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Abstract

Solar road panels are a technology tieiethe abilty to revolutionize the way that roads are built

and how electricity is generated. Strong incentives towards sustainable solutions in both of these
fields have led to the design of innovative, multifaceted solutions, of which solar road panels are one
of the most recent entrants. This research presents some initial analysis into the design of solar road
panels from the perspective of Canadian pavement engineering. The hypothesis of this research was

as follows:

A specially designed modular panel can be trooted to withstand the structural
and environmental loads on Canadian pavement structures while simultaneously

generating electricity through embedded photovoltaic cells.

Through a process that covers the design, construction, and analysis of theastelements of
a solar road panel prototype, this research evaluated the impact that solar road panels can have for
Canadads pavement infrastructure. Specific elen
such a panel, the flexural response af tomposite structure, how the panel will interact with
traditional pavement and geotechnical materials while in use, and the change in performance of
transparent layer materials as they are subjected to fite@zecycling and scaling.

The research founthat the initial prototype design included a twoerhfth tempered glass pane
transparent layewith a 12.7mm GPQ3 optical layer and 19-tam GPQ3 base layer. The concept
being that the glass would provide the rigidity required to protect the fragile calarwhile the
fiberglass laminate has demonstrated performance as a -tafforting material in adverse

conditions.

Testing of this structure found that the performance was easily duplicated through finite element
analysis, given that the materialoperties were assumed to be more rigid than the averages for
tempered glass and GFPR Further finite element analysis demonstrated that the prototype solar road
panel would not fail through traditional fatiguing methods, and in all cases on concretat, asph
granular, and subgrade bases the panels improved the performance characteristics of the structural

base.

The environmental conditioning of acrylic, glass, and polycarbonate specimens demonstrated that
glass is the ideal material choice for the transpialayer for Canadian solar road panels. It proved to

have the greatest freedlg|aw and scaling resistance of the three materials, and while the friction
iii



characteristic of the flat glass samples would not be suitable for driving on, avenues of research w

identified that could improve this characteristic.

In summary, the research conducted clearly proved the hypothesis; it is possible to build a
structure that can house a photovoltaic system while supporting the structural and environmental
loads that @nadian pavement are exposed to. The ideal panel would be constructed with a tempered
glass transparent layer, GROoptical and base layers, and the structure would be installed on a
concrete structural base. The refinement of this design will be the Baojuture research.
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Chapter 1

l ntroducti on

Sustainability has become a leading goal of glat@astructuredevelopments over the last several

years due to increased understanding of the impacts that engineerigsigrdebave on society and

the environment. The leading definition for sustainability was created by the Brundtland Commission

and states that s udevelapmenatbat neeetstkevneedsooptheepresent withouth
compromising the ability of fuur e gener ati ons t @Vorlch€a@nmissiomani r own
Environment and Development, 1987)his is traditionally accomplished througiptimizing the

balance betweerdesign economic, environmental, and societal impacts while still delivering
infrastructurethat meets theriginal design rguirementgAdams, 2006)While it is often possible to

make traditional designs more sustainabletidse metrics through evolutionary modifications,
revolutionary redesign ofnfrastructurefrom first principles allows forrediscovery of its full

potential.

This holds true within the realm of pavement infrastructure, where the majority of the materials
currently used in roads and highways have not changed over the last few decades. Recent pushes have
been made to make pavements more sustainable in a number of ways. One such way has been looking
at using more recycled materials in pavements, be it gksshalt shingles, recycled asphalt
pavements, recycled rubber tires, or other additives in asphalt mixes or recycled concrete and other
additives in concrete mixes. Other focuses for increasing pavement sustainability have included
reducing the processirigmperatures required for asphalt and creating porous pavementsoiffbith
the need for stormwater managementhile these technologies combined help make pavements
incrementally more sustainablée fact of the matter is they all look at pavement design through the

same lens adesigners have for the last few decades.

This becomes a problem within the transportat
impact on the environment is as a whole. It is well establishedfdhaiur society to be more
sustainable there must be substantial changes in our energy cdosuampd greenhouse gas
emission patterns, and transportation is the cause %f df9global energy consumptidiyS EIA,

2011) and 23% of global COemissions(IEA, 2011) While most & this is a direct result of
transportation modes and not the infrastructure that satisfies these modes, the infrastructure is always
designedwith the mode energy consumption and emissions in mind. For roads there are direct

correlations on the impact theoughnesgCostello, Bargh, Henning, & Hendry, 2018hd grade
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have on vehicle fuel consumption, traffic intersections are naturally designed to minimize delays and
as a result vehicle idling time, and the samelias to minimizing delays when performing road
maintenance. All of these factors are the responsibility of regional transportation authorities, so
solutions that minimize their energy or carbon footpiimta major way are highly sought after

solutions.

One way that many jurisdictions have startexdking their transportation corridors more
sustainable is by incorporating renewaldeergy projects into their territory.While using
transportation corridors fartility purposes other than transportationas & novel ideathe interest in
incorporating renewable energy projects has only been building slowly over the last few decades.
Most of the longer term projects exist in Europe, where they have construietethdway tunnels in
Belgium(Enfiinty, 2011) solar lighway tunnels in Italyand solar highway tunnedsid noise barriers
in Germany (US DoT, 2012) Recently in the United States, many state Departments of
Transportation havénvestigated the benefits of adding solar panels and wirldnes and using
highway lands to grow ops for conversion to biofue(®/S DoT, 2012) These projects demonstrate
the interoperability of the rigkaf-way with renewable energy projects, though they for the most part

ignore that roads have the capability to be a multifunctional element of our infrastructure.

1.1 Solar Road Panels

In Canada there amver 400,00&km of twolane equivalent paved roafiBransport Canada, 2008)
which accounts for 2,888quare km of paved surface aréa. shown inFigurel1-1, the average daily
solar energy available on flat mounted surfaces across Canadavid/2 (3.3-kWh/n¥) (NRC,
2012) As a resulthe average day se@$-TWh of solar energy incident on paved Canadian roads,
which is 5.6 times higher than the current daily average electricity generation in Can&faTaiVh.
(Statistics Canada, 201&ven if you could only convertBE0% ofthis energy into electricitdue to
efficiency losses irsolar energyconversionsystems it is clear that the amount of solar energy
available on Canadian paved infrastructure is far from insignificant and is a resourosottesn

pavement design shousdtempt tautilize.
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Figure 1-1: Mean daily solar insolation across CanadéNRC, 2012)

A few different methods have been researched to attempt to generate electricity from this
resource. The first was done by turning traditional asphalt pavements into solar thermal collectors
(Bijsterveld, 2001) While this was a logical choice due to the known heat retention of asphalt
pavemerg, maintenance of such structures is very challenging as the piping that runs through the
asphalt disrupts traditional maintenance approaches. More current research is being done on using
thermoelectric generators to directly extract electricity from tleenbal gradient in asphalt pavement
structure§G. Wu & Yu, 2012) though this research is still isiinfancy and has very low conversion
efficiency. The most promising technology in this field also happens to be thenmogative and is
the only one to completely disradatraditional paving practiceshe development of solar road

panels.

