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Abstract 
 

Bridge Weigh-in-Motion (B-WIM) is the concept of using measured strains on a bridge to calculate 

the axle weights of trucks as they pass overhead at full highway speed. There exist a consensus that 

conventional instrumentation faces substantial practical problems that halts the feasibility of this 

theory, namely cost, installation time and complexity. This article will go through a new concept 

by moving toward the first Portable Bridge Weigh-In-Motion (P-B-WIM) system. The system 

introduce flying sensor concept which consist of a swarm of drones that have accelerometers and 

able to latch bridge girders to record acceleration data. Some perching mechanisms have been 

introduce in this paper to allow drones to latch bridges girders. At the same time, a new 

algorithm is developed to allow the B-WIM system to use the acceleration data to estimate the 

truck weigh instead of the strain measurements.  The algorithm uses the kalman-filter-based 

estimation algorithm to estimate the state vectors (displacement and velocities) using limited 

measured acceleration response (from drones). The estimated state vector is used to feed a 

moving force identification (MFI) algorithm that shows good results in estimating a quarter car 

model weight.  
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1. Introduction  
 

The axle load and gross weight of vehicles are important information for the design of new 

bridges and pavements, the rating and fatigue life assessments of existing bridges and 

pavements, design code calibration and the control of overweight vehicles to highway 

regulations (Asnachinda, Pinkaew et al. 2008). Therefore, the dynamic moving forces produced 

by the vehicles on the bridge structure must be determined by adopting the estimation method or 

measurement techniques. In the late 1970s in the United States, Moses (Moses 1979) first 

introduced the Bridge Weigh-In-Motion (B-WIM) system, which is the concept of using 

measured strains on a bridge to calculate the axle weights as they pass overhead at full highway 

speed. Then Zhu, and Law extend the theory for the multi-span continuous bridge (Zhu and Law 

1999). In more recent years, the field of moving force identification (MFI) has been developed 

by Chan, Law, and others (Chan and O'Connor 1990, Chan, Law et al. 2000, Law and Fang 

2001, Jiang, Au et al. 2003, Pinkaew 2006, Mohammed and Uddin 2017, Mohammed and Uddin 
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2018, Mohammed and Uddin 2018, Mohammed and Uddin 2018). Law and Fang (Law and Fang 

2001) have applied the dynamic programming method to the MFI problem using zero order 

regularization. Then González (González, Rowley et al. 2008) extended the algorithm with first 

order regularization, which improved the solution accuracy (O’Brien, Znidaric et al. 2008, 

Rowley, OBrien et al. 2009). Recently, Mohammed (Mohammed, Uddin et al. 2019) reduced the 

algorithm computational time specially when using 3D bridge models which allow for real time 

B-WIM system. 

The main drawback of the B-WIM system is the installation time and cost, especially for the 

high elevation bridges, which need huge equipment and trained labors to install strain sensors. A 

wide variety of engineering applications employ acceleration to identify desired information 

because acceleration sensors are generally cost-effective, convenient to install, have relatively 

low noise (Park, Sim et al. 2013), and recently can easily attach to the bridge girders using 

drones (Na and Baek 2016) . 

In this study, a possible application concept of UAV, combined with a vibration-based non-

destructive health monitoring method, is proposed. The idea is the accelerometer will be inserted 

on the drone which temporarily will attach onto a specific region of the bridge to collect the 

vibration data. Then, a procedure is developed to estimate the moving loads on bridges using 

limited measured acceleration responses. This system will be called Portable B-WIM system.  

1 Perching Mechanisms  
 

There are several perching mechanisms that have been proposed the last few years, Hawkes 

(Hawkes, Christensen et al. 2013, Jiang, Pope et al. 2014, Hawkes 2017) proposes a perching 

mechanism for micro air vehicles (MAVs) that allow perching for wall or ceiling using 

directional adhesive. The perching mechanism used in this study is consist of double- sided 

restickable tab Figure 1-a, which allow small drone to attach on the bridge just for one or two 

times (Figure 1-c). This tape measures 25.4 x25.4 mm, the thickness of 2mm, and is suitable for 

bonding with many kinds of material with a flat surface like wood, metals, etc. 

