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Abstract 
 

The importance of bridge health monitoring (BHM) has increased considerably and 

has become an essential component in monitoring transportation network. Visual 

inspection is mostly used to monitor the structural health of bridges. However, it has 

some downsides such as variability in the judgment of individual inspecting 

personnel, the necessity of physical presence at the bridge location, inaccessibility at 

remote areas, and many more. Several BHM methods are available, however, there is 

no solution for any type of bridge and damage condition. This leaves greater scope 

for new technologies to be adopted for BHM. The bridge weigh-in-motion (B-WIM) 

is gaining much attention as a promising alternative approach to BHM. B-WIM 

system captures bridge response due to vehicles traversing over it and estimates the 

vehicle weights. The main advantages of the B-WIM system are durability, 

portability, and easy installation. In addition to the weight estimation, it provides other 

structural information and also overcomes the limitations of pavement-based weigh-

in-motion (P-WIM) systems. A few damage sensitive parameters (DSPs) have 

recently been developed in the last decade using the B-WIM system. However, the 

performance of a DSP computed utilizing multiple response time histories from a 

single bridge under identical circumstances is seldom studied. In this paper, a 3D finite 

element (FE) bridge model of a real bridge is analyzed and acceleration, strain, and 

displacement response time histories are captured in every quarter location of the 

bridge length within the span. These response time histories are then fed to the B-

WIM algorithm to estimate gross vehicle weights (GVW) and DSP values are 
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determined and compared for performance evaluation. Finally, conclusions are drawn 

from this comparative study with an attempt to highlight the future aspects. 
 

Keywords: bridge health monitoring, bridge weigh-in-motion, damage sensitive 

parameter, strain, acceleration, displacement. 
 

1  Introduction 
 

A bridge is an important structure for transportation that connects two points separated 

by different obstacles. Bridge continuously carries vehicle loads which lead to fatigue 

and significantly shortens service life [1]. Beside this, an increase in traffic volume, 

vehicle overloading, exposure to harsh weather and natural aging degrade bridges 

over time [2]. Therefore, it is required to assess the condition of bridges at a regular 

interval. 

 

The most common practice for monitoring bridges is by visual inspection which 

has some mentionable limitations due to variability of judgment, inaccessibility in 

remote locations, and requirement of physical presence [3]. Vibration-based BHM 

methods are one of the earliest approaches which use natural frequency and modal 

parameters. However, no single solution is available which can be used for any type 

of bridge and circumstance as mentioned by Cantero and González [4]. Therefore, 

there is a scope for new technologies for BHM [5]. In recent years, B-WIM technology 

has attracted researchers as it has the potential to become a promising alternative to 

available BHM methods [6]. B-WIM system is one of the dynamic WIM systems, 

which use sensors mounted at the bottom of the bridge to capture bridge responses 

and estimate axle weights (AW) and GVW while vehicles traverse over it [7]. The use 

of a bridge as a weighing station was first presented by Moses in the late 70s [8]. 

Later, different independent research works are carried out to improve B-WIM 

algorithms [9–11]. B-WIM is capable of providing additional information such as 

vehicle speed, axle spacing, recurrence of vehicles, traffic volume and also overcomes 

the limitations of traditional WIM systems [12]. 

 

From the literature, it is found that the application of B-WIM system for BHM is 

seldom studied until fatigue damage analysis by Wang et al. [13], and a few DSPs 

using different response-based B-WIM systems were reported in a few literature [2, 

4, 14–16]. Researchers have used bridge responses in terms of strain, stress, 

acceleration, etc. at different locations and rotation at supports in B-WIM algorithm 

and presented damage detection capability. However, the performance of a DSP 

derived using different response time histories for a single bridge and circumstances 

is not been investigated yet. In this paper, a 3D FE model of a real bridge is analyzed 

to evaluate the performance of DSP values determined from longitudinal strain, 

vertical acceleration, and vertical displacement-based B-WIM. 

 

2  Methods 
 

A B-WIM system first calibrates the bridge influence line (BIL) by running a vehicle 

of known axle spacing and weight at different velocities. The captured bridge response 
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due to unknown vehicles is then processed with calibrated BIL using methods such as 

least square to estimate the GVW. The fundamental equation of B-WIM is [17]: 
 

 

𝑅𝑘 = ∑ 𝐴𝑖𝐼𝑘−𝐶𝑖

𝑁

𝑖=1

 (1a) 

 
𝐶𝑖 =

𝐷𝑖𝑓

𝑣
 (1b) 

 

where, Ii,k−Ci is BIL co-ordinate at (k – Ci) position of ith axle, Ai is the weight of ith 

axle, Ci is the number of scans corresponding to Di, Di is the distance of ith axle from 

1st axle, f is the sampling frequency, N is the number of axles, and v is the velocity of 

vehicle. When damage occurs, whether locally or globally, the response of the bridge 

due to vehicular load will change, resulting in a change in the BIL. As a result, B-

WIM system will estimate a different GVW, which becomes the basic fundamental 

of B-WIM based BHM. Following the study by Cantero and González [4], the DSP 

can be calculated as:  
 

 
𝐸𝐵𝑊𝐼𝑀 =

𝑊𝑔 − 𝑊𝑔𝑡

𝑊𝑔𝑡
× 100 (2) 

 

where, 𝑊𝑔 and 𝑊𝑔𝑡 are the estimated GVW after damage and the actual GVW, 

respectively. 
 