Solar road panels are a new technology being designedrte as the top layaf pavement
infrastructure. The key benefit fromishapproach is that it is a modular structure which incorporates
photovoltaic cells which directly convert the incident solar energy into electricity. This electricity
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could have a number of uses, such as powering street lights, charging electric vehbdésy sold
to local distribution companies. While the greatest influence of these panels would come from
replacing highway pavements, many lower speed and volume applications are currently being

considered as ideal locations fostallation ofthese pnels(Northmore & Tighe, 2012a)

The panels are a three layer composite structure that consists of transparent, optical, and base
layers as shown ifrigure 1-2 (Northmore & Tighe, 2012a)The transparent layer handles direct
interaction with vehicles and allows solar radiation to pass through to the optical layer. The optical
layer transérs the load on the transparent layer to the base layer by directing it around the embedded
solar cells within the structural cutouts. Lastly the base layer transfers load toutttaret base
beneath the pan@\orthmore & Tighe, 2012b)

PV Cell Compartments

4 <—Transparent Layer

' g <—Optical Layer}

Structural

<—Base Layer Layers

Figure 1-2: Exploded view of a conceptual solar road pan€Northmore & Tighe, 2012a)

Overall the research on solar road panels is al#s infancy. There are only two organizations
working towards the development of these partetdar Roadways in the United States and TNO in
the NetherlandsThe prototypes being developed by these groups are being degiiindelss focus
on optimizing he design of a composite pavement structoract as a solar road module in a variety
of structural scenarioand neither considers how to mitigate the issues of salting and freeze thaw

effects experienced during a typical Canadian winter.

1.2 Research Scope and Hypothesis

The scope of thisesearchwas to define the design of a solar road panel that would be able to
withstand the structural and environmental loads placed on it under use in a Canadian environment.
Figure1-3 shows a flow chart of the research activities completed as part of the scope of this project.

The hypothesis for this research is as follows:
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Figure 1-3: Researchmethodology

A specially designed modular panel candomstructed to withstand the structural
and environmental loads on Canadian pavement strucwinds simultaneously

generating electricity through embedded photovoltaic cells.

This researe involved the design, construction, and testing of solar road panel prototypes in a
laboratory environment at the Ceafor Pavement and Transportation Technology (CPATT) at the

University of Waterloo.Additional testing work was performed through tBé&vil Engineering

5



Structures Labratory, the Solar Thermal Research Laborajfoand the Mechanical Materials

Laboratoryat the University of Waterloo.

Laboratory testing of the solar road panel prototypes was datedomine the physical response
of the pael to loading and teeplicatethe stresses @anadiarenvironmental conditions. This work
was accomplished to properly assess the surface, structural, and optical characteristics of solar road

panels and candidate transparent layer materials.

1.3 Research O bjectives

The main objective of this research was to determine how a solar road panel could be constructed.
The two maincriteria considered were structural and environmeptformance othe panels and

associatednaterials. Thepecificobjectives of tis researclincluded

1. Determination of the design requirements and material selection required for the optimal
solar road panel for use in Canadian conditions.

2. Design a prototype solar road panel to be used for laboratory testing and as a platform for

future related research.

1.4 Research Contribution

It is expected thatheresearcHindingswill provide a basi$or solar road panalesign for usaga a
Canadian environment. This will be largely focused onpdgormance of the materials within the
panel butalso provide design inputs fathe structural base material options and electrical system

design.

Another contribution of this researdéhvolves guidance othe structural performance of non
traditional pavement materials as a form of subgrade or pavement reinforcement. Traditional work in
this field hasexaminedhese materials as shaoerm reinforcement for poor subgrade seikposed to
heavy vehicle trdic while this researclexamineshow these materials could perfower the long
term on strong subgradesan typicalpaved bases faity or municipaltraffic loads The work done
heren is also more focused on finite element modeling of thesermgsthile previous work was

completed primarily througtaboratoryexperiments

The third major contribution of this work is in determining the performance of transparent
materials as they are subjected to scaling and fieme cycling. This research is noval that it

assesses structural, textural, and optical properties of the materials as they are conditioned
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combination that is seldom investigat&tential applications of this work include material selection
for automotive applications, road lightimgfrastructure, and building systeragposed to salt based

corrosion

1.5 Organization of Thesis

This thesis consists of sthapters. A brief description of each chapter is included below.

Chapter One: An introduction to solar road panels and the sbhgpethesis, and objectives for the

entire thesis.

Chapter Two: An analysis of existing literature on design aspects for pavement and conventional
solar modules and how the two topics converge towards designing solar road panels. This section also

defines he gaps in existing knowledgegardingsolar road panel design.

Chapter Three: The detailed design and construction processes for developing the prototype solar
road panel used in testing throughout the rest of this thesis. Also included is a sectssons |
learned through design and construction for the use of future researchers on this topic.

Chapter Four: Development of the testing mechanisms for solar road panel prototypes and materials.
This section discusses the structural and environmentahgestinditions that were developed to
execute this research. Emphasis is placed on the development of the standards for both forms of

testing and the design and construction of the fixture used for structural testing.

ChapterfFive: Structural testing of thsolar road panel prototype and numerical analysis of solar road
panel designs on simulated structured bases. This section analyses the structural feasibility of solar
road panels and draws conclusions about material selection, solar road panel designremdred

base for panel installation.

ChapterSix: Environmental testing of transparent materidlis section draws initial conclusions on
the applicability of various polymer and glass materials as a transparent layer material for solar road
panelsinstalled in a Canadian climate with typical winter road maintenance pradtliesvas done

through analysis dheir mechanical, optical, and surface properties

ChapterSeven The conclusions drawn throughout the thesis are summarized in this chagter
compiled to define the overall structural feasibility of solar road panels. Recommendations for further

research in the field of solar road panels are also presented.



Chapter 2

Design EIl ement s

In order to develop an understanding of the requirements ohrarsald panel and the justification for

this research, a thorough review of pavement and solar module design elements is rEtjaivat.
highlight the contrast between the designs of the two structures and identify the justification for
thorough reseah on the design of a combined structure.

2.1 Pavement Design Elements

This section of the literature review will identify the materials and processes used in the design of
traditional pavements, the n@onventional materials and techniques used in novetesnforcement

and flooring applications that are relevant to this research, the structural testing techniques used to
validate pavement and composite panel structures, and how numerical analysis is incorporated into

pavement design practices.

2.1.1 Traditional Pavement Design

Traditional pavement design is categorized by the type ofriaatesed in the structurdlexible or

rigid. Flexible pavements are those that use asphalt cement binder combined with aggregate materials.
Rigid pavementare made from a cormation of gravel and crushed stone particles bonded by a
Portland cement and water mixture. While there are many variations of these types of pavements, the

design considerations are simil@AC, 2012)

The main factors tan into pavement design are the desired design life, traffic loading,
environmental conditions, subgrade soil, drainage, performance of local similar pavements, and
locational constraint§TAC, 2012) Typical pavement desiglives for Ontario, marking the point
where the pavement structure needs rehabilitation due to inadequate perfoaremetgyeen 10 and
20 years for highways depending the pavement materials ugddr O, 1990) The factorswith the
highest impact on the deterioration of a pavement structure are traffic loading and environmental

conditions, as these define the stresses applied to the structure that need to be supported.

Traffic loading is measured iwo ways to account fohe varying vehicle types that are expected
to travel on the pavement structufdne first measure for this the annual averag#aily traffic with
the given percentage of that traffic that is truckeBhis method has demonstrated correlations to

pavement prformance through older design methods, however newer methodologies require the
8



number of equivalent single axle IG(@&ASLS) that will travel over thayiven section(MTO, 1990)
This method converts each individual vehiitieo a number of EALs, which each represent an 80
kN axle loadwith dual tires through a load equivalency factEF) that approximately follows a

fourth power law based on vehicle weighhis equivalency is demonstratedrigure 2-1 for single,
tandem, and tridem axled vehiclas described by the American Association of State Highway and

Transportation Officials (AASHTO)
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Figure 2-1: LEF relation to axle group load of AASHTO standard trucks (MTO, 1990)

The environmental conditions that have the greatest impact on pavement degradation
temperature and moisture. In Ontati® range of temperatures during the year causes a variety of
issues, as low temperatures in the winter cause the ground to freeze and heave while high
temperatures during the summer weaken asphalt structures allowing rutting and other failures.
Moisture dso causes issues because of its ability to infiltrate pavement structures and theanfleeze
thaw cyclically through the wintesr wear away theurfacepavement materialn designing roads

this is taken into consideration by accounting for the expdobstl penetration depth for the region.
A map showing the frost penetration design standards for Southern Ontario is sheigaré®-2

(MTO, 1990)
Another important design factor for pavement engineers is the surface texture of their structure.

