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Abstract

Measuring the weight of vehicles, especially trucks, moving on a traffic lane with practical
accuracy and reliability without making them stop is desirable. More clearly, from the
vantage point of road damage protection, traffic safety, and high monitoring efficiency, it is
important to establish a system to measure each axle load of a vehicle while it is traveling
on the road. This type of vehicle weight measurement is called “Weigh-In-Motion”(WIM)
system. The techniques of WIM are classified into “pavement WIM” and “bridge WIM".
Pavement WIM is a better choice than bridge WIM due to the wide application. There are
load estimation methods, which have been proposed for pavement WIM. However, those
algorithms are limited because of time-consuming calibration or high errors of estimation.
This research proposes a new estimation algorithm based on an averaging theory using
plate-type measurement devices. The algorithm has a unique feature and a unique function.
The feature of this research is the estimation with slight underestimate. The function of this
method is available for test vehicles not only with constant but also non-constant speeds.
The way of using two or more measurement devices placed in cascade layout is found better
regarding the reliability and accuracy of the axle load estimation than the usage of a single
device. The validity and accuracy of the proposed method are experimentally investigated
using motorbikes and a light truck as test vehicles. The results show that the WIM system in
this research can estimate the static load of test vehicles with practically acceptable accuracy.
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Chapter 1

Introduction

1.1 Background and motivation

At present, because of fast economic development, there is a high demand for cargo transport,
especially road transport due to its low deleverage time, cost and its flexibility. However,
due to profits, freight companies tend to not comply with the load regulations, leading to
an increase of overloaded vehicles on the road. It has caused negative economic and social
impacts, which are mainly the destruction of road structures and bridges, potential risks
of traffic accidents, and the creation of an environment with unequal competition between
the transport companies. Firstly, overload trucks mean the trucks carry large quantities of
goods, which exceed the permitted volume. Because of that overweight, they often damage
roadways (Fig. 1.1). According to the reports of Departments of transportation of New York,
Arizona and Indiana [1–3] the costs of damage to their pavements from overweight trucks
are approximately $145 million, $210 million, and $354-397 million per year, respectively.
Since road maintenance is costly, that problem has serious impacts to the economy. Secondly,
overloaded trucks are at high risk of causing serious traffic accidents. Because their center of
gravity is higher, leading to a high risk of them to rollover as depicted in Fig. 1.2. Furthermore,
if the position of the gravitational center is closer to the front axle than the rear axle or vice
versa, it can lead to locked wheel status [4]. Thirdly, over-weight trucks can also cause unfair
competition between carriers. Freight companies, who use more overloaded trucks can push
other fair companies out of the market, leading to bankruptcy.

Therefore, it is important to reduce the number of overloaded vehicles on the road by
facilitating vehicle weight inspection. Traditionally, the static weighing station is used
to measure the static weight of trucks (Fig. 1.4) [5]. However, static weighing has some
limitations. First, the establishment of static weighing stations requires staff to operate the
measurement system manually. It can be costly and a waste of human resources. In addition,
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Fig. 1.1 A damaged road because of overload trucks

Fig. 1.2 Truck rollover factor[4] Fig. 1.3 The locked wheel crashes[4]

static weighing is time-consuming and stopping the traffic flow on the road can lead to the
traffic congestion. That is particularly impractical on heavily trafficked roads like highways.

As a results, it is desirable to establish a system to measure each axle load of a vehicle
while the vehicle is moving on the road. This type of vehicle weight measurement is called
“Weigh-In-Motion” (WIM). It is aimed at measuring the static weight of all trucks moving in
the flow of traffic without stopping them. Therefore, compared with static weighing, WIM
technology has several advantages. The biggest one will be the possibility of inspecting all
passing trucks.

The WIM system is a system that incorporates some components related to the weight
of the axle/wheel of vehicle. It is classified into two main types: bridge WIM (BWIM) and
pavement WIM (or simply WIM) [5]. BWIM utilizes bridges as a scale to measure the
dynamic force of vehicle by processing the signals of sensors, which are installed on the
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Fig. 1.4 Static measurement

bottom side of the bridge, or culvert. The passing vehicle causes bending of the bridge, and
the occurring strain can be measured by the sensors such as accelerometers or strain gauges
(Fig. 1.5) [6].

Pavement WIM or WIM typically uses the force sensors which are installed at the same
level with the road’s surface (Fig. 1.6). They are oriented perpendicularly to the travel
movement to measure the dynamic load of vehicles [4] (Fig. 1.6). Pavement WIM can be
classified according to the range of velocity criteria or the size of the measurement devices.
Based on the speed, WIM divides into high-speed WIM with the velocity of vehicle V is
faster than 15 km/h and low-speed with velocity is slower than 15 km/h [7]. According to the
size of the measuring device, WIM divides into two main types: scales/plates and strip/bar
sensors. WIM scales/plates have a length of 0.3 to 0.8 m in the traveling direction, and a
width of either is shorter than 1 m (wheel weight) or longer 3 m (axle weight). On the other
hand, piezoelectric strip/bar sensors such as ceramic, polymer or quartz sensors are the most
popular for pavement WIM. Strip sensors have a length of 2 to 7 cm in the traffic direction
and a width of approximately 1 to 6 m of the traffic lane (Fig. 1.7). The advantages of strip
sensors are low-cost, easy to install, and maintain [5].

Compared to pavement WIM, BWIM has both advantages and disadvantages. On the one
hand, because BWIM sensors are installed under the bridge, they do not have direct contact
with the impact forces from the vehicle, resulting in longer durability than the pavement
WIM sensors. Moreover, the installation of BWIM sensors is easier, safer, and does not need
temporal closure of the road, therefore it does not affect the traffic flow. On the other hand,
they also have some disadvantages. Firstly, the application of BWIM is limited because they
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Fig. 1.5 Bridge Weigh-In-Motion [6]

Fig. 1.6 A type of Weigh-in-motion system [8]
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Fig. 1.7 Strip sensors (Copyright by Intercomp)

use bridges as a measurement device. It is applicable only in places that have a bridge or a
culvert. Secondly, when there are two or more vehicles moving on the bridge, the signal from
the sensors will get interference, which makes it difficult to separate not only axle weights
but also gross weight of each vehicle. Although there are several drawbacks, BWIM is still
being developed and researched with the aim of monitoring the bridge health structure, for
the purpose of predicting failures, maintaining bridges. It is also used for collecting traffic
flow on bridges for development and anticipating the demand of transport infrastructure.

Basically, pavement WIM uses sensors to measure the value of dynamic loads of vehicles,
and then estimate the static weights. In addition to the main component is, a force sensor,
pavement WIM also uses other sensors to assist the static weight estimation and to collect
information about the vehicle. Those are loop sensors which are used to define the distance
between axles, velocity and wheelbase. The average velocity and the distance of axle are
calculated by using the traveling time and the distance between loop sensors as below

V̄ =
Distance o f loop sensor

Travelling time
(1.1)

Laxle = V̄ × period o f time between two axles (1.2)

Through parameters such as axle distances, axle weight, combined with image or video
processing identification, the vehicle classification system will recognize the type of vehicle
and provide standard static load requirements (Fig. 1.8)
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Fig. 1.8 Principle of a WIM system

Fig. 1.9 Short time history signal [9]

1.2 State of the arts of WIM

The essential development point of WIM is how to realize an accurate and reliable estimation
of static weighing of vehicles from the sensor signals composed of both static and dynamic
loads, such as shocks and vibrations at various vehicle speeds. A dynamic load is generated
in many ways, such as impulses at the moment when a wheel moves onto and off the
measurement device, a vehicle’s vibration due to suspension characteristics and movement,
and the inherent dynamics of the measurement device. Furthermore, the very short duration
of time that the axle load is on the measurement device makes it extremely difficult to
estimate the static weight, especially in the case of a high-speed vehicle (Fig. 1.9). For
example, it the length of a measurement device in traveling direction is 1 m, and the speed of
a vehicle is around 50 km/h, the time history signal is approximately 0.07s.
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Fig. 1.10 Influence lines for simply and fixed supported bridge [13]

Currently, there are two mainly standard accuracy specifications for WIM systems,
namely COST 323 [10] and ASTM E1318-09 [11]. The COST 323 is the most popular
practical use. It is established by European Cooperation in Science and Technology project.
COST 323 classifies the assessment of WIM accuracy into seven classes in which B(10) and
C(15) classes mean the estimation errors of less than 10% and 15% in 95% measured data
respectively, and recommends from B(10) to A(5) classes as being suitable for enforcement
or pre-selection.

Table 1.1 Accuracy specification (COST 323)

Class A B+ B C D+ D E

Errors 5 7 10 15 20 25 30

BWIM technique

There are two main estimation methods for BWIM: one method is based on influence lines
combining regularization technique, and the other is based on moving force identification
(MFI). The theory of static load estimation for BWIM was first proposed by Moses [5]. This
algorithm is based on the bridge responses (strain or displacement) when a vehicle passes
over the bridge. In theory, the influence line l(x) is determined by measuring the response of
the structure when being acted by a load at x position. Moses’ estimation algorithm assumed
that if the structure behaves are linearly and ignoring dynamic responses, the bending moment
Mth is proportional to the load W and the influence line of the bridge I (Fig. 1.10) [12].

The bending moment from the sensors at time step k:

Mm
k =

Ng

∑
i

ESiεi (1.3)
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where Ng is the number of girders, E is the elasticity, S is the section of girder, ε is the
measured strain.

The theoretical bending moment (based on the influence line):

MT
k =

n

∑
i

AiI(k−Ci) (1.4)

Ci =
Bi fs

V
(1.5)

where n is the number of axles, A is the weight of the axle, I(k−Ci) is the influence ordinate
at the position of the ith axle, Bi is the distance between the axle ith and first axle, C is the
number of scans, fs is the sampling frequency, and V is the vehicle speed.

The error between theory and measurement [14] is :

E =
N

∑
k=1

(MT
k −Mm

k )
2

(1.6)

The load estimation is obtained by solving the error function by using least-square.
However, the disadvantage of this algorithm is the inaccurate caused by the difference

in behavior between the theoretical model and real bridges. There are some major factors
that affect the accuracy of prediction such as complex dynamic behavior of a vehicle, the
transverse position of a vehicle and ill-conditioned equation due to the rough road surface
[12]. To overcome this issue, some algorithms are studied to improve the estimation result.
Instead of a 1D influence line, a 2D influence surface is proposed to improve the estimation
algorithm [15]. The disadvantage of this method is the time-consuming calibration and
computer load for the accuracy of the finite element (FE) model of bridges. Moreover, some
studies [16, 17] demonstrate that the Tikhonov regularization with Moses’ algorithm can be
utilized to deal with ill-conditioned equation. Although the papers reported the good results,
the convergence of solution is slow. Moreover, the influence line plays an essential role in
BWIM estimation algorithm, methods to extract it from measurement data have also been
studied. Karoumi et al. [18] presents an influence line extraction method by using an inverted
matrix based on a calibration vehicle. Frøseth et al. [19] proposed the extraction of influence
line based on the FFT algorithm and a regularization technique.

The MFI is the second main method to estimate the static weight of a vehicle for BWIM.
This method pursues to find the time history of dynamic force when a vehicle travels over the
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bridge [12]. Based on Euler’s theory or beam element model, solutions can be investigated
by applying the least-square method [20], in time-domain [21], in frequency-time domain
[22], or based on the finite element and wavelet decomposition [23–25]. Liu et al. [26] also
proposed the explicit form based on Newmark-β algorithm to solve the problem of force
identification. The results are more accurate compared with the conventional explicit method,
especially with a low sampling frequency. Moreover, instead of 1D and 2D models, the
solution for 3D finite element of a bridge is also studied [27, 28]. However, the drawbacks of
the MFI methods are still based on simple bridge models and time-consuming computation.

To summarize, the estimation methods for BWIM has some limitations. While the method
of using the influence line in combination with the regularization technique still has a high
error, the implementation of MFI method for a complex bridge structure is time-consuming,
which is not feasible with real-time monitoring.

