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Abstract: With the development of the economy and the rapid increase in traffic volume, an overload
phenomenon often occurs. This paper studied a vehicle load identification technique based on
orthotropic bridge deck stress monitoring data. The strain responses on the lower edge of multiple
U-ribs were collected under vehicles crossed the deck. Firstly, an index based on the cross-correlation
function of strain response between different measurement points on the same U-rib was used to
evaluate vehicle speed. Secondly, a cosine similarity index was proposed to locate the transverse
position of the vehicle. Finally, the unknown vehicle load was identified on the basis of a calibrated
strain response area matrix. The effectiveness and anti-noise performance of the proposed method
were verified using numerical simulation. An experimental model was designed and some strain
gauges were installed to measure the strain response, and the test was carried out to further verify the
algorithm’s performance. Numerical and experimental results show that the proposed method could
effectively identify the vehicle load with good anti-noise performance. Moreover, a calibration space
was provided to guide practical engineering applications. The proposed method does not damage
bridge decks, does not affect traffic, and is economical.

Keywords: load identification; strain response area; calibration spacing; cosine similarity; orthotropic
steel deck

1. Introduction

With the rapid development of the economy, highway freight volume has followed a
rapid growth, resulting in a traffic overload phenomenon becoming increasingly common.
Overload will not only shorten the service life of bridges, but also significantly increase
the probability of traffic accidents; severe threats to the safety of bridge structures may
even be caused. The accurate identification of overload loads has important theoretical
significance and engineering application value for structural health monitoring and safety
assessment [1,2]. To accurately and stably identify the traffic load distribution on the bridge
deck, Ge et al. [3] proposed an improved full-bridge traffic load monitoring method based
on the YOLO-v3 convolutional neural network. The method adopted a training dual-
target detection model to identify profiles of the vehicle and correct vehicle centroid for
accurate vehicle location. Alberto et al. [4] proposed a computer vision-based method that
simultaneously identifies the moving vehicle’s load, the location of the vehicle on a bridge,
and the displacement response, which are then used to update the finite element model
in the monitored structural system. Currently, the main bridge vehicle load identification
methods include dynamic response-based load identification, pavement weight-in-motion
(WIM), and non-pavement bridge weight-in-motion (denoted as B-WIM). The dynamic
response-based method identifies the vehicle load by solving the interaction force at the
contact point between the vehicle and the bridge at any moment, through the vibration
equation of the vehicle-bridge coupling system.

This method’s application is susceptible to many factors, such as pavement uneven-
ness and vehicle speed; furthermore, the algorithm is very complex, with many system
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parameters [5,6]. Pavement WIM requires sensors to be buried by excavating the pavement,
which affects traffic. Moreover, the durability of the sensors is poor, due to long-term
direct vehicle rolling [7]. B-WIM technology involves installing sensors at the bottom of
the bridge to monitor and identify vehicle loads, such as for dynamic strain-based B-WIM
systems. The installation and maintenance of the sensors are easy, low-cost, and do not
damage the pavement [8,9]. Thus, it is an up-and-coming load identification technology.
The orthotropic deck steel box beam bridge with obvious local stresses and short influence
lines is suitable for vehicle load identification using B-WIM technology [10,11]. Ojio and
Yamada [12] proposed that the ratio of strain response areas of different vehicles driving
across the bridge equals the ratio of the total vehicle weight. Chen et al. [13] also stud-
ied the correspondence between the strain response area and axle weight of large-span
continuous steel truss bridge structures, in order to identify the gross weight of vehicles.
Zhang et al. [14] proposed a dynamic iteration algorithm between Moses’ algorithm and
the measured influence line algorithm to correct the ill-conditioned problem of solving the
equation. Zhao [15] used calibrated influence lines on site to calculate the axle weight, and
he studied the influence of the choice of influence lines, the shape of the influence lines, and
the sampling frequency on axle weight identification. These methods are primarily used for
simply supported beam bridges, slab bridges, steel girder bridges, and truss bridges, and
do not consider the impact of the transverse position of vehicles, i.e., the one-dimensional
B-WIM system. Due to the prominent local force in the orthotropic deck, a change in a
vehicle’s transverse position on the bridge greatly influences load identification; thus, an
analytical method needs to locate the transverse position of the vehicle in advance.

Quilligan [16] studied the two-dimensional B-WIM algorithm based on the influence
surface and conducted experimental studies on integral slab bridges and girder bridges,
respectively. Zhao [17] proposed an improved two-dimensional B-WIM algorithm for
simply supported T-beam bridges, which considers the transverse distribution of the
vehicle load on each main girder and calibrates the influence line for each main girder
separately on site. A field experiment validated the effects of the method. Zhang [18]
proposed a virtual monitoring method for the fatigue evaluation of the orthotropic steel
deck. It was found that using the influence surface to identify the vehicle load could
improve the recognition accuracy. Ma [19] identified the axle weight on the basis of strain
variation in multiple U ribs when the vehicle load acted on different transverse positions.

When identifying the vehicle load on an orthotropic steel box beam bridge based on
the measured dynamic strain, a critical problem is the location of the transverse position
of the vehicle on the bridge deck, as well as the calibration of the strain response. The
selection of the calibration spacing and the number of tests can greatly influence the
identification results. This study analyzed the vehicle load identification method based on
the strain response area. An index based on the cosine similarity was proposed to locate
the transverse position of the vehicle. The influence of calibration spacing on gross vehicle
weight identification is discussed, and the effectiveness and accuracy of the proposed
algorithm are validated with numerical simulation and experimental tests.