In order for vehicles to safely traverse the structure, the surface must provide ample traction for tires
to grip. With asphalt pavements there is no extrakweeeded to achieve this, though concrete
structures require additional texturing once they have been laid. This is typically achieved through

dragging a rough material across the surface while the material is curing or mechanically applying a
9



texture afer the concrete has hardened. The surface texture is impacted in the short term by weather
conditions and the long term by vehicle traffic. Water and ice accumulation on pavement can make
the surface too slippery to traverse if drainage is inadequates wdilicle traffic will wears the

surface down and requires maintenance to restore the t€kA@e 2012)

Southern Ontario

Proposed design depths
Sealo for frost penetration
20 0 20 4060 80 beneath paved highways
(in metres)

Figure 2-2: Design depths for frost penetration in Southern OntarigMTO, 1990)

2.1.2 Non-Conventional Pavement and Flooring Materials

In addition to the conventional asphalt and concrete materials, a number of special applications
require different materials to be used@sforcement for soft agrades or as structural surfacése
most common of these are mats used to reinforce existing soils for military opersgiecislized

materials used in bridge decks, and transparent materials used in architectural. flooring

2.1.2.1 Landing and Road Mats

The US Department of Defense has funded extensive research intivaddional road materials

since the late 1930s. The focus of this work is designing mats that can be rapidly deployed as roads
and landing surfaces in various environments to better suppdagryoperations. This research was
deemed necessary in light of the operating conditions found during World War 1l, and has been an

important part of American militargperations globally ever sin¢Robinson, 2005)

Between the two, landing mats have a more stringent set of design requirements. This is largely

due to thehigherloadings that these ma#se subjected tadhe extreme weight of military transport
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aircraftandthe high temperature jet exhaust fromhfier aircraft. Another important design factor is

that these panels must be light weight, sa thay can be rapidly deployed. To accomplish this, the

US Air Force Research Laboratory has set out guidelines that the next generation of landing mats
shouldweigh approximatelyl4-kg/n?, handle all aircraft loadings when installed on poor subgrades,
provide adequate performance at a large range of operating temperatures, withstand all shear stresses
from aircraft braking, and have an adequate anchorisggispo firmly mount the panelg§~oster &
Anderson, 2003)

The most widely usedarly landing matsverethe British Class 60 Trackway, Al (Rollings,
1975) and XM19 landing mat@JS DoD, 1987) All of these mats are constructed from aluminum
alloys, which have the benefit of a very high strength to weight ratio, and are typically able to
withstand 1,000 aircraft movements when placed on subgreétiesa strength from 1.3 to 8.0 CBR
(Ulery & Wolf, 1971) Given the rapid pace of military operations this represents a short service life,
which then accentuates that the extruded aluminum mats are very expemsiveompared to other
strong materialsModern advancements in material technologies have led multiple companies to
develop their own landing mat systems, though all are still based on high strength extrudable alloys.

An example of one such system is shawFigure2-3.

Figure 2-3: Faun Trackway aircraft landing mat system (FAUN, 2012)

Road mats are designed for a much lower strength operation than landing mats are, so many of
the materials used in them are lower strength as well. Naturally aluminum and other metal alloys still
provide strong performance in this application, but the |deeding from vehicles allows other less
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expensive materials to be considered. The typical application of these riasrégnforcement of

poor quality subgrades for the transport of military vehicles, and the mat structures are typically
fiberglass reiforced polymer (FRP) hexagonal mats, plastic hexagonal matsnalmnmeshes, and
plastic meshegWebster & Tingle, 1998)An example of one such system being installed can be

found inFigure2-4.

Figure 2-4: Faun Trackway heavy ground mobility system installation(FAUN, 2012)

The testing performed on road mats is largely done on the lowest strength subgrades that the
materials would be required to reinforce. Testing of road mats installed over sand and driven on by a
4,536kg [5-ton] military truck showed that the plastic mesfats are prone to extreme rutting,
developing84-mm [3.3-in] ruts within 20 vehicle movements. Under the same conditions the plastic
hexagonal, FRP, and aluminum hexagonal mats developed ridfsnoin [2.8in], 46-mm [1.8-in],
and28-mm[1.1-in] after 5,0@ vehicle movements, demonstrating that these materials arennaneh
suited to the applicatiofWebster & Tingle, 1998)

An additional study found that the design of the road mat structure was very important to the
performance of the panel. This was done again on a sand subgrade with a fully loadseksixuck
supplying the testing load. The majority of the designs uBigg-density polyethylene (HDPE) as
the structural material experienced extensive rutting and structural damage over 2,000 vehicle
movements, though one panel using this same HDPE material only experienced minor delamination

in the samarials. This studyalso demonstrated that multiply FRP and aluminum structures provide
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adequate performance on poor subgrades, though at a higher castigimdhan the HDPE solutions
(Rushing & Tingle, 2009)

2.1.2.2 Bridge Decks

One of he most common applications foontraditional materials in pavement infrastructure is
in the design of bridge decks. While highway bridges are traditionally constructed from concrete with
extensive steel reinforcement and supparnany other applicatiansee bridges designed from other

materials due to eithapecialload cases, modular construction requirements, or cost considerations.

One of the longest standing substitutes to concrete bridge deck construction is steel plate bridge
decks. Being an exfient structural material, steel shows great performance in terms of loading
capacity and stiffness when used in bridge deck applications. Examples of this type of bridge decking
include the George Washington Bridgthe Lions Gate Bridge; and the Gold&ate Bridge, as
shown inFigure2-5 (ASCE, 2013)

Figure 2-5: Golden Gate Bridge- Steel deckbridge

Various high strength aluminum alloys have also been used as bridge deck materials, though
predominantly in pedestrian, portable, or expedient repair applications due to being a lower strength
and higher cost material than more tradiéibalternatives. When expedient construction or bridge
weight concerns are important, extruded aluminum has proven to be a suitable alternative from a
strength and durability perspective. An example of an aluminum deck vehicle bridge can be found in
Figure2-6 (Walbridge & de la Chevrotiere, 2012)
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Recent research demonstrates that extruded and pulltruded FRP panels areiticglegds
withstand vehicle loading as an open supported bridge deck. Work completed at the University of
Kentucky demonstrated that when loading FRP composite bridge deck panels as per AASHTO MS
22.5 (HS25) specified wheel loading, the typical safetjofaggainst failure was between 3 and 8 for
a variety of commercially available products. The main failure modes from this testing were
debonding and flexure shear of the specinf@&tegusundaramoorthy, Haril& Choo, 2006)

Figure 2-6: Aluminum deck bridge (Walbridge & de la Chevrotiere, 2012)

2.1.2.3 Architectural Flooring

Since this research also focuses on the need for transparent materials in transportation

infrastructure, an important area of studgiishitecturablass flooring.

Typically, glass flooring is used in indoor environmentsaaprominent desigifeature. Mag
cases have seen installations in walkways, bridges, staircases, and cantilevered floor sections. The
most notable of these are often in observation decks, such as the one in the CN Tower in Toronto
(Torontoist, 2013)or on scenic walkways, like the one that loops over a section of the Grand Canyon
in Arizona(Grand Canyon National Park, 201Bpth of these are shown kigure2-7.

