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Abstract: The weigh-in-motion (WIM) system is a necessary piece of equipment for an intelligent
road. It can provide real-time vehicle weight and lateral distribution data on wheel load to effectively
support pavement structure design and service life analysis for autonomous driving. This paper
proposed an enhanced weigh-in-motion sensors system using Fabry—Pérot (F-P) cavity fiber optical
technology. Laboratory testing was performed to evaluate the feasibility of the proposed system and
field application was conducted as well. The laboratory results show that the traffic loads could be
obtained by measuring the center wavelength changes in the embedded F-P Cavity tunable filter. The
laboratory results also show that the vehicle load and the number of vehicle axles can be estimated
based on the system transfer function between the dynamic loading and the wavelength variation.
The field application indicates that the weighting accuracy of the proposed system could reach 94.46%
for moving vehicles, and the vehicle passing speed is the potentially relevant factor. The proposed
system also has the ability to estimate the number of vehicle axles and the loading position, and the
precision could reach 97.1% and 300 mm, respectively.

Keywords: weigh-in-motion (WIM) system; traffic load identification; Fabry—Pérot (F-P) cavity
fiber optical

1. Introduction

Estimation of vehicle weight and lateral distribution of wheel is a controlling factor
in durable pavement structure design for autonomous driving, which significantly affects
the pavement’s maintenance costs and the safety of road users [1,2]. The weigh-in-motion
(WIM) method may directly identify the load characteristic when the vehicles are in motion.
Weigh-in-motion (WIM) is also commonly used in vehicle overload controls and charge
freeway tolls [3-5]. In freeway management, it is indispensable to guarantee the quali-
fied performance of transportation infrastructure regarding traffic variations according to
weather factors [6,7], and determine the freeway toll for each vehicle.

Traditional WIM sensors usually include load cells, bending plate and strip sensors.
The bending plate and load cells have a metal plate several strain gauges beneath them, to
acquire the vehicle load by measuring the deformation of the metal plate. However, this
type of WIM sensor requires the vehicle to pass the metal plate with a low operating speed,
between 5 km/h and 15 km/h, to accurately determine axle loads [8-11]. The strip sensor
was first proposed in the 1980s for a high-speed WIM. Its main feature is a narrow strip
with a cross-sectional width of within a few centimeters. There have been various types
of bar sensor to date, including piezo-ceramics, piezo-polymer and piezo-quartz [12-15].
Alavi made a simple WIM sensor using piezoelectric ceramics. The sensor had a good
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performance in both cement concrete pavement and asphalt concrete pavement after
the field control test of 183000 ESALs [16]. Song made embedded piezoelectric ceramic
sensors based on 3D printing technology and proved their potential in vehicle weighing
applications [17]. Xiong designed a WIM prototype system, composed of nine piezoelectric
ceramic plates, and demonstrated that it was more reliable and cheaper than Kistler’s
existing WIM products [18]. Jian used piezoelectric ceramics, piezoelectric polymers,
and piezoelectric quartz sensors to fabricate a bridge WIM system and measured the
instantaneous load applied by vehicle tires [19]. However, the behavior and response of
the piezoelectric sensor depends on the pavement and bearing structure characteristics
(above all, its modulus). Electromagnetic interference (EMI) and moisture will also cause
the sensor to have a short lifecycle, with moderate error. Therefore, the piezoelectric sensor
is more sensitive to its environment and conditions of use [20-24]. Fiber optic sensors can
effectively solve the above problems compared with existing sensing technologies. Optical
fiber sensors have the unique advantages of a small size, light weight, high sensitivity,
and strong anti-electromagnetic interference. Additionally, fiber optic sensors have a high
reliability and accuracy, making them suitable for harsh environments, such as those with
a high temperature, corrosion and humidity [25,26]. At present, two main types of optical
fiber sensor are used in WIM technology: fiber grating sensors and F-P Cavity fiber sensors.
Malla et al. developed a special fiber optical sensor, based on measurements of optical loss
under mechanical stress when making WIM sensors [27]. Myra Lydon et al. developed an
all-fiber bridge WIM system and installed it on a beam-slab bridge for accurate axial load
detection [24].

