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Abstract. This paper presents a novel approach to the drive-by Structural Health 

Monitoring (SHM) of bridges based on crowdsourced data collected from multiple 

vehicle passages. The methodology is experimentally validated on a laboratory-scale 

bridge model designed to replicate the dynamic behaviour of real bridge structures, 

exhibiting representative natural frequencies and mode shapes. Acceleration data 

were acquired using smartphones mounted on a specially adapted vehicle traversing 

the bridge under varying conditions, including different speeds, directions, and lateral 

positions. Multiple crossings were conducted to simulate a crowdsourcing scenario, 

where independent vehicle measurements contribute to a shared monitoring database. 

This experimental setup enabled the evaluation of how data aggregation from 

numerous runs can enhance the robustness and accuracy of the drive-by monitoring 

technique. The collected acceleration signals were processed in MATLAB to extract 

the bridge’s key dynamic parameters. The analysis focused on estimating natural 

frequencies and identifying mode shapes based on the aggregated datasets. The results 

were compared with reference measurements obtained from high-precision 

accelerometers permanently installed on the bridge model. The identified parameters 

showed only minor deviations—typically within a few percent—from the reference 

values, confirming the reliability of the proposed approach. Furthermore, combining 

data from multiple vehicle passages reduced measurement variability and improved 

the stability of the identified dynamic characteristics. The findings demonstrate the 

feasibility and potential of using crowdsourced data for drive-by bridge monitoring 

with widely available mobile sensors. By leveraging repeated measurements from 

multiple independent crossings, the study highlights a scalable, low-cost, and non-

invasive solution for continuous bridge health assessment. This approach paves the 

way toward practical implementation of large-scale SHM systems capable of 

exploiting existing traffic as a dynamic sensing network.  
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1. Introduction  

Bridges are long-lived structures, yet a significant portion of existing bridge stock currently operates 

beyond its originally intended service life while being exposed to increasing traffic demands and 

environmental effects [1]. Material aging, cumulative fatigue, corrosion, and temperature variations 

progressively influence structural stiffness and dynamic behaviour [2]. Consequently, infrastructure 
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managers face the challenge of ensuring safety and serviceability across extensive bridge networks, 

often under limited financial and operational resources [3]. These conditions have intensified the need 

for monitoring strategies that are not only reliable and sensitive to structural degradation, but also 

economically scalable. Conventional Structural Health Monitoring (SHM) systems typically rely on 

permanently installed sensors distributed along the structure [4]. Such systems provide highly 

accurate modal parameters, including natural frequencies and mode shapes, which are widely 

recognized as sensitive indicators of structural condition. However, installation costs, maintenance 

requirements, power supply constraints, and data management complexity limit their large-scale 

deployment, particularly for short- and medium-span bridges [5]. To address these limitations, drive-

by SHM [6] has emerged as an alternative approach in which vibration data are collected from sensors 

mounted on moving vehicles. Instead of directly instrumenting the bridge, the dynamic interaction 

between the vehicle and the structure is exploited to extract information about structural properties. 

Numerous numerical such [7]–[9] and experimental studies such [10]–[12] have demonstrated that 

bridge natural frequencies can be identified from vehicle-mounted accelerometers. The approach is 

attractive because it minimizes infrastructure intervention and allows repeated measurements without 

interrupting traffic. Recent advances in mobile sensing technologies have further expanded this 

concept. Modern smartphones, equipped with MEMS accelerometers and wireless communication 

capabilities, have been investigated [13], [14] as low-cost sensing platforms for vibration-based 

monitoring. Previous studies [11], [15], [16] have shown that smartphone measurements can capture 

modal features relevant for structural identification, opening the possibility of distributed monitoring 

without dedicated sensor installation. Building upon this idea, crowdsourced monitoring frameworks 

have been proposed in which ordinary traffic effectively functions as a distributed sensing network. 

By aggregating vibration data from multiple independent vehicle trips, researchers aim to enhance 

robustness and spatial coverage while maintaining low implementation costs. Matarazzo et al. [17] 

suggested that crowdsourcing-based monitoring strategies could potentially extend bridge service life 

by up to 30% without additional infrastructure investment. Other studies such [18]–[20] have 

demonstrated the feasibility of extracting modal properties from aggregated smartphone data and 

have explored preprocessing, data fusion, and quality control strategies. Despite these promising 

developments, several challenges remain. Vehicle-mounted measurements inherently contain 

contributions from vehicle dynamics, suspension characteristics, road surface irregularities, 

operational variability, and measurement noise. Data heterogeneity—stemming from differences in 

vehicles, sensor placement, speed, and environmental conditions—introduces additional uncertainty. 