Pavement WIM technique

The strip/bar sensors are most popular for pavement WIM systems. However, since the
size is much smaller than that of a tire’s imprint, the sensor signal cannot express the total
distributed load in a tire’s imprint area. Figure 1.11 shows the relationship between WIM
signal and imprint size when a vehicle passes a strip sensor. As can be seen in the graph, tire
pressure and tire’s imprint play an important role in influencing the output signal. When the
dynamic vibration is ignored, the area under the curve can be considered to correspond to the
relationship between imprint and force. Figure 1.12 shows the relationship between the WIM
signal and the velocity of the vehicle. When the speed increases the peak of WIM signal
does not change, but the widths of the signal become narrower [29]. Note that the figures
only show the cases of a non-dynamic effect. Therefore, the static load estimation from such
a sensor signal significantly depends on vehicle speed, tire pressure, road profiles, vehicle
suspension systems and some other factors [30, 5, 31].

The load acting on the sensor can be calculated by [32]

W = (V/d)× A× C (1.7)

where W is wheel load, V is speed of vehicle , d is sensor width, A is area of output signal
under the curve and C is calibration parameter.

In order to estimate the static weight of vehicles, the calibration process is very important
for this type of WIM. Because the static load estimation depends on many factors, the
calibration needs a very long time, and many tests using various vehicles for references.
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Fig. 1.11 Footprint lengths per varying tire inflation pressure [29]

Fig. 1.12 WIM signals on different speeds [29]
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Fig. 1.13 Output signals of MS-WIM sensors [36]

Some researchers reported that it took a very long time from 6 to 12 months using a variety of
trucks for the calibration procedure [33, 34]. However, the achieved accuracy of estimation
was still not good enough, with mean errors of about 20%, standard deviation errors are
approximately 8-19% [34]. Interestingly, the paper [33] mentioned that in cases of trucks
running with acceleration and deceleration conditions, the commercial WIM system did not
work. Kwon [29] studied on the static load estimation for Kistler sensors by applying 3
methods of signal processing: using the peak output signal, the area under the output signal
and re-sampling of the area. However, the results had large errors because of signal noises
and vehicle dynamic. Importantly, because the size of the sensor is much smaller than the
tire’s imprint, it seems to be impossible to estimate or measure the static axle load of the
truck in a stationary condition. Multiple sensors Weigh-in-motion (MS-WIM) are developed
to increase the accuracy of static load estimation for strip sensors. Figure 1.13 shows a
MS-WIM system. The output data signals from MS-WIM sensors are discrete points (red
cross marks). The theory of multiple sensors for WIM was first proposed by Cebon et al.
[35] in 1990s. Because vehicles have a low natural frequency, the strip sensor cannot record
the one period vibration of vehicles. The authors assumed that the vertical dynamic part of
a vehicle running with constant speeds was a sinusoidal force. Based on their theoretical
assumption, the sensor spacing was proposed. An experiment with 96 sensors was conducted
with root mean square error of 4%.

Stergioulas et al. [37] proposed a method for multiple WIM based on the maximum
likelihood (ML) method. In that study, the authors proposed a new model dynamic force
for vehicles, which was a sum of two sinusoidal functions. Those oscillations were caused
by a low-frequency body pitch, a bounce vibration (1.5-4.5 Hz) and an axle-hop vibration
(8-15 Hz). Although that research has a good result by simulation, it had practical problems
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Fig. 1.14 Axle spacing limit [40]

Fig. 1.15 Maximum length of scale/bending plates

because of errors of WIM sensors, such as signal noise, tire effects and calibration. That
theory design was implemented, and the accuracy assessment was investigated on the real
road in Poland [38] with 16 force sensors. The error of estimation results of gross weight
was not exceeding 4% but the system needs a strict periodic calibration.

Compared to strip sensors, scales/bending plates are less popular because of the time-
consuming for road construction. Thus, there is not much research on load estimation
algorithm based on this type of WIM. Typically, the maximum length of scales/plates in
the traveling direction of the vehicle is minimum axle spacing subtracted with the size of
wheel/tire imprint to avoid measuring load from two axes at the same time. According to
the limit size standard of a vehicle [39], the minimum axle spacing is normally 1.2 m (Fig.
1.14). The wheel/tire imprint is approximately 0.3 m ([5]). Therefore, the maximum length
of plates Pmax is about 0.9 m (Fig. 1.15).

Imakura et al. [41] studied the estimation method based on signal processing using a
miniature measurement device with the size of 76 cm. The authors investigated the estimation
algorithm with the assumption that the dynamic component of an axle is a sine wave. The
parameters of the dynamic component are obtained by applied finite impulse response (FIR).
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Fig. 1.16 WIM system based on a scale and image processing [43]

However, the study is still limited because the estimation method has not been applied to
a real vehicle. There is also a study with a platform, which is larger than the minimum
axle spacing. Fukuda et al. [42] studied estimation algorithm with the size of a weighing
platform up to 2.2 m. However, because the size of the measurement device is longer than
axle spacing, the output signals from the experiments with a 3-axles truck interfered. The
authors used a specific notch filter to deal with that problem. Although the estimation results
are less than 8%, the limitation of this study is the time-consuming construction process,
complicated signal separation algorithm.

Instead of using common force sensors, there are some studies on static load estimation
based on new sensor technology. An estimation method combining a scale and stereo vision
system was proposed [43] (Fig. 1.16). Using image processing from 2 cameras can obtain
the vertical dynamic vibration. The static load is estimated by subtracting the weight from
the scale and the vertical dynamic load. However, to the author’s knowledge, this solution
has not been implemented in practice so far. In addition, because of the image processing,
the system will depend on the light source, image quality and the traffic flow. These factors
will highly influence the estimation results. Liu et al. [44] investigated the sensor technology
based on microwave resonance with considerations of cost and easy installation of equipment
on the road. The pressure acting on the wall of the cavity will change the resonant frequency.
By determining this changing frequency, the applied force will be calculated. However,
this research was only in the laboratory environment. Another research WIM technology
based on acoustic emission was studied [45]. The benefit of this technology is its portability
and low cost. However, the errors of estimation were high, with a maximum error of 44%.
Bajwa proposed an estimation method based on a “pavement-vehicle interaction model”,
relating the axle load to the vibrations of a pavement, vehicle speed and temperature [46].
The disadvantage of the method is the requirement of a large number of test runs to build a
model for each specified measurement site.
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Overall, WIM systems are necessary to reduce the number of overload trucks. Due to the
wide application, axle weight estimation algorithm, pavement WIM is a better choice than
BWIM. However, the current pavement WIM technology still has problems relating to sensor
technology and the accuracy of estimation methods. Although the strip sensors are popular, it
seems to be not good to develop an estimation algorithm based on that kind of sensor because
of the time-consuming calibration. Other sensor technologies such as microwave resonance
or acoustic emission is not practical use due to their high errors. To avoid the problems
of time-consuming calibration and estimation algorithm, the measurement device needs to
be developed with enough size to cover the tire imprint and non time-saving calibration.
Pavement WIM with scale/plates type is suitable for those requirements.

More importantly, as far as I know, there is no research, which has specifically inves-
tigated estimation algorithms based on an averaging method. In addition, there is also no
research investigating the load estimation of a vehicle in motion in cases of acceleration and
deceleration. The current commercial WIM systems are invalid for those cases [33]. Thus, it
is essential to do research on static load estimation algorithm based on an averaging method
for vehicle in motion in cases of constant and non-constant speeds.

1.3 Objectives

Based on the state-of-the-art in the last section, it can be seen that current studies on pavement
WIM face many limitations on estimation algorithms. Although the strip/bar type sensors
are widely used due to the advantages of road construction, the use of this type of sensor is
still limited because its size is much smaller than the tire imprint of vehicles. The weight
estimation depends on many factors such as velocity, type pressure, and the road surface. As
a result, the calibration process is time-consuming and costly but still does not guarantee
accuracy. Besides, research-based on sensors such as accelerometers or acoustics emission
has problems such as time-consuming calibration and high errors because they depend
significantly on the environment.

In contrast, a plate-type sensor has a size, which is bigger than the imprint size of a
vehicle, and smaller than the minimum distance between the two wheels. Therefore, it
ensures the entire load is recorded and avoids signal interference. Moreover, because the size
of the plate-type is larger than the size of the tire imprint, the calibration process takes a short
time and cost-effective. If a plate-type measurement device is designed for the sensor output
to be insensitive to the position of the load on the loading plates, the static axle load can be
expressed as a rectangular function. As a result, the output signal vibrates around the static
load. It is a high potential to apply the averaging theory to estimate the static axle load.
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Current studies assume a vehicle moves at a constant speed when it passe through the
measurement device. Unfortunately, it does not always move at a constant speed. Therefore,
research with non-constant speeds needs to be conducted. The problems with the non-
constant speeds are short-time history signals, high dynamic, and a variety of vehicle’s
parameters. However, we can solve this problem based on the basic dynamic of a vehicle,
the signals obtained from the WIM system and some assumptions.

The standard specifications COST 323 is the most popular for the WIM system. As
mentioned in the last section, recommends from B (10) to A (5) classes as being suitable
for enforcement or pre-selection in practice. Although this study is only a basic study of the
WIM system, it is necessary to follow the evaluation of estimation based on that requirement.
B(10) class is chosen as a reference to evaluate the estimation results.

Considering the essential point at the preliminary stage is to focus on the critical factors
to be clarified, a miniature WIM system was constructed for a motorbike to conduct an
experimental investigation. The benefit of using a miniature system is low-cost, time-saving,
and compact as well as an easy arrangement of the experimental course. The results will be
applicable for the development of another device for a light truck at the next stage, and a
full-scale system in the future.

In addition, the difference between a motorbike and a light truck are factors such as driver
behavior, steering characteristics, and bike-body behavior in accelerating and decelerating
modes. Those factors will change the front and rear load more significantly on a motorbike
than on trucks or cars. By conducting experiments with motorbikes and light trucks, it helps
to fully evaluate the static estimation algorithm before applying the system to the real road.

Therefore, the research objectives are:

1. Development of load estimation algorithm using a plate-type of sensor:

• A new estimation algorithm based on an averaging theory

• Available for constant and non-constant speeds

• Estimation errors smaller than 10% for 95% of measured data (for a truck).

2. Investigation of feasibility and effectiveness of the load estimation algorithm experi-
mentally using motorbikes and a light truck.

1.4 Organization

The rest of this thesis is organized as follows.
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Chapter 2 clarifies the algorithm based on averaging theory to estimate static axle load.
An estimation algorithm with unique characteristics and unique functions is proposed in this
research. The characteristics are the estimation with slight underestimate. The function is
the availability of estimating not only test vehicles at constant speeds but also at accelerative
motion and deceleration. When using two or more measurement devices placed in cascade
layout is found to increase the reliability and accuracy of the axle load estimation compared
to the usage of a single device.

Chapter 3 presents the development of miniature measurement devices for conducting
experiments using motorbikes and a light truck. The first version of the device is a plate-type
device with a lever mechanism configuration, while the second one is a plate-type device
using four load cells. The second version shows the advantages with respect to signal-noise-
ratio, linearity, and damping ratio. The measurement device for a light truck is developed
according to the knowledge obtained through the experimental studies using the first and
second measurement device.

Chapter 4 investigates feasibility and effectiveness of the load estimation algorithm by
experimentally using motorbikes and a light truck. Experiments using motorbikes are con-
ducted in walking-mode and driving-mode. The experiments in walking-mode are conducted
for the most basic investigation because the motorbike crosses the measurement plate very
slowly and avoids the influence of engine vibration, etc. In driving-mode, experiments with
constant speeds, acceleration and deceleration are carried out using single and two devices
in cascade layout. Experiments using a light truck are conducted to measure the right side
wheel load and left side wheel load separately due to the limitation of the experiment. As a
result, it is found that the WIM system in this research can estimate the axle loads of test
vehicles with acceptable accuracy in accordance with B(10) in the guideline of COST-323
(one of the word standards).

Chapter 5 presents the conclusions of this research with some comments about future
works.