Many researchers have discussed the assembling and structure of optical fiber sensors
using optical fiber WIM technology in the last two decades [28]. The mechanical properties,
dimensions of the packaging structure, distance between the sensor and type of optical
fiber used for sensor inscription will affect the final result. Investigating the response of
fiber optic sensors with package structure under complex dynamic loads and establishing
the mechanical response model of the package structure can help optimize the vehicle
weight estimation algorithms to improve the performance of the WIM system [29].

This paper proposes an embedded hydraulic F-P cavity WIM system, which is de-
signed to provide a low-cost and high-accuracy solution to existing WIM systems. The
system uses the F-P cavity tunable filter structure embedded in the vertical hydraulic
cylinder as a sensor unit. A single sensor contains four units to calculate the vehicle’s
dynamic load and wheel position. The performance of the system, including accuracy
and temperature compensation under different vehicles loads in motion, wheel positions,
speed and temperature, was evaluated by laboratory and field tests. Through laboratory
experiments, the system was tested under linear loading, sinusoidal loading, and different
temperatures. Finally, the sensor was installed in a road and loaded by different vehi-
cles. The results proved that the proposed system was a promising, low-cost, reliable and
practical alternative to current WIM systems.

2. Operational Principle and Sensor Design
2.1. Principle of F-P Cavity Tunable Filter

The structure of the F-P cavity tunable filter (Figure 1c) is based on Micro-Electromechanical
Systems (MEMS) technology. The principle of sensing is that the diaphragm is deformed
due to the medium pressure, resulting in changes in the length of the cavity, which lead to
changes in the optical path difference, which affect the light intensity in the optical fiber.
According to the multibeam interference theory, the F-P cavity interference light intensity
is given by Equation (1).
~ 2R(1—cos 4l

1+ R? —2Rcos #4L 0
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r

where I is the incident light intensity (cd); I, is reflected interference light intensity (cd); R
is reflectivity; L is cavity pitch (m); and A is the incident wavelength (m).
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Figure 1. Operational principle and sensor design: (a) sensor unit; (b) sensor package structure; (c)
sensor unit principle; (d) F-P cavity tunable filter principle.

The light intensity can be converted into the corresponding light wavelength. Thus,
the change in wavelenth can reflect the change in physical medium pressure.

Equation (2) shows the relationship between medium pressure P and wavelength
variation Aw in the F-P cavity tunable filter structure medium in this article, according to
the results of the laboratory calibration test.

Aw = —0.6215P @)

The cantilever beam structure is used to isolate the F-P interference cavity from the air,
improving its thermal isolating ability and reducing energy consumption [30].

2.2. Sensor Unit Design

The weigh-in-motion sensors sustain the complex forces formed by the interaction
between the vehicle and the road [31,32]. In order to ensure the measurement accuracy and
service life of the sensor, the sensor design has three principles. First, the sensor unit should
have shock resistance as the support structure of the weigh-in-motion sensors. Second,
the elastic deformation of the sensor unit under impact should be as small as possible in
order to coordinate with the deformation of the surrounding road surface. Finally, the
sensor unit should be able to measure vertical forces exclusively, which means reducing
the influence of orthogonal forces on the dynamic response to improve sensing accuracy.
Figure 1c shows the sensor unit in which the size of vertical hydraulic cylinder is 80 x 80
x 80 mm and the size of the internal F-P cavity tunable filter is 10 mm in diameter and
30 mm in length.

The principle of the sensor unit is based the dynamics of the cylinder. Considering the
oil compressibility and cylinder leakage, the formulae of oil continuity and piston force
balance can be written as Equations (3) and (4), respectively,

vdp
Av = kP =+ W (3)
PA—=-m™ _Boir 4)

dt
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where A is sensor unit piston area (m?); v is sensor unit piston moving speed (m/s); « is the
leakage constant; P is the internal pressure of the cylinder (Pa); VdP/Kdt is volume change
rate due to oil compression, V is the volume in the cylinder, and K is the oil elastic modulus
(Pa); PA is reverse thrust of sensor unit (N); and mdv/dt is inertial force (N); B is viscous
damping coefficient (N/(m/s)).

