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Abstract

Piezoelectric energy harvesters in the road pavement are developed and studied to collect energy
from the passing vehicles. A numerical model based on the Westergaard's stress model is proposed
to calculate the three dimensional stress distribution in the pavement and the power generation
from the piezoelectric harvesters placed inside the pavement. Piezoelectric patch, plate and beam
harvesters are designed. Based on proposed numerical models, simulations are conducted to reveal
the effects of vehicle velocity as well as the location and size of the Piezo-electric harvesters on
the generated power. Optimally designed plate energy harvester attached with four cantilever
harvesters generates up to around 28 W electrical power with the assumption of continuum vehicle
passing the pavement by 22.2 m/s. This power can be used to collect enough energy in 2 hours to

raise the ice temperature with the thickness of 1 cm, covering a5 m wide road by 20 degree Celsius.
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Chapter 1

The following chapter 1 is an introduction describing the background of energy harvesting, the
research works that has been done in the field of energy harvesting in pavement followed by

research objectives and outline of this thesis.

1.1 Background

In today’s era electricity has become one of the basic necessities of human life, our comfort in our
day to day activities is directly or indirectly dependent on electricity. It can be stated that a nation's
prosperity can be judged on the parameter that how much capable it is to meet its power supply
requirements to give a quality life to its people. Energy is needed everywhere for example for
lighting our houses, to drive cars, heating and air conditioning, using internet and all the technology
we use are dependent on energy. The production of our food and cloths also require significant
amount of energy supply. There are non-renewable energy sources, such as natural gas and fuels
and renewable/alternative sources of energy to produce electricity. Fossil fuels, as traditional
energy resources, are the main drivers behind the world's economic engine, which are accounting
for more than 80% of the total world energy consumption in 2010 [1]. It was reported by Le et al.
(2009) that 29 percent increase in global CO2 emissions has occured from fossil fuel between 2000
and 2008 [2]. Jacobson and Delucchi mentioned that over the last 50 years, 43% global CO;
emissions from burning fossil fuels remained in the atmosphere leading to the greenhouse effect.
Because of the adverse effects of fossil fuels, the development of clean and renewable energies
has become more important for sustainability [3]. With time the amount of reserve of fuels and
natural gas is decreasing. Due to that reason over the last few decades, a special attention has been

given globally towards renewable/alternative sources of energy for a sustainable development of



human society without harming the environment. Renewable/alternative sources means that they
are environment friendly. Renewable energy sources are required also to keep the reserve of
natural gas and fuels and provide our future generation with clean and habitable environment.
Solar, Wind and Tidal are the prime renewable sources of energy to generate electricity without
polluting the surroundings. Solar energy is a good example of alternative energy, in which heat
energy from sunrays is converted to electrical energy by solar panels. Wind and wave are also
excellent sources from where renewable energy can be harvested. Now a days energy harvesting
especially from the renewable energy resources is getting more and more attention because of the

increasing demand of energy required for electronics and also different types of wireless sensors.

In this research the concentration is given in energy harvesting from pavement. The harvested
energy can be used in various sectors for example illuminating road lights, signalization,
identifying overloaded vehicles and various other sectors. However, the most important use of the
generated power can be snow melting of roads and bridges of cold countries by converting the
generated energy into heat. Snow melting on the public traffic facilities is one of the biggest
challenges faced by the cold countries. In 2013, Vancouver spent about $1.7-million on snow
removal. Dealing with the ice storm and also snow removal cost Ottawa $11.7-million [4]. Road
accidents take place due to the heavy snow and the slippery road condition. Plowing snow can
temporarily clear the highways but the plowed snows are kept on two sides of the roads which
cause problems for pedestrians. Besides that it requires a lot of money to buy and maintain those
snow removing tools and to pay the salary of the workers. The workers also found it very difficult

to work in such kind of adverse weather condition.



Generally main roads gets the first priority to clean up the snow. Different types of methods are
used to remove snow from highways and roads however the chemical method is widely used. The
chemical method, by using sodium chloride and calcium chloride, has been used for preventing
the buildup of ice and snow on roads and thus controlling the slippery road conditions. Salt is used
to melt snow in lower temperature. However, bad corrosion of the underbodies of trucks, passenger
cars etc. can also take place by using the chemical method. However, these salts are soluble in
water, so there is no disposal problem but sometimes they can cause water pollution by getting
mixed with underground water. They can make ground water salty and harm aquatic plants and
animals when salt mixed with lake, river or other sources of water. The salty water can cause health
issue for people on restricted-sodium diets and a taste problem for everyone else. Even after having
various environmental and health problems associated with the use of salts continuous
improvement in the salt spreading equipment and techniques are taking place. If energy can be
generated from passing vehicles from the pavement then that energy can be converted to heat
energy and by proper collecting technique this snow removal problem can be reduced to a certain
extent. As a result it is very important to think of effective ways of energy generation from
pavement which will be economic and environment friendly. The generated energy from pavement
by passing vehicles can be a great source of energy as the amount of vehicles moving on roads are

increasing day by day.

1.2 Literature Review

The process of deriving electricity from external ambient sources is known as energy harvesting.
Energy can be harvested in different methods. Some most common types of vibration based energy

harvesting techniques are electrostatic, electromagnetic and piezoelectric.



In electrostatic effect of energy harvesting a variable capacitor structure is used to generate charges
from a relative motion between two plates. Despesse et al. (2005) worked on energy scavenging
from mechanical vibrations and fabricated prototype structures. It was found by experiments that
0.584 mW/mm? of power can be obtained [5]. Electromagnetic energy harvesting technique is
based on electromagnetic induction where an electromotive force is generated from a relative
motion between coil and a magnet. Glynne-Jones et al. (2004) determined an electromagnetic
generator which after placing in a car engine compartment can generate 157 uW of power [6].
Saha et al. (2006) conducted their research on modeling of an electromagnetic-based generator
which can generate power from ambient vibrations. The optimization of the generator was also
done and they found that the energy density of the electromagnetic energy harvester was around
4.375 mW/mm2[7]. Jeon et al. (2005) designed thin film piezoelectric energy generator which can
generate electric power from the ambient vibration. It was reported an energy density of 37
mW/mm? can be obtained by the piezoelectric effect [8]. Based on the above representative works,
it can be concluded that the energy density of piezoelectric generator is much higher than both
electrostatic and electromagnetic generators. That is the reason why piezoelectric materials are
receiving a large amount of attention these days. The application of piezoelectric materials provide
a possible alternative source for electrical power generation. Piezoelectric materials have the
property of generating charge when stress is applied on it. This charge can be used to generate
electricity and for many other purposes. Piezoelectric materials can be used for effective energy
harvesting and generating by simply attaching them on the host structures under elastic strains.
The harvested energy can be used for various applications and one of the most important
application of piezoelectric energy harvesting can be from pavement, by using the piezoelectric

energy harvester inside the pavement. Stress will be produced inside the pavement due to the



moving vehicle, generating charge on piezoelectric material which can be used to harvest energy.

The harvested energy can be used for ice melting in cold countries.
1.2.1 Energy harvesting by using piezoelectric materials

Since piezoelectric materials have advantages over other traditional energy conversion methods
and because of their electromechanical coupling effect that means the ability to produce electrical
charge when subjected to an external load and alternately ability to produce a mechanical
deformation when under an electric field, they have drawn a lot of attention now a days.
Piezoelectric materials are being used a lot as sensors and actuators. One of the most significant
reasons of the recent popularity of piezoelectric materials is also because of their
electromechanical coupling effect can be changed significantly. In 1880, Pierre Curie and Jacques
Curie first demonstrated the direct piezoelectric effect that is internal generation of electric charge
by applying mechanical force. Years of study led to the new lead zirconate titanate materials, also
referred as PZT materials, which are among the most commonly used piezoelectric materials now

a days.

Because of the high coupling effects among all the piezoelectric ceramics PZT (lead zirconate
titanate) is most commonly used. PZT materials can be mainly divided into two groups. One is

hard and another is soft. Soft PZT materials are used where large response is required.

Researchers have been using piezoelectric materials for energy harvesting for a long time.
Ajitsaria et al. (2007) analytically modeled a PZT bender for generating voltage and power
generation from transforming ambient vibrations into electrical energy. In that research they have
also done experimental testing of a prototype structure which can generate microwatt range of

power [9]. Wang and Wu (2012) developed a numerical model to design a piezoelectric coupled



beam for power harvesting aim. They also studied the effect of size and location of the
piezoelectric patch to calculate maximum power generation to achieve highest efficiency. In that
research they used a host beam coupled with the piezoelectric patch and used the generated voltage,
due to the electromechanical coupling effect of the piezoelectric patch when the host beam is
subjected to dynamic loading, to produce power.

—A width through
. Piezoelletrie patches with hl
<+ L » length of a(m) \

00 -_ Cantilever beam +H
Clanping < > ;
apparatus L;J ; Dynamic loading

< ' L > |

Figure 1-1 The piezoelectric coupled cantilever beam subjected to a dynamic loading [10].

The model is also validated by experimental study. It is also observed from simulation results that
to increase the power harvesting efficiency of the harvester the piezoelectric patches should be
placed close to the fixed end of the cantilever and by keeping the excitation angular frequency of
the piezoelectric coupled harvester close to the resonant frequency [10]. Piezoelectric materials
can also be used to harvest energy from high rise buildings when subjected to dynamic motion.
Xie et al. (2013) developed a mathematical model to calculate generation of electrical charge and
voltage from high rise buildings by using a piezoelectric coupled cantilever with a proof mass. For
the optimization the effect of length and location of the piezoelectric patch, excitation frequency

and also thickness ratio of the piezoelectric patch to the host beam were investigated.
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Figure 1-2 Analytical model of the piezoelectric coupled cantilever attached by a mass subjected

to a base motion to represent the harvester on a high-rise building [11].

In this research it is found that with an optimum design of the harvester 28% energy harvesting
efficiency can be obtained. They also found that the energy harvesting efficiency can be increased
by placing the piezoelectric patch close to the fixed end of the cantilever and also when the

excitation frequency is close to resonant frequency [11].

Researchers also used piezoelectric energy harvesters for wind energy harvesting. Besides wave
energy wind energy can also play a vital role to meet the necessities of human life power
requirement. The flowing power of winds is usually from a typical intensity of 0.1-0.3 kW/m? to
0.5 kW/m? on the earth surface along the wind direction, while the flowing power of ocean wave
is round 2—-3 kW/m? under the ocean surface along the direction of the wave propagation [12]. Wu

et al. (2013) introduced a wind energy harvester consisting of a cantilever attached with



piezoelectric patches and a proof mass. They calculated the charge and voltage generation from
the piezoelectric patches with the help of theoretical model. The concept of that research was to
utilize the cross wind induced vibration of the piezoelectric patches attached to the cantilever

because of the vortex shedding phenomenon.

Proof mass
f\’f
i

-+ .
i
Piezoelectric patches
-

= Wind

—

I “

—

—

~
' A st be: » harveste
o \T Host beam of the harvester

Figure 1-3 Piezoelectric harvester subjected to wind load [13].

In that research the influence of the length and location of the piezoelectric energy harvester on
power generation is conducted. Research findings shows that it is possible to generate about 2 W
of power from a harvester by optimizing various parameters [13]. Priya (2005) described a
theoretical model about harvesting energy from piezoelectric bimorph transducers mounted on a
windmill in low frequency range. A prototype piezoelectric windmill consisting of ten

piezoelectric bimorph transducers were operated and it was found that 7.5 mW of power can be

8



obtained with the wind speed of 10 mph [14]. Li et al. (2011) studied and tested the conversion of
wind energy to electrical energy by using a bioinspired piezo-leaf architecture by wind-induced

fluttering motion. They found that one single leaf can generate about 600 W of power [15].

With regards to renewable energy resources, the hydro power, wind and solar energy have been
well studied [16] and widely used taking up 3.34%, 0.51% and 0.062% of the total world energy
consumption, respectively. However the utilization of ocean energy is still in the early stage
(0.001% of the total world energy). It should be noted that abundant ocean energy is available at
most coastal area of the world. For example, the ocean wave energy was measured at about 100
kW/m of wave front on the Pacific coast in Canada [17]. In 2009 the total investment in renewable

energy capacity (excluding large hydro) was about $150 billion [18].

One of the technical barriers for ocean wave energy harvesting is the lack of highly efficient, robust
and cost effective energy harvesting devices. Conventional devices, i.e. oscillating buoys that drive
magnetic-electric generators received few attention from the industry, partially due to the difficulty
in deployment, high cost for maintenance, and relatively low efficiency of energy conversion [19].
The development of ocean wave energy harvesting techniques could be able to provide an
alternative solution to the electricity requirement. Piezoelectric plates can be used to harvest
energy from ocean waves. Taylor et al. (2001) developed a new energy harvester named ‘eel’,
consisting of long strips of piezoelectric polymer, which can convert the mechanical energy of
water in ocean or river flows into electricity. It is found that when the ‘eel’ harvester is under
oscillating motion it can generate a power of 1 W in a nominal 1 m/s water flow [20]. Gao et al.
(2013) developed a flow energy harvester having piezoelectric cantilever with a cylindrical
extension. This flow harvester can harvest energy from ambient flows for example wind and water

streams because of the flow-induced vibration of the cylindrical extension makes the piezoelectric



cantilever to vibrate. They made prototypes and tested them [21]. Xie et al. (2014) used
piezoelectric patch to harvest energy from transverse ocean waves where they developed a
mathematical model to calculate voltage and generation of charge by the harvester. The findings
of the research is that under certain specified conditions it is possible to get around 30 Watt of
power generation from a harvester [22]. Zurkinden et al. (2007) worked on harvesting wave energy
from wave motions and designed a piezoelectric polymer energy harvester. In that research they
investigated the power generation that can be found by using that kind of energy harvester,

however the generation is small [23].

The ratio of the mechanical energy input to the generation from the piezoelectric energy harvester
is a very significant factor to be considered in case of designing a practical energy harvester. That
is the reason why optimization of the piezoelectric energy harvester is essential. In recent years
some of the research works are conducted to optimize the energy harvesting efficiency from the
piezoelectric energy harvester. Sodano et al. (2005) studied the ability of three types of
piezoelectric devices to convert the ambient vibration energy into electric energy generation. The
three types of harvesters are made from three common types of piezoelectric materials they are,
lead zirconate titanate (PZT), bimorph Quick Pack (QP) actuator and the macro-fiber composite
(MFC). The research found out that among all the three materials PZT is most suitable for
recharging a discharged battery [24]. Xie et al. (2014) developed a ring piezoelectric energy
harvester by using magnetic forces and generated power is calculated with the help of a
mathematical model. The harvester consists of an outer ring stator and an inner ring rotator. The
design involves choosing the optimal length of the piezoelectric harvester and also the optimal

rotating speed of the rotator ring.
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magnetic slab2

Figure 1-4 Schematic diagram and geometries of the piezoelectric energy harvester [25].