Chapter 2

Estimation method

The vertical force of vehicle passing on the loading plate includes the static and dynamic
parts. The dynamic part is a complicated part depending on many factors such as suspension
systems, road profile, vehicle’s speed. Besides, the measurement device has its characteristics,
which influence the output signal of sensors. Static load estimation is an algorithm to estimate
the static load of a vehicle from the measured data by subtracting the dynamic part, noise
components. Therefore, understanding the basic dynamic of a vehicle is essential. There are
two ways to simulate the dynamic behavior of cars or motorbikes, which are: half-car and
quarter-car in cases of longitudinal movement without the effects of roll motion. The quarter-
car model is the simplest model based on the spring-mass-damper system. This two degree
of freedom (2DOF) investigates the dynamic performances of vehicle suspension related to
road profile (Fig. 2.1a). The half-car model is four degrees of freedom (4DOF) based on
spring-mass-damper, and a chassis connecting two wheels to investigate the influences of
pitch motion (Fig. 2.1b)[47].

However, if the road or test course has a good profile, and the road/approach and the
measurement device has the same surface, the influence of the suspension system is small.
Therefore, at the initial stage, the vertical vibration is ignored to simplify the problems of
the load estimation algorithm. The influence of constant speed and accelerated conditions
is investigated. Based on the characteristics of vertical force acting on a loading plate and
output signals of the measurement device, the estimation algorithm is proposed by applying
averaging method. The improvement of axle weight estimation algorithm is also studied later
to enhance the results of estimation.
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(a) A quarter-car model (b) A half-car model

Fig. 2.1 Simulation of the dynamic behavior of a ground vehicle

2.1 Basic dynamic force balance of ground vehicle for WIM

Ignore the vertical vibration of the vehicle, the basic dynamic force balance of a motorbike
is clarified here with a half-car model. Note that the model of truck (one side) is similar.
The dynamic force balance during movement is composed of factors such as the driving
force by engine power in “driving mode” or the human pushing force in “walking mode”
(for motorbike). Other factors include the gravitational force, normal reaction force from
the ground to tire, inertia force of the vehicle and a driver under accelerating or decelerating
conditions, and aerodynamic forces as shown in Fig. 2.2a for “walking mode” and Fig. 2.2b
for “driving mode”. These force factors affect the results of static axle load estimation.

Under stationary conditions, the force balance equations of the motorbike are expressed
by:

mg−Nr −N f = 0 (2.1)

N f (L−b)−Nrb = 0 (2.2)

where N f and Nr are the normal reaction forces from the ground to the front and rear wheels,
respectively; L is the wheelbase of the vehicle; b is the horizontal distance between the rear
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(a) Walking mode (b) Driving mode

Fig. 2.2 Force acting on vehicle in rectilinear motion
Note: G is center of gravity, P is center of pressure, S is driving force, Nr and N f are the normal reaction forces
from the ground to the wheels, respectively, g is the gravitational acceleration, L is the wheel base, and b is the
horizontal distance between the rear tire center and the G point, hG is the height of the center of gravity above

the ground, h is the height of center of pressure above the level of center of gravity)

wheel contact point of Nr and G; G is the center of gravity; g is the gravitational acceleration;
and the static weight of the front and rear wheels are N f and Nr, which can be obtained from
Eqs.2.3 and 2.4).

N f =
b
L

mg (2.3)

Nr =
(L−b)

L
mg (2.4)

Under the accelerated moving condition shown in Fig. 2.2b, the dynamic force balance
equations are expressed by Eqs. 2.5, 2.6, and 2.7

S−FD −mẍ = 0 (2.5)

mg−Nr −N f −FL = 0 (2.6)
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ShG −Nrb+N f (L−b)+FDh+FLd = 0 (2.7)

Here, we assume that the vehicle moves on horizontal ground, and there is no vibration
in the vertical direction. The gross mass of the vehicle and the rider is denoted by "m", while
S is driving force, and FD and FL are the aerodynamic drag force and lift force acting on the
vehicle. FD and FL are expressed as

FD =
1
2

ρCDAV 2 (2.8)

FL =
1
2

ρCLAV 2 (2.9)

where ρ is the density of air; parameter A is the frontal area of the vehicle, CD and CL are the
aerodynamic drag coefficient and lift coefficient, respectively, and V is the velocity of the
vehicle. Thus, the normal reaction forces of the ground to two wheels are

N f =
b
L

mg− hG

L
S− h

L
FD − b+d

L
FL ≈ b

L
mg− hG

L
S (2.10)

Nr =
(L−b)

L
mg+

hG

L
S+

h
L

FD − L− (b+d)
L

FL ≈ (L−b)
L

mg+
hG

L
S (2.11)

Driving force S is also determined below

S ≈ mẍ (2.12)

Equations 2.10 and 2.11 show that the normal forces N f and Nr in driving motion are
different from those from the stationary condition. Load transfer occurs between the front
and rear wheel. Note here that FL and FD are small and negligible for the legal speed range
of vehicles on public roads. The value of the load transfer from the front wheel to rear wheel
is called the “transfer load”, which is denoted by Ntr here, and is expressed as



2.2 Static weight estimation based on averaging method 21

Ntr =
hG

L
mẍ (2.13)

In the case of accelerated or decelerated motion (ẍ ̸= 0), the transfer load can be positive
or negative. If the factors constituting Ntr are known, we can estimate the static axle load of
the front and rear wheel. Note that in the case of acceleration and deceleration, the estimation
of gross weight is assumed unchanged with and without considering the transfer load.

2.2 Static weight estimation based on averaging method

2.2.1 Axle load estimation method

The measurement devices in this study are designed for the sensor output to be insensitive to
the position of the load on the loading plates. Assuming a constant speed of the vehicle pass-
ing on the loading plate, the time history of the static axle load is expressed as a rectangular
function even though it will be a trapezoidal function. Considering the measurement device
as a damped mass-spring model, the equation of motion in Eq. 2.14 is expressed as

mz̈+ cż+ kz = F (t)

F0, 0 ≤ t ≤ ∆t

0, t > ∆t
(2.14)

where F0 is a constant static axle load acting on the loading plate, and ∆t is the duration time
for the axle load to be crossing on to the loading plate.

The vibration response of the loading plate is classified into two different behaviors.
One is a forced vibration response when the axle load is crossing the plate. Another is a
residual-free vibration response after the axle load has finished crossing the plate. In the
forced vibration response, the external force is expressed as a step function with up and down.
Here, the sensor signal of the vibration response is expressed by Eq. 2.15 and depicted in
Fig. 2.3.

y =
EF0

k

[
1− e−ςωnt√

1− ς2
cos
(

ωn

√
1− ς2t

)]
(0 ≤ t < ∆t) (2.15)

where y is output signal from the sensor, ωn ς and E are the natural angular frequency, the
damping ratio of the loading plate’s vibration and a sensor calibration factor to convert the
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Fig. 2.3 Response function under excitation by the step function of force F0

unit of the sensor signal to the unit “kgf” of force, respectively. The sensor signal vibrates
around the static load F0 with some degrees of attenuation as shown in Fig. 2.3. The envelope
curves are expressed as the function in Eq. 2.16.

D(t) =
EF0

k

(
1± e−ςωnt√

1− ς2

)
(2.16)

In Fig. 2.3, it is possible to identify the magnitude of the static load F0 by means of
averaging the upper and lower envelope curves from time ts to tb. In a similar manner, the
averaging is executed for the response functions in blue but not for the envelope curves in
green. It is noted that the first overshoot peak is generally much bigger than the subsequent
overshoot peaks. This is because of the transient change of the external force from zero to
a magnitude of F0, as expressed in Eq. 2.14, and the damping of the vibratory system. In
addition, the first overshoot is easily affected by uncertain excitation factors such as a shock
generated by a wheel traveling from the end edge of the wooden runway to the front edge of
the loading plate with a degree of difference in level. Therefore, the signal data in the time
zone for the first overshoot should be excluded in the averaging process.
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According to the simplified modeling of the contact between the tire and the ground as
mentioned above, the calculation of the roll-off time te is performed as follows. The time
tb of the first negative overshoot point can be determined through the signal data. The time
interval from te to tb can be derived by solving the equation of the first derivative of Eq. 2.15
with respect to time, assuming that the initial condition is stationary.Therefore, the time
interval is

d = tb − te =
1

ωn
√

1− ς2
sin−1(ς)≈ π − ς

ωn
√

1− ς2
(2.17)

There is no guarantee that the initial condition is stationary in actual measurements.
According to the experimental investigation of signals in this research area, it is difficult to
identify the initial condition for each signal with high reliability and accuracy. Regardless, te
is calculated by substituting into Eq. 2.17 the values of ωn and ς obtained in advance or by
curve fitting of the residual-free vibration of the signal in the dashed square shown in Fig. 2.3

2.2.2 Static weight estimation algorithm

The algorithm for the static axle load estimation of the front wheel from discretely acquired
sensor signals is presented and explained in this section using Fig. 2.4. The algorithm is
applicable to real-time estimation. We first assume that the unit of the output sensor signals
has already been converted to weight (kgf) in the data acquisition equipment.

For convenience, the following symbols are used to specify particular points in time in
the sequence of sensor signals:

t̂k: time of local maxima, with k = 1, 2..., where the subscript k is the index of each local
maximum point in the time series.

t̆n: time of local minima, with n = 1, 2..., where the subscript n is the index of each local
minimum point in the time series.

p f , q f : times when the front wheel rolls on and off the loading plate, respectively
pr, qr: times when the rear wheel gets on and gets off the loading plate, respectively
τ1, τ2: times when signals cross the threshold level in the upward and downward direc-

tions, respectively
δ : time constant of measurement device response (the second version device has δ ≈

0.015 s)
Lt : threshold level to trigger the start and stop of the recording sensor signal for estimation

processing (Lt= 35 kgf in this study)
fs: sampling rate (Hz).
i(tk): function to output the sampling index number of a signal at time tk.
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(Note: the graph line is the actual sensor signal measured in “driving mode” using PCX125)

Fig. 2.4 Schematic to explain the signal processing for averaging method

In maintaining discrete data acquisition through the moving-average filtering treatment,
the estimation algorithm is composed of the following steps. We express the signal at time
index ti by a(ti).

Step 1: Find the parameters of the output signals when wheels roll on the loading plate of
the measurement device.

Step 1a: Record the sensor signal from an arbitrary time instant before the starting-trigger
point t1 until an arbitrary time instant after the stopping-trigger point t2. An example of the
recorded signal using the trigger level Lt is shown in Fig. 2.4

Step 1b: Find the local maximum and minimum signals in the signal after time t1
and before the time t2. This is executed by checking the conditions of a(ti)>a(ti−1) and
a(ti)>a(ti+1). If both these condition is true, a(ti) is recorded as a local maximum signal
a(tk) (k=1, 2. . . ). Similarly, the conditions of a(ti)<a(ti−1) and a(ti)<a(ti+1) are checked. If
both these conditions are true, a(ti) is recorded as a local minimum signal a(t̆n) (n=1, 2. . . ).

Step 1c: Find the time tb of the first negative local minimum signal after time t2.
Step 1d: Identify ωn and ς using the signal after time tb (denoted by the dashed rectangle

in Fig. 2.4). Alternatively, the parameters obtained in previous measurements and stored in
the database can be used.

Step 1e: Estimate the time p f when the front wheel rolls on the measurement device by
p f =t̂1-δ .
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Step 1f: Estimate the time q f when the front wheel rolls off the measurement device by
q f =tb-δ .

Step 2: Apply the averaging method to the sequential signals from a
(
t̂2
)

until a(q f ).
In general, the first local maximum is strongly correlated with the impulsive contact

and step-function load at the moment that the wheel mounts the measurement device. The
estimated normal reaction force on the front wheel, N f , is calculated by

N f =
∑

i(q f )

i=i(t̂2)
a(i)

fs
(
q f − t̂2

)
+1

(2.18)

Step 3: Estimate the normal reaction force Nr. The algorithm for the rear wheel is similar
to the steps for the front wheel. The normal reaction force on the rear wheel, Nr, is obtained
by

Nr =
∑

i(qr)

i=i(t̂2)
a(i)

fs
(
qr − t̂2

)
+1

(2.19)

where i(qr) and i(t̂2) are the sampling points at time when the rear wheel dismounts the
loading plate of the measurement device and the second local maximum point of the sensor
signal regarding the rear wheel, respectively.