Laplacian transformation of Equations (3) and (4) is obtained:

A0(S) = (x+ ¥5)P(S) 5)

AP(S) = (—mS — B)v(S) + F(S) (6)
Equations (7) and (8) are obtained from Equations (5) and (6):

(k + gS)E(S)
¥YmS2 + (¥ B+ xm)S + (A2 + «B)

o(S) = @)

B AF(S)
P = ¥mS? + (g B+ xm)S + (A% +«B) ©

when the load of sensor unit F is used as the input, the piston transfer speed v and internal
pressure P are used as the output transfer functions:

(S 1 (x+ ZS)
P ) T AT (5 2 v
pa(s)=28 _ A4 ! (10)

F(S) :AZ—V—KB(WLH)Z_'_zg(WLH)_i_l

where W, is the natural angular frequency of sensor unit, and ¢ is sensor unit damping
ratio.

_ [(A2+«B)K
W, = Vo 11)
W, Kkm + VB
_ 12
¢ 2K A2 +«B (12)

From Equations (9) and (10), it can be seen that the sensor unit can be simplified into a
second-order system. Since the coefficients of the characteristic equations are all positive
numbers, the sensor unit can work stably. From the analysis of natural angular frequency
and damping ratio of the hydraulic cylinder, it is necessary to increase cylinder size and
oil elastic modulus to reduce the dynamic error and expand the frequency response range.
The size of the cylinder block could not be changed due to engineering and mechanical
response limitations, so the oil elastic modulus was adjusted to increase the natural angular
frequency of the sensor unit. In this paper, anti-wear hydraulic oil #46 was selected, and air
in the cylinder was eliminated as much as possible during the oil injection process. The
parameters of the cylinder structure system are shown in Equation (13).

A 0.0013

B 500

K 80000000

<1 =10 (13)
|% 0.00007536

m 0.1
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2.3. Package Structure Design

In order to protect the F-P cavity tunable filter [33] and improve the accuracy of
measurement, a strip-shaped array containing four sensor units was designed. The package
was made of SUS304 material, which is one of the most widely used versions of stainless
steel and is made up of 18% Cr (Chromium) and 8% Ni (Nickel). The package can provide
enough protection for the sensor unit. The overall package structure consist of four parts:
the supporting plate, the sensor unit with optical fiber, the bearing plate, and the covering
layer, as shown in Figure 1b. The two bearing plates are assembled next to each other
and can work independently. Under each bearing plate, the two sensor units should
work synchronously. The external force exerted on sensor units should be exclusively
vertical. The bearing plate should be wider than a tire, with a width that usually ranges
from 175 to 335 mm. The spacing between sensor units should ensure that the vertical
stress distribution on the bearing plate is even enough. Considering both the structure
stability under overload and the suitable size of sensor units, the overall size of the whole
system was designated as 1200 mm x 100 mm x 100 mm (Length x Width x Height).
Additionally, the length of a single bearing plate was 300 mm, and the sensor units were
arranged every 600 mm.

The WIM sensor is manufactured via the following steps: (1) the upper and lower
valves of the cylinder are both filled with anti-wear hydraulic oil #46, and the inner air is
exhausted; (2) sealing gaskets are installed at the upper and lower valves of the cylinder
and F-P cavity, and the adjustable filter is installed into the cylinder from the lower valve;
(3) the antiwear hydraulic oil #46 is injected into the cylinder via these valves, until the
inner pressure reaches 10 MPa; (4) the sensor units are installed on the corresponding
positions on the base board, and the bearing board is horizontally installed; (5) the covering
layer is installed after the bolts are tightened on both bearing boards.