It was found that with specific selection of geometric parameters up to 5274.8 Watt of power

generation can be obtained [25].

Minazara et al. (2013) conducted their research about harvesting piezoelectricity from mechanical
vibrations of bicycles by using piezoelectric generator on bicycle handlebar. In their research after
getting the electrical energy from the piezoelectric energy harvester a static converter was used
before supplying it into the electrical device. However, the dynamo they used there breaks easily
and the generated power was 3.5 mW which is small [26]. Li and Vladimir (2014) studied modeling
of piezoelectric energy harvester and its potential in an educational building, where energy
harvesting potential of commercialized piezoelectric tiles were analyzed [27]. Ende et al. (2012)
talked about using piezoelectric harvester in tires of automobiles [28]. Malotte (2012) conducted
his Master thesis on a research, determining feasibility of using piezoelectric tyre for energy
harvesting in bicycles having no emission. In that research they made a tyre prototype and attached
the piezoelectric harvester outside the tyre and inside the tyre the energy storage device was kept.

However, it has less power generation, costly and fragile [29]. Danesh et al. (2011) in his paper
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talked about different approaches to form mathematical methods to conceptualize the potential of
generating piezo-electricity but the approach act only as guideline and are based on prominently

used mathematical model [30].
1.2.2 Pavement Energy harvesting processes for deicing roads and bridges

Some of the researchers have worked on deicing of roads and bridges. Yehia et al. (1998) studied
two large slabs for bridge deck deicing experiment in natural environment where they monitored
the power consumption and deicing performance and also the cost estimation was done to see the
effectiveness of using concrete overlay on bridge deck. An average power generation of 48 W/m?
can be generated by using conductive concrete to raise slab temperature form -1.1°C (30°F) to
15.6°C (60°F) in 30 minutes, found on a small scale slab heating experiment [31]. Chang et al.
(2009) studied a concrete which is self-heating and containing embedded carbon nanofiber paper
where the carbon nanofiber paper acts as electric resistance heating element. They did some
laboratory testing for different compositions of concrete, analyze the electrical power
consumption, rate of heating and also cost estimation [32]. Gao et al. (2010) studied the slab solar
collection (SSC) process which is made of cement concrete and hydronic pipe imbedded in that
and stores solar energy in summer to melt ice and snow on the road in winter. In the experiment,
they found that in summer the average heat collecting capacity can be up to 150-250 W/m?, which
is about 30% of the solar heat [33]. Pan et al. (2015) studied snow melting of road by using
hydronic asphalt pavement which utilizes the solar radiation and based on the theory that fluid
circulating through the pipes network imbedded in the asphalt pavement can capture the solar
energy and store for later use. They also conducted numerical simulations. However the use of

pipes in pavement can cause harmful effects [34].
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It is noted that snow melting by applying the thermos requires continuous electrical energy input.
For the public traffic facilities, such as road pavements, that cover large area, the energy
supplement for the thermos is always the economy problem that restrict the practical application
of the technique. However if energy can be harvested by using piezoelectric energy harvesters
inside the pavement, then that harvested energy can be used to produce heat and to melt the snow

on roads.
1.2.3 Pavement energy harvesting by using piezoelectric energy harvesters

Researchers have been concentrating on harvesting energy from road pavement to support the on-
site electrical devices on the road. The generated energy can also be used to help ice melting in
cold countries. Innowattach (an Israel based organization) carried a pilot project with Israel
national road company to demonstrate the use of energy harvester below roads using their own
designed piezoelectric harvester named IPEG but technical data is not available publicly (

Innowattech 2014) [35].

Piezoelectric materials can also be used as sensors inside the pavement to monitor vehicle flow on
roads. Li et al (2006) developed a cement based piezoelectric sensor to monitor walking person or
passing vehicle. In that research they also carried out experiments for monitoring person flow and
also vehicle flow by considering the road made of steel molds and as the passing vehicle they
considered handcart with different loads and found that the sensor can reliably detect moving
vehicles [36]. Xiang et al. (2013) considered the piezoelectric pavement as a Bernoulli-Euler beam
and they made a mathematical model over which after applying complex numeral approaches and
boundary conditions relationship between voltage and different parameters were shown but no

specific talk about generated power was made in this analysis [37]. Ali et al. (2011) presented the
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vibration based model to power wireless devices on bridges using piezoelectric harvester [38].
Tianchen et al. (2014) studied vibration energy harvesting system for railroad safety by using
piezoelectric drum transducer during rail movement. The piezoelectric transducer can generate 30

mW power which is relatively small [39].

Zhang et al. (2014) studied piezoelectric cantilever based harvester for energy harvesting from
concrete slab-on-girder bridges. They used ANSYS and MATLAB for simulation considering two
conditions, one for single vehicle passing through and another for continuous vehicle flow. They
also studied the optimum vehicle speed and position of the energy harvester [40]. Duarte et al.
(2013) studied pavement energy harvesting system which captures Kinetic energy and convert it
into electrical energy. They used blocks of different shapes having the mechanism that can
generate electrical power with small displacement on the vertical axis each time a person or vehicle
moves over the block area. It generates electric energy for public illumination, outdoor advertising,
traffic lights, or electrical supply [41]. Xiang et al. (2014) studied theoretical model of piezoelectric
energy harvesting from traffic induced deformation of the pavement which can harvest
piezoelectricity. They used Fourier transform and the residue theorem. In that research they
considered the pavement as Bernoulli-Euler beam on an elastic foundation and the load from the
moving vehicle is considered as a moving line load. The power generation of around 5.33 W can
be found by the piezoelectric harvester embedded in the pavement with the velocity of the passing
vehicle as 150 m/s without considering the damping [42]. Xiong et al.(2012) in their work stated
that vehicle induce deformation in pavement and that deformation in pavement can harvest
piezoelectricity, they discussed about power generation based on vibration induced in pavement
by moving vehicles and gave a review about the optimum power collection system to give usable

power [43]. Zhao et al. (2010) designed a Cymbal piezoelectric transducer for harvesting energy
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from asphalt pavement where they used finite element analysis (FEA) for the calculations. In that
research they suggested an optimum sized Cymbal energy harvester and they found out that the
potential electric energy harvested from pavement increases with the increase in diameter of the
Cymbal but the efficiency decreases with the increase in size of the harvester. It was reported that
the maximum electric power generation by using such an optimum sized harvester is 1.2 mW at
20 Hz vehicle load frequency [44]. Tao et al. (2014) developed one prototype pavement generator
consisting of PZT piles which can harvest more than 50 KW/h from one lane 1 kilometer highway
if there is heavy vehicle movement on pavement by placing the harvester at a depth of 4 cm from
the surface layer of the pavement. After considering the stress, displacement, stability and also the
cost of the harvester, 8-16 round shaped PZT piles are suggested for one energy harvester. They
used finite element method to determine the performance of seven typical transducers [45]. Zhao
et al. (2012) discussed about the energy harvesting efficiency of some piezoelectric transducers
like multilayer, MFC (Macro-Fiber Composite), Moonie, Cymbal, Bridge, and THUNDER) and
they did a comparison among them by using finite element analysis (FEA). In that research for
energy harvesting from asphalt pavement with reasonable efficiency and moderate stiffness the
Cymbal and Bridge type transducers were suggested. The lifetimes of those energy harvesters are
also reasonable but when the applied stress exceeds a certain value then the bridge fails because

of stress concentration between end cap and PZT at the inner corner of contact area [46].

Based on the literature review described above, the researches that has been done so far on
harvesting piezoelectricity from roads mainly consider the harvester as Euler beam or induced
vibration on harvester and cost approximation. The accurate stress distribution model in pavement
with passing vehicles to guide the proper design of the piezoelectric harvester for obtaining more

electrical energy has not been well studied. One of the most important motivation of my research
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is considering the moving vehicle load as distributed load, because most of the research works on
harvesting energy from piezoelectric energy harvester inside the pavement considered the moving
vehicle as a point load and calculated stress distribution inside the pavement based on that point
load. Another motivation of my research is that in most of the research they followed one model
to get the results without validating the results by using another modeling technique. Moreover,
optimization of the piezoelectric harvester for highest amount of energy harvesting in the pavement
has not been well studied and the power generation they got was actually not sufficient for melting

ice/snow on roads in cold countries.
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1.3 Thesis Objectives

The primary objective of that research is to harvest energy from piezoelectric energy harvesters

placed inside the pavement during vehicles passing through the harvester embedded pavement. In

order to realize that objective the following tasks have been conducted,

Developing accurate stress distribution model in pavement with passing vehicles.
Designing piezoelectric energy harvesters in road pavement.

Calculating the maximum power generation from the harvester by optimizing parameters
like depth, thickness, length, width and velocity.

Validation of the mathematical results found from MATLAB simulation with the FEA
results obtained in ANSYS.

To utilize the vibration produced by the passing vehicle in the piezoelectric plate as a base
motion for the attached cantilever energy harvester to increase the power generation
further.

Brief study of the possibility of ice melting with the power generated by the piezoelectric

harvester in pavement.
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1.4 Thesis Outline

The following thesis has been divided into four sections. The outline of the thesis is given below.

e First chapter describes the introduction, literature review and then the knowledge gap and
motivation of my research followed by thesis objective.

e Second chapter propose an accurate semi-mathematical model of the pressure bulb in
pavement. An energy harvesting process is described with passing vehicle, when a single
piezoelectric patch energy harvester is placed inside the pavement. The effects of changing
vehicle velocity, load on the tyre of the vehicle wheel, length of the patch and location of
the Piezo-electric patch placement inside the flexible pavement on the generated power are
also discussed.

e In chapter three an improved design of the piezoelectric patch harvester is proposed which
is a piezoelectric composite plate harvester to increase the average power generation.
Impact of various parameters like depth of the harvester placement inside the pavement,
velocity of the passing vehicles and changing dimension of the harvester are also discussed,
followed by an optimum design of the harvester.

e Toincrease the power harvesting efficiency furthermore in chapter four a cantilever energy
harvester is attached inside the composite plate harvester box model to utilize the vibration
produced by the passing vehicle in the piezoelectric plate as the base motion for the
cantilever.

e Conclusions and future works.
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Chapter 2

This chapter discusses about harvesting piezoelectricity from roads with piezoelectric patches
based on a new semi-mathematical model of pressure bulb in the pavement. A concept of
harvesting energy from the piezoelectric material layer embedded in the flexible pavement is
studied. For the first time, a numerical model based on the Westergaard's stress model is proposed
to calculate the three dimensional (3D) stress distribution in the pavement and to find the potential
of energy harvesting from the piezoelectric layers placed inside the pavement. Based on the
proposed numerical model, simulations are conducted to reveal the effects of changing vehicle
velocity and location of the piezoelectric patch inside the flexible pavement on the generated
power. Moreover, an attempt for designing an optimum piezoelectric unit in piezoelectric layer is
done to obtain maximum power generation. Significant increase in traffic at present time shows a

potential of larger scope of power generation by the piezo-electric layer in pavement.

2.1 Semi-analytical Model of pressure distribution in pavement under
distributed load

When load is applied over the soil mass, pressure is transferred to the soil mass causing
deflection/deformation in it. Soil itself is a complex structure which vary from place to place. In
general to avoid complexities, for small deformation conditions, soil is assumed to be an elastic
medium, and stress and strain can be calculated accordingly in soil mass. Boussinesq and
Westergaard are the most commonly used equations to describe the stress flow based on the
simplification that they offer an approximation of stress. Westergaard’s is an accepted equation
for approximation of stress distribution in soil, and it also gives us an approximate idea about the
stress on piezoelectric layer to realize the corresponding power harvesting. Westergaard’s

assumptions are -
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e The stiff layers are spaced very closely such that the compound material has the
characteristics of a homogeneous material.

e The thickness of the stiff layers are negligible compared to that of the soft materials.

e The stiff material is inextensible and thus prevents any horizontal strain in both the soft

and stiff layers.

In Boussinesq equations they mainly consider loading at a point and used for homogeneous and
isotropic materials [47]. However soil is neither isotropic nor homogeneous. In calculation by
using Boussinesq equations modulus of elasticity and Poisson’s ratio are not required. However,
stress distributes in soil medium in the shape of a bulb, which is called pressure bulb and is also
referred as stress isobars. Westergaard’s model assumes soil to be an elastic medium of semi-
infinite extent but containing numerous, closely placed, horizontal sheets of negligible thickness
of infinite rigid materials, which permits only downward deformation of the mass as a whole
without allowing it to undergo any lateral strain as also mentioned by Punmia et al. (2005, p.316)
[48]. Taking Westergaard’s assumptions iS more reasonable for this study because piezoelectric
ceramic layers can be considered as one layer in the stratified soil mass, and only vertical loading
on the piezoelectric layer is considered because it is the most significant load in pavement vehicle
interaction. Westergaard’s is an accepted equation for approximation of stresses and it also gives
us an approximate idea about the stress to realize the corresponding power. The pavement
considered in this research is asphalt pavement. The Westergaard's model of three dimensional
pressure distribution is not suitable for concrete pavement. In case of concrete pavement the stress
distribution model inside the pavement will be different because concrete pavement is not flexible.
In this research piezoelectric patch, plate and beam models are designed and temperature effects

on pavement materials property variation is not considered.
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When vehicle moves over the pavement, applied load from the wheel is propagated in soil mass
through the contact area between the vehicle tyres and the pavement. The contact area of a vehicle
tyre with road is complicated to be traced, but for most study and analysis it is assumed to be

circular and the contact radius is given by Equation (1) (Moazami et al. 2011) [49],

F
= Jwr 1)

where ‘@’ is contact radius, ‘F’ is applied force and ‘P’ is Pressure of tyre. In general pressure of

tyre for heavy vehicles is 120-130 pounds per square inch (P.S.1) and for car tires it is 35-44 P.S.I.

Design of flexible pavement is done in equivalence to standard axle load, which is 80 KN (Indian
Road Standard, IRC 37-2001, pavement interactive 2014). In this study for defining a path we
have carried out simulations with standard axle load which is 40KN over each wheel, but the
proposed mathematical model for finding generated power can also be used for other wheel loads

(discussed in results section).