Step 4: Estimate the transfer load
Step 4a: Estimate velocity V
The velocity V is calculated approximately as the average velocity of the motorbike as it

passes over the measurement device by

V ≈ 2L(
pr − p f

)
+
(
qr −q f

) (2.20)

where L is the wheelbase of the vehicle and a constant velocity is assumed. If the vehicle’s
wheelbase is unknown, the velocity can be estimated using a non-contact speedometer
together with the load measurement device. Another method is to use the following formula,
which considers the size of the loading plate of the measurement device in the vehicle’s
direction of motion (denoted by P):
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V ≈ 1
2

(
P

q f − p f
+

P
qr − pr

)
(2.21)

Step 4b: Calculate the acceleration ẍ to be substituted in Eq. 2.12. First, the approximate
velocities of the front wheel and rear wheel (V1 and V2, respectively) are obtained by

V1 ≈
P

q f − p f
(2.22)

V2 ≈
P

qr − pr
(2.23)

where P is the size of the loading plate in the direction of motorbike movement. Conse-
quently, acceleration ẍ is approximately calculated by

ẍ ≈ 2(V2 −V1)(
pr − p f

)
+
(
qr −q f

) (2.24)

Step 4c: Estimate the transfer load Ntr. In this study, some parameters were numerically
assumed, such as A = 1.2m2, CL = 0.3, hG/L = 0.358, according to the reference for a typical
motorbike [48] under the assumption that the center of pressure of the aerodynamic drag
force coincides with the center of gravity of the motorbike, including and excluding a test
driver in “driving mode” and “walking mode”, respectively.

Step 11: Estimate the static axle loads, Wf and Wr, of front and rear wheel, respectively,
by

Wf = N f +Ntr (2.25)

Wr = Nr −Ntr (2.26)
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2.2.3 Estimation method with considering underestimated results

In the first step of research, the data is processed from the second rebound top point to the
end of data as mentioned at 2.2.2. However, in practice, a little under-estimation is better
than overestimation for enforcement of Weigh-in-Motion. Regarding the tendency to get
underestimate axle load, the estimation algorithm is developed by processing data from the
first rebound bottom point after the first overshoot. Therefore, the following data sampling
for averaging:

Step 1: Find the first rebound bottom point after the first overshoot.
Step 2: Find the last signal point in the period when an axle load keeps moving on the

loading plate.
Step 3: Average all the signal data from the first rebound bottom point until the last signal

point. The result is the estimation of the static axle load.
The dynamic load in the signal decays with some degrees due to structural damping in

the measurement device, as can be seen in the schematic in Fig. 2.3. Therefore, the result in
Step 3 will have a little underestimated bias theoretically. In practice, a little underestimation
is better than overestimation for enforcement of WIM.

Consequently, the estimation algorithm at Section 2.2.2 is changed in data calculation of
the averaging method. Apply the averaging method to the sequential signals from a(t̆1) until
a(pr) is applied the averaging method

N f =
∑

i(pr)
i=i(t̆1)

a(i)

fs (pr − t̆1)+1
(2.27)

The normal reaction force Nr to the rear wheel is obtained by

Nr =
∑

i(qr)
i=(t̆1)

a(i)

fs (qr − t̆1)+1
(2.28)

where qr, t̆1 are the time indexes when the rear wheel dismounts the loading plate of the
measurement device and the first rebound bottom points of the sensor signal regarding the
rear wheel, respectively.



28 Estimation method

2.3 Improvement of axle weight estimation algorithm

2.3.1 Appropriate distance between two measurement devices

An appropriate placement distance between the two measurement devices for the experiments
is determined to attenuate the influence of dynamic load due to the motorbike’s bounce and/or
pitching mode. The right distance will enhance the accuracy of static axle load estimation.
Equation (2.29) expresses the axle load downward onto the loading plate of a measurement
device.

W =Ws +Wd (2.29)

where Ws and Wd are static and dynamic axle loads, respectively. The measured axle load is
composed of static and dynamic components. Assume that the dynamic load appears due to
the motorbike’s bounce and/or pitching vibration. It is expressed simply by Eq. (2.30).

Wd =W0e−∝te2π fnt+ϕ (2.30)

where W0, fn and ∝ are the amplitude, natural frequency and damping factor of the bounce
and/or pitching mode respectively and ϕ is the initial phase.

According to the literature [48], a general motorbike has a natural frequency of bounce
and/or pitching mode at a frequency from approximately 1.5 to 2.6 Hz. We conducted
experiments of PCX125 with a rider seated on to find the natural frequency of bounce and/or
pitching mode. It is in the range from 2.2 to 2.4 Hz. Then, we assume the general frequencies
in the literature as the frequency fn of Eq. (2.30). If the dynamic load superposes to the
static load on two measurement devices that are out-of-phase mutually, the averaging method
will work well to remove or reduce the influence of the dynamic load. The theoretically
shortest time shift to make Eq. (2.30) mutually out-of-phase between the first and the second
measurement device is expressed by Eq. (2.31).

δ t ≈ 1
2 fn

(2.31)

In our experiment, when a test motorbike runs at a speed of approximately 40 km/h
(V =11.1 m/s), the placement distance between two devices is calculated as in Eq. (2.32).
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D =V δ t =
V

2 fn
≈ 2.1 to 3.7 (m) (2.32)

where D is the distance between the centers of the two devices. Therefore, the placement
distance of the two measurement devices is set as 2.3 m in our experiment. In case of very
slow speed, this distance will not be important because the dynamic load will become weak.

2.3.2 Estimation of Speed and Acceleration/Deceleration Using Two
Loading Plates

Various sensing systems are available today to measure or estimate vehicle speed and
acceleration rate from a stationary point on the ground such as radar Doppler system or
inductive loop detector system. In this research, we present another method using the sensor
signal from two measurement devices of WIM. It is efficient to use the devices for not only
weighing but also sensing vehicle speed and acceleration.

As shown in Fig. 2.5, let us place two identical measurement devices, with a distance
of D between the front edges of two loading plates. The moments the front wheel of the
motorbike gets on the loading plates of the two devices are denoted by t f 1 and t f 2 and for
the rear wheel by tr1 and tr2 (as can be seen in Fig. 2.6). The average speed during which
the front wheel moves from the front edge of the first measurement device to that of the
second one is calculated by Eq. (2.33). Let us assume that the speed is the instant speed at
time of t f 1+t f 2

2 for the front wheel. The average speed during which the rear wheel travels
from the front edge of the first measurement device to that of the second one is calculated by
Eq.(2.34).

Let us assume that the speed is the instantaneous speed at time tr1+tr2
2 for the rear wheel.

Consequently, the acceleration is obtained as the increment rate of speed in the period from
t f 1+t f 2

2 to tr1+tr2
2 by Eq. (2.35).

v1 =
D

t f 2 − t f 1
(2.33)

v2 =
D

tr2 − tr1
(2.34)
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Fig. 2.5 Schematic of experimental setup and placement

Fig. 2.6 Time detections in a real output signal
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a =
2(v2 − v1)

(tr1 + tr2)−(t f 1 + t f 2)
(2.35)

v̄ =
v1 + v2

2
(2.36)

Even when using the sensor signal, it is not easy to pinpoint the exact time at which a
wheel gets on and off a loading plate. Nevertheless, the estimation of the moment a wheel
gets on is more reliable than the moment it gets off because the first overshoot peak can be
clearly pointed out. In Section 2.2.2, I proposed an estimation algorithm to determine the
moment a wheel gets on and off a loading plate from the first overshoot point and the first
rebound bottom point of the sensor signal. The calculation is done after the plate is released
from the axle load using the time constant of the measurement device’s dynamics. I propose
an improvement of the estimation of the duration a wheel travels from the front edge of the
first plate to that of the second one, as shown in Fig. 2.5, by using the first overshoot points in
the sensor signal at the moment a wheel just gets on two loading plates. The time of getting
off the loading plates is not utilized.

Let us denote the time constant from the time a wheel gets on a loading plate to the first
overshoot point by c. The times t f 1 and t f 2 at the moment the front wheel gets on the first and
the second loading plate are estimated by (t̂ f 1 − c+ ε1) and (t̂ f 2 − c+ ε2) respectively. Here,
t̂ f 1 and t̂ f 2 are the times of the first overshoot points in the sensor signal from the first and
the second loading plates, and ε1 and ε2 are inaccuracy quantities in estimation respectively.
The following equations are obtained as following

t f 2 − t f 1 =
(
t̂ f 2 − c+ ε2

)
−
(
t̂ f 1 − c+ ε1

)
= t̂ f 2 − t̂ f 1 + ε2 − ε1 (2.37)

where (ε2 − ε1) can be expected to be much less than ε1 and ε2 because ε1 and ε2 are
considered almost same quantities. In the same way, the following equations are obtained

tr2 − tr1 = (t̂r2 − c+ ε2 )− (t̂r1 − c+ ε1) = t̂r2 − t̂r1 + ε2 − ε1 (2.38)

for the rear wheel’s movement. Eventually, the denominator of the fraction to estimate the
acceleration in Eq. (2.35) becomes free from inaccuracy quantities because
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(tr1 + tr2)−(t f 1 + t f 2) = (t̂r1 + t̂r1)−
(
t̂ f 1 + t̂ f 1

)
(2.39)

The first overshoot point will be pointed out clearly in most cases. Namely, Eq. (2.35) is
obtained by

a =
2(v2 − v1)

(t̂r1 + t̂r1)−
(
t̂ f 1 + t̂ f 1

) (2.40)

In the section 2.2.2, using a single loading plate, the time a wheel just gets on and off a
loading plate is estimated by t̂ f 1 − c+ ε1 and t̂ f b − c+ εb. Here, t̂ f b and εb are the time of
the first rebound bottom point after the wheel gets off the loading plate and an inaccurate
quantity respectively. Note that εb is considered bigger than ε1 because of the big dynamic
load’s inclination, with some uncertainties toward the sensor signal. The duration time ∆t of
a wheel crossing on the loading plate is calculated as

∆t = (t̂ f b − c+ εb)− (t̂ f 1 − c+ ε1) = t̂ f b − t̂ f 1 + εb − ε1 (2.41)

The ∆t will be worse in accuracy than the above mentioned algorithm.

2.3.3 Estimation of transfer load between front and rear wheels

The transfer load is calculated by

∆N =
hG

L
ma (2.42)

where L, hG, m are the vehicle’s wheelbase, the height of the center of gravity and the mass
of the vehicle respectively, and a is acceleration. As mention in Section 2.1, in case of
speed smaller than 40 km/h, the aerodynamic draft is too small compared to the weight of
motorbike, so it is ignored in the equation.

The method in Section 2.3.2 has potential to estimate more accurate acceleration than
the method in Section 2.2.2 using a single measurement device. However, note that the
wheelbase and the height of the center of gravity of vehicle are necessary to calculate the
transfer load. The static axle loads of the front and the rear wheel with consideration of the
transfer load are obtained by
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Wf = N f +Ntr (2.43)

Wr = Nr −Ntr (2.44)

where N f and Nr are the measured axle loads about the front and the rear wheel, and Ntr is
the transfer load calculated by Eq. (2.42).

In this study, the wheelbase L is known as L=1.315 m in the specification of the motorbike.
However, the exact height, hG, of the center of gravity of the motorbike in moving condition
with a seated rider is difficult to measure. The test rider’s weight is approximately 77 kg, and
the weight of the motorbike is approximately 132 kg.