3. Laboratory Testing and Evaluation
3.1. Experiment Arrangement

The dynamic load of a vehicle can be converted to a semi-sine pulse load with an
amplitude P and a period T [8]. As the width of the sensor is less than the length of wheel
paths, the WIM sensor senses a sequence of the vehicle’s dynamic load. The tire loading
process on the sensor is as shown in Figure 2a.

v

v

Load/N

>

>
Times/s

(b)

Loading device Fiber grating sensing demodulator

temperature ?
Loading head controller
Sensor unit Optical fiber
- - . C .
— ¢ Processor

(c)

Figure 2. Laboratory experiment design: (a) tire-loading process; (b) dynamic loading curve; (c)

experiment system.
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The frequency of tire loading on the sensor is calculated as follows:

1 v

f:f:ll-i-lz

(14)

where T is load period (s); v is vehicle speed (m/s); I is tire ground length (m); and /5 is
sensor width (m).

The dynamic response and sampling frequency of the sensor significantlly affect the
accuracy of the wheel load calculation. Therefore, it is necessary to consider whether the
static sensing accuracy and the dynamic response frequency can both meet the requirements.
As sensor units are temperature-sensitive, it is also necessary to evaluate how the sensor
unit is affected by temperature. In this article, static loading and dynamic loading and
temperature calibration experiments were carried out to analyze this.

A seam motion simulation servo machine was adopted in the experiment, with a
maximum load of 50 kN. A loading head was used to apply a vertical force, and the loading
head area is a circle, with a diameter of 100 mm. The adjustable temperature range of the
servo machine was —10~50 °C. The optical fiber was connected to the FT310 optical fiber
grating sensing demodulator manufactured by Shanghai BAIANTEK Sensor Technology
Co., Ltd. (Shanghai, China). The optical wavelength signal was transmitted using TCP/IP.
Then, the decoded data was transmitted to the HP computer for further analysis and
processing. The experimental system is as shown in Figure 2c.

3.2. Loading Experiment

The loading experiment includes two parts: static loading and dynamic loading. The
purpose of the static loading test is to verify the linearity of sensor units. The purpose of
dynamic loading is to verify the dynamic response capability of sensor units. According to
China’s Road Vehicle Outline Dimensions, Axle Loads and Mass Limits and loading capacity of
the testing device, static loading stepwise was set as 10, 20, 30, and 40 kN, at the loading
rate of 1 kN/s, and each loading stage was maintained for 5 s. The process was unloaded
step by step after the end of loading. From Figure 2b and Equation (13), the vehicle load
frequency was related to the tire-pavement contact length. Contact length was usually
between 0.22 m and 0.24 m. The average value (0.23 m) was set as 11, and 12 was set as
0.1 m. Equivalent vehicle speed was 6.6 m/s. Based on the performance of the loading
device, the design dynamic loading test was as a semi-sine loading sequence with the
frequency of 20 Hz, and the amplitude ranged from 3 kN to 5 kN. The loading interval was
0.3 s. The experimental temperature was 25 °C.

3.3. Temperature Experiment

The sensors were generally installed on the pavement. The pavement temperature is
a significant factor affecting sensor accuracy. A temperature calibration experiment was
carried out to evaluate the temperature effect, by placing the sensor unit in a temperature-
regulated room and measuring the change in the wavelength of sensor units at different
temperatures (0, 10, 20, 40, and 60 °C).

3.4. Results and Evaluation

In the static loading experiment, when the cyclic loading of 10, 20, 30, 40 kN was
exerted, the sensor unit generated a series of optical signals, which were collected by a fiber
demodulator and displayed on a laptop computer. Moreover, changes in light wavelength
reflected load variation.

Table 1 shows that when the wheel weight is 160 kN, the maximum vertical displace-
ment of the cover plate is 0.24 mm less than general asphalt pavement deflection, which is
approximately 0.28 mm under the same load [34]. These mean that when vehicle wheel
passes over the WIM sensor, the cover plate of the sensor is elevated above the pavement
level.
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Table 1. Number of different vehicle parameters (Vertical Displacement).