One of themain concerns in the design of glass floors is ensuring for a large safety factor in the
design. A fear of heights is common, which can make walking over a glass surface a very nerve
wracking experience. To design these sections so that they are sajb éarqueople to walk on, the
standard practice is to make the glass walking surface aghreeglass structu(@lsop & Saunders,
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1999) The three panes are laminated together using a tygisial and the glass is thick enough so
that if any one of the three panes were to break the other two would be able to support the design

load. This structure is demonstratedrigure2-8.

Figure 2-7: Glass Floors at the CN Tower (left) and Grand Canyon (right)

Figure 2-8: Typical glass floor panel structure(ISG, 2013)

The main reason why the majority of these installations are indoors is because thelagsber
friction coefficient drops substantially when the surface is wet. Even at outdoor installations, people
are typically not kowed to walk over the surface during inclement weather due to this reduced
friction. This can beccommodatefbr by adding a texture to the surface, however this also reduces

the transparency of the floor and reduces some of the architectural mieeitirmstallation.
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2.1.3 Structural Testing of Pavement

A wide variety of approaches are used to determine the strucapatityof pavemerg Of most
importance to this research is how controlled tests are performed on structural pavement sections in a

laboratoy or research environment.

The objective of structural testing is to determine how a structure will perform under various
loading conditions that best emulate thal loading case for the structure. In terms of pavements, the
most ideal test scenario @lis vehicles to drive over a test section that has been instrumented to
measure the strain caused within the structdneis is typically accomplished through two
approaches, instrumenting new pavement sections of existing road infrastructure and tmnstruct
dedicated pavement test trackBnth types of facilities allow researchers to better understand how
specific pavement materials perform in the environment of the site; the key advantage to instrumented
roads being that the site is often a better raplicof t hat regiondés conditions
test track has the advantage of a nmmetrolledload scenario thaopenroads have. Due to the cost
of the infrastructure required for both, these are often only implemented when determining how a
new-to-the-region pavement structure will perfordn exampleof and instrumented road sectioan
be found inFigure2-9.

Conventional Perpetual Pavement Perpetual Pavement
Pavemenl Section Section (Without RBEM) Section (With REM)
AR .. “anmnn- .‘. sanEEEE- .0 Lane 1
East Bound Lane 2
- LRI S CIC I I I RS LRI I I IS Lane 3
West Bound
| AsphaltStrain Gauge
® Earth Pressure Cell
* Moisture Probe
"\ ThemnistorString

Figure 2-9: Highway 401 test section instrumentation schemati@Il-Hakim, 2009)

Full pavement structure testing has also been completed in lab environments using confined
pavement structures atnauch smaller scale than test tracs shown irFigure 2-10. The concept

being that when a load is applied to a pavement stryatunig a portionof the total baseand
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subgradamaterials are deformetf.a confined specimen is able to contain enough material so that the
deformation only occurs within a section of the contained material then real world results can be
emulated in a lab. This is most commonly done & dhalysis of geosynthetic reinforcing layers
flexible pavements. Typical configurations involve the design of a large steel or concrete box that
containsbetween 0.25 and 4.5 cubic mest of pavement structural materials depending on the
designed testig regime(Tingle & Jersey, 2005)Loads are typically applied through hydraulic
actuators at low frequency in order to simulate vehicle tréffiogle & Jersey, 2005)argerscale
versions of this testing have been done in concrete pits, which would also allow for vehicles to drive
over the test installatiofPokharel et al., 2011Yhe main disadvantages of this testing approach are
thecost of developing such a setaipd the limited size of the test specimens.

e .

1.50 m

2m

Figure 2-10: Schematic diagram of confined pavement test apparaty®erkins, 1999)

In lieu of being able to do testing of full pavement structures, the normal method for structurally
testing pavement materials is test samples of individual materials to measure comparative
properties. These tests often allow for samples to be testedema wide variety of simulated
conditions in a controlled laboratory environment. Quite often the performance characteristics
determined from these tests can be used as an input foan&tah pavement design systemsiile
the lab results do not dirdgtimply performance in the fie|ccorrelations have been developed that
make these results valuabl@hese tests can include dynamic modulus, fatigue beam, and moisture
susceptibility tests for asphalt samplesmpressive strength, flexural strengthd auirability testing
for concretesamples and soundness, absorption, abrasion, and gradation testing for aggregate

samples.
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2.1.4 Numerical Analysis in Pavement Design

While the majority of pavement designascomplishedhrough empirical and mechanistic relations,
specialized applications occasionally make use of finite element analysis (FEA) to determine the
strain development that is expected within the pavement and subgrade materials for a given site.
There are a nundp of reasons for why FEA is not widely used including the variability of pavement
and soil material properties, the expense of viscoelastic material modeling, the variability introduced
through constructing the site, and the ability to adequately mddehsment design factors within

FEA software.As a result of this, FEA tends to be used in niche applications of pavement.desig
Often this can be helpful dealing with difficult or unknown conditions or when trying to develop a

better mechanistic undgtanding of the failure mechanisms of a pavement structure.

Some of these cases though do provide validated, simplified models for the use in approximating
pavement structural performance. The first major assumption is that the materials behavehenly in t
elastic regime, which is a valid assumption for determining a static response from pavement loading
but does not account for dynamic effecifiese models also often assume homogenous material
properties within a given layer, which assumes a lot oflideastruction practices and material
specificationsA sampling of these models hlasen summarized below Trable2-1.

Additionally, work has been completed previously at CPATT on the FE modeling of steel
reinforcing plates for weak subgrades. This work, using the ABAQUS software package, assessed
various tlicknesses of steel plate reinforcement for a sliding scale of effective subgrade modulus and
soil bearing capacity. The output of this work demonstrated the type of steel reinforcement required
for various base conditions and, most importantly for thisaeh, demonstrated the applicability of
the ABAQUS software package to pavement structure FE an@ii§als 2012)

2.2 Solar Module Design Elements

This section of the literature review will identify the basics of phdtai®(PV) energy conversion
and the requirements that this places on solar module design. Thefdtaart in solar module

design will also be assessed as well as the infrastructure requirements for PV solar arrays.

2.2.1 Photovoltaic Energy Conversion

The basic element of a PV solar module is the solar cell used to capture the incident photons and
generate an electric current. There are a variety of technologies that accomplish this task, from thin

film devices through crystalline solar cells, however sgiogle crystalline silicon PV cells currently
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offer the best conversion efficiency for mass marketed @aligue & Hegedus, 2003hese will be

the focus of the design of the solar road panel ¢

Table 2-1: Simplified FE models of pavement structures

Author Title and Source Structural Material Properties
Design
Caliendo StressPrediction Model for Airport 300-mm PCC E = 38,200MPa
and Pavements with Jointed Concrete Slabs v=0.15
Parisi (Caliendo & Parisi, 2010) 2,500mm E = 50MPa to 206MPa
subgrade v=0.35
Choet. Considerations on FinitElement Method 105mm HMA E =2,413MPa
al. Application in Pavement Structuri v=0.35
Analysis 205mm PCC E =27,5790MPa
(Cho, McCullough, & Weissmann, 1996) v=0.35
Infinite base E = 103MPa
v=0.35
Greene Impact of WideBase Single Tires ol 130mm HMA E = 4,806MPa
et. al. Pavement Damage v=0.35
(Greene, Toros, Kim, Byron, & Chouban 270-mm E = 550MPa
2010) limerock v =0.40
915mm E = 13tMPa
subgrade v =0.45
Xia A Finite Element Model for 125mm HMA E = 3,006MPa
Tire/Pavement InteractiomApplication to v =0.40
Predicting Pavement Damage 300-mm E = 167ZMPa
(Xia, 2010) limerock v =0.30
2,575mm E = 34MPa
subgrade v =0.45