Previous research has shown that aggregation of multiple trips improves identification stability, but 

the improvement may saturate beyond a certain sample size, and controlled measurements generally 

outperform fully uncontrolled datasets [19]. However, the quantitative relationship between the 

number of aggregated crossings, traffic configuration, and the convergence behaviour of both natural 

frequencies and reconstructed mode shapes remains insufficiently characterized. These findings 

underline the importance of systematic filtering, statistical validation, and physically consistent 

interpretation of aggregated modal parameters. In this context, the present study proposes a 

deterministic crowdsourced drive-by monitoring framework for bridge model identification and mode 

shape reconstruction under constant vehicle speed. Unlike probabilistic crowdsourcing approaches 

that rely on GPS-based spatial segmentation, the proposed method preserves deterministic time-to-

space mapping by exploiting known constant vehicle velocity. Each vehicle crossing is treated as an 

independent spatial realization of the modal amplitude distribution, while crowdsourcing is 

introduced as a statistical convergence layer applied after deterministic reconstruction. In this way, 

random components related to vehicle–bridge interaction and measurement noise are progressively 

suppressed through aggregation, while maintaining the physical interpretability of the reconstructed 

mode shapes. Particular emphasis is placed on evaluating (i) the robustness of frequency 

identification under different traffic configurations, (ii) the statistical convergence of modal 

parameters as the number of aggregated crossings increases, and (iii) the saturation behaviour of 

reconstruction accuracy quantified through the Modal Assurance Criterion (MAC). The proposed 

framework is experimentally validated on a laboratory-scale bridge model under controlled yet 

heterogeneous traffic scenarios. Attention is given to the statistical convergence behaviour of 

reconstructed modal amplitudes as the number of aggregated crossings increases. The analysis further 

investigates how single-, two-, and three-vehicle configurations influence the rate of convergence 
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while assessing whether the final identified modal properties remain unbiased with respect to 

reference OMA values. The remainder of the paper is structured as follows. Section 2 presents the 

proposed deterministic crowdsourced drive-by methodology. Section 3 describes the experimental 

case study and reference modal characterization. Section 4 presents the identification results and 

convergence analysis and discusses the implications and limitations of the approach. Finally, Section 

5 summarizes the main findings and outlines directions for future research. 

2. Crowdsourced deterministic drive by bridge methodology for modal identification 

The proposed framework is based on a deterministic interpretation of drive-by bridge monitoring 

under constant vehicle speed. In contrast to probabilistic crowdsourcing approaches that rely on GPS-

based spatial segmentation and statistical alignment of measurements, the present method preserves 

physical consistency by exploiting known vehicle kinematics. The central idea is that, if the vehicle 

travels across the bridge at constant velocity, the measured time-domain signal can be 

deterministically mapped into spatial coordinates. This eliminates the need for probabilistic spatial 

alignment and enables physically consistent reconstruction of modal amplitude distributions along 

the bridge span. 

 

Fig. 1. Deterministic crowdsourced drive-by SHM framework 

Let the vehicle velocity be constant and equal to v. The longitudinal coordinate along the bridge span 

of length Lis then related to time through 

𝑟(𝑡) = 𝑣𝑡, 𝑟 ∈ [0, 𝐿] (1) 

This simple kinematic relationship establishes a one-to-one mapping between time and space. 

Consequently, the measured vertical acceleration signal x(t) can be re-parameterized as a spatial 

signal x(r). The spatial sampling resolution is governed by the ratio 𝑣/𝑓𝑠, where 𝑓𝑠 is the sampling 

frequency. Importantly, this resolution remains constant along the span, ensuring uniform spatial 

discretization and eliminating the need for GPS-based position correction. From a structural 

dynamics’ perspective, the measured acceleration may be represented as a modal superposition of the 

form 

𝑥(𝑟, 𝑡) = ∑ Φ𝑑

𝐷

𝑑=1

(𝑟) 𝑞𝑑(𝑡) + 𝜀(𝑡), (2) 

where Φ𝑑(𝑟)denotes the 𝑑-th mode shape, 𝑞𝑑(𝑡) is the associated modal coordinate, and ε(t) accounts 

for vehicle-induced disturbances and measurement noise. For lightly damped bridges under ambient 

excitation, modal coordinates can be approximated as narrowband harmonic processes centered 

around the natural frequency 𝑓𝑑. Substituting the kinematic relation t=r/v reveals that structural 

