparison of inferred results with 

the ‘true’ profile show an almost perfect match – Figure 3. Clearly this is because the same vehicle/bridge interaction model is 

used in the forward and inverse calculations and the vehicle properties are known exactly. 

 

Figure 3. Calculated profile and true profile of quarter-car model 

4. RAILWAY TRACK MONITORING 

Railway bridges have particular potential for fleet monitoring due to the limited number of trains that traverse them and the 

limited number of train owners/operators. A train carriage was instrumented for the purposes of drive-by monitoring in Ireland 

in the 2010’s [35-40]. This was the carriage of a regular passenger train, with limited instrumentation, in contrast to heavily 

instrumented and highly specialist Track Recording Vehicles (TRVs). The primary objective of this limited study was to 

determine if the instrumented carriage on a regular passenger train could be used to determine track faults where ground 

conditions have deteriorated. TRVs are commonly used by railway owners to monitor track but are expensive to operate and 

there can often be delays between a speed restriction being imposed and the TRV visiting the site to determine track condition. 

The sensors were installed in the trailer bogie of the first/last carriage (Figure 4) and data was collected over a period of a 

month. The system can be calibrated to find carriage properties and used to determine track elevational profile. In simulations, 

there is considerable variability in the inferred profile between runs but the main features of the track profile are clear – Figure 

5. 
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(a) Sensor installation locations on trailer bogie (dimensions in mm; drawing sourced 

from Tokyu Car Corporation). 

(b) Bogie mounted gyrometer and 

accelerometer 
 

Figure 4. Sensors installed in railway carriage 

 

 

Figure 5. Reproducibility of inferred longitudinal profiles through case study area. 

One part of the track passes over an area with peat soil where significant permanent deformation is known to exist – Figure 

6(a). A survey shows significant settlement – Figure 6(b). An analysis of the acceleration data in this area indicated settlement 

but the inferred magnitudes did not match the measured values – perhaps because the settlement increased under the weight of 

the trains as they passed over. 

  

Figure 6. a) Track settlement location (photograph: C. Bowe); b) Level survey of (unloaded) track longitudinal profile. 



 

A preliminary investigation was also conducted into drive-by data as the railway carriage passed over a bridge [41]. In 

simulations, the results looked promising – when some finite elements representing part of the bridge were removed to simulate 

damage, the effect was evident in the measurements. However, this is much more difficult in practice with multi-axle vehicles, 

especially for longer bridges where a combination of instrumented and non-instrumented carriages are present on the bridge at 

any given time. 

5. FLEET MONITORING OF BRIDGES  

When on-bridge Quarter Car acceleration is used with the Inverse Newmark Beta method, the ‘apparent profile’ can be obtained. 

Only Quarter Car vehicles are considered here – allowance for the interaction between axles is addressed elsewhere [42]. The 

apparent profile (AP) is defined as the profile experienced by the vehicle when it passes over the bridge. This AP contains 

profile elevations in the pavement/track and components of bridge deflection. As bridge deflection is affected by its health 

condition (material stiffness, support conditions), it is possible to use AP to detect bridge damage. Here, a simple way is 

presented of using the AP derived from a fleet of vehicles to detect bridge damage.  

The relation between apparent profile and bridge profile elevations can be written as, 

𝑅𝑘
𝑎 = 𝑅𝑘

𝑝
+ 𝛿𝑘 (18) 

where 𝑅𝑘
𝑎 denotes the apparent profile elevation at location/scan k, 𝑅𝑘

𝑝
 denotes bridge surface profile elevation and 𝛿𝑘 denotes 

the bridge deflection at the time and location corresponding to scan k. This latter is a moving reference deflection because its 

location changes as the vehicle passes over the bridge. To describe the relation between moving reference deflection and vehicle 

weights, a moving reference influence line (MRIL), Ik, is introduced. It is defined as the deflection response at a moving point, 

k, due to a unit load at that point. Hence, the moving reference deflection at point k, due to vehicle n, is, 