Single crystalline silicon solar cells are thin wafers of a single crystalline silicon ingot that have
been cut to a prescribed size ashoped on the top and bottom of the cell to promote electron
transmission across the wafer. The top of the cell is edoped with a negative charge while the
bottom of the cell is lightly doped with a positive charge. When photons enter the cell they travel until
their energy displaces an electron, which then diffuses to the negatively charged top of the cell while
theresulting hole drifts to the base. This release generates the electrical potential across the cell while
repeated incident photons generate the electron flow between the layers. When the cells are linked
together in a circuit, the electron flow passes freetl to cell and by combining enough cells this

generates usable powgruque & Hegedus, 2003; Neamen, 2003)

Typical solar cells used in utility grade solar modules have a high individuentwapacity but

small voltage potential. To accommodate this, solar cells within a module are linked together in series
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to allow the voltage to build while keeping the current consgpending on the size of the module
there can be multiple strings sdries solar cells linked in parallel to achieve the desired power output
characteristics. In typical module fabrication there are 72 cells combined in two parallel strings of 36
(Luque & Hegedus, 2003)

The energyonversion potential within the solar cell is highly dependent on the materials used to
make the cell. Each material type has a specific bandgap potential that can be achieved, and this is the
potential that must be exceeded by an indigiioton to releasan electroiNeamen, 2003Without
achieving this minimum requirement no energy generation can occur and alpohtieet on 6 s ener gy
lost as heat. Similarly, any excess energy from the photon that is notoussease an electron will
be lost as heat within the solar célbr a silicon solar cell, this bandgap energy requirement is 1.1
eV; a level of energy that exists in the upper infrared region of radiation allowing the solar cells to
generate currentdm that point, through the optical spectrum, and onwards though with additional
thermal lossef_uque & Hegedus, 20023)

2.2.2 Solar Module Design Requirements

There are a number of design requirements for solar modules due to the variety of stresses that can be
placed on them during operation. The main stresses on traditional solar modules are thermal cycling,
mechanical loading from environmental factors amainting systems, ultraviol¢UV) radiation, and

humidity and other atmospheric factdPerretAebi, Li, Chapuis, & Heinstein, 2011)

Thermal cycling is a large issue in the design of solar modules for a nufimeassons. First it is
important to ensure that the module will withstand the thermal expanding and contracting that the
materials will endure over the course of a y@akeland & Phule, 2006Y his is especially imprtant
as the crystalline solar cells used within the modules are very brittle and cannotatadgeelateral
tensile stresfLuque & Hegedus, 2003)Another issue with thermal performance is that photovoltaic
solar @lls lose efficiency as their temperatimereases on the order of 0.5% per degree centigrade
(Skoplaki & Palyvos, 2009)This is because temperature impacts how the semiconducting cell works;
it increases the deveaded short circuit current due to a decrease in the bandgap but also lowers the
open circuit voltagedue to variation in the intrinsic carrier concentratipdeamen, 2003)lt is
therefore important to make carkfoaterial selections when designing a solar module to account for

thermal expansion and the quick removal of the excess thermalization losses from the PV conversion.
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Mechanical loading plays an important role in the design of solar modules. The majority o
typical solar modules are installed on a stationary or $@aking structural harness to allow for
optimum exposure of the panels to solar beam radiation. The nature of these harnesses leaves the
solar modules exposed on the top and bottom sidesrtd and snow loading, depending on the
climate they are installed in. Normal condition loading, including from environmental factors, is not
an issue for most solar modules however impact or othetvansient loading can create issues that
cause prematuréilure in the solar module§Chung, Chang, & Liu, 2008)These need to be
accounted for in the design by ensuring that the panel is sufficiently rigid to accept loads from hail,
bird collisions, and like loadings apaately.

UV radiation poses a challenge to the material selection for solar modules. While most materials
are sufficiently protected for short term exterior use, solar modules are designed for an exterior use
lifetime in excess of twenty years. Combinestiith that the solar module must be oriented towards
incoming solar radiation to be effective and this results in a lot of exposure to UV radiation sources.
The materials used in solar modules must be appropriately selected so that they do not deggade du

these operational conditiofidolley Jr, Agro, Galica, & Yorgensen, 1996)

Humidity and atmospheric conditions pose another large design challenge for solar module
designers. Due to the electronics encased nvitie module there must be ample weatherproofing to
make sure that moisture does not get into it and degrade the system. The same sort of degradation can
come from particulate matter in the air etching the glass surface, or wearing away at the housing.
Depending on the mounting strategy used, moisture infiltration can also come from direct contact
below the panel. This is especially the case for ground or roof mounted Timitefore proper
materials should be chosen so that there will not be excessigtumoseeping through the panel,
weatherproofing completed for the same effect, and that there will be effective resistance against
other atmospheric particulate matt@dorgensen et al., 2006)

2.2.3 Solar Module Design

Crystalline silicon solar modules are typically made by compiling five layers of material together and
melting the middle plastic layers to laminate the composite panel together. The layers that make up
this composite structure, as shownHigure 2-11, are glass, two layers of ethylene vinyl acetate
(EVA) encapsulant layers, PV cells and their interconnections, and a Tedlar bacKstiset.
arrangement causes each component of the panplayoa very important role in the overall

performance of the solar modyEl Amrani, Mahrane, Moussa, & Boukennous, 2007)
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Figure 2-11: Crystalline silicon module dructure (El Amrani et al., 2007)

2.2.3.1 Glass Layer

Starting with the top layer, the glass is extremely important as it must allow for free passage of
solar radiation as well as providing the majority of structural suppdhe pane{Lugue & Hegedus,
2003) Typically PV modules are made with sddae-silica glass with low iron content as it has
excellent transmittance, coatability, weather resisting, and UV resisting progeegigsener, Helsch,
Moiseev, & Bornhdft, 2009)

Onecommonfeature ofhigh-performancesolar glass is that a texture is applied to the surface in
order to improve overall performance. This texture is specially desigrneabttight within the glass
and minimize incident light reflection from the glass surface. These properties are both important as
they help improve the overall efficiency of the solar module; any light that is not being used in the
conversion process isonuseful to the solar module. The texture is specifically designed with the
geometry of the panel in mind as once light has entered the glass the main points of reflection are
from the interface with the EVA resin and beyond that the interface betwe&VYteesin and the
solar cells. Through knowing these it is possible to texture the glass in such a way that internal
reflection of light is maximized, with a particular interest on the wavelengths of light that are closest

to the bandgap of the solar celieing use@eubener et al., 2009)

The glass texturing can be done with a number of performance objectives in mind. While a lot of
research focuses primarily on the light entrapment, surface texturing can also increase the overall

efficiency of a panel throughout the day and concentraiatiad to the useful portions of the solar
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cell. Through applying structured textures, it is possible to improve the performance of solar glass to
light that approaches the panel at a large incident angle. In one case it was found that a 35% to 55%
efficiency improvement was found through applyadriangular or sinusoidal surface texture to the
glass when light was at an incident angle ¢f@®0the normal of the surface. This greatly impacts one
of the challenges in solar module design, which is thato#et performance is achieved with an
incident angle near zero and that performance tapers on either side of this mark. While this would be
of little use for solar modul es that track the
installations e stationary and this technology would have a great positive impact on their
performancgSanchedllescas et al., 2008)

While the majority of surface area ansolar module is exposed to the PV solar cell, there are a
few areas that are not; gaps between the cells and tHeabsiand fingers on the solar cell. Any light
that is incident on these areas is not used to excite electrons, so focusing light awtnef® areas
and onto the main semiconducting cell has efficiency benefits. It has been demonstrated that by
specifically texturing the glass above these areas that the shadow losses in a solar module can be
reduced by 50%though due to the constraint§ @y tracing this is a benefit that can only be

achieved through modules that have full or partial solar traddaggamin & Sammaraee, 2010)