2. Identification Method

The orthotropic steel bridge deck is directly subjected to wheel loads, and the local
effects dominate its structural stresses. Under the support of the diaphragms, the stress
status in the U-ribs is similar to that for a multi-span continuous beam; moreover, its stress
influence line is very short. When a vehicle passes, the gross weight of the vehicle is
related to the total area of the strain response of the U-rib and the transverse position of
the vehicle. Firstly, a calibration vehicle is driven through the bridge, the strain response is
measured, and the vehicle’s speed is evaluated. Then, the calibrated strain response area
can be calculated and the transverse position of vehicle can be located. In the following,
the unknown vehicle is tested, and the practical strain response area and transverse po-
sition can be determined. Based on the calibrated strain response area at corresponding
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transverse positions, the gross vehicle weight can be identified. The whole flowchart of the
identification method is shown in Figure 1.
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2.1. Identification of Vehicle Speed

For the convenience of explanation, a segmental model of an orthotropic bridge deck
is selected as an example, as shown in Figure 2. Two strain gauges are installed at the lower
edge of the same U-rib (named as N7 and N8) to measure the structural response when
the vehicle across the deck. The longitudinal positions of the sensors are arranged in the
adjacent segmental span (B-B and C-C sections in the figure), and the distance between
measurement points is d.
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Assuming that the vehicle passes across the bridge deck at a uniform speed, the strain
responses measured by the two measurement points are P7(t) and P8(t), and the sampling
frequency is fs. As a result of the local stress characteristic at the measurement points, their
strain responses are similar, and the cross-correlation function can be calculated as follows:

R(τ) =
∫

P7(t)P8(t + τ)dt, (1)

where R(τ) is the correlation function of the response of measurement points N7 and
N8, τ is the time shift, and the extreme value of R(τ) corresponding to τmax is the time
difference between the vehicle passing the two measurement points, as shown in Figure 3.



Appl. Sci. 2022, 12, 12394 4 of 17

Appl. Sci. 2022, 12, 12394 4 of 18 
 

, (1)

where  is the correlation function of the response of measurement points N7 and N8, 
τ  is the time shift, and the extreme value of  corresponding to  is the time dif-
ference between the vehicle passing the two measurement points, as shown in Figure 3. 

The vehicle’s speed can be estimated by the following equation: 

max

sd fv
τ
×= , (2)

It should be noted that the vehicle speed can be estimated directly based on the dif-
ference between x coordinates for the peak of N7 and N8. However, the peak is susceptible 
to noise interference and the time of peak is unstable. It is inaccurate to directly estimate 
the vehicle speed based on peaks. The proposed cross-correlation function determines the 
speed by analyzing two entire responses instead of a few peak points, which make the 
results more sable and ensure better anti-noise performance. 

 
Figure 3. Cross-correlation function of measurement points N7 and N8. 

2.2. Identification of the Transverse Position 
As shown in Figure 1, stress measurement points are placed on the lower edges of 

multiple U-ribs within a lane, and the actual number of measurement points varies with 
the lane width and the U-rib size. Without a loss of generality, six stress measurement 
points are placed here (N1 to N6), and the strain response of all measurement points is 
collected when the vehicle drives over the segmental model at different transverse posi-
tions. Due to the local force characteristics of the orthotropic bridge deck, the length of 
strain influence line of the measurement points on the U-rib is approximately the spacing 
between the front span and the back span of the diaphragm; thus, the entire strain re-
sponse when the vehicle travels on the three-span spacing of the diaphragm is considered. 
Meanwhile, the response beyond the range is very small and has little effect on the fol-
lowing analysis. Firstly, the area of the strain response for each measurement point can be 
calculated based on the estimated vehicle speed, as shown in the following equation: 

2

1
( )

t

ij ijt
S v t dtε= ×  , (3)

where ijε  is the strain response of measurement point j when the vehicle passes the 

transverse position i; ijS  is the area of the strain response ijε ; 1t
 
is the moment when 

-0.4 -0.2 0 0.2 0.4
-5

0

5

10

15

20

Time interval (s)

R(
τ)

τmax

Figure 3. Cross-correlation function of measurement points N7 and N8.

The vehicle’s speed can be estimated by the following equation:

v =
d× fs

τmax
, (2)

It should be noted that the vehicle speed can be estimated directly based on the differ-
ence between x coordinates for the peak of N7 and N8. However, the peak is susceptible
to noise interference and the time of peak is unstable. It is inaccurate to directly estimate
the vehicle speed based on peaks. The proposed cross-correlation function determines the
speed by analyzing two entire responses instead of a few peak points, which make the
results more sable and ensure better anti-noise performance.

