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ABSTRACT

Weigh-in-Motion (WIM) systems are designed for weighing vehicles driving across a
measurement site. Because during measurements the vehicle has to come in physical

contact with the components of the system, WIM systems always use built-in sensors
installed in road pavement. Each WIM system consists of force sensors placed in one,
two or even several lines, perpendicular to the direction of traffic. The idea behind
WIM systems is to measure the dynamic loads that the wheels of a moving vehicle
exert on the road surface and, on this basis, to estimate static wheel loads as well as

gross vehicle weight.
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INTRODUCTION

Weigh-in-Motion (WIM) systems are de-
signed for weighing vehicles driving across a
measurement site. Because during measurements
the vehicle has to come in physical contact with
the components of the system, WIM systems al-
ways use built-in sensors installed in road pave-
ment. Each WIM system consists of force sensors
placed in one, two or even several lines, perpen-
dicular to the direction of traffic.

Literature reviews

The idea behind WIM systems is to measure
the dynamic loads that the wheels of a moving
vehicle exert on the road surface and, on this ba-
sis, to estimate static wheel loads as well as gross
vehicle weight. The accuracy of WIM measure-
ments is determined by the measuring conditions,
including:

e vehicle speed,
e quality of the road pavement in which the

WIM system is installed [12],

e properties of the force sensors used [5, 10],

e calibration procedure and frequency of system
calibration [1, 9, 8, 9, 11, 14],

e algorithm used for estimating static load and
gross vehicle weight [13].

WIM systems are divided with respect to
design and functionality criteria into two types:
multi-sensor and classic mechanical systems. The
more advanced and more complex Multi-Sensor
WIM (MS WIM) systems [3, 4], are equipped
with cameras, which make it possible to collect
additional information regarding the fixed and
variable parameters of road traffic. The fixed pa-
rameters are characteristics such as vehicle class,
registration number, number of axles, distances
between individual axles, distances between
extreme axles, and vehicle length. The variable
parameters include time of vehicle arrival at the
measurement point, vehicle speed, direction of
movement, and the number of lane in which the
vehicle was detected.

An MS-WIM system installed in a road lane al-
lows automatic measurement of vehicle parameters,
in particular axle loads and gross weight, without
imposing significant speed limits. MS-WIM is a
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multi-configuration system based on inductive
loop systems with an optionally installed axle
detector and polymer or quartz force sensors.
The force sensors are distributed evenly along the
measuring area. Each pair of force sensors is sur-
rounded by an inductive loop, thus creating a du-
al-sensor WIM subsystem. Each such subsystem
cooperates with its own signal conditioning sys-
tem, an a/d converter and a processor system that
controls the acquisition of measurement signals,
their pre-processing and transmission to the host
system. The system is designed for measuring and
determining traffic characteristics such as traffic
density, vehicle flow, lane occupancy, average
speed, and time distances between vehicles [2].

Mechanical WIM systems use piezoelectric
and strain gauge sensors as vehicle-load-convert-
ing elements. Piezoelectric sensors are mount-
ed directly on a metal plate or beam (“bending
plate”), which is subjected to vehicle axle loads.
Axle loads and vehicle weights can also be mea-
sured using detectors that have the form of a
platform supported on mechanical elements (col-
umns, beams), the so-called ‘load cells’, which
are equipped with strain gauges for measuring
deflection of the cells. The main advantage of
load cells is their high measuring accuracy. They
reach an accuracy of 2% during static measure-
ments. The detectors used in dynamic conditions
achieve an accuracy of = 10% for gross weight
measurements and approx. = 15% for single-axle
load measurements. Often, strain gauge scales are
used as low-speed scales (vehicle speed up to 6
km/h); they have an accuracy similar to stationary
weights. The nominal weighing capacity of this
type of scales is up to 20 tons/axle. [15, 16]

Purpose of scientific and research works

The WIM measuring systems described above
are used as dynamic in-motion scales designed to
monitor the weight of vehicles with a maximum
permissible gross weight in the range from 3,500
kg to 36,000 kg. However, apart from weighing
vehicles, it is often also necessary to simultane-
ously analyse what types of vehicles (by number
of wheels, e.g. two-wheelers, four wheelers, etc.)
are participating in traffic. This type of analysis
involves not only the measurement of vehicle
weight but also qualitative detection. Such data
are mainly collected and analysed in urban traffic,
in which information on traffic volume, lane oc-
cupancy or the number of vehicles waiting to en-

234

ter an intersection are important from the point of

view of ensuring continuous, smooth traffic flow.