A ready reference [48] reports that the ratio of the height, h, of the center of gravity
above the ground for a general motorbike without a rider, with respect to the wheelbase L, is
approximately 0.3 to 0.4. The wheelbase L of the test motorbike in this study is approximately
1.315 m. Therefore, the height of the center of gravity is calculated as h ≈ 0.52 m. The height
of the mass center of the test rider seated on the motorbike is assumed at approximately 1.1
m above the ground. As a result, the height of the center of gravity from the ground of the
test motorbike, including a test rider, in running conditions is assumed as 0.74 m.

2.4 Estimation algorithm for a light truck

As mentioned in Section 3.1, the experiments with a light truck are conducted independently
both left and right sides. Due to the configuration of the measurement device, the load
estimation algorithm for the wheels of the truck is similar to motorcycles in Section 2.2.

In this study, the center of gravity of the truck with a driver is assumed with the height 0.9
meter from the ground. According to the specifications of the Sambar truck [49], the radius
of the wheel is 0.297 meter and the wheelbase is 1.9 meter. Therefore, the hG/L = 0.32.





Chapter 3

Measurement device and experimental
setup

3.1 Measurement devices

One of the big challenges for the WIM study in university is the design of a measurement
device and experimental course conditions because of some factors such as cost, time and the
size of the measurement device. Considering the essential point at the preliminary stage is to
focus on the critical factors to be clarified, a miniature WIM system was constructed for a
motorbike to conduct an experimental investigation. The benefit of using a miniature system
is low-cost, time-saving, and compact as well as an easy arrangement of the experimental
course. The results will be applicable for the development of another device for a light truck
at the next stage, and a full-scale system in the future. In addition, the research of the WIM
for a motorbike in motion is more interesting from an academic viewpoint because of factors
such as driver behavior, steering characteristics, and bike-body behavior in accelerating and
decelerating modes. These factors will change the front and rear load more significantly on a
motorbike than on trucks or cars.

In the initial stage, the requirements of a miniature measurement device for experiment
with a motorbike (Table 3.1). According to the general size of plate-type measurement
devices for a truck, as shown in Section 1 (Figs 1.14 and 1.15), the length of a loading
plate in traveling direction is required to be smaller than 90 cm to avoid the influence of
signal interference of two wheels. Based on the requirements, two kinds of measurement
devices suitable for motorbikes were designed as a result of basic experimental research on
WIM. In the next step, based on the results obtained from experiments with motorbikes, a
measurement device for a light truck is developed. Compared to motorbikes, to measure



36 Measurement device and experimental setup

Table 3.1 The requirement of a miniature device with a motorbikes

Size Loading plate: ≤ 90 cm

The capacity of measured load 1∼200 kgf

Vehicle Speed 0 ∼50 km/h

Others

- Minimize the
impact factors due to shock vibration
- Independent
on vertical force position
- High-signal-noise ratio,
damping ratio.

the axle weight of truck, the WIM system needs to measure two sides of a truck while it is
crossing the measurement device. It means the measurement device must measure the left
and right side of the wheels of the trucks. There are two types of measurement configuration
for that requirement. The first option is the measurement device has the width, which is
larger than the track width of the truck (Fig. 3.1). Another option is two independent parallel
measurement devices measuring two wheels at the same time (Fig. 3.2). The option using
two independent parallel devices are chosen due to considering the factors such as economy,
maximum load capacity of equipment, and road construction. Two separate devices will
obtain the results, and the axle weight will be calculated as the total estimated load from each
measurement device. Consequently, the experiments for a truck need only a measurement
device in consideration of road construction. The experiments are conducted both left and
right sides independently. A scale measured the static load of the front and rear wheels
on both sides (left and right). These results of static weight are used as references to the
estimation results. The requirements of a measurement device for experiment with a light
truck are in Table 3.2.

Fig. 3.1 First configuration of WIM for truck
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Table 3.2 The requirement of a miniature device with a light truck

Size Loading plate: ≤ 90 cm

The capacity of measured load 1∼300 kgf

Vehicle Speed 0 ∼50 km/h

Others

- Minimize the
impact factors due to shock vibration
- Independent
on vertical force position
- High signal noise ratio,
damping ratio.

Fig. 3.2 Second configuration of WIM for truck

3.1.1 First version of measurement device for motorbikes

The first version was built based on a lever-type of scale mechanism manufactured by Tanaka
company (weighing capacity of 200kgf). The design concept of the measurement mechanism
is shown in Fig. 3.3. The system has the loading plate, denoted by EF , which is supported
on the lever mechanism. The measurement system is designed with a compact size, and all
lever parts are considered to behave as rigid bodies. The external load and its position are
expressed by f and x, respectively. According to the geometry, the force, Fs, acting at the
elastically tension spring GH is obtained as

FS =
F
LB

{
L1 +

(
L2

L3

LC

1
LP

− L1

LP

)
x
}

(3.1)

Therefore, if the lever size constraint is designed as Eq.3.2, the force Fs becomes inde-
pendent from the external load position x, and is expressed by Eq.3.3.
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(a) Force acting on the loading plate (b) Actual size

Fig. 3.3 2-D schematic of lever mechanism

Fig. 3.4 3-D schematic of measurement device
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L1 =
L2L3

LC
(3.2)

FS =
FL1

LB
(3.3)

The lever mechanism was designed to realize load-position-independent measurements,
which means that the load sensor’s output is insensitive to the placement of a particular
weight at any position on the loading plate. The length of the size of the loading plate is 220
mm in the motorbike’s passing direction. All lever parts are considered to behave as rigid
bodies, while the load sensor is a Kyowa strain gauge (Fig. 3.4). A steel plate with length
and width are the same as loading plate and thickness 20 mm was put on a miniature device
to ensure its durability of dynamic force. The natural frequency of measurement device is
approximately 27 Hz.

However, the author experimentally found some problems with the device such as low
damping ratio, as shown in Fig. 3.11a. The output signal sometimes has a non-zero balance
phenomenon after each trial (Fig. 3.5) due to the design of mechanism and sensor. Moreover,
when the speed of the motorbike exceeds 16 km/h, the device cannot acquire a sensor signal
during a longer time period than a single period of the device’s first natural vibration because
of the size of the loading plate.

3.1.2 Second version of measurement device for motorbikes

The second version has been developed based on a commercial weighing scale Ohaus
ES, which uses four load cells at the four corners under the loading plate. Each load cell
is composed of a small cantilever and four strain gauges connected in the form of the
Wheatstone bridge circuit, and works as a single-point load sensor in the vertical direction.
The total output signal (voltage) from four load cells is converted to the value of applying
load. The loading plate can be assumed to behave a rigid plate within the load range up to
approximately 200kgf. Then, the resultant output realizes the insensitivity of loading position
on the loading plate. The size of the loading plate is 400 x 520 mm where the 520 mm side
is in the vehicle’s running direction. Compared to the first version with lever mechanism
configuration, the second version has more advantages, such as higher linearity, damping
ratio, signal-noise-ratio, and no non-zero balance phenomenon (Table 3.3). Because a load
cell is designed with four strain gauges, it has higher linearity, damping-ratio (Fig. 3.10b, Fig.
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Fig. 3.5 Non-zero balance phenomenon of first version after each experiment

3.11b). In addition, because the measurement device is connected to the same ground with
the data acquisition system, the signal-noise-ratio signal of the second measurement device
is much higher than the first version. The natural frequency of the measurement device is
approximately 35 Hz.

(a) Front view of measurement device (b) Actual experiment

Fig. 3.6 Second version of the miniature measurement device
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Table 3.3 General comparison between first and second measurement device

First version Second version

Size of loading plate 22 cm 52 cm

Linearity RMSE: 1.939 RMSE: 0.0104

Damping ratio Low High

Noise ± 4kg ±0.5 kg

Non-zero balance Sometimes No

Fig. 3.7 A measurement device for truck test

3.1.3 Measurement device for a light truck

Based on the knowledge obtained from the experiments with miniature devices, a measure-
ment device for a light truck is developed. Because the requirement of a wheel load of a light
truck is 300 kgf, a commercial weighing scale Yamamoto DP is selected. The size of the
loading plate is 750x500 mm (Fig. 3.7). The natural frequencies of the measurement device
are approximately 25 Hz and 45 Hz. The measurement device is also designed with a single
point load cell (or platform load cell).

Assuming that the external load and its position are expressed by F and x, respectively
(Fig. 3.8). Considering the measurement device is designed to behave as rigid bodies.
According to the geometry, the force, F and the moment M act at position a and b is obtained
as
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(a) Force F acting on the loading plate (b) Load cell as a cantilever

Fig. 3.8 Force acting on the measurement device

Ma = aF +M (3.4)

Mb = bF +M (3.5)

M = xF (3.6)

Strain gauges are connected by the configuration of the Wheatstone bridge circuit, the
voltage output as below [50]

out put =
kG

4
(ε1 − ε2 + ε3 − ε4)E (3.7)

where kG is gauge factor, ε is strain, E is Young’s modulus.
Because a, b are constants and the moment M from Eqs.3.4 and 3.5 is not exist after the

subtraction (Eq. 3.7), the output is insensitive with the position of force.

3.2 Data acquisition and calibration

Sensors (a strain gauge in the first version or load cells in the second version) in measurement
devices are connected to the data acquisition system (Graphtec GL7000)(Fig. 3.9). The
signals are finally sent to a computer and are analyzed to estimate the static load. In order to
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Fig. 3.9 Experimental setup

deal with noise, the sensors are connected to the ground. Because the time for motorbike
passing the measurement device is very short, the data logging system is set up with a
high sampling rate 2kHz. Before conducting experiments, the measurement devices were
calibrated with the known weights by using the least square algorithm (Fig. 3.10).

Figure 3.11a is an example of the sensor signal actually obtained using the first-version
device. Figure 3.11b is the signal obtained by the second-version device. The second
miniature device has advantages compared to the first-version device. This second version
has a much higher damping ratio and linearity. The signal-to-noise ratio is also higher than
the first one. There are two main reasons for this result. Firstly, because the measurement
device is connected to the same ground with the data acquisition system, so it cancels the
noise from the power supply. Secondly, the strain gauges in the load cells are connected
in the Wheatstone bridge circuit, the white noise of one sensor is reduced. In addition, the
size-up of the loading plate realizes the sensor signal acquisition of more than one period of
the first natural vibration of the device for motorbike speeds of up to 40 km/h. Therefore,
the experiments data for motorbikes in the following chapter were performed on the second
version.

Figure 3.12 shows the calibration procedure and sensor output for a trial of a light truck.
As can be shown from the figures, the measurement device has a high linearity, damping
ratio and low noise.
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(a) First version measurement device

(b) Second version measurement device

Fig. 3.10 Calibration procedure
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(a) Using the first-version device (V=14.3 km/h)

(b) Using the second-version device (V=26.5 km/h)

Fig. 3.11 Examples of sensor signals of the first and second versions of the measurement
device (one test motorbike)



46 Measurement device and experimental setup

(a) The calibration procedure (b) Sensor output for a trial

Fig. 3.12 A measurement device for a light truck

Fig. 3.13 An elastic pad and a steel plate

3.3 Experimental setup

3.3.1 Experiments with motorbikes

The experiments were carried out on the paved ground in Tokyo Tech’s campus (See at
Appendix A). Initially, since the ground cannot be dug, the measurement device was placed
on the ground together with the wooden runway for a test motorbike to move on, as shown in
Fig. 3.13. A thin elastic pad and a thin steel plate with a thickness of 1 mm were layered on
the device and the wooden runway from one side to the other. The purpose of the layering is
to weaken the impulsive vibration just at the moment when a test motorbike runs onto the
loading plate of the device from the wooden runway. The measurement system consists of
the measurement device and a computer for data acquisition and analysis.
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Fig. 3.14 Ensuring safety after experiments

Fig. 3.15 Set up experiment for a truck

3.3.2 Experiments with a light truck

In the preparation of experiments with a light truck, we constructed the road in Tokyo Tech
campus. Next, we set up the measurement device with almost the same level as the road. A
barrier and warning signs are installed to ensure safety for drivers and pedestrians on the
campus after experiments (Fig. 3.14). To minimize the shock vibration problems when trucks
passing the measurement device in the tests, an elastic pad and thin steel plates are also used
as in the experiments of motorbikes (Fig. 3.15).