While the texture of the glass has an impact on the reflectivenedse ahadule, another
important factor is that an asreflective coating is often applied to the surface of the glass exposed to
the atmosphere. These coatings are typically layers of @iQisN,4 which are thinly deposited onto
the glass surface and proéus refractive index gradient at the coatijlgss transition that maximizes
transmission. Through most manufacturers this form of textured, coated glass is referred to as solar
glass, as these specific properties are mostly covetashly solar panehpplications(Deubener et
al., 2009)

As noted earlierthe glasss an importantlement from a structural perspectiVéith the EVA
and Tedlar being comparably flexible materials to glass and a minimal aluminum frame with respect
to the size of the panel, the glass is required to impart its rigidity to the rest of the panel. With the
environmental loads that solar modutge expected to endure this is not much of an issue, as glass is
a very strong and rigid material to low pressure loading, impact loads can be very detrimental to the
performance of solar modules. Most consumer solar modulesasaleredvith relativelythin glass,
though aftermarket or hobbyist panels are made with thicker layers to provide greater strength though
at a higher cogLugue & Hegedus, 2003)
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2.2.3.2 Encapsulating Layers

The majority of solar modules use an EVAngmund as the laminating material. This layer
performs a number of tasks for the solar module including protecting the electronics in the module
from moisture, blocking UV radiation from the cells and backsheet, buffering the solar cells from
loads placd on the glass or backsheet, and adhering the structure togettlAenrani et al., 2007)In
mass produced modules, this layer is installed as two plastic layers, one on either side of the solar
cells, so that wherhe module is put through lamination the EVA melts and forms around the cells
and adheres the panel togetlienque & Hegedus, 2003)n hobbyist projects this can also be
completed using a poured resin, as laminatinglar snodule without the proper equipment can be

challenging.

The laminating material muatsomeet a number of specifications, including minimum standards
of electrical, optical, mechanical, and chemical performgdhesge, Luo, Polo, & Zahnd, 2011)
Equally important to this arthe reliability and cost performance of the laminate through the entire
assembly process of the solar modifAgro & Tucker, 2004) The specific materiachoice is made
by the manufacturer and can vary depending on the specific properties that they are looking for; this
can include benchmarks on curing time, moisture transport properties, and overall assembly
procedure.Other materials often used as laates are silicone, polyvinyl butyral, thermoplastic
polyurethane, and ionomékgro & Tucker, 2004; Rose, Jester, & Bunea, 2008)

2.2.3.3 Solar Cell Interconnections

The cell interconnections are the next majomponent of solar modules. These components
provide the link between each of the cells in order to create the strings of solar cells that generate
electricity as required through the panel. As a resuis very important that these elements be
proteced and selected so that failure risk is minimiZBide interconnection is essentially a conductor
that is soldered onto the top busbar of one solar cell and the bottom bus bar of the adjacent cell to
complete a circuit between them. Most materials usethémterconnection strips and the solder are
lead based, though switching to a ldegk solder is a major research focus as this would make solar
module recycling an easier and more environmentally friendly process. The major design challenge
with interconnections is ensuring that there are not significant power losses across the strings of solar
cells within the module, as this has been shown to have a large impact when studied in practical
applicationgHsieh, Lin, &Yu, 2011)
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2.2.3.4 Backsheet Layer

The last component in a solar module is the Tedlar backsheet layer. This layer is responsible for
further protecting the solar cells, particularly from any conditions applied to the back side of the
panel, as well as ensurinige stability of the whole module. Tedlar is one of the leading materials
used as a backsheet, though other options such as ethylene propylene diene monomers have been
considered for use as new combinations of materials can help streamline the asseoddy py
eliminating need for the second EVA lay@&empe & Thapa, 2008)Typical properties desired in a
backsheet are high UV resistance and minimal moisture transport as this layer is directly exposed to
the envirmment and must maintain protection for the EVA and electronics |ége¥smrani et al.,

2007)

2.3 Solar Road Panel Systems

With a strong background in the areas of tradlitional pavement design and solar modulegtesi
established, the next step is to understand the currenp$tdtepractice on solar road panel design
and identify the existing knowledge gaps that need filling in order to meet the objectives of this

thesis.

2.3.1 State-of-the-Practice

As identified in Setion 1.1 there are two organizations working on thevelopment of solar road
panels:Solar Roadways and TNO.

2.3.1.1 Solar Roadways

Solar Roadways is a company locateddaho, U.S. and is developing a solar road panel that
could potentially be used in highway applications. Work on developing their prototype panel began in
2009 and was sponsored by the U.S. Federal Highway Administration (FHWA). After they had
developedheir prototype they received a further grant from the FHWA to develop more prototypes
and instal/l them in their companyds parking | ot
for the Spring of 2018Sola Roadways, 2013)

The panel Solar Roadways has develojged 3.66m [12-ft] square panel andonsists of a
transparent surface layer made from textured glass, an electronics layer that houses circuit boards
supplying the electrical links between thelas cells and other systems, and packaging which

weatherproofs the panel. In addition to simply having solar cells strung together in this system, the
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Solar Roadways prototype includes LED lighting built into the cell compartments to provide
messaging anthne markings from the road surface. It also includes resistance heaters to deal with
any potential snow or ice issues that may develop on the surface during winter operation. An image of

the first prototype from Solar Roadways can be fourfeignre2-12 (Solar Roadways, 2013)

Figure 2-12: Solar Roadways prototype solar road pang{Solar Roadways, 2013)

2.3.1.2 TNO

TNO, the Netherlands Organization for Applied Scientific Research, is based in Delft and is a
knowledge organization used by local companies and government agencies to develop innovative
technologies to solve technical challenges in the Netherlands amédab®olar road panel
devel opment is only a smal/l part of this organi ze
partnered with Ooms Avenhon Groep, a civil infrastructure engineering group, and Imtech, an
electrical and mechanical engineering adtisg group, to develop solar road panels within the
context of the Dutch environmefitNO, 2013)

The first design of TNOOGs SolaRoad concept i S
infrastructure that the Netherlandashan abundance of. The panels they are building anm by
2.5-m and consist of a glass surface layer, crystalline silicon solar cells, and a concrete block housing.
The trail installation in NortiHolland was expected to be installed in the summeDa2 2but to date
this installation has not been completed. An image of a SolaRoad prototype is fdtigdre?2-13
(TNO, 2013)
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Figure 2-13: TNO SolaRoad prototype panelOoms, 2013)

2.3.2 Knowledge Gaps

While there are a large number of knowledge gaps in the realm of solar road panel design, despite the
prototypes built by Solar Roadways and TNO, the two main ones focused on in this analysis are the
overall structural analysis of a solar road panel system and the effects of winter environmental
conditions and maintenance practices on such composite panels

One of the main reasons why traditional pavement design is so variable is that no two regions
provide the exact same set of conditions for building roads. When you start to assess traffic, weather,
existing soil, and available resource conditions foegian you soon find that you cannot adopt a
universal design practice everywhere, and this is an important lesson for solar road panel designers.

In essence a solar road panel would be a modul
TNOOs dhutsai lg of cgnsideration has to be made on what you would be installing these
panels on top of and what materials you should make the panels out of to best optimize the
performance for a given soil condition. In any case, a solar road panel wouldbrseglaced on a
structured base and there is room for optimization between various material configurations for solar
road panels and the types of bases you could provide (compacted soil, granular subgrade, concrete or

asphalt bed, etc.). No literature thaghly addresses this issue.
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In addition, very little consideration has been made for how these panels will operate during
winter conditions. This is reasonable design for TNO, seeing as the Netherlands only sees 25 snowy
days on average per yg#&NMI, 2013) compared to 64 in Waterloo, Ontafienvironment Canada,
2013)and much higher through other portions of Canada, but is a lacking element in the design from
Solar Roadways.