Defined in this way, the task of a WIM system is

to measure the weight of vehicles moving on a

road and to detect whether they are motorcycles,

passenger cars, heavy goods vehicles, or other.

Systems with inductive loops, commonly used

in cities, enable the collection of traffic volume

data, but they do not allow measurement of ve-

hicle weight within the range given above (3,500

kg to 36,000 kg).

This article presents a design of a WIM sys-
tem in which the detector is a beam with Bragg
grating optical fibre sensors glued on it. Fibre
Bragg gratings (FBG) are wavelength shift sen-
sors, in which the wavelength of light shifts under
the influence of the parameter measured.

A fibre optic sensor was used because it offers
an array of advantages:

e high sensitivity to vertical forces (about 10%
change in light intensity at loads exerted by an
average-sized passenger vehicle),

e measurement of constant loads and loads vari-
able in time,

e robustness to electromagnetic interference —
systems with FBG sensors can be installed in
the vicinity of high voltage power lines or rail-
way, tram and trolleybus electric traction,

e high mechanical strength (long service life),
resistance to corrosion, reliability and repeat-
ability of measurements,

e it can be used on stations that do not have an
electric power supply; the signal from the sen-
sor can be sent through a fibre-optic cable at
a distance of up to 2 km from the measuring
point.

CALCULATION METHODOLOGY

Design of the beam detector

The system was designed to detect the pres-
ence and measure the weight of various vehicles
ranging from motorcycles (single-truck vehicles)
to trucks. The extreme values of permissible vehi-
cle weight were assumed to be 250 kg and 10,000
kg. It was assumed that in a two-wheeled vehicle,
the tyre force was 1000 N. A single axle of a truck
with a gross vehicle weight m = 10,000 kg exerts
a force of 60000 N.

FBG sensors with a length of 15 mm and a
diameter ¢2. The maximum relative elongation
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must not exceed ¢ = 0.003 (0.3%), with the

minimum value ¢ .= 0.000015 (0.0015%). Max-

imum elongation of the sensor u = 0.045 mm.
The following design restrictions were de-

fined for the beam:

e Stresses in the beam caused by the weight of a
heavy goods vehicle may not exceed the per-
missible stresses.

e The maximum relative elongation of the
beam at the sensor mounting site caused by
the weight of the car may not cause the maxi-
mum relative elongation of the sensor to be
exceeded.

e The measuring system must be able to detect
the presence and measure the weight of a mo-
torcycle in motion at any point along the width
of the lane.

Based on the above assumptions, four cases
of loading of the beam were considered which
were important from the point of view of beam
strength and the possibility of registering defor-
mations (Table 1). Case 2b is related to permis-
sible beam stresses and the maximum elongation
of the sensor. Case 1a is associated with the mini-
mum beam deformations that a fibre optic sensor
can register.

Analytical strength calculations of the beam

In cases in which a beam is loaded with the
weight of a motorcycle, the placement of the fibre
optic sensors on the beam is important. They must
be glued in regions of maximum beam deflection.

Table 1. Cases of beam loading

The crux of the problem, therefore, is to calculate
the value of the bending moment generated in the
beam under the influence of a single-track vehicle
and then to calculate whether the relative defor-
mation of the beam under the influence of this
moment can be registered by a fibre optic sensor.