In this study, a layer of 2 cm thick piezoelectric material is placed below the road surface in
pavement structure. Piezoelectric layer extends in horizontal plane at fixed depth, which are
arranged to form a continuous layer. It is also noted that the piezoelectric layer in the pavement is
not a whole large layer or patch but composed by many small piezoelectric patches, which are
available in the market. We assume the thickness of piezoelectric patches in the piezoelectric layer
as 2 cm, which is the reasonable size of piezoelectric patch structures available in the market. The
proposed model can give power approximation for any thickness or size of piezo patch/tile/stack

structures.
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Figure (1)

Moving Wheel Load

Stress Distribution

Surface Layer
(3-5¢cm)

Figure 2-1 A structure of the flexible pavement and the methodology of study in this paper for
optimum design of a piezoelectric patch. Load from the tyre distributes in soil mass and the
piezoelectric layer is taken at different depths from the surface to find stress and corresponding

power produced at every depth.

Figure 2-1, shows the structure of the flexible pavement. The piezoelectric layer can be located at
any depth inside the pavement. Pavement design considered in this study is shown in Figure 2-2,
it is designed for California bearing ratio (CBR) value of 2% with IRC recommendation for 150
million axle load for serving life of 15 years. The primary objective of this research is to design

piezoelectric energy harvester models inside the pavement and not the pavement design.

22



W TTE N 23 T
R R ARG Scm , p=0.35
4 s o ;
20cm ,pu=0.35
25¢cm, u=0.4
46cm ,u=04
u=0.45

Figure 2-2 Pavement structure for CBR 2%. [ is the Poisson’s ratio of different layers.

When a tyre moves over a flexible pavement, force is subjected from tyres to the pavement and
the layers below pavement, which results certain strain in soil mass and the corresponding
subjected stress. The total force by each tyre is considered as 40KN. In general, the tyre pressure
for such load is 130 P.S.I (max), which is 900 kPa. From Equation (1) the contact radius is found
to be 12cm. Westergaard’s model in Equation (2) gives the value of stress at any point in the
pavement subjected to a point load at radial distance of r from the center of the contact area

between the tyre and the pavement surface as shown in Figure 2-3.
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Figure 2-3 Contact of the tyre and pavement and interaction with point P, where stress is to be

found (based on Westergaard’s model).

Based on the finite element numerical method, the circular contact with radius of 0.12 m is divided
into N small squares with edge length of 0.001m, and the total load of 40KN is distributed evenly

over the small squares.

Considering each square as a point load as shown in Figure 2-4, for each point load of the nth small
square, the value of stress at every point in the pavement below the loading area and on the
piezoelectric layer is calculated till 6 metre length and width and 1.5 metre depth from centre of
the contact area with Equation (2) (6m x 6 m x 1.5m is a box, in which pressure bulb is calculated

and studied under influence of the load from the wheel).
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P(Zr) P(Zr)

Figure 2-4 Distribution of force over contact area to find stress at point P. (contact area is divided
into N equal parts and force is distributed equally above it and the resultant of all the point forces

at any point gives total stress).

In order to determine the accuracy of the assumption of dividing the contact radius into small areas
having edge length of 0.001 m, the convergence calculation is conducted. For the convergence
test, the edge length of the small squares are changed from 0.001 m to 0.02 m. For that calculation,
the position of the vehicle wheel is considered at the middle of the contact area between the tyre
and the pavement. The calculation is done for a certain point which is the middle point of the

piezoelectric patch in the pavement.
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Figure 2-5 Variation of pressure distribution at the middle point of the piezoelectric patch with

varying edge length of small squares from 0.001m to 0.02 m.

The plot given in Figure 2-5 shows the convergence study in area of the small squares. It is seen
that the pressure value convergences with very tiny variation when the edge length of each small
square area is smaller than 0.002m. Therefore it can be stated that the assumption of taking the

value of the edge length of each small square as 0.001m is correct.

To calculate the stress distribution in the pavement due to one point load, Westergaard’s equation

is given as,

Q
2mn222(1+ ()?)3/2

0Zy =

)
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where oz is the stress along the depth direction of the pavement, generated by one point load on
KN . . )
the n™ small square (ﬁ ); Q is the point load (KN), and Z (m) and r (m) are the depth and radial

distance of any point in the pavement from loading point of the contact surface as shown in Figure

2-3.

V()

=2 ©)

u is the equivalent Poisson’s ratio. The factors r and Z in the Equation (2) are shown in Figure 2-

3 and Figure 2-4.

Equivalent Poisson’s ratio is the weighted arithmetic mean of the Poisson’s ratio of each layer of

the pavement,

1.h1 2.h2
y= A ;# 4)

where hi and h; are the depths of the homogeneous layers in pavement and H is the total depth
from surface (H=h1+h2). To minimize the error in the calculation we have used the “"equivalent
Poisson's ratio™ which is the weighted mean of all layers in the strata. With this assumption, it will
be possible to calculate stress at different layers and its behavior at junctions, as isobars of stress
would not be continuous. Poisson's ratio of different layers varies from 0.3 to 0.45 (0.3 is for PZT
layer). Since the variation in Poisson’s ratio is small, the error caused by assuming the equivalent
Poisson’s ratio after placing the piezoelectric patches inside the pavement will not be significant.
With the variation of the depth, Poisson's ratio and radial distance of different layers average power

generation will be different but the trends of the results will be similar.
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Figure 2-6 2-D top view of the loading/contact area on the pavement.

Figure 2-6 shows the two dimensional top view of the loading area on the pavement. XX is a study
point in the box shown in Figure 2-6, on which total stress is computed due to all loading points

in contact area.

We assume the loading area is in x-y coordinate plane. Radius of contact area is 12 cm. Illustrating
for a point say XX in study area at depth Z and distance of x1 and y1 from the center of the circular

contact area between the tyre and the pavement surface, the distance from XX to the center point

of the loading area is \/(x1)2 + (y1)2 cm. For any nth (1<=n<=N) loading point in the circular

contact area, radial distance at the study point XX is given as r=./(x1 — x)2 + (y1 — y)% cm,
where x and y are the horizontal and vertical distances from the nth loading point to the centre of
the contact area (x, y shows mapping of point load in circular loading/contact area). x & y changes

by 0.1 cm by all possible combinations, in such a way that all loading points in circular contact

area i.e. \/x2 + y2 < 12 will be considered to calculate the stress distributed at point XX. With
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Equation (2), the total stress generated at the study point XX can be calculated as 6z = ¥N_, 0z,

with a fixed Z and varying r.

It is noted that the equivalent Poisson’s ratio depicts significance of thickness of each layer in

pavement for the amount of stress.

Prossure Bulb,

Depth (Z cm)

Distance from centre (R cm)

Figure 2-7 The pressure bulb formed due to circular loading on pavement.

The final result that we are looking from the Westergaard's model is the stress in the layer of
piezoelectric patch at different depths, which is in the pressure bulb as shown in Figure 2-7. Based
on Westergaard's assumption that only vertical load acts significantly in pavement stress

distribution, we get strain as

ez =o0z/E

()
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Strain value is obtained on piezoelectric patch corresponding to stress. E is Young’s modulus of

the piezoelectric material taken as 7.8 *10° NZ. The strain bulb is formed to show the strain

m

distribution over the piezoelectric patch/layer located at different depths as shown in Figure 2-8.

3

Depth ( Z cm)
8 8 8

8

Horizontal distance from centre ( R cm)

Figure 2-8 The strain Bulb showing strain distribution on piezoelectric layer at different depths.
Knowing strain distribution over the piezoelectric patch, the surface charge can be computed as,
D(t) = ez(t).es; (6)
where e5;is the piezoelectric constant; D is the surface charge density (#) at any time t.

T is defined as the total period, in which vehicle approaches the pavement with piezoelectric layer
from 1 metre distance, passes over it and is at 1 meter distance away. Here distance 1 meter is
taken because at distance greater than 1 meter, the stress applied on the piezoelectric layer due to
the influence of tyre load is very small and negligible. When the tyre of the vehicle approaches,
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stress distribution on the piezoelectric layer starts to increase, t is any time in time period T, the

charge distribution can be found over the piezoelectric patch as,

Qg() = D(¢).A (7)

where A is the area of the electrode of one piezoelectric patch in the whole piezoelectric layer.

When a vehicle moves over the piezoelectric layer embedded pavement with certain velocity, at
any time t, it produces charges on the piezoelectric patches, which is located at a certain depth

inside the pavement. Current and voltage generated on a piezoelectric patch can be computed as,

I(t) = <2 (8a)
V(e = 20 (8b)

C is the capacitance of one piezoelectric patch, which is given as,

€a.b

¢ = 4mtkh (9)

where a and b are the length and width of the piezoelectric patch, A=a*b, € is di-electric constant
and K is static electricity constant. h is the height/thickness of the piezoelectric patch (here it is
taken as 2cm for the study). We can conceptualize the piezoelectric patch of length say a cm, width
as b cm and h as 2 cm is a collection of thin piezoelectric material strips or a homogeneous

piezoelectric material electroplated to form the dimension of the patch.

The final generation we are looking for is the average electrical power generated by one
piezoelectric patch. The average power generation would be maximum with the optimal design of
the patch. In this study, the average electric power generated from the piezoelectric patch is defined

by the multiplication of root mean square (RMS) values of the voltage and current generated from
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the piezoelectric patch and given as below. The average power generated by a single piezoelectric
patch given by this model is calculated in the period T, when a single wheel approaches the
piezoelectric patch from 1 metre distance; passes over a piezoelectric patch and is 1 metre away

from the piezoelectric patch.
Pavg = Vrms.Irms (10)

where Vrms and Irms are found by using the V and | in Equations. (8a) and (8b). The following
two equations demonstrate how the root mean square values are calculated from the I and V values,

which are actually a function of time, t.

Vims = _f Va(t)dt
T 0
1 T
Lims = —f 1%2(t)dt
rms T . ( ) (12)

2.1.1 Validation through finite element analysis (FEA)

To validate the stress distribution results in the pavement found from proposed mathematical
model based on the Westergaard’s theory, in this section the results from MATLAB code are
compared with FEA results obtained in ANSYS. A model of the pavement is designed using
ANSYS workbench design modeler. The pavement has the same material properties as of the
pavement mentioned in the numerical modeling section. The Poisson’s ratio at first and second
layer is kept as 0.35, for third and fourth layer the value is 0.4 and for fifth layer inside the

pavement the value of Poisson's ratio is 0.45.
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Figure 2-9 3D-modeling of the pavement consisting of five different layers.

Figure 2-9 shows five different layers of the considered pavement having different material
properties for each layer. The box considered here having length and width of 440 cm and 440 cm
depth. Therefore, the pressure bulb is calculated and studied within a box (4.4 m * 4.4 m* 4.4 m)
under the influence of the load from the wheel of the passing vehicle through the contact area. The
contact between the tyre and pavement is considered as a circular area and kept same as the one in
the mathematical model and MATLAB calculation having radius of 0.12 m. The layers are bonded
with each other and closely packed. The amount of pressure distributed over the contact area is
considered as 880 KPa with the total load applied on the contact surface of 40KN and the bottom

surface is kept fixed.
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Figure 2-10 3D-modeling of the pavement showing the mesh in four layers (below the first layer)

inside the pavement.

Figure 2-10 shows mesh in four different layers of the pavement except the first layer. First layer
is not shown here because the piezoelectric energy harvester will be placed below the first
protection layer of the pavement. This is the minimum depth where the piezoelectric harvester can
be placed without the risk of breaking which is 5 cm. The depth of the harvester placement inside
the pavement is made 5 cm in the MATLAB code to compare with the ANSYS results as well.
The stresses inside the pavement from both mathematical model and the ANSYS simulations are

compared.
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Figure 2-11a Stress distribution inside the pavement due to the applied pressure of the passing

vehicle through the contact area.
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Figure 2-11b Formation of the pressure bulb inside the pavement due to the applied pressure of

the passing vehicle through the contact area.

Figure 2-11b, illustrates the FEA 3-D stress distribution inside the pavement which is in the shape
of a bulb. It can be seen that the highest stress generates just below the contact area. The

undeformed model is also shown in that figure.
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Figure 2-12b
Figure 2-12a and 2-12b Cross-section of the pressure bulb inside the pavement due to the applied

pressure of the passing vehicle through the contact area with and without mesh respectively.
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Figure 2-12a and 2-12b illustrates the stress distribution inside the pavement at different layers.

We need to consider the stress values in the second layer of the pavement because we have

considered that the piezoelectric energy harvester will be placed inside the pavement below the

first layer.

3.30914e2
- 6.18620e1
1.15647e1
2161930
4.04157e-1

Figure 2-13a
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Figure 2-13b

Figure 2-13a & 2-13b Stress distribution in the second layer of the pavement with and without

mesh respectively.
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2.1.2 Comparison of results between ANSYS and MATLAB simulation for the

distributed and single point load model

Following Table 2-3 describes the stress values inside the pavement at different positions located

at 5 cm depth from the top of the pavement from both ANSYS and MATLAB simulation results

for the distributed load model. The points considered inside the pavement at 5 cm depth from

ANSYS simulation results are then compared with the stress values at the same positions found

from MATLAB simulation results.

Table 2-1 Comparison of results between ANSYS and MATLAB simulation for distributed load

model,

Position of the Stress data (Pa) | Stress data (Pa) Difference Average
point considered difference (%)
(ANSYS) (MATLAB) (%)

(Distance from
centre) (cm)
4 6.97E+05 6.9612 E+05 0.126 %
12 3.54 E+05 3.3719 E+05 4.749 %
18 5.394 E+04 5.2614 E+04 2.458 % 3.646 %
26 1.314 E+04 1.1949 E+04 9.064 %
34 5.294 E+03 5.1972 E+03 1.832 %

From Table 2-1, it is seen that the difference in stress values at different points inside the pavement

at 5 cm depth is not obvious. After taking five different points into consideration at 5 cm depth

40



inside the pavement in ANSYS simulation and comparing with MATLAB simulation results the

average error percentage is only 3.646%, which is acceptable. Therefore, it can be concluded that

the proposed mathematical model is accurate and efficient to calculate the stress distribution in a

pavement with evenly distributed load applied on certain area of the pavement.

Following Table 2-2 describes the stress values inside the pavement at different positions located

at 5 cm depth from the top of the pavement from both ANSYS and MATLAB simulation results

by considering a single point load. The points considered inside the pavement at 5 cm depth from

ANSYS simulation results are then compared with the stress values at the same positions found

from MATLAB simulation results.

Table 2-2 Comparison of results between ANSYS and MATLAB simulation for single point load

model,

Position of the Stress data (Pa) | Stress data (Pa) Difference Average
point considered difference (%)
(ANSYS) (MATLAB) (%)

(Distance from
centre) (cm)
4 6.97E+05 1.5057E+06 116%
12 3.54 E+05 8.3483E+04 76.42 %
18 5.394 E+04 2.7764E+04 48.53% 57.62%
26 1.314 E+04 9.1073E+03 30.69%
34 5.294 E+03 4.4215E+03 16.48%
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From Table 2-2, it is seen that the difference in stress values at different points inside the pavement
at 5 cm depth is very large. After taking five different points into consideration at 5 cm depth inside
the pavement in ANSYS simulation and comparing with MATLAB simulation results for a single
point load, the average error percentage is 57.62 %, which is not acceptable for the accurate
consideration of the stress distribution on the piezoelectric energy harvester in the pavement.
Therefore, it can be concluded that considering the moving vehicle load as a single point load is
not accurate practical. The comparison also prove the accuracy and necessary of the distributed

load model.