2.2. Identification of the Transverse Position

As shown in Figure 1, stress measurement points are placed on the lower edges of
multiple U-ribs within a lane, and the actual number of measurement points varies with the
lane width and the U-rib size. Without a loss of generality, six stress measurement points
are placed here (N1 to N6), and the strain response of all measurement points is collected
when the vehicle drives over the segmental model at different transverse positions. Due to
the local force characteristics of the orthotropic bridge deck, the length of strain influence
line of the measurement points on the U-rib is approximately the spacing between the front
span and the back span of the diaphragm; thus, the entire strain response when the vehicle
travels on the three-span spacing of the diaphragm is considered. Meanwhile, the response
beyond the range is very small and has little effect on the following analysis. Firstly, the
area of the strain response for each measurement point can be calculated based on the
estimated vehicle speed, as shown in the following equation:

Sij = v×
∫ t2

t1

εij(t)dt, (3)

where εij is the strain response of measurement point j when the vehicle passes the trans-
verse position i; Sij is the area of the strain response εij; t1 is the moment when the first axle
of the vehicle travels to the start point of the strain influence line (section A-A, as shown in
Figure 2); and t2 is the moment when the last axle of the vehicle travels to the end point of
the strain influence line (section D-D, as shown in Figure 2).

For the transverse position i of a vehicle through the model, the strain response
area of all measurement points constitutes a vector Bi = [Si1, Si2, · · · , Si6], which will
vary with the transverse position i of the vehicle. Before identifying the vehicle’s gross
weight, the strain response area vectors under vehicle load at different transverse positions



Appl. Sci. 2022, 12, 12394 5 of 17

are calibrated to obtain the standard strain response area matrix BC = [BC
1 , BC

2 , · · · , BC
n ],

where n is the number of transverse positions. We can obtain the vectors in the strain
response area at refined transverse positions by interpolating between the strain response
areas at different positions.

Then, the strain response area vector BT = [ST1, ST2, · · · , ST6] is measured under a
vehicle with an unknown transverse position. A cosine similarity CI index is introduced to
estimate the transverse position by comparing vector BT with the standard value BC

i , and
is expressed as follows:

CI(i) = cos(BT · BC
i ) =

BT · BC
i

|BT | ·
∣∣BC

i

∣∣ , (4)

The closer the CI is to 1, the more similar the two vectors are. By finding the vector BC
k when

the CI index is closest to 1, we can estimate the vehicle’s transverse position k, which corresponds
to the standard value BC

k .

2.3. Identification of Gross Vehicle Weight

Assuming that a vehicle with n axles drives across the bridge at speed v in transverse
position i, the strain response at measurement point j can be expressed as follows:

εij(t) =
n

∑
i=1

Ai I(t−
Li
v
), (5)

where Ai is the ith axle’s weight and I(t− Li
v ) is the strain influence line. Li is the wheelbase.

Here, it is defined as the distance between the ith axle and the first axle.
The strain response area of this measurement point can be expressed as follows:

Sij =
∫ t2

t1

εij(t)dt =
n

∑
i=1

Ai

∫ t2

t1

I(t− Li
v
)dt, (6)

where t1 and t2 are the influence line’s start point and end point, respectively, which are
the same as those listed in Equation (3).

Since the area of the strain influence line for each axle is equal, the following equation
can be formulated:∫ t2

t1

I(t− L1

v
)dt =

∫ t2

t1

I(t− L2

v
)dt = · · · · · · =

∫ t2

t1

I(t− Ln

v
)dt =

∫ t2

t1

I(t)dt, (7)

We can substitute the above equation into Equation (6) to obtain the following:

Sij =
∫ t2

t1

εij(t)dt =
n

∑
i=1

Ai

∫ t2

t1

I(t)dt, (8)

Thus, the total weight of the vehicle AG can be calculated, as follows:

AG =
n

∑
i=1

Ai =
Sij∫ t2

t1
I(t)dt

, (9)

As seen from the above equation, the total weight of the vehicle load is only related to
the strain response area of the measurement point under the vehicle load and the influence
line’s area.

To obtain the area of the influence line, we can measure the strain response εC
ij under

a calibration vehicle with known weight AC
G passing through the bridge from different
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transverse positions i, and the influence line’s area can be calculated based on the strain
response area SC

ij : ∫ t2

t1

I(t)dt =
SC

ij

AC
G

, (10)

In the following, the strain response under an unknown vehicle load is collected, and
the strain response area vector BT = [ST1, ST2, · · · , ST6] is calculated. Based on the pro-
posed cosine similarity CI index, the transverse position k of the vehicle can be determined.
Finally, the unknown vehicle’s gross weight AT

G can be identified as follows:

AT
G =

STj

SC
kj
·AC

G, (11)

It can be seen from the above theoretical that one axle sensor measurement point is
enough to identify the vehicle’s gross weight. However, the response of the measurement
point is sensitive to the transverse position of the vehicle. The strain response is small
and the signal-to-noise ratio is low when the vehicle is far away from the position of the
measurement point. Thus, multiple sensors were arranged in this study, and all of the
identified results were averaged to decrease the influence of the noise.

3. Numerical Simulation

To verify the effectiveness of the proposed method, a finite element model was built
on the basis of an actual orthotropic deck steel box beam bridge. The numerical simulation
results were used to identify the vehicle’s transverse position and gross weight.