The drone used in this paper is called Crazyflie 2.0 (Figure 1-b) manufactured by Bitcraze. 

Crazyflie 2.0 is a versatile open source flying development platform that fits in the palm of your 

hand. Crazyflie 2.0 is equipped with low-latency/long-range radio as well as Bluetooth LE. The 

drone can be controlled by user mobile device or it can be programed to reach specific location. 

 

 
 (a)  

 
(b)  

  
(c) 

Figure 1. (a) Double side tape, (b) Light weight drone, and (c) Drone attaching to wood. 

 

 

Double 
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2 Accelerometer Performance 
 

To test the accelerometer performance when inserted on a drone and the drone has been 

attaching on a bridge, a free vibration test on the simply supported wood bridge has been 

performed. The bridge has 2.40 m span and cross section of 0.235m x 0.04m. The accelerometer 

used in this study has 500 HZ scanning frequency (Figure 2-a). A comparison between two cases 

has been studied; the first case, the accelerometer has been install at the bridge mid-span and the 

acceleration data due to free vibration test has been collected. The second case, the same 

accelerometer has inserted on the drone and the drone has attached to the same bridge mid-span 

to collect the vibration data Figure 2-b. The FFT for both cases has been shown that the two 

cases have detected the same first bridge frequency which is 14.57 HZ (Figure 2-c). It should be 

noted that, for this experiment and after the drone has been attached on the bridge it wired to a 

computer to transfer the acceleration data.   

 
 (a) 

 
(b) 

 
(c) 

Figure 2. (a) Accelerometer, (b) Drone attach to the wood bridge and carry the accelerometer, and (c) Frequency 

spectrum for the acceleration collect for the drone case and without drone case. 

 

3. Moving Force Identification (MFI) Algorithm using Acceleration Data 

 

The main idea to use acceleration data instead of strain data to estimate the moving force is to 

use kalman-filter-based estimation algorithm to estimate the state vector (displacements and 

velocities), and then applying the MFI algorithm to estimate the moving forces. 

 

2.1 STRUCTURAL RESPONSE ESTIMATION USING KALMAN FILTER 

2.1.1 State space equation 

The force-induced vibration of a bridge can be represented by the following equation of motion: 

 
𝑀𝑈̈ + 𝐶𝑈̇ + 𝐾𝑈 = 𝐹 

 

(1) 

 

Where U, 𝑈̇, and 𝑈̈ denote the vectors of displacement, velocity, and acceleration, respectively. 

M, C, and K are the bridge mass matrix, damping matrix, and stiffness matrix, respectively. F is 

the time history vector of vehicle load. Using the modal response of stthe ructure, Equation (1) 

can be transformed to modal space (Equation(2)). 

 
               𝑍̈𝑖 + 2𝜉𝑖𝜔𝑖𝑍̇𝑖 + 𝜔𝑖

2𝑍𝑖 = Φ𝑖
𝑇𝐹 = 𝑓𝑖                       (i=1,2, …, N) (2) 

 

Double side tape 

Accelerometer 
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Where Φ𝑖 denoted the modal shape of the i th mode. 𝑍𝑖 , 𝑍̇𝑖, 𝑍̈𝑖, 𝑎𝑛𝑑 𝑓𝑖  are the modal 

displacement, velocity, acceleration and moving force of the i th mode, respectively. N is the 

total number of modes, 𝜉𝑖 , and 𝜔𝑖 are the damping ration and natural frequency of the i the 

mode.  The modal acceleration response can be approximately calculated from limited measured 

acceleration response using the pseudoinverse of the mode shape matrix (Equation (3)). 
 

𝑍̈𝑞𝑥1 = (Φ𝑝𝑥𝑞)+ 𝑈̈𝑝𝑥1 

 

(3) 

 

Where P denotes the number of measurements, and q is the number of modes considered. The 

error between the exact and estimated modal acceleration responses can be minimized by 

choosing the measurements number P exceeding the number of modes governing the structural 

responses (Hwang, Kareem et al. 2009). 

 In the modal space, the state space equation and the modal output (Y) obtained from the 

acceleration response can be represented using Equation (4). 