2.2 Simulations and Discussions

In this section, by using the developed mathematical model, effects of changing vehicle velocity
and the depth location of the piezoelectric layer on the generated power from one signal
piezoelectric patch are discussed. In addition, the average electrical power from one signal
piezoelectric patch is computed for different sizes of piezoelectric patch to obtain an optimum
design that can be used in flexible pavement to get maximum power generation from the whole

piezoelectric layer.

In this research, entire layer of the piezoelectric material in pavement is actually a setup of several
piezoelectric patches with the same dimension that are kept together. A moving vehicle produces
moving pressure bulb over the piezoelectric layer, due to which there is changing charge

distribution and electrical power generation over the piezoelectric patches.
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2.2.1 Impact of velocity on electric power generation

Average Power (Watt)

00045 m 60 75 % 108 120
Velocity (Kmph)

Figure 2-14 Impact of velocity of moving vehicle on the generated power from one single

piezoelectric patch for depth 15 cm and patch length of 25 cm.

Fig. 2-14 shows, change in average power generation from a spare piezoelectric patch with the
length of 25 cm and depth of 15 cm from pavement surface with changing velocity of the moving
vehicle wheel. A linear increasing relationship is observed between the resulting average power
and velocity of the vehicle. It can be explained that with higher vehicle velocity, there is decrease
in period taken by the wheel of the vehicle to pass over the patch. As a result of this a certain
amount of charge is generated on the piezoelectric patch surface within shorter charging period
leading to higher current generation from the piezoelectric patch and increase in average generated

power. When the depth increases, the average power generation decreases.
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For rest of the calculations in this paper velocity is taken as 45kmph, which is more common in
urban scenarios, Figure 2-14 shows that double resultant power can be found for vehicle moving

at 90 kmph compared to 45kmph.

2.2.2 Impact of changing depth of the piezoelectric patch on power generation

In the pavement, load is transferred from the top layer to the bottom layer of the pavement, stress
in the bottom layer is negligible as they are distributed over larger area with very small value, so
with lower depth value i.e. close to the surface more power can be obtained as generated power

from the piezoelectric layer/patches with higher stress.

In this research, piezoelectric patch is placed at different depth below the pavement till 150 cm
depth. Piezoelectric ceramic should not be kept at the top most layer because direct forces exerted
by the vehicles produce shear and tensile forces of varying magnitude and can lead to the cracking
of the piezoelectric ceramic. With the dimension of safety, our simulation is carried by keeping

the piezoelectric ceramic patch below the first layer of surface asphalt as shown in Figure 2-1.
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Figure 2-15 Generated power with changing depth of piezoelectric patch in flexible pavement.

Figure 2-15 shows, average power generation from one single piezoelectric patch for different
depths in flexible pavement; velocity of vehicle is fixed at 45 kmph and length of each unit of the

piezoelectric patch (square in shape) is 25 cm.

The result gives us a range of depth in flexible pavement where some optimum values of power

generation results can be expected without damaging the piezoelectric patch.

From Figure 2-15, it is seen that when piezoelectric patch is located just below the surface layer,
power of 0.016 Watt, by single wheel of moving standard axle load vehicle over one piezoelectric
patch of 25 cm length, can be realized. This depth is our most shallow one where piezoelectric

patch can be kept safely, so it is even considered as 100% generated power that we could expect
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from one piezoelectric patch for this case in this model. Table 2-3 shows more detailed results of

Figure 2-15.

Table 2-3 Percentage of power at different depth inside the pavement from the first depth value of

6 cm.
Depth Pavg Percentage of Depth Pavg Percentage of
(cm) power power
(Watt) (cm) (Watt)
generation (%) generation (%)

6 0.016 100 34 0.0018 11.26
7 0.014 91.12 36 0.0015 9.88
8 0.013 83.15 38 0.0014 8.7

9 0.012 75.98 40 0.0012 7.68
10 0.011 69.53 42 0.0010 6.8

11 0.010 63.71 44 0.00097 6.04
12 0.0094 58.45 46 0.00086 5.37
13 0.0086 53.69 48 0.00074 4.79
14 0.0079 49.36 50 0.00069 4.29
15 0.0073 45.44 52 0.00062 3.84
16 0.0067 41.88 54 0.00055 3.45
17 0.0062 38.64 56 0.00050 311
18 0.0057 35.68 58 0.00042 2.66
19 0.0053 32.98 60 0.00040 2.53
20 0.0049 30.52 70 0.00025 1.57
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22 0.0042 26.2 80 0.00016 1

24 0.0036 22.57 90 0.00011 0.69
26 0.0031 19.51 100 0.00007 0.48
28 0.0027 16.93 110 0.00005 0.34
30 0.0023 14.73 120 0.00003 0.25
32 0.0020 12.86 140 0.00002 0.14

The power generation keep decreasing with the increase of depth. For depth value of 7cm to 20
cm the average power generation keep decreasing from 0.014 Watt to 0.0049 Watt. It is seen that
for a very deeper position when depth is 140 cm then the average power generation is very small
which is 0.00002 Watt. The value of average power generation found here is only 0.14%. From
Table 2-3, we find that in 36 cm below surface average power is very low. It is optimum selection
to keep the piezoelectric patch just below the Asphalt surface layer, but placing piezoelectric patch
over the base layer of the pavement, which refers to depth of 26 cm will also give reasonable

results for power generation.

2.2.3 Power from different loads on wheel

A reference loading of 80KN, which is standard axle load as prescribed and also used by IRC, is
taken for calculations in this study. In designing of flexible pavement all loads are converted in
equivalence of standard axle load. As a general idea, weight of buses and trucks are around
standard axle load and cars weight 0.2 to 0.5 times the standard axle load, and there are heavy
movers on road weighing more. Using this numerical model, as discussed in paper, potential of

power generation is determined for other weight vehicles and are depicted in Table 2-4.
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Table 2-4 Average electrical power generation from one single piezoelectric patch with different

vehicles passing the pavement. (Velocity of vehicle is 45 kmph and length of patch is 25 cm)

Vehicle Light vehicles Cars Standard load Heavy buses
Weight on each tyre 5 KN (500 10 KN (1000 40 KN (4000 70 KN (8000
kg) kg) kg) kg)
Tyre Pressure 35P.S.1 37 P.S.1 130 P.S.1 130 P.S.1
Average Power mW 0.31 1 15 29

From Table 2-4 it can be seen that for light vehicles the average power generation is very small
that is 0.31 mW due to smaller load on tyre and smaller tyre pressure. Moreover for cars and
standard load vehicles the average power generation is 1 mW and 15 mW respectively. However

it is also found that for heavy buses it is possible to get about 29 mW of power generation.

2.2.4 Optimum length of each piezoelectric patch in pavement

In this research, entire layer of piezoelectric material in pavement is actually a setup of several

piezoelectric patches with the same dimensions that are kept together.

It is known from Equations (9) and (10) that the charging and power generation of piezoelectric
layer is dependent on its dimensions. It is seen that more the average distribution of charge over
the piezoelectric layer more is the generation of power that we can expect. With increased
dimension of patch, current increases due to the large charging, but capacitance increases as well
leading to the decrease of the voltage. Therefore, due to this coupling effect, we see peak power
generation with an optimal dimension of the square patch. Here, piezoelectric patch is not taken
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of any other shape because of efficient joining of adjacent units which can be realized in square
shape, furthermore, better understanding of charge distribution can be seen when patch is

symmetrical in shape.
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Figure 2-16 Power generation from one piezoelectric patch versus length of piezoelectric patch

with different depth of the piezoelectric layer and a fixed vehicle velocity of 45 kmph.

Figure 2-16, makes this obvious that initially as the area of piezoelectric patch is increased, there
is an increase in the generated power, but after particular value of dimension, it shows a decrement
in the generated power giving us a peak average power with an optimal design of the piezoelectric

patch. It can be seen that with increasing depth; the optimal length of patch tends to increase; this
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can be explained referring Figure 2-1. Stress distributes over a larger area on the piezoelectric layer
with lower density, when depth of the piezoelectric layer is increased. In this case to incorporate
larger charge corresponding to stress, we see a little increase in optimal patch length corresponding

to maximum generated power.
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Figure 2-17 Power generation from one piezoelectric patch versus length of piezoelectric patch

with different vehicle velocities and a fixed depth of the piezoelectric layer of 6 cm.

Figure 2-17, shows the relation of the optimal patch length with velocity, and it can be seen that
optimal patch length is not affected by the velocity, but the generated power tends to increase with

the velocity by the linear factor, which has been discussed in section 2.3.1.
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Figure 2-18 Power generation from one piezoelectric patch versus length of patch with different
loads of wheels at fixed values of the depth of the piezoelectric patch as 6 cm and vehicle velocity

as 45 Kmph.

Figure 2-18 shows a relation of different wheel loads with the optimal patch length. It is noted for
higher loads, the high stress is distributed in a relatively larger area in the above layers, and
therefore, the optimal length of piezoelectric patch to accumulate the maximum charge is

comparatively larger than that for lower layers with lower values of load.

From figures 2-16, 2-17 and 2-18 we can see that there is a particular window of patch length
ranging from 18 to 30 cm, between which a generated power is close to maximum for different

depths, velocities and loads. Therefore, it can be justified that a piezoelectric patch of dimension
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25 x 25 cm? can be a reasonable and optimal choice of piezoelectric patch dimension below the

pavements to give us efficient energy generation from the piezoelectric layer.

2.3 Conclusions

An approach to design a simple piezoelectric harvester for flexible pavement is discussed taking
the effects of size of piezoelectric harvester unit, depth of piezoelectric harvester located in the
pavement and velocity of vehicle passing the pavement. An idea about expected power generation
for different types of vehicle with different loads on wheels is also given using the numerical
model. Optimal design of the piezoelectric patch (size and location) is found from the numerical
simulations. A two centimeter thick piezoelectric layer is placed below the flexible pavement and
it is noted with higher loading from the vehicle and deeper position the corresponding optimal
patch size in the piezoelectric layer will be larger. Modeling of piezoelectric patch takes into
account the effect of velocity of the vehicle, effect of different depth of piezoelectric patch and of
different loads applied on the pavement to get an idea about optimum design of the piezoelectric
patch. Results shows that placing piezoelectric layer below the asphalt/bitumen coating (5-10 cm
from surface) with each unit in piezoelectric layer as a square piezoelectric patch with length of
25 cm is suggested considering practical application for energy harvesting from the pavement with
the maximum electrical power generation. Using the proposed model, the optimum designing of
piezoelectric harvester in flexible pavement can be done even for specific cases. Piezoelectric
harvester is placed below pavement layers rather than directly on surface to ensure that
piezoelectric ceramic does not go any fatal failure due to complex forces induced on pavement.
Life of piezoelectric harvester will be affected adversely if placed directly on surface, so placing

in below the surface coating of bitumen/asphalt and to the top of base layer is a reasonable choice.
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By this model it can be summarized that for a flexible pavement, a single axle moving truck has a
potential to generate 30 mW of power from one single optimum sized (25 cm * 25 cm)
piezoelectric patch under the pavement. Significant increase in traffic at present time shows a

potential of larger scope of power generation by piezo-electric harvester below road pavements.

The model is also validated by comparing the stress generation results found from MATLAB
simulation results with the ANSYS simulation results. The pressure bulb model takes into
consideration only Poisson's ratio of different layers of the pavement, but the effect of Young's
modulus of different layers on stress distribution in pavement is not considered. This will cause
some error. The average error percentage found by comparing the stress values from ANSYS and
MATLAB simulations among 5 data points at 5 cm depth inside the pavement is only 3.646%,
which certainly validates the MATLAB simulation results and describes that the stress distribution
results inside the pavement found from MATLAB simulation is accurate. Designing of network to
collect this power with best efficiency for different applications and experimental testing of the

numerical model in practical field are among the future scope of this work.
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Chapter 3

This chapter discusses about harvesting piezoelectricity from roads with piezoelectric composite
plate harvester based on the same semi-mathematical model of pressure bulb inside the pavement
described in chapter 2. In this chapter also Westergaard's stress model is proposed to calculate the
three dimensional (3D) stress distribution in the pavement and to find the potential of energy
harvesting from the piezoelectric plate harvester placed inside the pavement. In this chapter the
design of the piezoelectric patch harvester developed previously in chapter 2 is improved in order
to increase the power generation. The power generation we found by using a single optimum sized
piezoelectric patch in chapter 2 is only 30 mW if the load on each tyre of the passing vehicle is 40
KN and the velocity is 45 km/hr. In this chapter instead of a piezoelectric patch the design is
modified by making it a composite plate harvester. The reason behind making the harvester as a
composite plate is to provide better protection to the piezoelectric layer from tensile force induced
failures due to the application of larger loads and also to provide larger strain to the piezoelectric
layer. It is known that piezoelectric materials can sustain large amount of compressive force but it
is very fragile for larger tensile force, so a substrate layer is provided under the piezoelectric
material layer to protect the harvester from failure under higher applied load. The hollow space
over the base support allows the structure to bend and thus it provides larger strain and as a result

of that higher power generation can be obtained.

54



3.1 Schematic diagram of the piezoelectric composite plate harvester

7 7 7 77 77 7+—————-piezoelectric layer
—substrate layer

hollow space
base support

Figure 3-1 Schematic diagram of the piezoelectric composite plate harvester.

In the proposed model with the new design, a piezoelectric composite plate harvester embedded
in the pavement is designed to collect the piezoelectricity, when vehicle is passing through the
pavement. Due to the deflection of the piezoelectric layer, the stress and strain produced in the
piezoelectric layer are high so the average power generation is relatively high in our composite
plate structure. The maximum stress that can be sustained by the PZT material and the host plate
structure is considered to restrict the maximum deflection of the plate harvester. Extra current
generated by the harvester can be stored and used, when there will be less vehicle movement on
the road. The piezoelectric composite plate harvester has two layers, the coating layer as PZT
material and the substrate layer as A514 steel, which are mounted on a hollow space so that the
structure can bend. The schematic diagram of the piezoelectric composite plate harvester is shown
in Figure 3-1, where, the length of the composite plate is taken as L, width as B, thickness of the
PZT layer as H, and thickness of the substrate steel layer as H,. The PZT layer covers all over the
substrate assuming that it is perfectly bonded with the substrate layer. This composite plate

harvester is placed at different depths inside the pavement to find the optimum depth value. When

55



a vehicle passes through the pavement, load is applied over the soil mass by the wheel in the
contact area between the wheel and pavement. The strains and kinetic energies generated by the
loads of the passing vehicles are dissipated as thermal energies. Thus these energies in the
pavement went away as waste thermal energy. Therefore, placement of piezoelectric energy
harvesters inside the pavement can harvest part of these wasted energy. The load of the passing
vehicles generates pressure/stress as well as the deformation and strain in the pavement, which
distributes like a bulb shape. The calculation of the pressure bulb is based on the semi-
mathematical model of pressure bulb formation in pavement discussed in chapter 2. The pressure
bulb can be simulated and calculated using Westergaard’s stress distribution model. As the vehicle
wheels keep moving on the pavement so the contact area between the pavement and the wheel will

keep changing, so the pressure bulb will keep moving with the moving vehicle.