3.1. Model Introduction

The numerical model dimensions refer to an actual orthotropic steel box girder bridge,
whose cross-section is shown in Figure 4. Considering the significant local force charac-
teristic, we built a local finite element model with two lanes with a width of 7.5 m in the
transverse direction and three-span diaphragms with a length of 9.6 m in the longitudi-
nal direction; the diaphragm was cut out with 0.8 m down from the deck in the vertical
direction. The deck, U-rib, and diaphragm thicknesses were 14 mm, 12 mm, and 8 mm,
respectively. The general commercial FEM software ANSYS was adapted to simulate the
orthotropic steel box girder model. The whole model was simulated using shell elements;
the material elastic modulus was E = 2.1 × 105 MPa and the Poisson ratio was 0.3. Without
a loss of generality, the load identification of the vehicle driving in the middle lane was
mainly considered, so the mesh size of the middle lane was refined to 2 cm and the mesh
size of other parts was set as 4 cm. The bottom of the diaphragms at the outermost end
was simple and support-constrained, and the middle diaphragms were constrained in the
vertical and transverse directions. The whole finite element model is shown in Figure 5.
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3.2. Gross Weight Identification

(1) Calibration of the strain response area

Before identifying the total load weight, it was necessary to calibrate the strain response
area by driving a vehicle with a known weight across the bridge from different transverse
positions. Here, a two-axle calibration vehicle was simulated to pass over the bridge model from
the left edge position of the lane at x =−68 cm to the right edge position of the lane at x = 68 cm,
every 4 cm (here, we defined it as calibration spacing d). The center position of the lane was
defined as x = 0 cm. The calibration vehicle’s front and rear axle weight was 14 kN and the
wheelbase was 260 cm. By finite element calculating, the strain response εij at the position of
the measurement points shown in Figure 1 could be obtained, where i denotes the transverse
position and j is the number of measurement points. Thus, all of the strain responses Sij could
be calculated, and the calibrated strain response area matrix BC = [BC

1 , BC
2 , · · · , BC

n ] could be
established. To obtain a finer location of the transverse position, the strain response area vectors
BC

i were refined at transverse positions every 1 cm using triple spline interpolation.

(2) Locating the transverse position

A two-axle test vehicle was simulated to pass over the model from the transverse
position x = −42 cm. The front and rear axle weights were 7 kN and 14 kN, respectively,
and the wheelbase was 300 cm. The structural strain response could be calculated by FEA.
Considering the influence of the noise, 10% and 20% (defined as noise variance/signal
variance) Gaussian white noise signals were added to the response data. The strain response
with 20% noise is shown in Figure 6.
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According to the proposed method, the cosine similarity CI index could be calculated
based on the strain response and the calibrated strain response area matrix. The relation
between the evaluated CI index and the transverse position is shown in Figure 7.
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Figure 7. The variation curve of the CI index relative to the transverse position.

As seen from the figure, the cosine similarity CI index reached the maximum at the
transverse position x = −42 cm under different noise cases, which is consistent with the
practical position. Thus, the proposed index could effectively locate the transverse position
with good anti-noise performance.

Theoretically speaking, the strain response is nonlinear due to the dynamic effect. The
proposed CI index is used to calculate the degree of linear correlation between the input
vectors. However, here, the strain response was not directly used as an input. Instead, the
strain response area was used as an input. In the example of a two-axle vehicle crossing
the model at speed of 10 m/s, the front and rear axle weights were 10 kN and 15 kN,
respectively, and the wheelbase was 320 cm. The static and dynamic responses of N2 are
shown in Figure 8.
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(3) Evaluating the gross vehicle weight

To validate the gross weight identification effect, different types of vehicles were driven across
the bridge model from different transverse positions, and the corresponding strain responses were
obtained using finite element analysis. A total of five types of vehicles were simulated, and the
wheelbase and axle weight parameters are listed in Tables 1 and 2, respectively.

Table 1. Wheelbase information for different vehicles.

Type of Vehicle Number of Axles D2 (m) D3 (m) D4 (m) D5 (m) D6 (m)

V1 2 2.6 - - - -
V2 3 3.0 1.4 - - -
V3 4 2.0 4.0 1.4 - -
V4 5 3.2 1.4 6.0 1.4 -
V5 6 3.2 1.4 7.0 1.4 1.4

Note: Di denotes the wheelbase from the ith axis to the (i − 1)th axis.

Table 2. Axle and gross weight for each vehicle.

Type of
Vehicle A1 (kN) A2 (kN) A3 (kN) A4 (kN) A5 (kN) A6 (kN) GVW

(kN)

V1 14 14 - - - - 28
V2 14 14 14 - - - 42
V3 14 14 14 28 - - 70
V4 14 14 14 14 28 - 84
V5 14 14 14 14 28 28 112

Note: Ai denotes the axis weight of the ith axis. GVW denotes the gross vehicle weight.

The proposed method was applied to locate the transverse position, and then we
could identify the vehicle’s gross weight based on the calibrated strain response area. The
identified results of the transverse position (denoted as TP) and the gross vehicle weight
(denoted as GVW) are shown in Table 3.

Table 3. Load identification of vehicles on each axle.