𝛿𝑛,𝑘 = 𝑊𝑛𝐼𝑘 (19) 

where Wn is the (Quarter Car) vehicle weight. To find the coordinates of the MRIL, an error minimisation process is used. This 

process is similar to that used in Bridge Weigh-in-Motion theory to calculate a (fixed reference) influence line from direct 

measurement [43]. The error function is defined as the sum of squared differences between measured deflections (AP calculated 

from vehicle acceleration) and their theoretical equivalents (Eq.18),  

𝐸 = ∑ ∑{�̃�𝑛,𝑘
𝑎 − 𝑅𝑘

𝑝
− 𝛿𝑛,𝑘  }

2
𝐾

𝑘=1

𝑁

𝑛=1

 (20) 

where �̃�𝑛,𝑘
𝑎  denotes the AP elevation ‘measured’ (indirectly) through accelerations, N is the number of vehicles in the fleet and 

K is the number of scans. Substituting Eq.19 into Eq. 20 gives, 

𝐸 = ∑ ∑{�̃�𝑛,𝑘
𝑎 − 𝑅𝑘

𝑝
− 𝑊𝑛𝐼𝑘)}

2
𝐾

𝑘=1

𝑁

𝑛=1

 (21) 

To minimize the error function, partial derivatives are taken with respect to each MRIL coordinate: 

𝜕𝐸

𝜕𝐼𝑘

= 0 (22) 

giving, 

𝐼𝑘 ∑ 𝑊𝑛

𝑁

𝑛=1

= ∑(�̃�𝑛,𝑘
𝑎 − 𝑅𝑘

𝑝
)

𝑁

𝑛=1

 
(23) 

Hence, the coordinates of the MRIL can be found by,  



 

𝐼𝑘 =
∑ (�̃�𝑛,𝑘

𝑎 − 𝑅𝑘
𝑝

)𝑁
𝑛=1

∑ 𝑊𝑛
𝑁
𝑛=1

 (24) 

In Eq.24, the profile heights, 𝑅𝑘
𝑝

 are required. To simplify the calculation process, a ‘smooth profile’ will be assumed, which 

results in all profile heights (𝑅𝑘
𝑝
) being set equal to zero. Numerical simulation is used in this paper to validate the concept of 

using MRIL to detect bridge damage. The beam model and vehicle fleet properties are similar to those used in the literature 

[44]. Table 1 shows vehicle fleet properties. Bridge bearing damage is considered similar to Khan et al.’s work [45]. Vehicle 

accelerations are sampled from a fleet of 200 vehicles (N=200) at a scan rate of 1000 Hz. The resulting MRILs are calculated 

and plotted in Figure 7. 

 

Table 1. Vehicle fleet properties 

Property Symbol/Units Mean value Standard deviation 

Sprung mass Ms: kg 9250 1850 

Unsprung mass Mu: kg 750 150 

Damping Cs: Ns/m 1×104 1×103 

Unsprung stiffness Ks: N/m 7.5×105 7.5×104 

Tyre stiffness Kt: N/m 3.5×106 3.5×105 

Vehicle speed m/s 25 5 

 

Figure 7. Inferred MRIL for healthy and two damage conditions. 

Bearing damage is represented in the bridge model by inserting a rotational spring at the support. The stiffness of the additional 

spring is 109 Nm, deemed to be a ‘low’ damage level in the literature [44]. In Figure 7, it is clear that bearing damage 

significantly affects both the shape and area under MRIL functions. When the left bearing is damaged, MRIL trends to skew 

to the right side and vice versa. MRIL can be seen to be a good damage indicator for bridge bearing damage.  

6. CONCLUSIONS 

This paper shows that an inverse version of the Newmark-Beta method of solving vehicle/bridge interaction equations can be 

used to determine the road/rail profile associated with measured accelerations in a moving vehicle. For a road or railway, the 

profile under a moving load is a valuable measure of condition and was found to be effective in detecting an area of poor 

foundations on a railway track. For bridges, a Moving Reference deflection Influence Line can be found from measurements 

taken in passing quarter cars. The moving reference influence line is shown to be damage sensitive, specifically for bearing 

damage in a simply supported bridge. Ongoing work is addressing the issue of multiple axles in a fleet of instrumented vehicles. 
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