 
𝜆̇𝑖(𝑡) = 𝐴𝑖  𝜆𝑖(𝑡) + 𝐵𝑖  𝑓𝑖 (4.1) 

𝑌𝑖(𝑡) = 𝐻𝑖  𝜆𝑖(𝑡) + 𝐷𝑖  𝑓𝑖 (4.2) 

 

Where the system matrix 𝐴𝑖  , 𝜆𝑖 , 𝑓𝑖 𝑎𝑛𝑑𝐵𝑖 𝑎𝑟𝑒 

𝐴𝑖 = [

0 1

−
𝐾𝑖

𝑀𝑖

−
𝐶𝑖

𝑀𝑖

] = [
0 1

−𝜔𝑖
2 −2𝜉𝑖𝜔𝑖

] , 𝜆𝑖 = [𝑍𝑖 𝑍̇𝑖]
𝑇 ,    𝑓𝑖 =

𝐹𝑖

𝑀𝑖

, 𝐵𝑖 = [0 1]𝑇 

 

For acceleration measurements,  𝐻𝑖 and 𝐷𝑖 matrices are defined as [−𝜔𝑖
2 −2𝜉𝑖𝜔𝑖], and [1] 

respectively. Equation (4), discretized over time intervals of length Δt (Equation (5)). 

 
𝜆𝑖(𝑡 + 1) = Ψ𝑖  𝜆𝑖(𝑡) + Γ𝑖 𝑓𝑖(𝑡) (5.1) 

𝑌𝑖(𝑡) = 𝐻 𝜆𝑖(𝑡) + 𝐷𝑖  𝑓𝑖(𝑡) 

 
(5.2) 

Where Ψ𝑖 denotes the state transition matrix and equal to 𝑒𝐴𝑖Δ𝑡. Γ𝑖   represents the process noise 

matrix and can be calculated using equation (6). 

 
Γ𝑖 = [Ψ𝑖 − I]𝐴𝑖

−1𝐵𝑖 (6) 

 

2.1.2. State Vector estimation using Kalman Filter 

Based on the Kalman filter for the discrete-time state space system of Equations (5), the state 

vector 𝜆𝑖(𝑡) can be estimated by the following equations (Equations 7-12) (Chui and Chen 1989, 

Simon 2006, Bell 2010). 

 
𝜆̂(𝑡/𝑡 − 1) = Ψ 𝜆̂(𝑡 − 1) + 𝐽(𝑡 − 1)[𝑌(𝑡 − 1) − 𝐻 𝜆̂(𝑡 − 1)] (7) 

𝜆̂(𝑡) = 𝜆(𝑡/𝑡 − 1) + 𝐺(𝑡)[𝑌(𝑡) − 𝐻 𝜆̂(𝑡/𝑡 − 1)] (8) 

𝐽(𝑡 − 1) = Γ𝑄(𝑡 − 1)𝐷𝑇[𝐷 𝑄(𝑡 − 1)𝐷𝑇 + 𝑅(𝑡 − 1)]−1 (9) 

𝑃(𝑡/𝑡 − 1) = [Ψ − 𝐽(𝑡 − 1)𝐻]𝑃(𝑡 − 1)  [Ψ − 𝐽(𝑡 − 1)𝐻]^𝑇 + Γ 𝑄(𝑡 − 1) Γ^𝑇 − 𝐽(𝑡 − 1)𝐷𝑄(𝑡
− 1) Γ^𝑇 

(10) 

𝐺(𝑡) = 𝑃(𝑡/𝑡 − 1)𝐻[𝐻𝑃(𝑡/𝑡 − 1)𝐻𝑇 + 𝐷𝑄(𝑡)𝐷𝑇 + 𝑅(𝑡)]−1 (11) 

𝑃(𝑡) = [𝐼 − 𝐺(𝑡)𝐻]𝑃(𝑡/𝑡 − 1) (12) 
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where 𝐺(𝑡) is the Kalman filter gain matrix at time instant t. 𝑃(𝑡) denotes the filter’s error 

covariance matrix, 𝐽(𝑡)is the a priori gain matrix.  

The displacement and velocities time history (state vector) are identified as 

 
𝑈𝑛𝑥1 = 𝜙𝑛𝑥𝑞𝑍̂𝑞𝑥1 (17) 

𝑈̇𝑛𝑥1 = 𝜙𝑛𝑥𝑞 𝑍̂̇𝑞𝑥1 (18) 

 

Where n is the number of estimated DOFs. 