Type of Vehicle Noise Level Practical TP
(cm)

Identified TP
(cm)

Absolute Error of TP
(cm)

Identified GVW
(kN)

Error of GVW
(%)

V1
0%

−57
−58 1 28.02 0.10

10% −58 1 27.39 −2.17
20% −58 1 28.79 2.81

V2
0%

31
31 0 41.99 −0.03

10% 30 1 41.35 −1.55
20% 31 0 40.71 −3.07

V3
0%

−50
−50 0 70.06 0.08

10% −50 0 69.83 −0.24
20% −51 1 71.47 2.10

V4
0%

2
2 0 84.09 0.11

10% 2 0 85.66 1.97
20% 3 1 85.04 1.24

V5
0%

−54
−54 0 111.98 −0.01

10% −54 0 112.16 0.14
20% −54 0 114.09 1.87

It can be seen that the maximal absolute identified error of the transverse position was 1 cm
in all cases, and the identified result was not sensitive to the noise, which indicates that the cosine
similarity index has good anti-noise performance. For the identification of the GVW, the error
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increased with noise enhancement, and the maximal error was about 3% under 20% noise, which
can meet the need of practical engineering applications.

3.3. Influence of Calibration Spacing

When we calibrated the stress response area in practical application, we needed to choose
appropriate calibration spacing d. The smaller the parameter d was, the higher the load
identification accuracy that could be obtained; however, this may greatly increase the workload
on site, and vice versa. In addition, it was difficult to accurately control the vehicle that travelled
at a given spacing d on the deck. Here, we studied the influence of different calibration spacing d
on identifying the GVW.

(1) Constant calibration spacing

In the numerical simulation above, the calibration spacing was set as d = 4 cm, and then
the strain response area vectors were refined to 1 cm using triple spline interpolation. Then,
we changed the calibration spacing d from 4 cm to 48 cm and established the corresponding
calibrated strain response area matrix BC. In the following, the same two-axle test vehicle was
simulated to pass over the bridge from the transverse position x = −36 cm, and the structural
strain response was obtained using FEA with different noise. Based on the calibrated strain
response area matrix with different calibration spacing d, we could locate the TP and identify
the GVW of the test vehicle using the proposed method. The identified results are shown in
Figures 9 and 10 below.
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Figure 9. Identification error of the TP under different calibration spacing d.
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Figure 10. Identification error of the GVW under different calibration spacing d.

It can be seen that when the calibration spacing d varied from 4 cm to 48 cm, the
identification errors of the GVW and the TP showed an overall increasing trend. When
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the calibration spacing d was less than 32 cm, the maximum identification error of the TP
did not exceed 2 cm under all kinds of noise, and that of the GVW was below 5%. If the
calibration spacing d exceeded 32 cm, both errors sharply increased. Thus, these results
indicate that the calibration spacing should not exceed 32 cm.

(2) Variable calibration spacing

The influence of different calibration spacing d on the identification of the GVW was
studied, and the maximum calibration spacing was determined as 32 cm in the above
section. In practice, it is difficult to let the calibration vehicle accurately pass over the bridge
from the specified transverse position, so we further studied the influence of random
calibration spacing d on the identification of the GVW. The detailed method is listed below:

1© The structural strain response was extracted under the two-axle calibration vehicle
passing over the bridge model at the transverse position from x = −68 cm to x = 68 cm
every 4 cm;

2© The strain response was randomly selected at six transverse positions and the
maximum calibration spacing d was ensured to be 28 cm;

3© The calibrated strain response area matrix was established and the transverse
position was interpolated to 1 cm;

4© The TP was located and the GVW of the test vehicle was identified, as presented in
the previous section of constant calibration spacing;

5© Steps 2© to 4©were repeated one hundred times to obtain identified results multiple times.
When the maximum calibration spacing d was 28 cm, the identified results of the GVW

are shown in Figure 11.
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The maximum calibration spacings d were set as 32 cm and 36 cm, and the above
steps 2© to 5©were then repeated so that we could obtain the identified results under larger
calibration spacing. The identified results are shown in Figures 12 and 13.
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Figure 13. The identified errors of the GVW with 20% noise when d = 36 cm.

It can be seen that when the maximum calibration spacing was no more than 28 cm,
most of the identified errors in the GVW were below 7.5% under 20% noise. With an
increase in maximum calibration spacing, the identified errors became larger and more
scattered. This was mainly because larger calibration spacing decreased the accuracy of the
strain response area vectors when interpolated to 1 cm intervals. Thus, we could let the
calibration vehicle randomly pass over the bridge, and select six groups of strain response
where the maximum calibration spacing d was no more than 28 cm to build the strain
response area matrix, which is convenient for practical engineering applications. Certainly,
if the strain response of more positions with less calibration spacing was selected, better
identified results could be obtained.

4. Experimental Test
4.1. Experimental Model

To further validate the proposed algorithm, a 1:6 scaled-down steel beam model was
designed for testing. The model was 270 cm-long, 83 cm-wide, and 20 cm-high, with six U-ribs
under the deck and six diaphragms with 54 cm spacing. A two-axle vehicle was designed to
simulate the vehicle load. The vehicle dimensions were 45 cm× 40 cm× 28 cm (length, width,
and height, respectively). The wheelbase, tread, and wheel width of the vehicle were 38 cm,
28 cm, and 2 cm, respectively. Moreover, the axle and gross weight could be adjusted by
adding a mass block to the vehicle. The steel beam model was supported at the bottom of the
first and last diaphragms. The lead and tail beam were installed at the beginning and end of
the steel beam, respectively, to ensure that the vehicle could pass through the steel beam at a
uniform speed. Two limit holes were set on the vehicle, and two parallel wires fixed on both
ends passed through the limit holes in order to ensure that the vehicle could travel across the
model in a straight line. A motor was fixed at the end of the tail beam, which was used to
drag the vehicle across the steel beam. The installed test model is shown in Figure 14.
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Six strain gauges (N1 to N6) were placed along the longitudinal direction at the lower
edge of every U-rib in the middle section. Two strain gauges (N7 and N8) were installed at
the lower edge of the same U-rib in the adjacent section. The detailed dimensions of the
model and the layout of measurement points are shown in Figure 15.
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4.2. Load Calibration