Chapter 4

Experiments and results

The experiments were conducted in Tokyo Tech’s campus. While the experiments with
motorbikes is conducted mainly with PCX125, the experiments with a truck is performed
with a light truck Sambar.

Accuracy evaluation
The accuracy of the estimated axle loads, and gross weights of the motorbikes are

investigated in this study by means of calculating the estimation error, defined by

W −Ws

Ws
×100% (4.1)

where W and Ws are the estimation result and true static axle load, respectively.

4.1 Experiments with a single measurement device for mo-
torbikes

The experiments were performed at a variety of speeds and two moving modes of the
motorbike - “walking mode” and “driving mode” (Fig. 4.1). In “walking mode” a motorbike
passed the measurement device while being pushed forward by a walking person. In “driving
mode” a motorbike passed the measurement device under engine power with a person riding.
Thus, the static load of each wheel in “walking mode” excludes the person’s weight, while
the person’s weight is included in “driving mode”. In this section, the experiments with two
versions of miniature devices is presented.

Note that the estimation results in this section are calculated based on the algorithm
presented in Section 2.2.2.
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(a) Walking mode (b) Driving mode

Fig. 4.1 Experiment with the motorbikes

4.1.1 First version miniature device

Table 4.1 shows the static axle loads of the test motorbike PCX 125 in the “walking mode”
and “driving mode”. The weights are measured in the stationary condition using a digital
platform scale on the site prior to the experiment of WIM. It is verified that the static axle
loads vary about ±4 kgf from the values of “driving mode” in Table 4.1. The fluctuation of
±4 kgf is observed by depending on changing the rider’s body posture forward and backward
on the seat.

Table 4.1 The weight of the motorbike including driver by stationary weighing

Mode Front load (kgf) Rear load (kgf) Gross weight (kgf)

Walking 54.9 81.6 136.5

Driving 76 132 208
Note: the measurement varies about ±4 kgf depending on changing the rider’s body posture forward and

backward on the seat (driving mode).

Table 4.2 The estimation results in the “walking mode” using PCX125

No
Velocity

Front Front Rear Rear Gross Gross
load error load error weight error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 2.3 57.6 4.9 72.7 -10.9 130.3 -4.5

Trial 2 2.3 56.2 2.3 74.9 -8.2 131.1 -4

Trial 3 2.35 56.1 2.1 75.6 -7.3 131.7 -3.5

Trial 4 2.4 57.9 5.4 73.7 -9.7 131.5 -3.7
Note: Errors in three columns are calculated using the values in Table 4.1 for Ws by Eq. (4.1)).



4.1 Experiments with a single measurement device for motorbikes 51

Fig. 4.2 Experiment data in “walking mode” at almost same speeds
(data1:2.3 km/h; data2: 2.3km/h; data3: 2.35km/h; data4: 2.4km/h)

Figure 4.2 shows four experimental data in “walking mode”. The speeds of motorbike
are not so different among four experimental trials. The true static axle loads of the front
and the rear are 54.9kg and 81.6 kg, respectively. Since the speed of motorbike moving on
the loading plate, whose size is 22 cm is comparatively very lower than “driving mode”, the
duration time in which an axle load moving on the loading plate becomes long enough to
apply the averaging method. Note that, the measurement device has a high signal noise, the
average moving filter is used to filter the sensor output signal before applying the estimation
algorithm. Table 4.2 presents the errors of the static load estimations in "waking mode". The
estimation results are acceptable accuracy. The estimation errors of gross weight are less
than 5% (4/4 trials). The estimation errors of wheel loads are less than 10% (7/8 cases).

However, experiments with the velocity higher than 16 km/h, it is impossible to apply
the averaging method because the signal output has only one peak. Figure 4.3 shows
experimental data with velocity about 20 km/h. In addition, this device also had a problem of
non-zero balance after motorbike getting off the device (Fig. 4.4). That means, the signal
sometimes cannot come back to zero condition after motorbikes getting off the device. Thus,
the zero-balance calibration needed to do before each trial.
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Fig. 4.3 Experiment data in “driving mode” with speed 20 km/h

Fig. 4.4 Problem of non-zero balance
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4.1.2 Second version miniature device

Figure 4.5 shows the three motorbikes used for experiments with the second version miniature
device. Table 4.3 shows their static weights, including the weight of the seated rider, measured
using a digital platform scale on the site prior to the experiments. Each motorbike was driven
by a different person.

(a) PCX125 (b) CBR1100 (c) XR250

Fig. 4.5 Three types of motorbikes used for experiments

Table 4.3 The weight of the motorbike including the rider measured on the site of experiments

Model of motorbike Front load (kgf) Rear load (kgf) Gross weight (kgf)

PCX125 78.8 125.1 203.9

CBR1100 149.5 168.3 317.8

XR250 85.9 101.5 187.4
Note: including the weight of rider on seat

“Walking mode”

Figure 4.6 shows the sensor signal data of experiments at four different speeds in “walking
mode” using PCX125. Table 4.4 shows the estimation results from the data. As can be seen
in the table, the estimation results have small errors, less than 5%. In addition, most of the
results were underestimated.

Driving mode with almost constant speed

The experiments of “driving mode” were conducted using three types of motorbikes. The true
static weights of motorbikes (Table 4.3) with a driver are measured before the experiments.
Figure 4.7 shows the sensor signal data of experiments at four different speeds in “driving
mode” using PCX125. Table 4.5 shows the estimated axle load and gross weight from the
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Fig. 4.6 Sensor outputs in “walking mode” with PCX125

Table 4.4 The estimation results in the “walking mode” using PCX125

No
Velocity

Front Front Rear Rear Gross Gross
load error load error weight error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 2.3 54.0 -1.2 76.6 -2.5 130.6 -2.0

Trial 2 2.9 55.1 0.6 76.1 -3.0 131.2 -1.5

Trial 3 4.9 52.7 -3.6 76.9 -2.1 129.6 -2.7

Trial 4 5.7 52.1 -4.8 76.3 -2.8 128.3 -3.6
Note: True axle load of the front wheel is 54.7 kg, and that of the rear wheel is 78.5 kg.
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signal data. Tables 4.6 and 4.7 present the estimation results for the use of CBR1100 and
XR250, respectively. It is noted that most of the results are underestimated. The estimation of
the axle loads was slightly worse than those of “walking mode”. One possible reason is that
motorbikes did not run at precisely constant speeds. Another reason is that the test rider’s
posture including seat positioning may have been different and may vary with some degree
at all trials. It is also different from those from the static measurement of the data shown in
Table 4.3. In fact, it was verified that the static axle loads varied by approximately ±4 kgf
when the author carried out experiments by changing the upper half of rider’s body posture
forward and backward on the seat by intention in the measurement for the data shown in
Table 4.3. Note that the test riders are not professional riders. Nevertheless, as can be seen in
Tables 4.5, 4.6, and 4.7, all four estimations of gross weight were obtained with practical
accuracy.

Fig. 4.7 Sensor output in “driving mode” with PCX125

Evaluation of the effect of transfer load

The theory of dynamic force balance indicates the need for considering the transfer load.
However, the effect seems to be very small numerically under a constant speed. Tables 4.8,
4.9, and 4.10 present the estimation results without consideration of the transfer load. As can
be seen from the tables, the estimation results look slightly worse.
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Table 4.5 Estimation results with motorbike PCX125 with consideration of the transfer load

No
Velocity

Front Front Rear Rear Gross Gross
load error load error weight error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 10.5 73.0 -7.3 120.7 -3.5 193.7 -5.0

Trial 2 13.7 72.3 -8.2 119.1 -4.2 192.2 -5.8

Trial 3 22.6 66.6 -15.5 119.9 -4.1 186.5 -8.5

Trial 4 32.7 83.0 5.3 123.7 -1.1 206.7 1.4

Table 4.6 Estimation results with motorbike CBR1100 with consideration of the transfer load

No
Velocity

Front Front Rear Rear Gross Gross
load error load error weight error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 9.9 139.8 -6.5 162.3 -3.6 302.1 -5.0

Trial 2 11.8 126.5 -15.4 172.6 2.6 299.1 -5.9

Trial 3 22.8 141.4 -5.4 159.1 -5.5 300.5 -5.4

Trial 4 24.4 148.6 -0.6 155.1 -7.9 303.7 -4.4

Table 4.7 Estimation results with motorbike XR250 with consideration of the transfer load

No
Velocity

Front Front Rear Rear Gross Gross
load error load error weight error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 21.5 84.7 -1.4 93.1 -8.3 177.8 -5.1

Trial 2 23.6 86.2 0.4 92.9 -8.5 179.1 -4.5

Trial 3 25.8 80.9 -5.8 111.2 9.6 192.1 2.5

Trial 4 40.1 93.3 8.6 85.4 -15.9 178.7 -4.6

Table 4.8 Estimation results with motorbike PCX125 without consideration of the transfer
load

No
Velocity

Front Front Rear Rear Gross Gross
load error load error weight error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 10.5 70.9 -10.1 122.8 -1.8 193.7 -5.0

Trial 2 13.7 71.6 -9.2 120.6 -3.6 192.2 -5.8

Trial 3 22.6 69.5 -11.7 117.0 -6.5 186.5 -8.5

Trial 4 32.7 80.5 2.2 126.2 0.8 206.7 1.4
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Table 4.9 Estimation results with motorbike CBR1100 without consideration of the transfer
load

No
Velocity

Front Front Rear Rear Gross Gross
load error load error weight error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 9.9 133.2 -10.9 168.9 0.4 302.1 -5.0

Trial 2 11.8 134.1 -10.3 165.0 -2.0 299.1 -5.9

Trial 3 22.8 132.6 -11.3 167.9 -0.2 300.5 -5.4

Trial 4 24.4 146.4 -2.1 157.3 -6.5 303.7 -4.4

Table 4.10 Estimation results with motorbike XR250 without consideration of the transfer
load

No
Velocity

Front Front Rear Rear Gross Gross
load error load error weight error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 21.5 78.9 -8.1 98.9 -2.6 177.8 -5.1

Trial 2 23.6 69.9 -18.6 109.2 7.5 179.1 -4.5

Trial 3 25.8 89.3 4.0 102.8 1.2 192.1 2.5

Trial 4 40.1 71.8 -16.4 106.9 5.3 178.7 -4.6
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Driving mode during accelerative condition

To certify the influence of acceleration and deceleration (braking) of the motorbike on the
measurement device, the experiments were performed using PCX125. Figures 4.8 and
4.9 show the sensor signals under acceleration and deceleration, respectively. Each figure
presents the signals obtained by three trials. According to the theory indicating the different
influences in section 2.1, the graphs of the figures show the influence of acceleration and
deceleration quantitatively. That is, the front axle load becomes much lower than its static
load, and the rear axle load becomes higher than its static load under acceleration. The case
of deceleration is a contrast to the acceleration condition. As a result, it is important to
consider whether the vehicle is accelerating, decelerating, or traveling at a constant speed.

Tables 4.11 and 4.12 show the estimated results of axle loads without considering the
transfer load, including acceleration and deceleration, respectively. Tables 4.13 and 4.14
show those with considering transfer load. The results show that it is compensable for static
axle load estimation to consider the transfer load. Note here that using a single measurement
device may cause the errors due to time detection when the wheel gets on and gets off the
loading plate (as mentioned in Chapter 3). The errors of time detection lead to the errors of
accelerated rates and load transfer calculations. Therefore, although the estimation of gross
weight has acceptable accuracy, the axle weight for the cases of acceleration and deceleration
is still limited.