The model assumes soil as an elastic media. The composite plate structure, which is placed inside
the pavement at a certain depth, is subjected to a moving pressure bulb and get bended with the
passing vehicle. The bending moment as well as plane stress and strain are produced on the
composite plate harvester. Due to the plane strain on the PZT layer, charge is generated on the
surface of the harvester. From the total charge generated on the harvester, voltage and current can
be calculated during the vehicle passing through the harvester position on the pavement. The
piezoelectric composite plate in the pavement does not have to be a whole large layer or plate. It
can be composed of many small piezoelectric plates, which are available in the market. Our studied

model can give approximation of power for any thickness or size of piezoelectric plate harvester.

56



Moving Wheel Load
Stress Distribution
Surface Layer(3-5 cm)
DBM(15-20 cm)

Base Layer(20-25 cm)

Piezoelectric Composite Plate
Harvester

- Sub Base Layer(20-50 cm)

Sub-Grade

Figure 3-2 Piezoelectric composite plate harvester placed inside the pavement and under dynamic

loading.

Figure 3-2, illustrates the piezoelectric composite plate harvester that is placed inside the

pavement. Different layers of pavement are also shown in Figure 3-2 with detailed dimensions.

It is assumed, the plate harvester will not vibrate since it is inside the pavement, and it will only
undergo deformation, which is induced by the pressure applied on the plate surface because of the

pressure bulb generated in the pavement.

57



3.2 Methodology and Numerical Model of plate deflection under pressure bulb

in pavement

In this model of piezoelectric composite plate harvester the formula to get the contact area between
the pavement and tyre of the vehicle wheel is same as that used for single piezoelectric patch
energy harvester. The contact area between the pavement and tyre is assumed to be circular for the
simplicity of calculation (Moazami et al. 2011) [49]. The contact radius is calculated by the
formula below which is same as the formula that was used for piezoelectric patch in previous

chapter and can be given by,

A= |= (13)

where ‘A’ is contact radius,” F’ is applied force and ‘P’ is Pressure of tyre.

Flexible pavement is designed in equivalence to standard axle load, which is 80 KN (Indian Road
Standard, IRC 37-2001, pavement interactive 2014). The calculations of that chapter is done with
standard axle load of 40KN over each wheel same as that was used in previous chapter in case of
piezoelectric patch harvester. However, the mathematical model can be used for any other wheel
loads as well. Pavement considered in this study is designed for value of California bearing ratio
(CBR) 2% using IRC recommendation for 150 million axle load for design life of 15 years same

as that used for the analysis of piezoelectric patch harvester in chapter 2.

The total distance covered by the vehicle is considered as 3.8 m which means the average power
generation calculation is done when the vehicle wheels are within 3.8 m range from the harvester.

Therefore the vehicle wheels will come from 1.9 m distance from the piezoelectric harvester,

58



passes through it and will go away up to 1.9 m distance. This range of distance is studied because
outside of that range the stress generation by the wheels will be very small and the average power
generation will be small as well. After the contact area is determined, then the point load is
calculated due to the contact between the pavement and the tyre. In general, the tyre pressure for
such load is 130 p.s.i (max), which is 900 kPa. Here we have used the tyre pressure as 880 KPa.

By using Equation (13), the contact radius can be determined which is 0.12m.

Based on the finite element numerical method, the circular contact with radius of 0.12 m is divided
into N small squares with the edge length of fi*f> m, where f; and f, are the edge length of each
small square. The values of f, and f» are considered as 0.001m. The convergence calculation for

that calculation is mentioned in chapter 2.

The total load of 40KN is distributed evenly over the small squares. Then, each small square area
is considered as a point load. For each point load the value of stress at every point on the

piezoelectric composite plate harvester below the loading area in the pavement is calculated.

The Westergaard’s stress equation is,

_ Q
N 2mn2Z2(1 + (%)2)3/2 (14)

0Zp

where, oz is the stress along the depth direction of the pavement generated by the point load on
KN . . . .
the n" small square (F ); Q is the point load (N) and Z (m) and r (m) are depth and radial distance

of any point in study box from loading point in contact area of the pavement. By using that

equation, the values of stress at any point inside the pavement can be found and here,

n=vV({((1-21)/(2 - 2u) (15)
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where, u is the equivalent Poisson’s ratio. The depth of the first layer of the pavement is considered
0.25 m. Here also to minimize the error in the calculation we have used the "equivalent Poisson's
ratio” which is the weighted mean of all layers in the strata. Without this assumption it will not be
possible to calculate stress at different layers and its behavior at junctions, as isobars of stress
would not be continuous. This assumption is same as that used in chapter 2 in case of piezoelectric
patch harvester calculation. Poisson's ratio of different layers varies from 0.3 to 0.45 (0.3 is of
PZT). As the difference in Poisson’s ratio is not very large then the error caused by assuming that
the stress distribution after placing the piezoelectric patches inside the pavement remains

continuous will not be significant.

The point load can be calculated by the formula below,

F

Q - A2+ f1%f2 (16)

where, F is the applied force, A is the contact radius, fiand f, are the edge length of each small

square areas of the contact radius, respectively.

The equivalent Poisson’s ratio is calculated from the following formula,

e (B¢ (1) w

©= Z 17)

where, ur and up are the Poisson’s ratio of the first layer and piezoelectric layer in the pavement
respectively, H, is the thickness of the piezoelectric layer and Z is the depth of the piezoelectric

composite plate harvester.
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Thus, the stress distribution due to entire loaded area in the pavement and pressure bulb is found.
Then, the calculation for piezoelectric composite plate harvester, which is placed in the pavement
inside the pressure bulb at a certain depth, is done. To simulate the maximum deflection, the un-
evenly distributed pressure applied on the composite plate surface by the pressure bulb is break
down and simulated as many point loads. Based on the finite element numerical method, the
composite plate is divided into N: small square areas having edge length of s;*s;m . s; and s are
the edge length of each small square area of the plate where the value of s1 and s are considered

as 0.005 m.

In order to determine the accuracy of the assumption of dividing the composite plate harvester in
to small square areas having edge length of 0.005 m, the convergence calculation is conducted.
For the convergence test the edge length of the small squares are changed from 0.001 m to 0.05 m
with an increase of 0.0002 m. For the convergence calculation, the position of the vehicle wheel
is considered at the middle of the contact area between the tyre and the pavement. The calculation

is done for a certain point which is the middle of the piezoelectric composite plate in the pavement.
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Figure 3-3 Variation of pressure distribution at the middle point of the piezoelectric composite
plate with varying edge length of small squares from 0.001 to 0.05 m with an increase of 0.0002

m.

The plot given in Figure 3-3 shows the convergence study in area of the small squares of the plate.
It is seen that the pressure value convergences with very tiny variation when the edge length of
each small square area is smaller than 0.005 m. Therefore it can be said that the assumption of
dividing the small square areas of the plate harvester with edge length of 0.005m is a reasonable

choice.

The point loads induced by the pressure bulb are applied on different small areas of the plate. Each

point load will generate a deflection curve of the plate, and the total deflection can be calculated
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by combining the deflection curves induced by each point loads, due to the superposition principle.
The plane strain generated at each small square of the composite plate harvester for each point

load of the contact radius is then calculated.

The deflection of the harvester subjected to a point load is calculated by the formula below,

a
a
_4Q sin(mmis1l/L)sin(nmjs2/B)sin(mnX/L)sin(nrY/B)
Wi (X Y) = e E Zn:l ((m/L)?+(n/B)?)? (18)
m=1

where, w is the deflection of the harvester, m and n are the number of modes, L is the length, B is
the width of the piezoelectric composite plate harvester. Q is the point load, X and Y give the
position of the small square areas in the plate along x and y direction, « is the mode number, which
is 3 for our calculation, i and j are the number of the small areas that are subjected to one of the
point loads from the pressure bulb along length and width directions of the plate. i*s: and j*s, are
the positions of the small area subjected to one of the transverse point loads. D is the moment of

inertia constant of the composite plate and is given by-

o= (1) () () () @

where, H;and H, are the thickness of the piezoelectric layer and substrate layer respectively and

Ep and E are the Young’s modulus of the piezoelectric layer and the substrate layer (A514 steel),

respectively.

Total deflection produced by all the point loads can be simulated by the following formula,
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L/sl B/S2
W(X, Y) = Z zj=1 Wi'j(x, Y) (20)

i=1

The bending moment in the x direction produced by single point load is calculated as,

24
@ . (mmisl\ . (nmjs2\ . (mnX\ . (nnY
_4Q m n sm( )sm(—)sm(—)sm(—)
Mxi,j (X Y) = g E E (@ W)= Giramn Y
n=1
m=1

The total bending moment in the x direction produced by all the point loads is calculated as,

Y51
B/sa
Mx(X,Y) = Z Mx;; (X,Y) 22)
j=1
=1

The bending moment in the y direction produced by single point load is calculated as,

a
a
4Q
My, ;(X,V) = =L E ). @+
n=
m=1

sin(mmisl/L)sin(nmjs2/B)sin(mnX/L)sin(nnY/B)
%)
(m/L)*+(n/B)?

n

G

(23)

The total bending moment in the y direction produced by all the point loads is calculated as,

/51

(24)

My(X,Y) = My;; (X,Y)
j=1

i=1
where Mx and My are the bending moment along x and y directions, respectively, up is the

Poisson’s ratio of the piezoelectric layer, L and B are the length and width of the composite plate

64



harvester respectively, Q is the point load, X and Y give the position of the small square areas in
the plate along x and y direction, a is the mode number, which is 3 for our calculation, i and j are
the number of the small areas that are subjected to one of the point loads from the pressure bulb
along length and width directions of the plate. i*s1 and j*s, are the positions of the small area

subjected to one of the transverse point loads.

Then the stress values along x and y direction are also calculated as,

Hy
D= @y i, @)
Sy(X,Y) = My(x,¥) —2
R AT Ry (26)

where Sx and Sy are stress values along x and y directions and Mx and My are the bending moment
generated along x and y directions, H;and H, are the thickness of the PZT coating layer and

substrate layer respectively.

Based on Westergaard’s assumption that says, in case of pavement stresses, only vertical load is

significant to be considered, at any point. The strain value is calculated from the formula below,

_Sx(X,Y)
Sy (XY
sSy(x,y) =220 1(5p ) 28

where Ep is the modulus of elasticity of the PZT layer, and SSx and SSy are the strain values along

x and y direction respectively.

After the calculation of strain distribution, the charging density along x and y direction are

calculated by using the formula below,
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Dx(X,Y) = S5x(X,Y).e3q (29)
Dy(X,Y) =SSy(X,Y).e3; (30)

where Dx and Dy are the surface charge density (#) at (X, Y) position along x and y direction; €31

is piezoelectric constant, at any time (t).

Then the total charge distribution along x and y direction is calculated by,

Qx=L‘LDx@ﬂOdXﬂ’ (31)

L ~B
Qy = j j Dy(X,Y).dXdY (32)
0 Y0
where Qx and Qy are total charge distribution along x and y direction and dXdY is the area of the

rectangular piezoelectric composite plate harvester. Then the total charge (Q;) on the plate

harvester at any time point, t, is calculated by the following formula,

Q¢ = Qx + Qy (33)
When a vehicle moves over piezoelectric composite plate harvester embedded pavement with a
certain velocity, at any time t, it produces charge on the PZT layer, which is located at a certain
depth inside the pavement. Current and voltage generated on a piezoelectric composite plate

harvester are computed as,

do
1=3 (34)
V) =% (35)

C is the capacitance of the piezoelectric composite plate harvester which is given as,
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C = eExL=xB (36)
4mkH,

where L and B are the length and width of the piezoelectric composite plate harvester, € is di-

electric constant, K is static electricity constant, H, is the thickness of the piezoelectric layer.

The average electric power generated from the piezoelectric composite plate harvester is defined
by the multiplication of root mean square (RMS) values of the voltage and current generated from

the PZT layer and is calculated as below,

Pavg = Vrms.Irms (37)
The following two equations demonstrate how the root mean square values are calculated from |
and V values, which are actually functions of time, t. The values of | and V used here are the values
when the tyre of the vehicle is at different distances from the composite plate harvester embedded

pavement at different time point, t.

Vs = /% [ vEadt (38)

Lrms = %fOTIZ(t)dt (39)

where V and | are the generated voltage and current given in Equations (35) and (34) respectively.
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Table 3-1 Properties of the piezoelectric composite plate harvester and the passing vehicle, which

are kept constant during the calculation.

Parameters Host beam (A514 steel) Piezoelectric layer (PZT)
Young’s modulus, E (Pa) E=200*10"9 Ep= 78*10"9
Piezoelectric constant, e5 e;; =-2.8

Dielectric constant, € €= 300
Static electricity constant, K K =9*10"9
Yield strength 700 MPa 950 MPa
Axle load on tire, F 40 KN 40 KN
Tire pressure, P 900 KPa 900 KPa

3.3 Simulations and Discussions

Numerical simulations are conducted based on the proposed theoretical model calculating the
average power generation from a composite plate harvester by placing it inside the pavement.
Here, along with the simulation results, optimal design of the piezoelectric plate harvester is
presented. During the simulation, the design of the pavement itself is kept fixed and given in Figure
2-2, which also gives the thickness values of different layers. Material properties of the
piezoelectric composite plate harvester used for conducting the simulations are given in Table 3-

1. The parameters of the vehicle passing through the pavement are given in Table 3-1 as well.
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3.3.1 Impact of depth of the harvester in pavement on average power generation

Figure 3-4 below demonstrates the impact of position of placement of the piezoelectric composite

plate harvester inside the pavement on average power generation.

Power output with changing depth
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Figure 3-4 Power generation with changing depth of the piezoelectric composite plate with length
and width as 0.2m. The thickness of the piezoelectric layer and substrate layer are 0.0005 m and

0.003 m, respectively, and the velocity is kept constant at 22.2 m/s.
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Table 3-2 Change in average power generation from the piezoelectric composite plate harvester

with the variation of depths.