frequencies manifest as spatial oscillations along the bridge when the vehicle speed is constant. Thus, 

the temporal vibration content of the bridge is encoded as a spatial modulation observed by the 

moving sensor. Modal isolation is performed through deterministic narrowband filtering around the 

identified natural frequency. Rather than relying on probabilistic ridge extraction in the time–

frequency domain, the method directly extracts the analytic signal using the Hilbert transform and 

computes its amplitude envelope. For each vehicle crossing i, this procedure produces a spatial modal 
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amplitude estimate 𝐴𝑖(𝑟). Each crossing therefore yields an independent spatial realization of the 

same underlying modal shape. However, the amplitude obtained from a single passage does not 

represent the pure structural mode. It can be interpreted as 

𝐴𝑖(𝑟) = Φ𝑑(𝑟) + 𝜖𝑖(𝑟) (3) 

where 𝜖𝑖(𝑟) includes contributions from vehicle–bridge interaction, suspension dynamics, road 

roughness, and sensor noise. These components vary from one crossing to another and can be 

considered stochastic perturbations superimposed on the deterministic structural response. The 

crowdsourcing mechanism is introduced at this stage as a statistical convergence layer. If the 

disturbance terms 𝜖𝑖(𝑟) are weakly correlated and approximately zero-mean across independent 

crossings, aggregation of 𝑁 realizations lead to variance reduction proportional to 1/𝑁. The 

aggregated estimator: 

𝐴̄(𝑟) =
1

𝑁
∑ 𝐴𝑖

𝑁

𝑖=1

(𝑟), (4) 

converges in expectation toward the true modal shape Φ𝑑(𝑟)as 𝑁increases. In practical terms, each 

additional crossing reduces random variability while preserving the deterministic spatial structure 

imposed by constant vehicle speed. Thus, repeated vehicle passages improve the signal-to-noise ratio 

without altering the underlying physical reconstruction. This theoretical variance reduction explains 

the experimentally observed decrease in frequency error and the gradual stabilization of MAC values 

with increasing aggregation. For improved robustness against outliers or non-Gaussian disturbances, 

median-based aggregation may be employed instead of arithmetic averaging. A key theoretical 

distinction of the proposed framework is that crowdsourcing does not replace deterministic 

identification. Frequency estimation and spatial reconstruction are performed at the level of individual 

crossings. Statistical aggregation is applied only afterward to enhance stability and suppress random 

components. This separation ensures that physical interpretability is retained while statistical 

convergence is used solely to improve robustness. Since mobile sensing does not provide absolute 

amplitude scaling, the final reconstructed modal shape is normalized by its maximum absolute value 

and smoothed using spline interpolation to obtain a continuous spatial representation suitable for 

comparison with reference modal data. 

3. Case study 

The proposed deterministic crowdsourced drive-by SHM methodology was experimentally validated 

using a laboratory-scale bridge model with well-defined boundary conditions and reproducible 

dynamic behaviour. The controlled environment enabled systematic evaluation of the framework 

while preserving realistic structural dynamics, including clearly identifiable natural frequencies and 

mode shapes. Acceleration measurements were collected using smartphones mounted inside test 

vehicles serving as mobile sensing platforms. Each vehicle crossing was treated as an independent 

realization of the coupled vehicle–bridge system. Repeated passages were performed to simulate a 

controlled crowdsourced monitoring scenario, in which multiple independent measurements are 

aggregated to enhance statistical stability and modal identification robustness. 

3.1. Description of the structure 

The experimental campaign was conducted on a purpose-built laboratory bridge model located at 

University College Dublin (UCD). The structure was specifically designed for research on drive-by 

monitoring techniques, allowing controlled testing under repeatable boundary and loading conditions. 

The bridge consists of a 5 mm thick steel plate with a width of 600 mm. To increase bending stiffness 

and achieve representative flexural behaviour, six longitudinal steel angle sections (20 × 20 × 3 mm) 
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are attached beneath the plate. The material properties correspond to structural steel with a Young’s 

modulus of 210 GPa. The span length between supports is 2000 mm. Simply supported boundary 

conditions are approximated using a steel shaft supported by pillow block bearings, allowing free 

rotational movement at both ends. The bearing assemblies are mounted on a custom-designed 3D-

printed support frame to ensure geometric stability and repeatability during testing. Although reduced 

in scale, the model was dimensioned to reproduce the dynamic characteristics of a typical 25 m 

reinforced concrete beam-and-slab bridge. Geometric and stiffness parameters were selected to 

preserve dynamic similitude, particularly with respect to fundamental vibration behaviour. 