Load/kN Vertical Displacement/mm
0 0.00
10 0.04
20 0.08
30 0.16
40 0.24

Figure 3a shows the cyclic loading results of the sensor unit. The repeatability and
linearity of sensor units in the loading direction were well within 1040 kN, and R2 was
0.95. This proves that a sensor proposed can measure at least the wheel weight of 160 kN
(16 t).
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Figure 3. Sensor unit signal at laboratory experiment: (a) static loading signal; (b) temperature
calibration curve; (c¢) comparison between theoretical and experimental signal.

The wavelength signal measured at 0 °C was set as the control value, and the measured
value of the sensor unit wavelength was subtracted from the reference value to obtain Aw.
The experimental results are as shown in Figure 3b. It is clear that Aw has a remarkable
linear relationship with temperature, and the temperature coefficient (0.0106 nm/°C) was
obtained via linear regression.

The dynamic loading characteristics are as shown in Figure 3c. It can be seen that
the sensor unit can effectively capture the changes in the loading curve. It exhibited a
high response performance. According to the transfer function of the sensor unit system
(Equation (10)), the response curve of the sensor under the 3 kN load with the loading
frequency of 20 Hz was obtained. The comparison between theoretical and experimental
results of sensor units is as shown. The actual Aw change response of the sensor unit was
92.3% of the theoretical response, which reflected the actual weighing accuracy of wheel
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Weigh-in-motion
% sensing system

Wautai

load. In the experiment, the optical signal passed through the lowpass filter and then
entered the display device, resulting in the stepped experimental response. Based on the
aforementioned analysis, the actual response of the sensor unit can be corrected according
to the theoretical response.

4. Field Application
4.1. Field Testing Setup

The WIM sensors were installed in two lanes of the Wutai-Yuxian Expressway in
Shanxi Province for field testing. There was a static weighing station (ASTM) about 4 km
downstream of the system, as shown in Figure 4a, so the license plate number, the actual
vehicle weight, and the vehicle type could be known and the accuracy of the system could
be calculated.

Fiber grating sensing

Static weighing station -] : Video camera LI

I I Host computer
Lanel Lane2 Shoulder  Electricity box

J Sensor2 _]
§ ’_L ------ Smm————— = demodulator
s 0 2ut 4 1000 E— r—
Yuxian § | |<— !SensorlS_J:' ------- L) :
\ | ensorl! 1
4.0km ~® s | //{j/l =
N
AN

Figure 4. Field testing setup and WIM sensor installation: (a) location of the field testing; (b)
components and connections of weigh-in-motion system; (c) scene after construction and sensor
installation.

In each lane, two WIM sensors were installed beneath the wheel path on the asphalt
pavement. The sensor was embedded in the grooves approximately 11 cm deep, leveled
with the pavement’s surface. The grooves were sealed with fast-setting epoxy (sensors
almost flushed with the surface because sensor height was 10 cm). The pavement surface
after construction and sensor installation is shown in Figure 4b,c. As shown in Figure 4b,
the field test consisted of vehicles, a sensor embedded in the road, fiber grating sensing
demodulator, video camera and host computer. The two sensors in a lane were spaced
60 cm apart.

4.2. Field Testing Data Acquisition

The field test was carried out on the 17 and 18 November 2021, and 21 December. In
these three days, 153 vehicles passed the WIM sensors embedded in the pavement. These
vehicles can be classified into several categories: passenger vehicles, two-axle rigid trucks,
multi-axle rigid trucks, and trailers. The latter three types are freight vehicles. The number
and proportion of each vehicle type were as shown in Table 2. For each vehicle passing
the sensors, the video camera captured license plate number, speed and position of the
vehicles. The sensors recorded signals at the same time. Every sensor unit corresponded
with one channel of the demodulator. Then, signals of all the channels were demodulated
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in the fiber grating sensing demodulator and transmitted to the host computer. On the host
computer, vehicle loads could be calculated and matched with the license plate number
obtained by video camera.

Table 2. Number of different vehicle parameters (Speed Partition).