The length and width of the harvester is kept constant as 0.2 m, the thickness of the PZT layer and

the substrate layer are chosen as 0.0005 m and 0.003 m, respectively, and the velocity of the

passing vehicle is kept constant at 22.2 m/s.

Depth (m) Average power Highest stress Maximum deflection
generation (Watt) (MPa) (m)
0.06 15.03 502 0.0071
0.08 11.76 449 0.0063
0.1 9.27 402 0.0056
0.12 7.36 360 0.0050
0.14 5.89 323 0.0045
0.16 4.74 291 0.0041
0.18 3.84 262 0.0037
0.2 3.13 237 0.0033
0.22 2.57 215 0.0030
0.24 212 195 0.0027
0.26 1.78 179 0.0025
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Figure 3-4 illustrates the change in average power generation from the harvester, when the
piezoelectric composite plate harvester is placed at different depths from 0.06 m to 0.26 m. The
detailed values of change in average power generation, highest stress generation and maximum
deflection with changing depth of the harvester placement inside the pavement are shown in Table
3-2.The width and length of the harvester are fixed at L=B=0.2m. The thickness of the PZT layer
and the substrate layer are chosen as 0.0005 m and 0.003 m, respectively, and the velocity of the
passing vehicle is kept constant at 22.2 m/s. The figure shows that, average power generation is
15.03 Watt, when the harvester is placed at the depth of 0.06 m. However, the average power
generation keep decreasing, while the depth is increased to a higher value. For example, for a
deeper position of the harvester with Z=0.26 m, the average power generation is only 1.78 Watt.
It is noted that, the average power generation is really high at a very shallow position in the
pavement. However, placement of the harvester close to the pavement surface leads to significant
shear forces of varying magnitudes from the passing vehicle, which may break the PZT material.
Therefore, the smallest value of the depth is set as 0.06 m during the simulation. The largest
deflection values of the plate harvester changes from 0.0071m to 0.0025m, respectively. The
highest stress values generated in the plate harvester by the passing vehicle (constant vehicle
parameters are given in Table 3-1) at depths varying from 0.06 m to 0.26 m changes from 502
MPa to 179 MPa, respectively. The power generations at those positions hence decreases from
15.03W to 1.78 W, respectively. The decreasing trend of the average power generation with
increasing depth can be explained as below. At higher depth, the stress in the pavement produced
by the passing vehicle is distributed over a larger area so that the actual pressure applied on the
plate surface becomes small leading to smaller deflection and average power generation. Based on

the material strength of the plate harvester given in Table 3-1, for safety the depth of the plate
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harvester placement without possible breaking of the harvester is chosen as 0.12 m. At that
position, the highest stress value in the harvester generated by the passing vehicle is 360 MPa, and
power generation is 7.36 W. The maximum deflection value at the depth of 0.12m is 0.005m,

which can be considered as a safe value.

3.3.2 Relation between thickness of piezoelectric layer and average power

generation

Figure 3-5 below demonstrates the impact of thickness of the piezoelectric layer of the composite

plate harvester on average power generation.

Power output with changing thickness of piezoelectric layer
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Figure 3-5 Power generation with changing thickness of piezoelectric layer with the length and
width of the piezoelectric composite plate of L=W=0.2m, the depth of the harvester of Z=0.12m

and the thickness of the substrate layer of the composite plate of H,=0.003m.
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The following Table 3-3 shows the change in average power generation from the piezoelectric

composite plate harvester with the variation of the thickness of the piezoelectric layer.

Table 3-3 Change in average power generation from the piezoelectric composite plate harvester

with the variation of the thickness of the piezoelectric layer.

The length and width of the piezoelectric composite plate harvester are considered as L=B=0.2m,

the depth of the harvester as Z=0.12m and the thickness of the substrate layer of the composite

plate as H,=0.003m. The velocity is kept constant at 22.2 m/s for that calculation.

Thickness of PZT Average power Highest stress Maximum deflection
layer (m) generation (Watt) (MPa) (m)
0.0001 3.05 519 0.0062
0.0002 5.04 472 0.0059
0.0003 6.29 430 0.0056
0.0004 7.01 393 0.0053
0.0005 7.36 360 0.0050
0.0006 7.46 331 0.0047
0.0007 7.38 305 0.0045
0.0008 7.19 282 0.0042
0.0009 6.92 260 0.0039
0.001 6.60 241 0.0037
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Figure 3-5 illustrates the change in average power generation with the varying thickness of the
piezoelectric layer of the composite plate harvester. The length and width of the piezoelectric
composite plate harvester are considered as L=B=0.2m, the depth of the harvester as Z=0.12m and
the thickness of the substrate layer of the composite plate as H,=0.003m. The velocity is kept
constant at 22.2 m/s for that calculation. In the graph, it is seen that, the average power generation
increases with the increase in thickness of piezoelectric layer up to certain value followed by a
decreasing trend. From the equation of capacitance, it is seen that, capacitance is inversely
proportional to the thickness of the piezoelectric layer. If the thickness of the PZT coating layer
increases, then capacitance will decrease, which leads to an increment in voltage generation. As a
result of that, the power generation will increase as well. However, after reaching a certain value,
it again starts to decrease. The lowest value of average power generation from the plate harvester
is 3.05 Watt when thickness is 0.0001m. The highest stress at that point is 519 MPa and the
maximum deflection value is 0.0062 m. For the thickness values varying from 0.0002 m to 0.001m,
the highest stress values changes from 472 MPa to 241 MPa, respectively. The average power
generation at those points varies from 5.04 W to 6.60 W, respectively. The maximum deflection
values decreases with the increase in thickness of the PZT layer (H,) and reaches the lowest value

of 0.0037m when H; is 0.001m.

It can be concluded that, the maximum value of the average power generation obtained is 7.46
Watt for H,;=0.0006 m, where the highest stress is 331 MPa, which is lower than the yield strength
of the substrate layer and the PZT layer (values are given in Table 3-1). The deflection at the
thickness of 0.0006 m is 0.0047m, which is reasonable and no risk of breaking the harvester.
However, based on the material strength of the plate harvester given in Table 3-1, the optimum

value of the thickness of the piezoelectric layer can be chosen as 0.0006m.
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3.3.3 Relation between thickness of substrate layer and average power

generation

Figure 3-6 below demonstrates the impact of thickness of the substrate layer of the harvester on

average power generation.
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Figure 3-6 Power generation with changing thickness of substrate layer with the length and width
of the piezoelectric composite plate of L=W=0.2m, the depth of the harvester of Z=0.12m and the

thickness of the piezoelectric layer of the composite plate of H,=0.0006m.
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Table 3-4 Change in average power generation, highest stress and maximum deflection from the

piezoelectric composite plate harvester with the variation of the thickness of the substrate layer.

The length and width of the piezoelectric composite plate harvester are taken as L=B=0.2m, the

depth as Z=0.12m and the thickness of the piezoelectric layer as H;=0.0006m. The velocity is kept

constant at 22.2 m/s for that calculation.

Thickness of Average power Highest stress Maximum deflection
substrate layer (m) generation (Watt) (MPa) (m)
0.001 107.53 1257 0.0605
0.002 23.36 586 0.0133
0.003 7.46 331 0.0047
0.004 3.05 212 0.0022
0.005 1.46 147 0.0012
0.006 0.79 107 0.0007
0.007 0.46 82 0.0005
0.008 0.29 65 0.0003
0.009 0.19 52 0.0002

Figure 3-6 describes the change in average power generation with the varying thickness of the

substrate layer of the plate harvester. The length and width of the piezoelectric composite plate
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harvester are taken as L=B=0.2m, the depth as Z=0.12m and the thickness as H,;=0.0006m. The
figure shows that, with the increase in thickness of the substrate layer, the average power
generation decreases. For thickness values varying from 0.001m to 0.009 m, the highest stress
generated on the plate harvester decreases from 1257 MPa to 52 MPa, respectively. The average
power generation is highest when the thickness of the substrate layer is 0.001m. The maximum
deflection of the plate harvester at that thickness is 0.0605 m with the highest stress of 1257 MPa.
Therefore, the thickness value of 0.001 m with the highest power generation of 107.5 Watt, cannot

be taken because of the high stress and deflection value at that point can break the harvester.

When the thickness value is 0.002m the Pavg is 23.36 Watt, the highest stress is 586 MPa and
maximum deflection is 0.0133 m which can be considered as safe value. However, based on the
material strength of the plate harvester given in Table 3-1, the optimum value of the thickness of

the substrate layer can be chosen as 0.002m.
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3.3.4 Average power generation with varying length of the harvester

Figure 3-7a below demonstrates the impact of length of the harvester on average power generation.

% Power output with changing length

Pavg(Watt)

Figure 3-7a Power generation with changing length of the piezoelectric plate harvester, where the

width of the piezoelectric composite plate is 0.2m. The depth is Z=0.12m, thickness of PZT coating

layer is H;=0.0006m and thickness of steel substrate is H,=0.002m.

The following Table 3-5 shows the change in average power generation, highest stress and

maximum deflection of the piezoelectric composite plate harvester with the variation of the length

of the harvester,
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Table 3-5 Change in average power generation, highest stress and maximum deflection of the

piezoelectric composite plate harvester with the variation of the length of the harvester.

The depth of the harvester used for the calculation is Z=0.12m and the thickness of the piezoelectric
layer and the substrate layer are chosen as H,;=0.0006m and H,=0.002m, respectively. The width
of the harvester is fixed at B=0.2m. The velocity of the vehicle passing through the plate harvester

is kept constant at 22.2 m/s.

Length (m) Average power Highest stress Maximum deflection
generation (Watt) (MPa) (m)

0.1 2.16 155 0.0022
0.2 23.36 586 0.0133
0.3 54.28 920 0.0233
0.4 74.93 1067 0.0279
0.5 84.23 1118 0.0295
0.6 86.84 1128 0.0300
0.7 86.77 1119 0.0298
0.8 85.52 1099 0.0294
0.9 83.94 1072 0.0288

1 82.07 1041 0.0281
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Figure 3-7a, describes the change in average power generation with varying length of the
composite plate harvester. The velocity of the vehicle passing through the plate harvester is kept
constant at 22.2 m/s, the depth of the harvester used for the calculation is Z=0.12m and the
thickness of the piezoelectric layer and the substrate layer are chosen as H; =0.0006m and

H,=0.002m, respectively. The width of the harvester is fixed at B=0.2m.

From the Figure 3-7a, it is seen that the average power generation increases gradually with
increasing length of the composite harvester and reaches its maximum value of power generation
at the length of 0.6 m, which is 86.84 Watt. With larger length over 0.6m, the average power
generation start decreasing. However, the highest stress generated on the plate harvester at the
length of 0.6 m is 1128 MPa and maximum deflection is 0.0300 m. Both of the stress and deflection
values are too large for our composite plate structure to be sustained (Material properties of the
composite harvester are given in Table 1). At length of 0.2m, the Pavg is 23.36 Watt. The highest
stress value at that point is 586 MPa and the largest deflection is 0.0133 m, which is acceptable

with the power generation of 23.36 Watt and also no risk of breaking the harvester.

It is seen that, for higher length values, the average power generation by the composite plate
harvester can be very high up to 86.83 Watt but then higher stress and deflection will be generated,
which can break the structure. After considering all those factors, the optimum value for the length

of the composite harvester can be selected as 0.2m.
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3.3.5 Average power generation with varying width of the harvester

Figure 3-7b below demonstrates the impact of width of the harvester on average power generation.
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Figure 3-7b Power generation with changing width of the piezoelectric plate where the length of
the piezoelectric composite plate is 0.2m, the depth of the harvester is Z=0.12m and the thickness
of the PZT layer and substrate layer of the composite plate are H,=0.0006m and H,=0.002m,

respectively.

81



The following Table 3-6 shows the variation in average power generation, highest stress and

maximum deflection from the piezoelectric composite plate harvester with the variation of the

width of the harvester,

Table 3-6 Variation in average power generation, highest stress and maximum deflection from the

piezoelectric composite plate harvester with the variation of the width of the harvester.

For this calculation, the length of the composite plate harvester is chosen as 0.2m, depth as

Z=0.12m and the thickness of the piezoelectric layer and substrate layer as H;=0.0006m and

H,=0.002m, respectively. The velocity of the vehicle passing through the plate harvester is kept

constant at 22.2 m/s.

Width (m) Average power Highest stress Maximum deflection
generation (Watt) (MPa) (m)
0.05 0.098 40 0.0002
0.1 2.14 155 0.0022
0.15 9.79 357 0.0071
0.2 23.36 586 0.0133
0.25 39.32 780 0.019
0.30 53.70 920 0.0233
0.35 64.25 1011 0.0261
0.4 70.63 1067 0.0279
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0.45 73.51 1100 0.0289
0.5 73.83 1118 0.0295
0.55 72.44 1126 0.0298
0.6 70.00 1128 0.0300
0.65 66.98 1125 0.0299

Figure 3-7b, demonstrates the change in average power generation from the composite plate
harvester with varying width. For this calculation, the length of the composite plate harvester is
chosen as 0.2m, depth as Z=0.12m and the thickness of the piezoelectric layer and substrate layer
as H;=0.0006m and H,=0.002m, respectively. The length of the harvester is fixed at L=0.2m. The
velocity of the vehicle passing through the piezoelectric composite plate is kept constant at 22.2
m/s. From the graph, it is noticed that, the average power generation starts increasing from 0.05m
width and then keep rising up to Pavg=73.83 Watt with B=0.5m, where the highest stress
generated is 1118 MPa. That stress value is very large and may cause breakage of the structure.
However, this is the highest value of power generation and the maximum deflection at that point
is 0.0295m which is also large. When the width keeps increasing from B=0.5m, the average power
generation starts to decrease. From equations (34-37), it is known that, the average power
generation is dependent on the dimension of the composite plate harvester. Therefore, if the length
and width increases, then the distribution of the total charge over the composite plate will be higher
and so current and Pavg will be higher. However, with the increase in dimension, capacitance also

increases, which decreases the generated voltage. That is why, an optimum value of length and
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width needs to be selected for which the power generation will be higher with reasonable stress

and deflection.

However, if the deflection is very high, then the pavement may get deformed and other layers of
the pavement will get harmed. The maximum deflection value for width varying from 0.25 m to
0.45 m changes from 0.019 m to 0.0289 m, respectively. The highest stress values increases from
780 MPa to 1100 MPa, which are more than the yield strength of the steel substrate layer
(700MPa). Considering these factors, those width values cannot be taken even after having higher
power generation. Keeping the safety factor in consideration, the value of width can be chosen as
0.2 m with power generation of 23.36 Watt. The highest stress value is 586 MPa, and the maximum

deflection is 0.0133 m, which is reasonable.
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3.3.6 Impact of vehicle velocity on average power generation

The figure 3-8 below demonstrates the impact of vehicle velocity on average power generation.
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Figure 3-8 Power generation with changing velocity of the vehicle with the length and width of
the piezoelectric composite plate harvester as L=W=0.2m, the depth of the harvester as Z=0.12m
and the thickness of the piezoelectric and substrate layer of the composite plate of H,=0.0006m

and H,=0.002m respectively.