The bending moment determined in any sec-
tion defined by the coordinate variable x (Fig. 1):
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Fig. 1. Schematic of beam loaded with a double-track
vehicle: x — variable defining the distance from the
support to the centre of the wheel, F — motorcycle
tyre force, ¢ — point of application of the force (the

centre of the wheel of the motorcycle), R, R, —reac-

tions on the supports, | — length of the beam

Section I:
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Section II:
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assuming w, and w, are deflections in these sec-
tions, we get equations:
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By using integration, we get the following
solution:
Pa?b?
3E]yl

We = Wpx=a = Wi)x=q = — (&)
Maximum deflection /= |w__|:

When a> 0.5 I'thenw_isin section I and the cor-
responding coordinate has the value:

x = /§(12 —b?) (6)

And maximum deflection is:
3
Fb(I1?>-b?)2

9V3E]y 1 2

f = Wiax| =

The x coordinate described by formula (6)

does not deviate much from the value of 0.51.
Even when b — 0:

1
x -+ (®)
Then:
X —% ~ 0,08l 9)
This makes the difference: w, —w_,  small,
and in the limit case, when b — 0 then:
|Wmax - szO,Sll < 2,5%]|Wpqxl (10)

Table 2. Results of modelling FEM , case 1a (Table 1)

Calculation results

Whether the beam can be used as a signal
transmitter for optical fibre sensors is determined
by its deflection under the influence of a passing
single-track (low weight) vehicle Deflection of the
beam, uniquely defined by maximum deflection f,
is associated with its deflection line. Maximum de-
flection calculated with the formulas (8) and (9) in-
dicates that the fibre optic sensors should be placed
symmetrically at a distance of 240 mm from the
centre of the beam at points P1, P2, and P3 (Fig. 2).

FEM strength calculations using Abaqus soft-
ware were conducted . The results of modeling —
points P1, P2, P3 are shown in Table 2-5.

240

Al A3

P1 PZ=AZ
1740 | A

1=3000

Fig. 2. Location of sensors: P1, P2, P3 — placement
points for fibre optic sensors determined in beam deflec-
tion calculations, A1, A2, A3 — sensor placement points
resulting from geometric optimization of the beam

. Stresses in the direction of the Deflection of the beam .
Point : 5 Deformation [xE-5]
beam axis [N/mm?] [mm]
P1 1.31 0.135 0.62
P2 1.09 0.131 0.52
P3 0.95 0.121 0.45

Table 3. Results of modelling FEM, case 1b (Table 1)

. Stresses in the direction of the Deflection of the beam .
Point : 5 Deformation [XE-5]
beam axis [N/mm?] [mm]
P1 5.70 0.51 2.69
P2 6.29 0.52 2.95
P3 5.70 0.51 2.69

Table 4. Results of modelling FEM, case 2a (Table 1)

Stresses in the direction of the

Deflection of the beam

Point beam axis [N/mm?] [mm] Deformation [xE-5]
P1 126.26 13.77 59.82
P2 136.50 14.34 65.00
P3 147.24 14.08 70.09
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Table 5. Results of modelling FEM, case 2b (Table 1)

. Stresses in the direction of the Deflection of the beam .
Point : 5 Deformation [xE-5]
beam axis [N/mm?] [mm]
P1 136.49 14.50 64.70
P2 136.50 14.94 64.70
P3 136.49 14.55 64.70

Results on the correctness of modelling:

e Maximum stress produced in the beam by a
vehicle’s weight does not exceed permissible
stress.

e Deflection of the beam under the weight of a
motorcycle is too small to be registered by a
fibre optic sensor.

Optimization of the beam shape

Due to the fact that the beam was character-
ized by excessive stiffness which made it impos-
sible to identify a single-track vehicle, the shape
of the beam was optimized. The optimization in-
volved introduction of local changes in the cross-
section of the existing beam. Longitudinal holes,
100 mm wide and 250 mm long, were made in
the lower plane of the beam (Fig. 3). Two sensors
were glued inside the beam along the longitudinal
edge of the hole at a distance of 384 mm from the
end of the beam, 20 mm from the edge of the hole
— points A1 and A3. A third sensor was attached
to the beam at its mid-length — point A2 (equiva-
lent to point P2). The advantage of the change in
the geometry of the beam is that the sensors and
connecting cables inside the beam are protected

Fig. 3. Beam after the process of geometric
optimization

from damage. Tables 6-8 show the results of
FEM strength analysis. The results of modeling
are presented in Figures 4-15.