The experimentally determined first natural frequency of the model was 8.8 Hz, providing a clearly 

identifiable modal response suitable for drive-by identification and validation. The well-controlled 

laboratory conditions and known structural properties make this model particularly suitable for 

assessing repeatability, robustness, and statistical convergence of the proposed methodology. 

 

Fig. 1. Experimental framework for validation of the proposed monitoring methodology: (a) sensor layout and 

hammer impact locations; (b) three-dimensional view of the laboratory bridge model; (c) reconstructed OMA 

mode shapes; (d) vehicle model for drive-by measurements. 

3.2. Crowdsourced based drive-by bridge monitoring 

Drive-by monitoring was performed using three passenger vehicle models equipped with 

smartphones acting as mobile sensing units. Smartphones recorded tri-axial acceleration at a sampling 

frequency of 100 Hz. GPS data (up to 10 Hz) were collected only for validation purposes and were 

not used for spatial reconstruction, in accordance with the deterministic time-to-space mapping 

framework. During each crossing, vehicles were operated at predefined constant speeds to satisfy the 

kinematic relation: r(t) = vt. This ensured uniform spatial discretization of the measured signals. In 

total, approximately 500 drive-by records were collected. The resulting dataset represents a controlled 

yet heterogeneous crowdsourcing scenario in which repeated independent realizations contribute to a 

shared monitoring database. 

3.3.1 Experimental Configuration  

To evaluate robustness under increasing interaction complexity, three traffic configurations were 

considered: (1) Single-vehicle crossing – one vehicle traversed the bridge at constant speed; (2) two-

vehicle crossing (opposite directions) – two vehicles simultaneously crossed the bridge from opposite 

ends; (3) Three-vehicle configuration – two vehicles entered from opposite ends while a third vehicle 

started from mid-span. These configurations progressively increased the level of dynamic interaction 
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and excitation complexity, approximating realistic traffic scenarios. Each crossing was treated as an 

independent dataset within the aggregated monitoring framework. 

 

Fig. 2. Vehicle crossing configurations considered in the experimental campaign 

3.3.2 Signal processing and modal identification 

Acceleration signals from each crossing were processed in MATLAB following the deterministic 

methodology described previously: (1) signal conditioning (detrending and band-pass filtering), (2) 

time-to-space transformation using constant speed, (3) Synchrosqueezed Wavelet Transform 

(SSWT), (4) spatial segmentation and modal energy estimation, (5) aggregation across multiple 

independent runs. Rather than extracting modal frequencies from individual crossings, frequency 

identification was based on aggregated spectral information derived from multiple passages. This 

reduces sensitivity to vehicle-specific dynamics and measurement noise. For each identified modal 

frequency 𝑓𝑑, the spatial modal amplitude was estimated as: 

𝐴𝑑(𝑠𝑚) = √
1

𝑁𝑚
∑ ∣

𝑟∈𝑠𝑚

𝑇𝑥(𝑓𝑑, 𝑟) ∣2 (5) 

where 𝑇𝑥(𝑓𝑑 , 𝑟) denotes the SSWT coefficient at frequency 𝑓𝑑 and spatial coordinate 𝑟, and 𝑠𝑚 

represents the spatial segment. This procedure allows reconstruction of the absolute value of the 

vertical mode shape. 

3.3.3 Effect of data aggregation 

The influence of increasing the number of crossings was evaluated by analysing the convergence 

behaviour of identified modal frequencies and reconstructed mode shapes. Statistical dispersion 

decreased systematically as additional runs were included in the aggregation process, demonstrating 

the stabilizing effect of crowdsourced data fusion. The results confirm that aggregation acts as a 

variance-reduction mechanism, improving signal-to-noise ratio and promoting statistical 

convergence of both frequency estimates and spatial modal reconstructions. Even under multi-vehicle 

configurations, repeated independent passages enhanced robustness without introducing systematic 

bias relative to the OMA reference. 

4. Case study 

4.1 Robustness of frequency identification 

The robustness of the identified natural frequencies is illustrated in Fig. 4 through the distribution of 

results obtained from aggregated drive-by measurements. Across all traffic configurations, the 

identified frequencies remain closely aligned with the OMA reference values. 