2.1 Moving Force Identification (MFI) Algorithm 

The algorithm adopted in this paper is that used by González et al. (González, Rowley et al. 

2008) who improve the work of Law et al. (Law and Fang 2001) by applying the first-order 

regularization technique.  

The change in the moving force {𝑟}𝑗 can be define from the following last square minimization 

with Tikhonov regularization (Equation (19)).  

 

∑({{𝑑𝑚𝑒}𝑗 − [𝑄]{𝑋}𝑗}, [𝑊]{{𝑑𝑚𝑒}𝑗 − [𝑄]{𝑋}𝑗} + {𝑟}𝑗 , [𝐵]{𝑟}𝑗)

𝑚

𝑗=1

 (19) 

 

where 𝑑𝑚𝑒 is the measurement vector (usually strain), [Q] is a vector to relate the measurements 

to the degree of freedom, (x, y) denotes the vector product of x and y, [W] is an m×m identity 

matrix in the least squares error. [B] is a regularized matrix equal to 𝜆[𝐼], where 𝜆 is the optimum 

regularization parameter, and its value is usually obtained using the L-curve method (Hansen 

1992, Hansen 1994, Lawson and Hanson 1995, Hansen 2005). It should be mentioned that the 

MFI algorithm require a calibrated FE model. 

 

3 Numerical Simulation 

 
Figure 3. Theoretical quarter car model on simply supported beam 

As shown in Figure 3, a simply supported bridge subject to a moving quarter-car model is taken 

as an example for numerical simulation. The quarter-car travels with the constant speed of 15.0 

m/s crossing a 20-m approach distance followed by a 15-m simply supported finite element (FE) 

bridge. The bridge is modeled with 1D Euler–Bernoulli finite beam elements with two degrees of 

freedom per node, vertical translation, and rotation. The vehicle masses are represented by a 

sprung mass, ms, and un-sprung mass, ma represents the vehicle axle mass and body mass 

respectively. The Degrees of Freedoms (DOFs) that correspond to the bouncing of the sprung 

and the axle masses are, us, and ua, respectively. The properties of the quarter-car and the bridge 

are listed in Table 1 and based upon the work of Cebon (1999) and Harris, OBrien et al. (2007). 

The dynamic interaction between the vehicle and the bridge that showing how bridge and vehicle 
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properties affect the response is implemented in MATLAB (Elhattab, Uddin et al. 2015, 

Elhattab, Uddin et al. 2016, Mohammed and Uddin 2019) based on the contact force concept 

adopted by Yang et al (Yang, Yau et al. 2004). and Gonzalez (González 2010). Unless otherwise 

mentioned, the used scanning frequency is 1000 Hz. The acceleration response at the bridge mi-

span has been extacted and plotted in Figure 4-a. the estimated displacement at the bridge mid-

span vs. the actual displacement is plotted in Figure 4-b. the estimated displacement has been 

used as input to the MFI algorithm and the force history has been plotted to compare with the 

actual force in Figure 4-c.  

Table 1. Vehicle and Bridge properties. 
Vehicle properties Bridge properties 

ms 14000 kg Span 15m 

ma 1000 kg Density 4800 kg/m3 

ks 2e5 N/m Width 4.0 m 

Ka 2.75e6 N/m Depth 0.8 m 

ca 1e4 N s/m Modulus 2.75×1010 N/m2 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4. (a) Acceleration at mid-span, (b) estimated vs. actual displacement using the kalman filter, and (c) 

actual vs. estimated force history. 

 

4 Conclusion 

 

In conclusion, this paper proposes a portable B-WIM system. The system is mainly focused on: 

firstly; replacing the strain measurements with the acceleration ones as the main input to the B-

WIM algorithm. Secondly, insert accelerometers in the drone and use it as flying sensors that can 

attach to the bridge. In this paper a simple perching mechanism has been tested and proven a 

good catching to the bridge frequency. Also, a new Moving force Identification algorithm has 

been developed based on the kalman-filter-based estimation algorithm to use the acceleration 

measurements instead of the strain to calculate the weight of the moving vehicle. 
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