Fig. 4.8 Sensor outputs for three different trials in acceleration condition
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Fig. 4.9 Sensor outputs for three different trials in deceleration condition

Table 4.11 Estimation results in acceleration condition without consideration of the transfer
load

No
Velocity
(km/h)

Acc.
(m/s2)

Front
load
(kgf)

Front
error
(%)

Rear
load
(kgf)

Rear
error
(%)

Gross
weight
(kgf)

Gross
error
(%)

Trial 1 17.5 0.7 44.8 -43.3 136.5 9.1 181.3 -11.1

Trial 2 17.7 0.3 46.4 -41.3 134.9 7.9 181.3 -11.1

Trial 3 18.9 1.3 43.2 -45.4 142.4 13.8 185.5 -9.0
Note: Acc: the rate of acceleration

Table 4.12 Estimation results in deceleration condition without consideration of the transfer
load

No
Velocity
(km/h)

Acc.
(m/s2)

Front
load
(kgf)

Front
error
(%)

Rear
load
(kgf)

Rear
error
(%)

Gross
weight
(kgf)

Gross
error
(%)

Trial 1 17.7 -1.7 98.9 25.5 97.5 -22.1 196.4 -3.7

Trial 2 18.6 -2.3 92.8 17.7 97.7 -21.9 190.5 -6.6

Trial 3 21.8 -1.0 94.6 20.1 86.4 -30.9 181.0 -11.2
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Table 4.13 Estimation results in acceleration condition with consideration of the transfer load

No
Velocity
(km/h)

Acc.
(m/s2)

Front
load
(kgf)

Front
error
(%)

Rear
load
(kgf)

Rear
error
(%)

Gross
weight
(kgf)

Gross
error
(%)

Trial 1 17.5 0.7 49.5 -37.1 131.8 5.3 181.3 -11.1

Trial 2 17.7 0.3 48.5 -38.4 132.8 6.2 181.3 -11.1

Trial 3 18.9 1.3 51.8 -34.3 133.8 6.9 185.5 -9.0

Table 4.14 Estimation results in deceleration condition with consideration of the transfer load

No
Velocity
(km/h)

Acc.
(m/s2)

Front
load
(kgf)

Front
error
(%)

Rear
load
(kgf)

Rear
error
(%)

Gross
weight
(kgf)

Gross
error
(%)

Trial 1 17.7 -1.7 87.0 10.4 109.4 -12.6 196.4 -3.7

Trial 2 18.6 -2.3 76.6 -2.8 113.9 -8.9 190.5 -6.6

Trial 3 21.8 -1.0 88.0 11.7 93.0 -25.6 181.0 -11.2

Estimation results with a consideration of underestimation

As mentioned at the beginning of this section, the estimation results above are calculated
based on the algorithm presented in Section 2.2.2. Here, we consider about the results with
consideration of underestimation as presented in Section 2.2.3. Table 4.15 shows the results
obtained from two algorithms.

Table 4.15 Comparison of two averaging methods

No
Velocity
(km/h)

Front
load
(kgf)

N-Front
load
(kgf)

Rear
load
(kgf)

N-Rear
load
(kgf)

Gross
weight
(kgf)

Gross
error
(%)

N-Gross
weight
(kgf)

N-Gross
error
(%)

Trial 1 10.5 70.9 71.5 122.8 123.2 193.7 -5.0 194.7 -4.5

Trial 2 13.7 71.6 71.7 120.6 121.2 192.2 -5.8 192.9 -5.4

Trial 3 18.1 65.0 64.7 126.2 126.4 191.3 -6.2 191.1 -6.3

Trial 4 26.5 82.9 81.3 105.3 102.7 188.3 -7.7 184.0 -9.8

Trial 5 31.5 72.6 75.0 134.0 128.6 206.6 1.3 203.6 -0.2

Trial 6 32.7 80.5 80.1 126.2 125.4 206.7 1.4 205.4 0.7
Note: N-Front, N-Rear and N-Gross are front load, rear load and gross weight, respectively. The results of

estimation by applying the algorithm in Section 2.2.3.
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Note that, we do not consider transfer load in these cases. So, the estimation of axle load
and gross weight without transfer loads are investigated. Regarding the table, the results
of the new algorithm in Section 2.2.3 are slightly smaller than the one in section 2.2.2 and
underestimation. The later sections have presented the results of estimation by applying the
algorithm in Section 2.2.3.

4.2 Experiments with two measurement devices

The experiments are conducted with a motorbike PCX 125 at a place in Tokyo Institute of
Technology’s campus. Table 4.16 shows the static axle loads of the test motorbike including
the weight of a driver. The weights are measured in the stationary condition using a digital
platform scale on the site prior to the experiment of WIM. It is verified that the static axle
loads vary about ±4 kgf from the values in Table 4.16. The fluctuation of ±4 kgf is observed
by depending on changing the rider’s body posture forward and backward on the seat.

Table 4.16 The weight of the motorbike including driver by stationary weighing

Model of motorbike Front (kgf) Rear load (kgf) Gross weight (kgf)

PCX125 78 131 209
Note: the measurement varies about ±4 kgf depending on changing the rider’s body posture forward and

backward on the seat.

4.2.1 Experiment with constant speed

Figure 4.10 shows the sensor signal data of four experimental runs in constant speed condi-
tions. Note here that the test rider tried to drive the motorbike at constant speeds but the small
fluctuation of speed might be unavoidable. Since a test motorbike runs on two measurement
devices with a distance of 2.3 meters, the signal data of each trial has four rectangular risings
in signal in time domain with some degrees of vibration. The time distances between the
rising points due to the axle load of the front and the rear wheel differ according to the
different speed of the motorbike. The time distances between the rising points in signals
from the first device and the second one also differs. Table 4.17 shows the estimation results
from the data. It is unnecessary to consider transfer load in this estimation because of almost
constant speeds. The axle loads are obtained through the averaging two estimations by the
first and the second measurement device. As can be seen in the table, the estimation errors
are small. The gross errors are smaller than 3% (4/4 trials).
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Fig. 4.10 Sensor outputs in constant speeds

Table 4.17 The estimation results in constant speed condition

No
Velocity

Front Front Rear Rear Gross Gross
load error load error weight error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 19.9 71.2 -8.7 135.5 3.5 206.8 -1.1

Trial 2 20.3 71.9 -7.8 133.9 2.2 205.7 -1.6

Trial 3 32.9 79.2 1.6 132.7 1.3 211.9 1.4

Trial 4 33.2 77.3 -0.9 138.0 5.3 215.2 3.0

Note: Errors in three columns are calculated using the values in Table 4.16 for Ws by Eq. 4.1.
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4.2.2 Experiment during accelerative condition

Figure 4.11 and 4.12 show the sensor signal data of experiments in the cases of accelerated
movement and deceleration. As can be seen in the figures, the influence of acceleration and
deceleration is noticeable. In accelerated condition, the front axle load becomes much lower
than its static load, and the rear axle load becomes higher. The case of deceleration contrasts
with the accelerated condition.

Tables 4.18 and 4.19 show the estimation results from the data. In table 4.18, the
estimation errors are shown in round brackets. The errors of the front and rear wheels with
consideration of transfer load are much smaller than without the consideration. Also, the
errors of both wheels are bigger than of the gross weight. However, the static front and rear
axle loads fluctuate in the range of 74–82 kgf and 127–135 kgf, respectively, depending on
the position of the seated rider’s upper body in the static measurement in this study. Therefore,
the estimation results are still considered acceptably accurate. Note here that the information
about the height of the mass center of vehicles is required and that the acceleration rate
should be almost constant while the vehicles run over the two measurement devices.

Table 4.18 Estimation results in acceleration condition

No
Velocity Acc.

Front load Rear load Gross weight Front load Rear load Gross weight
(kgf) (kgf) (kgf) (kgf) (kgf) (kgf)

(km/h) (m/s2) (without TF) (without TF) (without TF) (with TF) (with TF) (with TF)

Trial 1 25.7 1.5
54.1 150.6 204.6 71.6 133.1 204.6

(-30.6%) (14.9%) (-2.1%) (-8.2%) (1.6%) (-2.1%)

Trial 2 26.8 1.7
51.7 150.5 202.2 71.3 130.9 202.2

(-33.8%) (14.9%) (-3.3%) (-8.6%) (-0.1%) (-3.3%)

Trial 3 27.0 1.5
56.9 151.0 207.9 75.2 132.7 207.9

(-27.0%) (15.3%) (-0.5%) (-3.6%) (1.3%) (-0.5%)
Note: Acc: the rate of acceleration without TF and with TF: without and with consideration of transfer load

errors in round brackets: calculation by Eq. 4.1 referring the static axle loads in Table 4.16

Table 4.19 Estimation results in deceleration condition

No
Velocity Acc.

Front load Rear load Gross weight Front load Rear load Gross weight
(kgf) (kgf) (kgf) (kgf) (kgf) (kgf)

(km/h) (m/s2) (without TF) (without TF) (without TF) (with TF) (with TF) (with TF)

Trial 1 23.7 -1.7
94.9 105.6 200.6 76.0 124.6 200.6

(21.7%) (-19.4%) (-4.0%) (-2.6%) (-4.9%) (-4.0%)

Trial 2 25.2 -1.6
101.3 101.3 202.7 82.8 119.9 202.7

(29.9%) (-22.6%) (-3.0%) (6.1%) (-8.5%) (-3.0%)

Trial 3 26.2 -2.2
107.8 94.8 202.6 82.5 120.1 202.6

(38.2%) (-27.6%) (-3.1%) (5.8%) (-8.4%) (-3.1%)

Trial 4 27.0 -2.0
103.7 98.1 201.8 80.9 120.9 201.8

(33.0%) (-25.1%) (-3.4%) (3.7%) (-7.7%) (-3.4%)
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Fig. 4.11 Sensor outputs for three trials in acceleration condition

Fig. 4.12 Sensor outputs for four trials in deceleration condition
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4.3 Experiments with a single measurement device for a
light truck

Experiments were conducted with a light truck Sambar on the campus of Tokyo Tech
University. As discussed in Section 2.4, the experiment is conducted with two sides of
the truck: left (Fig. 4.13) and right directions (Fig. 4.14). Table 4.20 shows the static
weights of each side, including the weight of a driver, measured on the site prior before
conducting experiments. Experiments were conducted with constant speed, accelerated
motion (acceleration and deceleration conditions).

Fig. 4.13 Experiments with left side of the truck

Fig. 4.14 Experiments with right side of the truck
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Table 4.20 The weight of the truck including the rider measured on the site of experiments

Sides Front load (kgf) Rear load (kgf) Half-car load (kgf)

Left 235.0 178.0 413.0

Right 264.0 206.0 470.0
Note: including the weight of rider on seat

4.3.1 Driving mode with constant speed

The true static weights of the light truck for both sides (Table 4.20) with a driver are measured
before the experiments. Figures 4.15 and 4.16 show the sensor signal data of experiments
of both sides. Tables 4.21 and 4.22 show the estimated wheel loads and half-car load from
the signal data of the left and right sides, respectively. As can be seen from the tables, the
estimation results with constant speeds have high accuracy. The estimation errors of half-car
load are less than 3% (with 15/16 trials). The estimation errors of wheel loads (front and rear
wheels of both sides) are smaller than 5% (29/32 cases). Therefore, according to COST 323
[10], this system can be considered as class A(5) for both half-car load and axle load.

Compared to the estimation results for motorcycles in the previous section, we can see
that the estimation results for the truck have much higher accuracy. There are several reasons
for these measurement results. Firstly, because the measurement device for a light truck
is installed with the same level as the road, the output signals are less influence by shock
vibration and vertical oscillation of the vehicle. Secondly, because of the size of equipment
for trucks larger than the one for motorcycles, the time signal history is much better to apply
the averaging method. Thirdly, trucks are less affected by roll motion than motorbikes.