(1) Single-vehicle corssing

(2) Two-vehicle crossing (opposite directions)

(3) Three – vehicle configuration

*Start (Mid-Span)
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Fig. 3. Distribution of identified frequencies based on the different number of the single vehicle passing 

The dominant bending mode shows minimal dispersion and stable median values, even when the 

number of crossings is limited. This indicates that frequency identification is inherently robust and 

only weakly influenced by individual vehicle–bridge interaction effects. Higher modes exhibit greater 

variability and occasional outliers, particularly under more complex traffic conditions. This increased 

spread reflects their higher sensitivity to excitation level and measurement noise. However, despite 

the larger dispersion, the median values remain consistently close to the OMA references, 

demonstrating that the method provides unbiased frequency estimates when sufficient data are 

available. 

4.2. Effect of data aggregation 

The influence of data aggregation is illustrated in Fig. 4. and Fig. 5. through the evolution of 

frequency errors and reconstructed mode shapes as the number of aggregated crossings (N) increases. 

   

(a) (b) (c) 

Fig. 4. Relative error of the identified modal frequencies as a function of the number of single-vehicle 

passages. Each curve corresponds to a different vibration mode. 

As shown in Fig. 4., the relative error generally decreases for all modes as more crossings are 

included. The most pronounced improvement occurs at small sample sizes, where each additional 

crossing significantly enhances estimation accuracy. Although minor fluctuations are visible, 

particularly in the early aggregation stage, the overall trend is clearly convergent. Beyond 

approximately 60–70 aggregated crossings, the reduction in error becomes gradual, indicating that 

the results are approaching statistical saturation. This confirms that aggregation reduces variability 

and stabilizes the identified frequencies. 
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Fig. 5. Identified mode shapes for different number of vehicle passing and different vehicles configurations 

A similar behaviour is observed for the reconstructed mode shapes (Fig. 5.). For small N (e.g., N = 

5), visible deviations from the reference OMA shape remain. With increasing N (N = 20 and N = 80), 

the reconstructed shapes become smoother and progressively closer to the reference distribution. This 

trend is consistent across traffic configurations and shows that aggregation suppresses random 

fluctuations in the spatial response. 

4.3. Influence of traffic configuration 

Traffic configuration primarily influences the rate of convergence rather than the final identified 

modal properties. As shown in Fig. 6., the single-vehicle case requires a larger number of crossings 

to reach stabilization, whereas two- and three-vehicle configurations exhibit faster convergence due 

to increased excitation energy and improved signal-to-noise ratio. Despite these differences in 

convergence speed, the final frequency estimates and MAC saturation levels remain comparable 

across configurations, confirming that the method is robust to traffic complexity when sufficient data 

are aggregated. 

 

Fig. 6. Influence of traffic configurations and aggregation on identified mode shapes and their MAC factors  

Fig. 6. further illustrates the evolution of the MAC values for the first four modes. The first bending 

mode reaches a saturation level of approximately 0.92 across all configurations, with multi-vehicle 

scenarios achieving stabilization at smaller numbers of crossings. Higher modes exhibit lower 

saturation levels and slightly slower convergence, with the second mode stabilizing close to 0.90 and 

the third mode converging toward approximately 0.80–0.85. These differences reflect reduced 

excitation efficiency and increased sensitivity to noise and spatial complexity in higher-order modes. 

Nevertheless, the overall convergence behaviour is consistent, demonstrating that statistical 

aggregation effectively improves modal shape reconstruction regardless of traffic configuration. 
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5. Conclusion 

This study presented a deterministic crowdsourced drive-by framework for bridge frequency 

identification and mode shape reconstruction under constant vehicle speed. The methodology 

preserves physical consistency through direct time-to-space mapping, while aggregation of 

independent crossings serves to suppress random disturbances and improve the signal-to-noise ratio. 

Experimental validation on a laboratory-scale bridge model showed that frequency estimates stabilize 

rapidly with increasing numbers of crossings, converging toward the reference OMA values. Mode 

shape reconstruction exhibited a more gradual but consistent convergence pattern, with progressively 

increasing and saturating MAC values confirming statistical stabilization of spatial modal amplitudes. 

These findings demonstrate that repeated crossings primarily act as a variance-reduction mechanism, 

while the deterministic spatial reconstruction of the structural response remains physically 

interpretable. The framework-maintained robustness under multi-vehicle configurations, indicating 

that increased traffic complexity mainly affects the rate of convergence rather than the final identified 

modal properties. Future work will extend the approach to variable vehicle speed conditions, 

requiring adaptive time-to-space mapping based on continuous vehicle position estimation. This 

development will enable practical implementation under realistic traffic scenarios where strictly 

constant speed cannot be ensured. 
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