Initially, some mass blocks were added to the experimental trolley, and the total weight
was 87.2 kg. The motor pulled the vehicle across the steel beam at different transverse
positions from x = −21.5 cm to x = 16.5 cm. Here, the transverse center position on the
deck was defined as x = 0 cm. A total of 39 transverse positions were tested, and the
corresponding strain responses at measurement points N1~N8 were obtained using a
sampling frequency of 50 Hz. Figure 16 shows the stress responses of measurement points
when the vehicle passed over the model at the transverse position x = −1.5 cm (the strain
was transformed into stress for the convenience of the display).
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Figure 16. Stress response of measurement points N1~N8 for TP x = −1.5 cm.

The stress response data of measurement points N7 and N8 were processed using
the proposed correlation algorithm, and the vehicle’s speed was subsequently identified
as v = 12.05 cm/s.

Next, the strain response areas of measurement points N1 to N6 were calculated based
on the estimated vehicle’s speed. The calibrated strain response area matrix was then built
using the proposed method.

4.3. Load Identification

In the following, the vehicle’s weight was adjusted by adding different mass blocks,
and experimental vehicles were driven through the steel beam model from different trans-
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verse positions. The strain response under multiple test cases could be collected for load
identification purposes.

Based on the calibrated strain response area matrix, the proposed CI index was calcu-
lated to estimate the transverse position under different cases, and then the GVW could be
identified. For the example of case 4, the variation curve of the evaluated CI index with the
transverse position is shown in Figure 17.
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Figure 17. The variation curve of the CI index with the transverse position under case 4.

It can be seen that the CI index reached the maximum 0.9809 at the transverse position
x = 3.5 cm. The practical transverse position was 3.7 cm and its error was acceptable. Thus,
the index could effectively locate the transverse position.

All the identified results are listed in Table 4.

Table 4. Identified results of the TP and the GVW.

Cases Practical TP
(cm)

Identified TP
(cm)

Error of TP
(cm)

Identified GVW
(kg)

Error of GVW
(%)

1 −15.5 −15.5 0 96.9 3.37
2 −6.5 −5.5 1 96.9 1.2
3 −3 −2.5 0.5 96.9 3.83
4 3.7 3.5 0.2 96.9 4.69
5 −16.3 −16.5 0.2 106.6 2.6
6 −16.5 −16.5 0 106.6 2.32
7 4 3.5 0.5 106.6 4.19
8 11.7 11.5 0.2 106.6 2.41

As seen from Table 4, the maximum identified error of the transverse position was 1 cm
based on the proposed CI index; most of them were less than 0.5 and the maximum
identified error of the GVW was 4.69%. This indicates that the proposed method can
be effectively used to identify the transverse position and the gross weight, with good
anti-noise performance.

4.4. Effect of Calibration Spacing

To study the effect of the transverse calibration spacing d on the identification of the
TP and the GVW, the stress response areas were calculated from the measured data with
the d being 1~8 cm. Then, the stress response area matrix was obtained by interpolating
to 1 cm intervals. A two-axle test vehicle with a weight of 96.9 kg was pulled across the
model at the transverse position x = −15.5 cm. The proposed method was used to identify
the TP and the GVW. The identified results are shown in Figures 18 and 19.



Appl. Sci. 2022, 12, 12394 15 of 17

Appl. Sci. 2022, 12, 12394 16 of 18 
 

5 −16.3 −16.5 0.2 106.6 2.6 
6 −16.5 −16.5 0 106.6 2.32 
7 4 3.5 0.5 106.6 4.19 
8 11.7 11.5 0.2 106.6 2.41 

As seen from Table 4, the maximum identified error of the transverse position was 1 
cm based on the proposed CI index; most of them were less than 0.5 and the maximum 
identified error of the GVW was 4.69%. This indicates that the proposed method can be 
effectively used to identify the transverse position and the gross weight, with good anti-
noise performance.  

4.4. Effect of Calibration Spacing 
To study the effect of the transverse calibration spacing d on the identification of the 

TP and the GVW, the stress response areas were calculated from the measured data with 
the d being 1~8 cm. Then, the stress response area matrix was obtained by interpolating to 
1 cm intervals. A two-axle test vehicle with a weight of 96.9 kg was pulled across the 
model at the transverse position x = −15.5 cm. The proposed method was used to identify 
the TP and the GVW. The identified results are shown in Figures 18 and 19. 

 
Figure 18. Identified error of the TP under different calibration spacing d. 

 

Figure 19. Identified error of the GVW under different calibration spacing d. 