Speed Partition @  Speed Partition @  Speed Partition @)  Speed Partition @

Vehicle Type (5~30 km/h) (30~60 km/h) (60~90 km/h) (90~km/h) Number
Passenger vehicle 2 10 28 7 47
Rigid truck 3 9 1 ” 25
(two-axle)

ngld. truck 5 19 20 4 48
(multi-axle)

Trailer 2 5 25 1 33

Total 12 43 84 14 153

4.3. Field Load Estimation Algorithm

To calculate vehicle loads according to the signals of the sensor, the following weigh-
in-motion algorithm was proposed.

Step 1: Convert the wavelength representing hydraulic pressure to that representing
force according to Equation (6). According to the Section Laboratory Experiment Results,
the actual response of the sensor unit can be corrected according to the theoretical response.

Step 2: Calculate the average output wavelength. Each sensor unit outputs an array of
the wavelength. The results of four sensor units are averaged, and a new array w(t) can be
obtained from Equation (15).

w(t) = Fwr(8) + wa(t) +ws (1) + wa(1)] (15)
where w;(f) (i =1, 2, 3, 4) is the wavelength signal captured by the four sensor units during
the experiment (mm); and w(t) is the average of the results of the four sensor units (mm).

Step 3: Calculate the deviation from the mean. The mean and variance of the new
array are calculated and named w and ¢, which are two certain values. w(t) minus @ is
adjusted to Aw(t), as shown in Equation (16).

Aw(t) =w(t) —w (16)

where W is the mean of w (mm); ¢ is the variance in w (mm); and N is the number of
wavelength samples during the experiment.

Step 4: Zero setting by three standard deviation criterions. Check for elements in
the array Aw(t), and set the elements in the range of [-3c, 30] to 0. Then, the non-zero
elements can be reserved as the loading response, which corresponds to a period in which
a certain axle passes the sensor system.

Step5: Obtain the axial number and axle load. The integrating range is determined
by the corresponding time of 5% of peak time, as shown in Figure 5a. the number of
integrating ranges is exactly the axle number. As Equation (17) shows, the axial load can be
obtained by integrating the axial load response during the period when Aw # 0.

tf.’n
F = —1.6090 x / " Aw(t)dt (17)

tbegin

where —1.6090 = 1/(—0.6215) is the coefficient of F — Aw, —0.6215 is the coefficient in
Equation (2); tpegin is the left-side time of the integrating range; and tend is the right-side
time of the integrating range.
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Figure 5. The performance and flow of the WIM algorithm: (a) signal of weigh-in-motion; (b) two-axle
passenger vehicle signal and scene; (c) six-axle signal and scene; (d) weigh-in-motion algorithm.

Step6: Vehicle load. The vehicle load is a simple sum of all the axial loads. The flow of
the algorithm is as shown in Figure 5d.

The primary performance of the algorithm is verified in field testing. The typical traces
measured by using the proposed WIM sensor and algorithm are as shown in Figure 5a
(average wavelength of four sensor units). The passage of two axles can be observed, with
an interval of about 0.170 s. The wheelbase calculated from speed (measured by a ra-dar
speed indicator) and time intervals is 2.73 m, while the actual wheelbase of vehicle is 2.65 m.
The calculation error is 3%. The wavelength variation in two types of vehicles is shown in
Figure 5b. In Figure 5b, there are two integrating ranges that correspond to two axles of a
passenger vehicle. Similarly, in Figure 5c, six integrating ranges are matched with the six
axles. The integrating ranges can be divided into three groups, as the boxes show, which
represent Single Axle, Tandem Axles and Tridem Axles, respectively. These prove that the
algorithm can accurately grab the vehicle axles’ signal segment.

4.4. Field Testing Results

Data from all 153 vehicles passes are analyzed to evaluate the measurement accuracy
of the vehicles” weight and axle number. Figure 6a compares the vehicle weights estimated
by the proposed WIM sensor with their actual weights. The measurement weights track the
actual weights very closely, with linear correlation reaching 0.97. The means and standard
deviations associated with the measurement accuracy of the vehicles” weight and axle
numbers are summarized in Table 3.
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Figure 6. Weight estimation and position estimation: (a) predicted weights against the actual static
weight; (b) predicted weight percentage error of predicted weight; (c) position of the tires.