As identified earlier, the design from Solar Roadways does include a resistance heater in the
panel to melt any snow or ice that may accumulate however this is not a total solution to winter
climate and maintenance issues. It solves the issue of damagingamels through snow plowing
operations, but salting is still a major part of winter maintenance operations. Even if it was found that
the surface of the solar road panels does not need to be salted, large volumes of salt would be brought
onto the solaroad panel surface by cars tHave been exposed to salt on other ro&idting
operations are a large attributor to the damage of civil infrastructureissexpected that this needs
to be studied for solar road panel performaasevell.
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Chapter 3

Sol ard RPRan el Design and Construc

With a thorough understanding of the design of pavement structures and traditional solar panels
having been establishedhig section details the design and construction processes used for
developing the solar road panel fmypes used in later testing and analysis sections of this thesis.

3.1 Design

The design process for the solar road panel prototype was completedia@essin phasegjesign
requirement developmenaterial analysisand componentsystem design. The rmial analysis

focused on determining the materials which are best suited for use in a solar road panel while the
system design takes the materials and the design concept and produces a functioning, manufacturable
prototype.

3.1.1 Design Requirements

In develojing the design requirements for a solar road panel there were two categories that the overall

systemwasbroken down intavith distinct requirementsstructural and electrical.

3.1.1.1 Structural Requirements

The foremost structural design requirement is that solar road panels must be able to withstand the
cyclic loading from vehicles without failing througdtatic or cyclic loadingdNorthmore & Tighe,

2012b) In the fidd these panels would be installed on a structured base, be it compacted granular
materials or a paved asphalt or concrete structure, which provides greater support to the panel and

must be taken into account during material selection.

The second major stctural requirement is that the surface of the panel must provide adequate
friction for vehicles to safely travel across it. This is a major challenge as the surface must also be
transparent enough to allow solar radiation to reach the solar cells embeitiiadthe structural
layers and any sort of texturing could impair light transmission if not designed pr@dertymore
& Tighe, 2012b)

Since modern higlefficiency solar cells are made from brittle silicon eraf a solar road panel

design must allow load to be bypassed around the cells. This can be accommodated by cantilevering
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the transparent layer over the solar cell compartments, however the transparent layer would then need

to be strong enough to not deflentoand loadhe solar cell§Northmore & Tighe, 2012b)

The panel also needs to be designed in such a way that it is weatherproof. This is important for
both structural and electrical reasons as water cordaminant penetration would degrade the
structural integrity of the composite panel amamage the embedded electron{®®rthmore &

Tighe, 2012h)

3.1.1.2 Electrical Requirements

Many of the electrical design requiremeribcus on the exposure of the photovoltaic cells to solar

radiation and the physical robustness of the electrical circuit formed between the individual cells.

Shading is a major issue for photovoltaic panels because cell area that is not exposedbto radiat
is not able to operate as a part of the electrical circuit and this quickly degrades the performance of
the panels. Since the design requires the solar cells to be recessed from the transparent layer, care
needs to be taken to ensure the ledges oftituetural layers do not cause internal shading on the
solar cells. Additionally, debris collecting on the surface would need to be removed through street
sweeping, rubber removal, or other processes if it begimsgact the overall radiation reachingeth
solar cellg¥Northmore & Tighe, 2012b)

In addition to the solar cells being very fragile components, the connecting links between the cells
are also very fragile. The cell interconnections are typically-be#h ribbon that is soldered to the
top of one solar module and the bottom of the next one in the series. In a solar road panel these
connections would need to be more robust due to the higher loadings on the panel and the larger
distances between solar cetlse to the ribsn the structural layer desigfNorthmore & Tighe,
2012b)

3.1.2 Material Analysis
Due to the contrasting material requirements for the structural and transparent layers of the solar road

panel design carept, as was shown irFigure 1-2, the material analysis for these layers was

completed separately.

3.1.2.1 Structural Layers

As identified in the literatureeview, manynontraditional pavemeninaterials have demonstrated

adequate performan@s a reinforcing layer for soils with poor subgrades. This indicates that there
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should be many options available for use in the design of solar road panels as it is expected they

would dways be installed on at least a properly compastidjraddayer.

As wasshown n Figure 1-2, the structural layers of the solar road panel are the optical and base
layers within the conceptual desigrodel. The main requirements for the material selection for these
layers are thahie material should be able to provide adequate structural performance for the panel, as
defined within the design requirements, and that the material be suitable to-basgenprototype
construction.This second requirement is of key importance duehéouse of this prototype as a

current and future research platform.

With these requirements in mind, the candidate materials identified for the structural layers were
A36 steel, 60616 aluminum, and fiberglass reinforced polymers (FRPs). The mecharopairies
of these materials are identified able 3-1 with the same properties of traditional pavement
materialsused in Ontaridor comparison.

Table 3-1: Structural layer material mechanical properties

Compressive Yield Youngo Density

Category ~ Material Strength (MPa) Modulus (GPa) (g/cm?)

Structural Steeli A36 (ACI, 2013) 152 200 7.85
Aluminum?i 6061-T6

Structural (ACI, 2013) 276 68.9 2.70
GPO3 Laminate

Structural  FiberglasgRochling, 55 12 190
2013)
HDPET Glass Fiber Filled

Structural (ACI, 2013) 36.9 7.38 1.25
ABSi Glass Fiber Filled

Structural (ACI, 2013) 120 5.55 1.56
Concrete PavemeARA,

Pavement 2011) 32 29.6 2.32

Pavement Asphalt Pavement N/A 2.76 2.46

(AASHTO, 1993)

In terms of material performance one of the major objectives is to minimize deflections within the
panel due to external loading in order to protect the solar cells. To this end A36 anticcalthe
best options due to their high compressive yield gterh and Youngds modul us;
withstand large loads and require large loads before substantial deformation occurs to the material.
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The vyield strengths for the FRP materials are more comparable to the ultimate strength of typical
concrete pavenmet s , however the Youngds modulus only bein
asphalt pavement indicates that these materials are more prone to high strains under low loads given a

comparable cross section to the A36 and 6D6bptions.

Typically the najor benefit of the comparatively high strengths of metals over polymers is that
you are able to use less material to obtain the same level of performance, thus having an overall lower
cost and lower weight component. While this was demonstrated in seiérallanding mat designs
covered in the literature reviewninimizing the material used like this may not be possible in the
prototype design in order to accommodate the electronics, glass, and housing with readily available

components.

Another challeng with the structural layers is choosing a material that is cost effective
building a prototype outThis creates a large difference between the available material options as the
ideal way to construct the details for the optical layer out of a netardugh a casting operation
while the ideal method for the fiberglass is through customized-piyltionstruction. Both of these
processes are very complicated and expensive to accomplish, though for the purposes of developing a
oneoff prototype it issimpler to go with a muHply fiberglass approach. The simpler alternative to
these is purchasing sheets of the respective material and then cutting them down to the required sizes,
which is not structurally optimalue to the epoxied ribbinlgut allows 6r simple construction of the

layers out of any desired material.

One major area where these materials differ is on environmental resistance. Steel and aluminum
would both require coatings to protect them from rusting and from being conductors of tm curre
flowing through the panel from the photovoltaic system. The two -fjillex$ polymers both have
typically poor environmental resistance as the polymer matrix degrades in corrosive environments.
The GPG3 material is designed to be an electrical insulaod also be inert in challenging

conditions.