It can be seen that when the calibration spacing was less than 6 cm, the identified 
error of the TP was about 1 cm, and that of the GVW was below 7%. When the calibration 
spacing continued to increase, the fluctuation of identified TP error became larger and the 

0 2 4 6 80

1

2

3

4

5

Calibration spacing (cm)

Er
ro

r o
f T

P 
(c

m
)

 

 

0 2 4 6 8
0

2

4

6

8

10

12

14

Calibration spacing (cm)

Er
ro

r o
f G

V
W

  (
%

)

 

 

Figure 18. Identified error of the TP under different calibration spacing d.

Appl. Sci. 2022, 12, 12394 16 of 18 
 

5 −16.3 −16.5 0.2 106.6 2.6 
6 −16.5 −16.5 0 106.6 2.32 
7 4 3.5 0.5 106.6 4.19 
8 11.7 11.5 0.2 106.6 2.41 

As seen from Table 4, the maximum identified error of the transverse position was 1 
cm based on the proposed CI index; most of them were less than 0.5 and the maximum 
identified error of the GVW was 4.69%. This indicates that the proposed method can be 
effectively used to identify the transverse position and the gross weight, with good anti-
noise performance.  

4.4. Effect of Calibration Spacing 
To study the effect of the transverse calibration spacing d on the identification of the 

TP and the GVW, the stress response areas were calculated from the measured data with 
the d being 1~8 cm. Then, the stress response area matrix was obtained by interpolating to 
1 cm intervals. A two-axle test vehicle with a weight of 96.9 kg was pulled across the 
model at the transverse position x = −15.5 cm. The proposed method was used to identify 
the TP and the GVW. The identified results are shown in Figures 18 and 19. 

 
Figure 18. Identified error of the TP under different calibration spacing d. 

 

Figure 19. Identified error of the GVW under different calibration spacing d. 

It can be seen that when the calibration spacing was less than 6 cm, the identified 
error of the TP was about 1 cm, and that of the GVW was below 7%. When the calibration 
spacing continued to increase, the fluctuation of identified TP error became larger and the 

0 2 4 6 80

1

2

3

4

5

Calibration spacing (cm)

Er
ro

r o
f T

P 
(c

m
)

 

 

0 2 4 6 8
0

2

4

6

8

10

12

14

Calibration spacing (cm)

Er
ro

r o
f G

V
W

  (
%

)

 

 

Figure 19. Identified error of the GVW under different calibration spacing d.

It can be seen that when the calibration spacing was less than 6 cm, the identified
error of the TP was about 1 cm, and that of the GVW was below 7%. When the calibration
spacing continued to increase, the fluctuation of identified TP error became larger and the
identified GVW error rapidly increased. Thus, the appropriate calibration spacing d was no
more than 6 cm, which is consistent with the numerical simulation, considering that the
experimental test was a 1:6 scaled-down model.

5. Conclusions

With the rapid development of the economy, traffic overload often occurs. Accurately
identifying the vehicle loads has important theoretical significance and engineering appli-
cation value for structural health monitoring and safety assessment. This study proposed a
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vehicle load identification technique for orthotropic steel box beam bridges based on the
strain response area. A numerical simulation and experimental test were carried out to
validate the effectiveness and anti-noise performance of the proposed method. From the
identified results, the following conclusions can be drawn:

The cross-correlation function between the measurement points on the same U-rib can
be effectively used to evaluate the vehicle’s speed.

The maximum identified error of the TP is 1 cm based on the cosine similarity CI index
in the numerical simulation and experimental tests. This verifies the effectiveness and good
anti-noise performance of the CI index.

In practical engineering applications, we can let the calibration vehicle randomly
cross the deck at different transverse positions, and then select the strain response at six or
more transverse positions to build a calibrated strain area matrix, only ensuring that the
maximum calibration spacing d is less than 28 cm.

The proposed method can effectively identify the gross vehicle weight with good
anti-noise performance. It only uses the strain response of the measurement point installed
at the lower edge of the U-rib of the orthotropic deck steel box beam bridge, which does
not damage the bridge deck, does not affect the traffic, and has good economic benefits
compared to expensive road-based dynamic weighing systems.

Author Contributions: Conceptualization, C.W.; Methodology, T.-Y.Q.; Software, Z.-S.Z.; Validation,
T.-Y.Q.; Formal analysis, J.-H.Z.; Investigation, T.-Y.Q.; Data curation, Z.-S.Z.; Writing—original draft,
J.-H.Z.; Visualization, T.-Y.Q.; Supervision, C.W.; Project administration, C.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This research is supported by the National Natural Science Foundation of China
(Grant No. 51408250) and the Hubei University of Technology Postgraduate Innovative Talent
Training Program (Grant No. Univ. 2022054).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All necessary data is given in this article.