CONCLUSIONS

Applications for optimization of geometric
beam detector with the use of CAD:

1. Parametric models describing the influence of

vehicle tyre force depending on the location of

Table 6. Results of modelling FEM, beam with holes, case 1a (Table 1)

. Stresses in the direction of the Deflection of the beam .
Point . > Deformation [xE-5]
beam axis [N/mm?] [mm]
A1 3.90 0.079 1.83
P1 1.31 0.140 0.62
P2 =A2 1.09 0.135 0.52
P3 0.95 0.125 0.45
A3 0.62 0.047 0.29

Table 7. Results of modelling FEM, beam with holes, case 1b (Table 1)

) Stresses in the direction of the Deflection of the beam )
Point : > Deformation [xE-5]
beam axis [N/mm?] [mm]
A1 3.66 0.204 1.72
P1 5.70 0.52 2.70
P2 =A2 6.29 0.53 2.95
P3 5.70 0.52 2.70
A3 3.70 0.209 1.74
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Table 8. Results of modelling FEM, beam with holes, case 2a (Table 1)

Stresses in the direction of the

Deflection of the beam

Point beam axis [N/mm?] [mm] Deformation [xE-5]
A1 161.35 6.13 75.30
P1 125.63 9.92 59.82
P2 =A2 136.50 14.68 64.67
P3 147.24 14.11 70.09
A3 183.68 6.41 86.31

Table 9. Results of modelling FEM, beam with holes, case 2b (Table 1)

Stresses in the direction of the

Deflection of the beam

Point beam axis [N/mm?] (mm] Deformation [xE-5]
A1 187.46 6.30 87.53
P1 136.49 14.83 65.00
P2=A2 136.49 15.27 65.00
P3 136.49 14.88 65.00
A3 186.90 6.53 87.26
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Fig. 10. Reduced stresses, case 2b
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Fig. 7. Reduced stresses, case 1a, beam after the pro-
cess of geometric optimization
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Fig. 9. Deflection, case 1a, beam after the process of Fig. 13. Reduced stresses, case 2b, beam after the
geometric optimization process of geometric optimization
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Fig. 14. Deformation, case 2b, beam after the process
of geometric optimization

the wheel on the detector beam of a WIM sys-
tem were developed and verified.

2. The fibre optic sensors were located on the
beam so that they could register beam defor-
mations produced by the weight of a single-
track vehicle.

3. Parametric models were used to optimize the
shape of the beam so that it could be used to
measure the weight of vehicles within the per-
missible total weight from 250 kg to 10,000 kg
and to detect certain road traffic parameters.

4. The selected shape of the holes reducing the
stiffness of the beam did not lead to exceed of
the permissible stresses in any cross-section of
the beam under the weight of the truck, the re-
duced stresses have the value 6, = 187 MPa
and do not exceed the yield point. The holes
created increase the flexibility of the beam and
enable registration of the weight and presence
of the motorcycle. The beam deformation val-
ue takes the value of € = 1,83¢” with the mini-
mum strain value possible to register by a fiber
optic sensor equal to e = 1.5 ¢

Conclusions regarding further model tests
5. The next research problem should be the opti-
mization of the shape of the beam supports in
order to limit the deformation of the beam ends
under the supports.

Applications regarding the use of a beam
detector
6. The article presents the concept of construct-
ing a beam detector of the WMS system, which
can be used as a replacement for Multi Sensor
Weigh in Motion (MS-WIM) systems
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Fig. 15. Deflection, case 2b, beam after the process of

geometric optimization

7. The beam detector was based on a typical rect-

angular beam into which optical fiber sensors
were inserted. The total cost of carrying out the
beam detector along with the data acquisition
equipment and the installation cost is around
USD 15,000. For comparison, identical costs
of mechanical WIM detectors with quartz and
tensometric sensors are respectively: 32000
USD and 61000 USD [16]

. The presented beam detector has the ability to

identify the occurrence of vehicles in the field
of pressure on the ground from 1000 N to 60000
N. Increasing the sensitivity of the detector can
be obtained by placing in the beam two addi-
tional fiber optic sensors placed symmetrically
between the sensors already installed.

. Verification tests performed on the real beam

detector, next to the beam deflection and de-
formation measurements, should be directed at
the selection of a filling gel with an inserted
beam in the road lane. Selection of the gel
should guarantee the stability of its physical
and chemical parameters in changing atmo-
spheric conditions.
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