Table 3. Results of field testing.

Vehicle Type Mean Error Standard Deviation Accuracy
of Vehicle Weight of Predicted Errors of Axle Number
Passenger vehicle 7.12% 1.82% 97.3%
Rigid truck (two-axle) 5.94% 1.89% 100.0%
Rigid truck (multi-axle) 5.15% 2.19% 95.7%
Trailer 3.47% 1.86% 96.4%
Total 5.54% 2.36% 97.1%

Figure 6b shows the percentage mean errors of different type vehicles’ weight estimates
at a different speed. The error distribution is correlated with the speed. The errors of speed
partition (@ and (D) are larger than the others. The reason for this is that, under high speed,
the greater the speed is, the greater the dynamic load factor. The WIM algorithm calculates
the axle weight by integration: the slower the speed is, the more overlapped the areas.
When the speed is at 60~90 km/h, the superimposed effect is balanced. This is why the
error is minimal at this speed partition.

The weighing accuracy of the sensor is different for various types of vehicles, as
Figure 6b shows. The more axles, the smaller the error standard deviation. This means that
the consistency of heavy vehicle measurement is better than that for light vehicles.

The results of vehicle weighing and axle number detection are shown in Table 3. The
accuracy of the axle number is 97.1%, while the average accuracy of axle load weighing is
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94.46%. The sensor has a weighing measurement error of 7.12%, 5.94%, 5.15%, 3.47% at
passenger vehicle, rigid truck (two-axle), rigid truck (multi-axle), and trailer, respectively.
The error of weighing decreases with the increase in axle load. The WIM errors for the
vehicle weights are below the LTPP-allowed errors (10%) [35,36].

The Table 4 shows that the proposed system has advantages in terms of the system
cost of the sensor, labor cost of the system and error of WIM [29,36].

Table 4. WIM sensor comparation.

WIM System System ($) Labor ($) Error
F-P WIM (presented) 6076 6500 +5.54%
Bending plate 21,500 13,500 +10%
Strip WIM 13,500 6500 +£15%
(piezoelectric)
Single load cell 50,500 20,800 +6%

Moreover, wheel load position can be found by comparing the signals of four channels
of a sensor. When an axle of a vehicle passes, the change in wavelength can reflect the
position of the tires. Channel 01~04 are in sensor 1 and the other channels are in sensor 2.
As Figure 6¢ shows, there is significant variation in the wavelength of Channels 03, 06 and
07. This means that the left tire passed exactly on Channel 03, while the right tire passes
on the middle of Channels 06 and 07. Therefore, the precision of the location of loading
position reached 300 mm.

5. Conclusions

Weigh-in-motion (WIM) is an indispensable part of freeway management regarding
vehicle overload controls and charge freeway tolls in China.

In this paper, an embedded hydraulic F-P cavity WIM system is designed and fabri-
cated. After theoretical analysis, laboratory experiment and field application, the following
conclusions are obtained:

(1) The sensor consisting of several sensor units can measure the vertical load from 0 to
160 kN. The linear correlation coefficient of the measured value is 93.32%. The sensor
has a linear relationship with temperature changes and the coefficient is 99.5%, so
temperature errors can be effectively avoided through temperature compensation.

(2) Field application validates that the sensor has a weighing measurement error of
5.54% and an axis number measurement accuracy of 97.1%. The speed affects the
measurement accuracy, but the influence can be ignored.

(3) Field application shows that the output of each sensor unit decreases as the distance
from the loading center increases. According to the comparison of the output of
different sensor units, the location detection resolution is 300 mm.

Further study of the temperature correction for the weighing algorithm is recom-
mended. Moreover, further field applications are recommended to verify its feasibility
under complex conditions. The new WIM system, upgrading the embedded hydraulic F-P
cavity WIM system proposed in this study, could be studied in the future.
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