Acknowledgments: This research was financially supported by the National Natural Science Founda-
tion of China (grant no. 51408250) and the Hubei University of Technology Postgraduate Innovative
Talent Training Program (grant no. Univ. 2022054). The authors would also like to thank the reviewers
for their suggestions which permit to improve this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chen, S.S.; Zhao, H.; Zhu, C.Y.; Li, J.H. Extre value prediction of effect of simply supported beam bridge under heavy vehicle

load. J. Huazhong Univ. Sci. Technol. 2021, 49, 95–100.
2. Sujon, M.; Dai, F. Application of weigh-in-motion technologies for pavement and bridge response monitoring: State-of-the-art

review. Autom. Constr. 2021, 130, 103844. [CrossRef]
3. Ge, L.F.; Dan, D.H.; Li, H. An accurate and robust monitoring method of full-bridge traffic load distribution based on YOLO-v3

machine vision. Struct. Control Health Monit. 2020, 27, e2636. [CrossRef]
4. Martini, A.; Tronci, E.M.; Feng, M.Q.; Leung, R.Y. A computer vision-based method for bridge model updating using displacement

influence lines. Eng. Struct. 2022, 259, 114129. [CrossRef]
5. Wen, J.S.; Wu, T.; Ni, Z.J.; Zhang, L.L. Influence of common factors on vehicle bridge coupling vibration. Vibroeng. Procedia 2021,

36, 60–65. [CrossRef]
6. Chen, S.S.; Luo, H.; Song, Y. Studies on Vibration Response of the Continuous Girder Highway Bridge under Horizontal

Multi-Vehicle Loads. IOP Conf. Ser. Earth Environ. Sci. 2020, 455, 012133. [CrossRef]
7. Zhao, Q.; Wang, L.B.; Zhao, K.; Yang, H.L. Development of a novel piezoelectric sensing system for pavement dynamic load

identification. Sensors 2019, 19, 4668. [CrossRef] [PubMed]
8. Wang, N.B.; Ren, W.X.; Wan, H.P. Bridge weigh-in-motion and its optimization algorithm based on dynamic strain. J. Vib. Shock

2013, 32, 116–120.
9. Ojio, T.; Carey, C.H.; Obrien, E.J.; Doherty, C.; Taylor, S.E. Contactless bridge weigh-in-motion. J. Bridge Eng. 2016, 21, 4016032.

[CrossRef]

http://doi.org/10.1016/j.autcon.2021.103844
http://doi.org/10.1002/stc.2636
http://doi.org/10.1016/j.engstruct.2022.114129
http://doi.org/10.21595/vp.2021.21859
http://doi.org/10.1088/1755-1315/455/1/012133
http://doi.org/10.3390/s19214668
http://www.ncbi.nlm.nih.gov/pubmed/31661778
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000776


Appl. Sci. 2022, 12, 12394 17 of 17

10. Ren, W.X.; Zuo, X.H.; Wang, N.B.; He, L.X. Review of Non-pavement Bridge Weigh-in-motion. China J. Highw. Transp. 2014,
27, 45–53.

11. Zhang, Q.H.; Li, J.; Guo, Y.W.; Yuan, D.Y.; Bu, Y.Z. Fatigue failure modes and resistance evaluation of orthotropic steel bridge
deck structural system. China Civ. Eng. J. 2019, 52, 71–81.

12. Ojio, T.; Yamada, K. Bridge weigh-in-motion systems using stringers of plate girder bridges. In Proceedings of the 3rd International
Conference on Weigh-In-Motion (ICWIM3), Orlando, FL, USA, 13–15 May 2002; pp. 209–218.

13. Chen, W.Z.; Yang, G. Theory and case study of vehicle load identification based on BWIM of steel truss bridge. Stahlbau 2013,
82, 214–222. [CrossRef]

14. Zhang, L.W.; Wang, J.Q.; Chen, N.; Sun, H.X. Theoretical and experimental study on a bridge weigh-in-motion iterative algorithm.
J. Vib. Shock 2021, 40, 171–176.

15. Zhao, H.; Uddin, N.; Shao, X.D.; Zhu, P.; Tan, C.J. Field-calibrated influence lines for improved axle weight identification with a
bridge weigh-in-motion system. Struct. Infrastruct. Eng. 2015, 11, 721–743. [CrossRef]

16. Quilligan, M.; Karoumi, R. Bridge Weigh-in-Motion: Development of a 2-D multi-vehicle algorithm. Trita-BKN Bull. 2003,
69, A-144.

17. Zhao, H.; Uddin, N.; O’Brien, E.J.; Shao, X.; Zhu, P. Identification of Vehicular Axle Weights with a Bridge Weigh-in-motion
System Considering Transverse Distribution of Wheel Loads. J. Bridge Eng. 2013, 19, 4013008. [CrossRef]

18. Zhang, L.W.; Zhao, H.; Obrien, E.J.; Shao, X.D. Virtual Monitoring of orthotropic steel deck using bridge weigh-in-motion
algorithm: Case study. Struct. Health Monit. 2019, 18, 610–620. [CrossRef]

19. Ma, P.F.; An, J.H.; Zhang, B.; Zhu, P.; Zhao, H. Research on Axle Identification with Lateral Influence Line of U-ribs. Highway Eng.
2020, 45, 1–8+14.

http://doi.org/10.1002/stab.201320025
http://doi.org/10.1080/15732479.2014.904383
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000533
http://doi.org/10.1177/1475921718764081

	Introduction 
	Identification Method 
	Identification of Vehicle Speed 
	Identification of the Transverse Position 
	Identification of Gross Vehicle Weight 

	Numerical Simulation 
	Model Introduction 
	Gross Weight Identification 
	Influence of Calibration Spacing 

	Experimental Test 
	Experimental Model 
	Load Calibration 
	Load Identification 
	Effect of Calibration Spacing 

	Conclusions 
	References