Table 4.21 The estimation results in constant speed condition (left side)

No
Velocity

Front Front Rear Rear Half-car Half-car
load error load error load error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 8.5 238.1 1.3 182.8 2.7 420.9 1.9

Trial 2 22.4 233.5 -0.6 183.9 3.3 417.4 1.1

Trial 3 22.7 225.4 -4.1 188.5 5.9 413.9 0.2

Trial 4 24.7 225.8 -3.9 185.5 4.2 411.3 -0.4

Trial 5 25.5 226.5 -3.6 182.0 2.2 408.5 -1.1

Trial 6 26.5 222.3 -5.4 172.2 -3.3 394.5 -4.5

Trial 7 26.8 225.9 -3.9 186.8 4.9 412.7 -0.1

Trial 8 27.5 234.2 -0.4 179.8 1.0 414.0 0.2
Note: Errors in three columns are calculated using the values in Table 4.20 for Ws by Eq. (4.1).
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Fig. 4.15 Sensor outputs in constant speeds (left side)

Fig. 4.16 Sensor outputs in constant speeds (right side)
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Table 4.22 The estimation results in constant speed condition (right side)

No
Velocity

Front Front Rear Rear Half-car Half-car
load error load error load error

(km/h) (kgf) (%) (kgf) (%) (kgf) (%)

Trial 1 8.1 264.5 0.2 207.3 0.6 471.7 0.4

Trial 2 8.4 267.5 1.3 207.3 0.6 474.8 1.0

Trial 3 8.5 269.2 2.0 209.3 1.6 478.5 1.8

Trial 4 8.7 267.0 1.1 209.7 1.8 476.7 1.4

Trial 5 20.5 258.0 -2.3 205.7 -0.1 463.7 -1.3

Trial 6 22.4 252.7 -4.3 207.7 0.8 460.3 -2.1

Trial 7 24.1 248.9 -5.7 213.5 3.6 462.4 -1.6

Trial 8 26.2 251.8 -4.6 204.2 -0.9 456.0 -3.0

4.3.2 Driving mode with acceleration condition

Figures 4.17 and 4.18 show the sensor signal data of experiments of both sides. Tables 4.23
and 4.24 show the estimated wheel loads and half-car load from the signal data of the left
and right sides, respectively. The estimation errors are shown in round brackets.

According to the figures, the load transferring from the front and rear wheels. The
estimation results are acceptable accuracy. The errors of the front and rear wheels with
consideration of transfer load are much smaller than without the consideration. The estimation
errors of the half-car load are less than 8% (6/6 trials). The estimation errors of wheel loads
are less than 8% (11/12 cases). The estimation results of the rear wheel are much better than
the front wheel. Compared to the estimation results for motorcycles in the previous sections,
we can see that the estimation results for the truck have much higher accuracy. According to
COST 323 [10], the system can be considered as B(10) class.

Table 4.23 Estimation results in acceleration condition (left side)

No
Velocity Acc.

Front load Rear load Half-car load Front load Rear load Half-car loadd
(kgf) (kgf) (kgf) (kgf) (kgf) (kgf)

(km/h) (m/s2) (without TF) (without TF) (without TF) (with TF) (with TF) (with TF)

Trial 1 23.6 0.4
212.1 176.5 388.6 217.0 171.7 388.6

(-9.7 %) (-0.8 %) (-5.9 %) (-7.7 %) (-3.6 %) (-5.9 %)

Trial 2 25.4 1.3
202.3 187.6 389.8 219.5 170.3 389.8

(-13.9 %) (5.4 %) (-5.6 %) (-6.6 %) (-4.3 %) (-5.6 %)

Trial 3 25.5 1.0
200.0 183.4 383.4 213.0 170.4 383.4

(-14.9 %) (3.0 %) (-7.2 %) (-9.3 %) (-4.3 %) (-7.2 %)
Note: Acc: the rate of acceleration without TF and with TF: without and with consideration of transfer load

errors (%): calculation by Eq. (4.1) referring the static axle loads in Table 4.20
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Fig. 4.17 Sensor outputs in acceleration condition (left side)

Fig. 4.18 Sensor outputs in acceleration condition (right side)
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Table 4.24 Estimation results in acceleration condition (right side)

No
Velocity Acc.

Front load Rear load Half-car load Front load Rear load Half-car load
(kgf) (kgf) (kgf) (kgf) (kgf) (kgf)

(km/h) (m/s2) (without TF) (without TF) (without TF) (with TF) (with TF) (with TF)

Trial 1 25.8 0.9
234.9 223.9 458.8 249.1 209.7 458.8

(-11.0 %) (8.70 %) (-2.4 %) (-5.7 %) (1.8 %) (-2.4 %)

Trial 2 26.3 1.8
228.8 223.0 451.8 256.1 195.7 451.8

(-13.3 %) (8.30 %) (-3.9 %) (-3.0 %) (-5.0 %) (-3.9 %)

Trial 3 32.9 0.9
230.4 209.1 439.4 244.5 194.9 439.4

(-12.7 %) (1.50 %) (-6.5 %) (-7.4 %) (-5.4 %) (-6.5 %)

4.3.3 Driving mode with deceleration condition

Figures 4.19 and 4.20 show the sensor signal data of experiments of both sides in deceleration
condition. Tables 4.25 and 4.26 show the estimated wheel loads and half-car load from the
signal data of the left and right sides, respectively. Contrast to the acceleration condition, the
load transferring from the rear to front wheels in the deceleration condition. The estimation
results are acceptable accuracy. The estimation errors of the half-car load are less than 8% (7/7
trials). The estimation errors of wheel loads are less than 10% (12/14 cases). The estimation
results of the rear wheel are much better than the front wheel. Similar to the acceleration
condition, we can see that the estimation results for the truck have much higher accuracy
compared to the estimation results for motorcycles in the previous section. According to
COST 323 [10], the system can be considered as B(10) class.

Fig. 4.19 Sensor outputs in deceleration condition (left side)
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Fig. 4.20 Sensor outputs in deceleration condition (right side)

Table 4.25 Estimation results in deceleration condition (left side)

No
Velocity Acc.

Front load Rear load Half-car load Front load Rear load Half-car load
(kgf) (kgf) (kgf) (kgf) (kgf) (kgf)

(km/h) (m/s2) (without TF) (without TF) (without TF) (with TF) (with TF) (with TF)

Trial 1 19.8 -2.8
252.1 147.2 399.3 216.1 183.2 399.3
(7.3%) (-17.3 %) (-3.3 %) (-8.1 %) (2.9%) (-3.3 %)

Trial 2 20.4 -2.3
243.1 148.6 391.7 213.3 178.3 391.7
(3.4%) (-16.5 %) (-5.2 %) (-9.2 %) (0.2%) (-5.2 %)

Trial 3 21.5 -2.4
252.2 156.4 408.6 220.6 188.0 408.6
(7.3%) (-12.2 %) (-1.1 %) (-6.1 %) (5.6%) (-1.1 %)

Trial 4 21.9 -1.7
237.6 149.5 387.2 216.9 170.2 387.2
(1.1%) (-16.0 %) (-6.3 %) (-7.7 %) (-4.4 %) (-6.3 %)

Note: Acc: the rate of acceleration without TF and with TF: without and with consideration of transfer load
errors (%): calculation by Eq. (4.1) referring the static axle loads in Table 4.20

Table 4.26 Estimation results in deceleration condition (right side)

No
Velocity Acc.

Front load Rear load Half-car load Front load Rear load Half-car load
(kgf) (kgf) (kgf) (kgf) (kgf) (kgf)

(km/h) (m/s2) (without TF) (without TF) (without TF) (with TF) (with TF) (with TF)

Trial 1 25.6 -1.4
266.0 175.0 441.0 245.8 195.2 441.0
(0.8%) (-15.0 %) (-6.2 %) (-6.9 %) (-5.2 %) (-6.2 %)

Trial 2 26.5 -2.0
264.1 174.8 438.9 236.4 202.5 438.9
(0.1%) (-15.2 %) (-6.6 %) (-10.4 %) (-1.7 %) (-6.6 %)

Trial 3 28.0 -2.8
267.8 167.2 435.0 229.2 205.8 435.0
(1.4%) (-18.8 %) (-7.4 %) (-13.2 %) (-0.1 %) (-7.4 %)



72 Experiments and results

4.4 Summary

In this chapter, experiments with motorcycles and light trucks carried out to verify estimation
algorithms are presented in Chapter 3. The results of experiments using only one miniature
measurement device and motorbikes were obtained mostly with acceptable accuracy in
the cases of “walking mode” and “driving mode” under constant speed conditions. Most
estimations of gross weight were reliably accurate, with errors smaller than 6%. Most results
were obtained as slightly underestimated values.

The results of an experimental study using two measurement devices and a motorbike
were presented to demonstrate the improvement of the estimation algorithm, as shown in
Section 2.3. It was found that averaging the axle loads obtained using two measurement
devices has the potential to enhance the reliability and the accuracy of axle load estimation.
The errors of the estimation of gross weight in accelerated conditions are less than 5%, which
were more accurate than the results of the experiments using a single measurement device.

Compared to the estimation results of motorbikes using a single measurement device,
the estimation results for a light truck were better not only half-car loads but also axle loads
(each side). The errors of half-car loads (each side) were under 3%, while errors of wheel
load were under 5% in cases of constant speed. In cases of acceleration or deceleration, the
estimation errors were under 8%. The system can be considered as A(5) class in the constant
speed and B(10) in acceleration and deceleration conditions. Note that the road surface used
in the experiment is not standard like the roads for commercial WIM. Also, road construction
and installation for measurement device are still simple. However, the estimation results are
highly accurate.



Chapter 5

Conclusions and future work

5.1 Conclusions

Weigh-in-Motion, WIM, in brief, is the technology for estimating static axle load of vehicles
in motion. It has been developed to detect overload trucks, which may cause the damage of
traffic infra-structures, a high risk of traffic accidents, and the unfair of freight transportation.

The most important part of the WIM system is the static load estimation algorithm for the
vehicles in motion. There are studies on estimation methods of both BWIM and pavement
WIM. However, they are still having limitations such as time-consuming calibration, high
errors, or computation load. More importantly, those studies are based on the assumption
that vehicles run at a constant speed. In actual operation, the vehicles do not always run at
constant speeds. In cases of accelerative motion, the axle weights are significantly influenced
by the transfer load from front to rear wheels and vice versa.

This research proposed a new axle load estimation algorithm of a vehicle in motion based
on an averaging method using plate-type measurement devices. The algorithm can estimate
the static load with slight underestimate.It is available for vehicle in motion not only with con-
stant but also non-constant speeds.The estimation algorithm using two measurement device
placed in cascade layout is also proposed. In this research, three miniature measurements
devices (plate-type) were developed and used for conducting experiments using motorbikes
and a light truck. The validity and accuracy of the proposed method were investigated
by means of experimental ways using motorbikes and a light truck. Experimental results
showed that the WIM system in this research can estimate the axle loads of test vehicles with
practically acceptable accuracy using a single device. It is also found that the reliability and
accuracy of axle load estimation are increased compared to the usage of a single device. The
result of this WIM system in this research can estimate the axle loads of test vehicles with
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acceptable accuracy in B(10) class, according to COST323. This research can stimulate the
development of practical future Weigh-in-Motion of heavy-duty trucks.

5.2 Future works

Based on the initial results of this research, future works will focus on the development of
the full WIM system.

5.2.1 Hardware

Improvement of measurement device

The measurement devices need to be developed with suitable size, insensitive with the vertical
force position, high damping, high signal-noise-ratio and with high capacity for a load of a
heavy truck’s axles. The current system is still has some limitations of load capacity. In the
near feature, the research needs to improve the measurement device to conduct experiment
with heavier trucks.

Automatic classification system

In the WIM system, the vehicle classification system also plays an important role, especially
for the cases of accelerative motion. Therefore, it is crucial to develop the classification
system based on the parameters obtained from the results of static load estimation and the
recognition system based on image processing.

5.2.2 Software

Improving the estimation algorithm

The errors of estimation results using one measurement device in the cases of accelerative
motion are still higher than the ones of constant speeds. These errors are higher not only
axle weights but also gross weight. The influences of accelerative motion may be caused by
the effects of friction or vibration factors. The current estimation method did not consider
these factors. In the near future, the research needs to consider these factors to increase the
estimation results.
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Real-time software

The author will complete the real-time software connecting all hardware system. The software
needs to be developed with the graphical user interface (GUI).

5.2.3 Experiments

Conducting experiments with both sides of truck

In the near future, the experiments with both sides of a light truck will be conducted.
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Experimental site
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(a) The experimental location

(b) Actual experimental site

Fig. A.1 The experimental site
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