(a) 

(b)                         (c) 
 

Figure 1: Cross-sections of: (a) bridge, (b) beam, and (c) diaphragm (mm). 
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Figure 2:  3D FE model of the bridge 

 

 A 3D FE model of a real bridge [18] with cross-sections given in Figure 1, is 

developed in Abaqus as shown in Figure 2, to investigate the performance of the DSP. 

Under the same boundary and damage conditions, the DSP values are computed using 

three different response time histories. The bridge is 9.54 m wide and simply 

supported over 32 m span. Young’s modulus and Poisson’s ratio of concrete are taken 

as 48000 MPa and 0.15 respectively with 3% damping. A 2-axle vehicle is adopted 

from the article by Zhang et al. [19] as shown in Figure 3. The vehicle traverse through 

lane-1 following the center line and responses are captured at every quarter location 

of the middle beam under lane-1 within the span. As employed by Cantero and 

González [4], global damage is induced in the model in three stages by lowering the 

material's Young's modulus by 10% in each step up to 30%. GVW of the vehicle is 

also varied by reducing 10% of the AWs up to 30%. The results obtained are presented 

in the following section. 
 

 

Figure 3: Vehicle configuration. 
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3  Results 
 

To validate the FE model, eigen value analysis is performed and modal frequencies 

are presented in Table 1. Obtained values are then compared with the experimental 

values are found in agreement with an experimental study on the real bridge conducted 

by Brady et al. [18]. 

 

Mode 

no. 

Frequency (Hz) 

% Error 

Experiment [18] FE Model (present study) 

1 3.58 3.503 -2.15 

2 4.6 4.669 1.51 

3 12 12.304 2.53 

4 13.02 13.053 0.25 

Table 1: Modal frequencies. 

 

Following the frequency analysis, different response time histories produced by 

vehicular loads are recorded for healthy bridge conditions and processed to calibrate 

BIL. Damage is then incorporated in the bridge model as described in the preceding 

section and response time histories are captured. These responses are then fed into B-

WIM algorithm to estimate the GVWs. Subsequently, the DSP values are determined 

using Equation (2). Figure 4(a) shows DSP values obtained using longitudinal strain 

response time histories. It is seen that strain data provides positive DSP and increases 

as damage percentage increases. Positive DSP indicates that the estimated GVW is 

higher than the true GVW. It is also observed that DSP values vary with the velocity 

of vehicle from sensors located at L/4 and 3L/4. 

 

DSP values determined from vertical acceleration time histories are plotted in 

Figure 4(b). It is observed that acceleration response time histories provide negative 

values, which indicates that acceleration-based B-WIM estimates less GVW than true 

GVW. As damage increases, it provides lesser GVW and with a decrease in velocity, 

DSP values increase. In this case, the DSP values vary with the velocity of vehicle 

and show higher GVW when vehicle runs with a lower velocity. This may be due to 

the bridge not having as much time to vibrate at a larger amplitude when a vehicle 

passes at a faster speed. 

 

Similarly, DSP values are determined using vertical displacement time histories as 

shown in Figure 4(c). Displacement data also provides positive DSP values. It is 

observed that the DSP values do not vary much with vehicle velocity and are 

consistent for all the sensor locations. 
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(a) 
 

 

(b) 
 

 

(c) 
 

Figure 4: Damage sensitive parameter values determined using response time 

histories based on: (a) strain, (b) acceleration, and (c) displacement. 

 

4  Conclusions and Contributions 
 

This paper investigates the performance of a DSP using B-WIM system utilizing 

longitudinal strain, vertical acceleration, and vertical displacement response time 

histories with varying damage percentage, GVW, and velocity of the vehicle for a 
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single 3D bridge model under the same boundary conditions. The basic fundamental 

concept of B-WIM system is used to get the GVWs and DSP values are determined 

from every response captured. Based on the findings, the following conclusions can 

be drawn: 

 

1) In terms of estimation of GVW, acceleration response time history provides 

much less GVW than actual GVW. On the contrary, both strain and displacement 

response time history provide higher GVW than true GVW when damage occurs. 

 

2) DSP values determined using acceleration time history decrease as the 

percentage of damage increases. In contrast, DSP values obtained from strain and 

displacement response time histories increase with an increase in damage percentage. 

 

3) Variation of DSP values with respect to vehicle velocity is higher for 

acceleration response time history. For strain response time history, variation is much 

less. However, DSP values are almost the same for displacement response time 

history. 

 

4) DSP values determined from displacement response time history are almost 

linear in pattern with respect to the degree of damage and consistent irrespective of 

the sensor location. 

 

Further study is needed in this area which can contribute to the development of 

damage quantification using B-WIM-based BHM. 
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