The following Table 3-7 shows the change in average power generation, highest stress and
maximum deflection from the piezoelectric composite plate harvester with the variation of the

velocity of the passing vehicle,
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Table 3-7 Change in average power generation, highest stress and maximum deflection from the

piezoelectric composite plate harvester with the variation of the velocity of the passing vehicle.

The length and width of the piezoelectric composite plate harvester is considered as L=B=0.2m,

depth Z equals to 0.12m, and the thickness of the piezoelectric and substrate layer of the harvester

are H;=0.0006m and H,=0.002m, respectively, for the calculation.

Velocity (m/s) Average power Highest stress Maximum
generation (Watt) (MPa) deflection (m)
12.5 13.15 586 0.0133
16.66 17.53 586 0.0133
20.82 21.91 586 0.0133
24.98 26.28 586 0.0133
29.14 30.66 586 0.0133

Figure 3-8, demonstrates the change in average power generation from the harvester with the
varying vehicle velocity. The length and width of the piezoelectric composite plate harvester is
considered as L=B=0.2m, depth Z equals to 0.12m, and the thickness of the piezoelectric and
substrate layer of the harvester are H,;=0.0006m and H,=0.002m, respectively, for the calculation.
It is seen that, a linear increasing relationship exists between the velocity of the passing vehicle
and the average power generation. When the velocity is 12.5 m/s, the average power generation is
13.15 Watt, and then it increases linearly up to 30.66 Watt for velocity 29.14 m/s. For velocities
16.66 m/s, 20.82 m/s and 24.98 m/s the average power generations are 17.53 W, 21.91 W and
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26.28 W, respectively. The maximum deflection at all the velocities is constant at 0.0133 m. The

highest stress generated by the plate harvester remains same with changing velocity of the vehicle,

which is 586 MPa. The increasing average power generation with the increase in vehicle velocity

can be described as follows. When the vehicle velocity increases, it takes less time for the wheels

to pass through the piezoelectric composite plate harvester. As a result of this, a certain amount of

charge is generated on the surface of the harvester with less charging time, which actually increases

the current produced by the harvester. Thus, an increase in average power generation takes place.

Table 3-8 Dimension of the piezoelectric composite plate harvester after the optimisation

Parameters Host beam (A514 steel) PZT layer
L (m) 0.2 0.2
B (M) 0.2 0.2
H (m) H1=0.002 H>=0.0006
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3.4 Conclusions

In this chapter, a piezoelectric composite plate energy harvester in the road pavement is designed
and studied to collect energy from the passing vehicles. Numerical simulations have been carried
out and calculations are done by MATLAB coding to calculate the power generation by the
piezoelectric composite plate harvester. The optimization of the piezoelectric composite plate
harvester is done by keeping into mind the maximum stress that can be sustained by both the
piezoelectric material and the substrate material used. It is calculated that, the optimum dimension
of the harvester is 0.2 m * 0.2 m * 0.0026 m. When the optimum sized harvester is under dynamic
loading and the velocity of the vehicle passing through is 22.2 m/s, then it can generate up to 23.36
W. This power generation can be used to collect enough energy within 2.5 hours to raise the
temperature of the ice with the thickness of 1cm, covering a 5m wide road by 20 degree Celsius.
The power generation with optimal design can be sufficient for ice melting, if there is continuum
moving vehicle on the road passing the pavement and the rest of the energy can be stored for future
use. The harvested energy can also be used for different other purposes like road lighting and
signalization. In addition, more power can be generated by using materials with higher Young’s
modulus and yield strength. Designing of network to collect this power with best efficiency for
different applications and experiment testing of the numerical model in practical field are among
the future scope of this work, which can guide us to the path of alternate energy from vehicles in

highways, urban and rural roads.
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Chapter 4

In this chapter, to increase the average power generation produced by the composite plate
harvester, a cantilever composite harvester is attached inside the composite plate harvester by
modifying its design. The modification of the design is done in order to utilize the deflection of

the composite plate harvester as base motion for the attached cantilever harvester.

4.1 Methodology and Numerical Model of cantilever composite harvester under
base motion

Figure 4-1 shows the schematic diagram of the modified design of the piezoelectric composite
plate harvester with attached cantilever composite harvester. The cantilever harvester is under

vibration subjected to the base excitation because of the dynamic deformation of the plate due to

the passing vehicle.

7—7 7 Z —— Piezoelectric layer
—————Substrate layer

- , i Piezoelectric layer
: i Substrate layer

ollow space
Base support

Figure 4-1 Piezoelectric cantilever composite harvester.

As shown in figure 4-1, we have considered the vibration of the cantilever composite harvester
consisting of two layers, the coating layer as PZT material and the substrate layer as A514 steel

and that is made as a cantilever. The cantilever plate model is placed inside the hollow space of

89



the box composite plate structure. When the box rectangular composite plate harvester having an
optimum size plate of 0.2 m * 0.2 m * 0.0026 m dimension is placed inside the pavement then it
IS subjected to the stress bulb, during the vehicle wheel moving through the pavement embedded
with that harvester, which is calculated by the Westergaard’s stress model described in chapter 2
in detail. The box composite plate harvester alone has an average power generation of 23.36 Watt.
In the aim of increasing the average power generation furthermore the cantilever composite
harvester is attached inside the hollow space of the box structure. The cantilever composite

harvester will undergo vibration while the plate harvester is under dynamic deformation.

The length and width of the composite cantilever harvester is considered to be as I* b=0.13 m *
(0.14-1)* 2 m respectively. To fit the cantilever inside the square composite plate harvester the
width of the cantilever harvester must meet the dimension of (0.14-1)*2 m. The thickness of the
PZT coating is chosen as hp,+=0.001 m and the thickness of the steel substrate layer as h=0.002
m. Young’s modulus of the piezoelectric layer is Ep=78*10"9 Pa and Young’s modulus of the
substrate layer (A514 steel) is E=200*1079 Pa. The density of the substrate layer is 7850 kg/m?

and the density of the coating layer is 7750 kg/m?.

The deflection of the composite plate harvester with the passing of the vehicle wheels can be given

as,
Wi,j(X, Y)
40 - sin(mmis1/L)sin(nrjs2/B)sin(mnX/L)sin(nrY /B) (40)
~ w4 DBL ((m/L)% + (n/B)?)2

n=1
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where, w is the deflection of the harvester, m and n are the number of modes, L is the length, B is
the width of the piezoelectric composite plate harvester. Q is the point load, X and Y give the
position of the small square areas in the plate along x and y direction, « is the mode number, which
is 3 for our calculation, i and j are the number of the small areas that are subjected to one of the
point loads from the pressure bulb along length and width directions of the plate. i*s: and j*s, are
the positions of the small area subjected to one of the transverse point loads. This equation is also

described in chapter 3.

From the deflection equation of the composite plate structure given in equation (40), the
calculation of the central deflection of the plate attached with cantilever harvesters can be
conducted. After that the calculation of the central velocity and central acceleration of the plate is
done. The acceleration found from that calculation will act as the base motion excitation for the

composite cantilever harvester.
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Figure 4-2 Central deflection of the composite plate harvester during passing of vehicle wheels.

From figure 4-2, it can be seen that the deflection of the cantilever composite harvester increases
while the vehicle wheel start reaching the middle of the harvester and reaches the highest value

while the vehicle wheel is right on top of the composite plate harvester position on pavement.

From the central deflection of the composite plate harvester, the central velocity and central

acceleration can be found.

Central deflection w(i) — Central deflectionw(i — 1)
At

Central Velocity(i — 1) =

Central velocity V(i — 1) — Central velocity V(i — 2)
At

Central Acceleration (i — 2) =

The value of At is 0.0005.
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The general forced vibration equation can be written as,

4 2
El *w(x,t) n pA %w(x,t)

dxt atz

£, 1) (41)

The forced vibration solution of a beam can be determined using the mode superposition principle.
The equation involves a fourth order derivative with respect to x so the equation can be solved by

four boundary conditions for w(x, t). f(x, t) is the force per unit length.
The deflection of the beam is assumed as,

W)=Y W) (42)

n=1

where W, (x) is the nth mode shape function and q,,(t) is the generalized coordinate in the nth

mode (n=1, 2, ..., ). Here three vibration modes are considered for calculation.
Substituting equation (42) into equation (41) we get,

d* Wy (x)
dx*

Gn () + PA Xy Wy () 2220 — f(x, 1) (43)

EI Z;?:l dtZ

The solution for W, (x) is the vibration mode function corresponding with the total length of the

beam in space domain and can be obtained as:

W, (x) = AicosPBx + A,sinfix + Ascoshfx + Aysinhfx (44)

4 _ pAw? _ 2 ’ Esls+EpzrlpzT
Here B~ = El and L PsAst+ppzrApzT (45)

Here w is the natural frequency.
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ps and ppzr are the densities of the steel plate and the PZT coating layer respectively and

Ag and Ap,r are the areas of the steel plate and PZT coating layer respectively.

dW (x)

Frak —APBsinfx + A,Bcosfx + A3 Bsinhfx + Ayfcoshfx (46)
m = —A,B?cosPx — A,B?sinfx + Az B*coshfx + A,L?*sinhfx
A2 1 2 3 4 47)
EWE _ ; - ;
i 1B°sinfix — A,B°cosPx + Az °sinhfx + A,f°coshfBx (48)

Where A1, A2, Azand A4 can be solved by four boundary conditions.

The boundary conditions for cantilever are-

At (fixed end) x = 0: Deflection W(x) = 0,

A +45=0 (49)
At (fixed end)x = 0: slope W) =0,
dx

AL +ALB =0 (50)

At (free end) x = I: Bending moment dZdVZS‘) =0,
—AB%cosPl — A,B%sinBl + Asf*coshfl + A,B%sinhfl = 0 (51)

At (freeend) x = I: Shear force deWxgx) =0,

A, B3sinfl — A,B3cosPBl + A3 B3sinhfl + A,f3coshBl = 0 (52)

By using the boundary conditions which leads to four linear equations a matrix can be formed.
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—B?cospl —pB?sinfl B?coshfl ﬁzsmhﬁl As

B3sinfl  —B3cosBl PB3sinhfl B3coshfll LA,

1 0 1 A
0 B 0 A,
(53)

S OO O

By solving eigenvalue problem of the matrix in Equation (53) by MATLAB coding, the solution
of the nth natural frequency of the cantilever beam, wn in B, and its corresponding normal modes

can be determined.

2.5

1.5F #

0.5F s

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Figure 4.3 Mode 1, 2 and 3.

When the cantilever beam is subjected to the base motion, electric charge and voltage will be

generated on the piezoelectric layer attached on it.
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For the final response,
W (x,n) = Ap1cosBpx + Apysinfinx + ApzcoshfSy,x + ApaSinhfBpx (54)

The forced vibration solution of the piezoelectric bonded cantilever subjected to the harmonic base

motion provided by the composite plate harvester due to passing vehicle wheel can be given as

below,
3
w(x, t) = Z W (x,n)q(t) (55)
n=1
where
w(x,n) = W(x,n). at 0<x<l

The energy harvesting efficiency of the piezoelectric coupled cantilever under a base excitation is
needed to be calculated. The base motion excitation of the piezoelectric coupled cantilever can be

expressed as [11],
f(x,t) = —m(x) * Acceleration (56)

where m(x) is the mass per length of the cantilever at the position x (0 < x < [), Lis the total
length of the cantilever harvester and f is the distributed force on the cantilever composite

harvester. Here
m(x) = psAs + ppzrApzr (57)
where ps and pp,r are the densities of the steel plate and the PZT coating respectively and

A, and Ap,r are the areas of the steel plate and PZT coating respectively.
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The equation governing the cantilever subjected to base motion which is also called the Euler

Bernoulli Beam theory can be given by-

0*w(x, t) ’w(x,t)
[Es () s(x) + Epzr () Ipzr (x)] 7 m(x) Yz f(x,t) (58)

where E is the Young's modulus of the substrate steel which is 200*1079 Pa,
Epr 1s the Young's modulus of the PZT coating which is 78*10"9 Pa,

I, is the moment of inertia of the substrate steel layer which can be derived from the following

equation,

I = 3% b X [(h+ hyzp) /2 — [(h = hyzr) /21 9

Ipz7 1s the moment of inertia of the PZT coating layer which can be derived from the following
equation,
1
lpzr =5 % b X [(h = hpzr) /2 = [(=h = hpzr) /2] (60)
where b is the total width of the cantilever composite harvester, and h and hp,; are the thickness

of the substrate A514 steel and the PZT coating layer, respectively.

The generalized coordinate in the nth mode (n=1, 2, ..., «) is given as below:

_r
m@)Xwy)

gnt = bi,, X X fot Q,, (1) sinw, (t — 7)dr, (61)

b= fol(Alcosﬁnx + Aysinfnx + Ascoshf,x + Ausinhf,x )%dx, (62)

where Q,,t is the generalized force corresponding to g,,t , and b""is a constant related with nth

vibration mode.
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!
Qnt = f f X (AjcosPpx + Aysinfyx + Ascoshf,x + Aysinhfyx ) dx (63)
0

When the cantilever composite harvester is under external force due to the moving pressure bulb
generated during passing of vehicle wheel, the electrical charge generated on the surface of the

piezoelectric coating layer perfectly bonded on the steel substrate layer can be calculated by the

formula below, [10]

l

_ h + hPZT h - hPZT dZW
Q) = —esy [ () + ) T .
0
0(t) = —eyy + b ((h+hpz7~) + (h—hpZT)) . (dw(x,t)| _ dw(x,t)| ) (65)
- 31 2 2 dx ly= dx lx=g

where Q(t) is the generated electric charge on piezoelectric layer, e, is the piezoelectric constant,
b is the width of the piezoelectric coating layer, hp7 is the thickness of the PZT coating layer and

h is the thickness of the steel substrate layer, w is the deflection of the harvester.

When a vehicle moves over piezoelectric harvester embedded pavement with certain velocity, at
any time t, it produces charge on the piezoelectric layer of the cantilever composite harvester,
which is located at a certain depth inside the pavement. Current generated on the piezoelectric
layer can be computed as,

dQ(t)

0= (66)

The corresponding voltage generated from the PZT coating layer, V(t), can be written as [11],

Q) _ _ es1((h+hpzp)+(h=hpzr)) % dw(x,t) dw(x,t)
V(t) = == _ awix,t)
(©) Cy 2¢, ( dx ly—p dx x=0) (67)
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C, is the capacitance of the cantilever harvester which is given as,

B Exl*b (68)
V' " Amkhpyy

where | and b are the length and width of the cantilever composite harvester, € is di-
electric constant, K is static electricity constant, hp,; is the thickness of the piezoelectric

layer.

v

C, = % is the electrical capacity per unit width of the PZT layer.

The average electric power generated from the piezoelectric cantilever harvester is defined as the

multiplication of root mean square (RMS) values of the voltage and current generated from the

piezoelectric layer and given as below,

Pavg = Vims- Irms

(69)

The following two equations demonstrate how the root mean square values are calculated from |

and V values, which are actually functions of time, t. The values of | and V used here are the values

when the tyre of the vehicle is at different distances from the piezoelectric harvester embedded

pavement at different time point, t.

Vims = ,’%f(;r V2(t)dt
Irms = /%IOT [z(t)dt

(70)

(71)

where, | and V are the generated voltage and current given in equation (66) and (67) respectively.
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Table 4-1 Material properties of the cantilever composite energy harvester

Parameters Host beam (A514 steel) PZT coating
Young’s modulus (Pa) E=200*10"9 Ep=78*10"9
Density(kg/m?) ps =7850 Ppzr=1750
631(C/m2) I '28
Dielectric constant, € €= 300
Static electricity constant, K K =9*10"9
Yield strength 700 MPa 950 MPa
Axle load on tire, F 40 KN 40 KN
Tire pressure, P 900 KPa 900 KPa

4.2 Simulations and Discussions

Numerical simulations are conducted based on the proposed theoretical model calculating the
average power generation from a cantilever composite harvester. Here, along with the simulation
results, optimal design of the composite cantilever harvester is presented. During the simulation,
the design of the pavement itself is kept fixed and given in Figure 2-2. Material properties of the

piezoelectric cantilever harvester used for conducting the simulations are given in Table 4-1.

100



4.2.1 Impact of length of the cantilever harvester on average power generation

The figure 4-4, demonstrates the impact of length of the composite cantilever harvester, attached
inside the plate harvester, on its average power generation. For that calculation the length of the

cantilever harvester is changed from 0.1 m to 0.13 m when width also varies by (0.14-1)*2 m.

0.12

0.1

=
=
o

Average power (Watt)
= =
£ &

0.02 ¢+

0.1 0.105 0.1 0.115 0.12 0.125 0.13
Length of the cantilever beam(m)

Figure 4-4 Power generation with changing length of the cantilever composite harvester. The
thickness of the piezoelectric layer and substrate layer are kept fixed at 0.001 m and 0.002 m,

respectively, and the velocity of the passing vehicle is kept constant at 22.2 m/s.
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Table 4-2 Change in average power generation from the cantilever composite harvester with the

variation of length.

Length of the cantilever Average power generation
harvester (m) (Watt)
0.1000 4.9897 e-04
0.1020 5.7460 e-04
0.1040 6.1297 e-04
0.1060 6.8604 e-04
0.1080 8.6368 e-04
0.1100 0.0011
0.1120 0.0014
0.1140 0.0018
0.1160 0.0026
0.1180 0.0045
0.1200 0.0085
0.1220 0.0158
0.1240 0.0281
0.1260 0.0471
0.1280 0.0748
0.13 0.1126

Figure 4-4, illustrates the change in average power generation from the cantilever composite

harvester with the change of length. The detailed values of change in average power generation
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with changing length is shown in Table 4-2. During the simulation, the thickness of the
piezoelectric layer and substrate layer are kept fixed at 0.001 m and 0.002 m, respectively. It is
seen from the figure that with the increase in length of the harvester the average power generation
keep increasing. When the length of the cantilever harvester is 0.1 m then the average power
generation is very small (4.9897 e-04 Watt). However, with the increase in length of the harvester
the average power generation keep increasing and reaches the highest value when the length of the
harvester is 0.13 m. The average power generation at that length of 0.13 m is 0.1126 Watt. As a
result, the optimum value of length for the cantilever can be chosen as 0.13 m, which is the highest
length of the cantilever that can fit inside the composite plate harvester having length and width of
0.2 m. Moreover, it can be seen that when length value is 0.1260 m and 0.1280 m then the
cantilever can also generate some reasonable power that is 0.0471Watt and 0.0748 Watt,

respectively.
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4.2.2 Impact of thickness of the piezoelectric layer of the cantilever harvester

on average power generation

Figure 4-5 demonstrates the impact of thickness of the piezoelectric layer of the composite

cantilever harvester attached inside the plate harvester on its average power generation.
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Figure 4-5 Power generation with changing thickness of the piezoelectric layer of the cantilever
composite harvester with fixed length of 0.13 m. The thickness of the substrate layer is kept fixed

at 0.002 m and the velocity is kept constant at 22.2 m/s.
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Table 4-3 Change in average power generation from the cantilever composite harvester with the

variation of thickness of the piezoelectric layer.

Thickness of the piezoelectric layer Average power generation
of cantilever harvester (m) (Watt)
0.0005 0.0658
0.0006 0.0873
0.0007 0.1262
0.0008 0.1224
0.0009 0.1197
0.0010 0.1126
0.0011 0.1007
0.0012 0.0833
0.0013 0.0648
0.0014 0.0474
0.0015 0.0332

Figure 4-5 illustrates the change in average power generation from the cantilever composite
harvester with the change of thickness of the piezoelectric layer. The detailed values of change in
average power generation with changing thickness of the piezoelectric layer are shown in Table 4-
3. In that calculation the length of the harvester is kept fixed as 0.13 m, width as (0.14-1)*2 m and
the thickness of the substrate layer is kept fixed at 0.002 m. It is seen from Table 4-3 that when the
thickness of the piezoelectric layer of the cantilever is small (0.0005 m), the average power
generation is also small, which is 0.0658 Watt. However, with the increase in thickness of the
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piezoelectric layer of the harvester the average power generation also increases up to a thickness
of 0.0007 m and then again starts to decrease. The highest value of average power generation is
0.1262 Watt which can be found with the thickness of the piezoelectric layer as 0.0007 m. From
Table 4-3, it can also be seen that after the thickness of 0.0007 m the average power generation by
the harvester keep decreasing and reaches the lowest value of 0.0332 Watt with the thickness of
the piezoelectric layer of 0.0015 m. However, from the above discussion it is clear that the

optimum thickness value for the piezoelectric layer of the cantilever can be chosen as 0.0007 m.
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4.2.3 Impact of thickness of the substrate steel layer of the cantilever harvester

on average power generation

Figure 4-6 demonstrates the impact of thickness of the substrate steel layer of the composite

cantilever harvester, attached inside the plate harvester, on average power generation.
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Figure 4-6 Power generation with changing thickness of the substrate layer of the cantilever
composite harvester with fixed length of 0.13 m. The thickness of the piezoelectric layer is kept

fixed at 0.0007 m and the velocity is kept constant at 22.2 m/s.
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Table 4-4 Change in average power generation from the cantilever composite harvester with the

variation of thickness of the substrate steel layer.

Thickness of the substrate layer of Average power generation
cantilever harvester (m) (Watt)
0.0008 1.1650
0.0009 1.0117
0.0010 0.8059
0.0011 0.5875
0.0012 0.3862
0.0013 0.2230
0.0014 0.1119
0.0015 0.0524
0.0016 0.0355
0.0017 0.0474
0.0018 0.0713
0.0019 0.0969
0.0020 0.1262
0.0021 0.1261
0.0022 0.0991
0.0023 0.0778
0.0024 0.0593
0.0025 0.0419
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0.0026 0.0278
0.0027 0.0177
0.0028 0.0112
0.0029 0.0077
0.0030 0.0060

Figure 4-6 illustrates the change in average power generation from the cantilever composite
harvester with the change in thickness of the substrate layer. The detailed values of change in
average power generation with changing thickness of the substrate layer is shown in Table 4-4.
During the simulation, the length of the harvester is kept fixed as 0.13 m, width as (0.14-1)*2 m
and the thickness of the piezoelectric layer is kept fixed at 0.0007 m. From figure 4-6, it can be
seen that with the increase in thickness of the substrate steel layer average, the power generation
decreases. When the thickness of the substrate layer of the cantilever is 0.0008 m then the average
power output is 1.1650 Watt, which is the highest value of power generation from the harvester.
When the thickness of the substrate steel layer varies from 0.0009 m to 0.0030 m the value of
average power generation decreases from 1.0117 Watt and reaches the lowest value of 0.0060
Watt. It can hence be concluded that the optimum value of thickness of the substrate layer can be
chosen as 0.0008 m. Moreover, when the thickness of the substrate steel layer is 0.0009 m and also
0.0010 m the cantilever harvester can also generate some reasonable power which are 1.0117 Watt

and 0.8059 Watt, respectively.
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Figure 4-7 Deflection curve of the cantilever composite harvester at different time points.
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Figure 4-7 describes the deflection curves of the optimized cantilever composite harvester when it

is subjected to base motion.

Table 4-5 Dimension of the piezoelectric cantilever composite harvester after the optimisation

Parameters Host beam (A514 steel) PZT layer
L (m) 0.13 0.13
hPZT (m) 0.0007 0.0007

h (m) 0.0008 0.0008
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4.3 Conclusions

In this chapter, numerical simulations have been carried out and calculations are done by
MATLAB coding to calculate the charge, current and voltage generated by the cantilever
composite harvester attached to the composite plate harvester. The deflection of the composite
plate provides the base motion to the attached cantilever harvester. Vibration simulations are done
to find out the average power generation by the cantilever harvester, when the host composite plate
harvester is under dynamic pressure bulb loading due to the passing vehicle. Through numerical
simulations with different designs of the cantilever harvester, the average power generation with
one optimum sized cantilever harvester having the dimension of 0.13 m * 0.02 m * 0.0015 m is
1.1650 Watt. Using more cantilever harvesters attached to the plate harvester, more electrical
power can be generated, and the power that can be generated from the cantilever harvester can be
added up with the 23.36 Watt found from the composite plate harvester. In conclusion, it can be
stated that by adding four cantilever composite harvesters inside the composite plate harvester, it
is possible to increase the average power generation of the piezoelectric plate harvester by

19.949%.
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Chapter 5

Conclusions and future works

The primary objective of this thesis is to develop and study different designs of energy harvesters
in the road pavement made from a piezoelectric material to collect energy from the passing
vehicles. Based on the property of the piezoelectric materials different designs of piezoelectric
harvesters are placed inside the pavement to study the energy harvesting efficiency. For the first
time, a numerical model based on the Westergaard's stress model is proposed to calculate the three
dimensional (3D) stress distribution in the pavement and to find the potential of energy harvesting
from the piezoelectric layers placed inside the pavement. The model is also validated by comparing
the stress generation results found from MATLAB simulation results with the ANSYS simulation
results. The average error percentage found by comparing the stress values from ANSYS and
MATLAB simulations among 5 data points at 5 cm depth inside the pavement is only 3.646%,
which certainly validates the MATLAB simulation results and describes that the stress distribution
results inside the pavement found from MATLAB simulation is accurate. Numerical simulations
have been carried out and calculations are done by MATLAB coding to calculate the power
generation by the piezoelectric energy harvesters. Based on the proposed numerical model,
simulations are conducted to reveal the effects of changing vehicle velocity, changing loads on
wheel, location of the piezoelectric harvesters inside the flexible pavement and also dimensions of
the harvesters, on the generated power. Moreover, an attempt for proposing an optimum design

for different piezoelectric harvesters in piezoelectric layer is conducted to obtain maximum power.

e First, an approach to design a simple piezoelectric patch harvester for flexible pavements

is discussed taking the effects of size of piezoelectric harvester unit, depth of piezoelectric
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harvester located in the pavement and velocity of vehicle passing the pavement. It is found
that one single optimum sized (25 cm * 25¢ m) piezoelectric patch has a potential to
generate 30 mW of when placed under the pavement, with velocity of moving vehicle as
45 km/hr and 40 KN load on each tyre of the moving vehicle.

After the patch harvester design a piezoelectric composite plate energy harvester in the
road pavement is designed and studied to increase the generated power. It is calculated that
the optimum dimension of the harvester is 0.2 m * 0.2 m * 0.0026 m. When the optimum
sized harvester is under dynamic loading with the passing vehicle velocity of 22.2 m/s,
then it can generate up to 23.36 W electrical power in total. This power generation can be
used to collect enough energy within 2.5 hours to raise the temperature of the ice with the
thickness of 1 cm, covering a 5 m wide road by 20 degree Celsius.

Moreover, to further increase the generated power, a piezoelectric composite cantilever
harvester attached on the plate energy harvester is proposed. The average power generation
by one optimum sized cantilever harvester with the dimension of 0.13 m * 0.02 m * 0.0015
m is 1.1650 Watt. In conclusion, it can be stated that by adding four cantilever composite
harvesters inside the composite plate harvester it is possible to increase the average power

generation by 19.949 %.

In all the designs piezoelectric harvesters are placed below pavement layers rather than directly on
surface to ensure that piezoelectric ceramic does not go any fatal failure due to complex forces
induced on pavement surface. Life of piezoelectric harvester will be affected adversely with direct
contact with the vehicle tires, so placing of the harvester below the surface coating of

bitumen/asphalt and to the top of base layer is a reasonable choice. Significant increase in traffic
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at present time also shows a potential of larger scope of power generation by piezo-electric

harvester below road pavements.

As recommendation for future works, the following tasks can be considered for any possible
continuation of the research, which can guide us to the path of alternate energy from vehicles in

highways, urban and rural roads.

® Designing of electrical circuit network to collect the generated power with best efficiency
for different applications. The actual power output from the energy harvesters can be lower
than what we have calculated from our mathematical simulation because of the probable
loss during the collection process of power with electrical circuits. Therefore, it is very
important to design the electric circuit network very efficiently to minimise that loss. This
will need further simulations based on more accurate models considering the coupling

effects between the mechanical structures and electrical circuits.

® Experimental testing of the numerical model in practical field. It is one of the very
important future works to do the experimental testing of the numerical model to determine
the actual power generation capability of different energy harvesters placed inside the

pavement with passing vehicle wheels in practical scenario.

® Use of materials with higher Young’s modulus and yield strength and study of the effects
on generated power. By using material with higher yield strength generated power can be
higher. From mathematical simulation, it is proved that with higher deflection higher power
can be generated by the harvesters. Therefore, with higher yield strength of the material,

the harvesters can be subjected with higher strain with lower risk of breaking the harvester.
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® Determination of maximum deformation that the harvester can sustain in practical scenario

by considering the possible shear strain.
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