3.1.2.2 Transparent Layer

There are naturally less material options for the transparent layer of the solar road prototype due to
the layer needing to be optically transpardiiis limited selection down to acrylipolycarbonate,
and tempered glass these are typical materials used in transparent structural applications, with the

respective mechanical properties as showraiple3-2.
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Table 3-2: Transparent layer material mechanical properties

Category Material Cgﬁgggiﬁizﬁgg)ﬂd Mo;u&su(glga)o ?ge/(r:]rsr:g
Transparent '(6:6(\:(?1“;(')1%) e e 2 95.0 2.87 0.655
Transparent (Z?Qijcgfglr,] 85312;) tical 70.0 2.35 1.13
Transparent ;Trf’;éfsd %gsg'so'o & >5000 72.0 2,50
Pavement gg{‘f{ete PavemehRA, 32 29.6 2.32
Pavement AT PRGN N/A 2.76 2.46

(AASHTO, 1993)

Note 1: Tempered glass fails due to the tensile reactiondoonpressive loading before compressive yielding is achieved

These materials all demonstrate higher compressive strengths than typical concrete pavements,
which indicates that they should all be able to operate as a transparent layer within a solaretoad pan
through diligentd e si gn . The | arge structur al di fference
materials, as tempered glass is far more rigid under loading than concrete while acrylic and
polycarbonate will be nearly as flexible as an asphalt paveisi@urrently. This could cause issues
in designing the transparent layer for the polymer materials as they are cantilevered over the solar

cells and large deflections should be avoided as they may cause damage to the solar cells.

Another large differencbetween these materials is the way in which they are most likely to fall
under loading. As was identified in the literature review, polymer materials under vehicle loading
typically demonstrate plastic deformation through rutting and shoving of the yters laf the cast
material. Also, the optical grade versions of these polymers, which are required in order to maximize
the solar energy that is able to reach the photovoltaic cells, are typically specified for temperatures
above 0°C meaning that theghouldnot perform as well as expected under typical Canadian winter

conditions.

The tempered glass, on the other hatus nofail through plastic deformatiolike the polymer
options though this means there is less indication of performandeefmssfailure. In order to safely
design a tempered glass panel it must conform to typical glass flooring standards, so the structure
must use multiple redundant panes of tempered glass which are laminated tdgethesisons
outlined in the literature reviewThe tempering process also means that should a pane

catastrophically fail it would break into very small shards instead of large sheets of glass while the
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lamination also helps bind these broken shaodthe other layers of glass in the panel instead of

spreading into the rest of the environment.

The last set of important differences between these materials is in cost and texturing. The
tempered glass is substantially more expensive a design option than the cast polymers, especially
since this would havéo be outsourced for the construction of the CPATT prototypkss, all of
these materials can have surface textures applied to them through a number of processes during
casting or in posprocessing through etching.

3.1.3 Electrical System Design

After identifying the materials available for use in the design of the solar road panel prototypes it was
important to identify how the electrical system would be installed within the pHinisl.consists of

three segments; photovoltaic cell selection, cell interactiore and external hardware.

3.1.3.1 Photovoltaic Cell Selection

As the focus of this thesis is on the structural design of the pgamels decided thahe electrical
systemwould use conventional highfficiency components and allow for future testing of addal
solar technologies in solar road panel applications. To this extent, the selection for the solar cells was

narrowedo monocrystalline silicon cells.

Monocrystalline silicon photovoltaic cells are available in a variety of sizes to meet variogs need
in custom OEM products. The typical size used in utility power generation applications-isni50
square solar cells, as these can be produced efficiently with relatively higly eoaversion rates.

Since 156mm is a large area to cantilever the transpmaterial over, the decision was made to use
the next size down ofigh efficiency solar cells; 126hm square solar cells. These still leave a lot of

the surface area of the panel available to generate electricity while leaving plenty of space for load
transfer around the solar cellsdditionally, due to packaging requirements for the scaled prototype,
the 125mm cells proved a better fit that the 1®0n cells as demonstrated further in this section.
Figure3-1 shows the dimensions of the solar cell selected for this project, where all of thésdpecif

dimensions are in millimetse
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Figure 3-1: 125 mm squaremonocrystalline silicon solar celRMSolar, 2012)

This solar cell selection allowed the DMSolar DMIZ5M-280 photovoltaic cellRMSolar,
2012)to be used in the design of the prototyy@mel. This cell has a maximum power point voltage
and current of 0.52Y and 5.342A respectively. Due to the smaller size of the cells it is possible to
fit 25 of them into each square medf solar road panel, resulting in a total output voltage dd253.

V and a peak power output of 69-B8

3.1.3.2 Cell Interconnection

As identified in Chapter 2, the typical interconnection method between photovoltaic cells in a solar
module is to solder a tilead ribbon to the bdsars on the top of one cell and the bottofmthe
adjacent cell. This works well in conventional solar module manufacturing due to the low loads
placed on the connections and due to the cells being adjacent to each other with only minimal cell
separation; as already identified, neither of theseliions are going to be available in the design of
a solar road panel.

To accommodate this, the cell interconnection was designed to be a hybrid between traditional
tin-lead ribbon anctlectrical wire. The soldered ribbon is still required to ensure d sohlinection
bet ween t hbar amddhle kelécsicallcanductor, but the ribbon will only be extended as a
small tab off of the solar cell and an electrical wire will be soldered between the soldered tabs of
adjacent cell¢Northmore & Tighe, 2012bR2gauge wire was selected for this application due to the
expected electrical load throughout the moduitds wiring will be done as per the schematic shown

in Figure3-2.

35



o e
Figure 3-2: Schematic solar road panel interconnection schen{@&orthmore & Tighe, 2012b)

3.1.3.3 External Hardware

In addition to the electrical circuit built within the panel, a reverse current protection diode is required
to ensure that no current is allowed to pass in the wrong direction through the panel as this would
result in destroying the sensitive electronits.simplify packaging it was determined that this would

be done externally to the panel with wire connections to a barrier strip that integrates the reverse
current protection diode. The diode selected for this provides reverse current protection fAup to

on voltages up to 4¥; sufficient for the design parameters of the prototype solar road panel given

that the panel can be handled such that only a minimal reverse current would be subjected to it.

3.1.4 Transparent Layer Design

Due to the demonstrated iintfy performance ofransparent polymers it was determined that the
prototype panel should have a tempered glass transparent layer. The use of a polymer material would
require a maintenance program to be established which replaces the transparent hay@anéls
periodically and the |l ow Youngb6s modul us means

transparent layer through the optical layer.

With the material selected, the most important design property to determine from a structural
standpoint ishe thickness of the transparent layer. Due to safety considerations it is important to have
multiple panes of glass laminated together to support the loading, and in this casgandwo
configuration was selected such that should one pane break thevotildrbe able to sugmpt the
vehicle load by itself. Under this condition it is known that the design stressnipeted glass

members is 4MPa(Alsop & Saunders, 1999)
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With these conditions it was possible taedenine the bending stress that would be found in a
cantilevered section of the glass. It was assumed that the cantilevered sections wouldnoe 140
square, large enough for a 1@8n solar cell and interconnection space, and that the highest load
conditionwould see an even distributed load from a passing vehicle tire, assumed tokiRad&0
pressure. This information was applied to correlations developed for stress réRtaris & Young,
1975) using low bendingheory,and the results for varying pane thicknesses are shoWabie 3-3.

Table 3-3: Maximum transparent layer bending stressas a function of glass pane thickness

Thickness (mm) 6 8 10 12 14 16 18 20

Maximum Bending
Stress (MPa)
Maximum
Deflection (mm)

75.11 4225 27.04 18.78 13.80 1056 8.345 6.760

0.5415 0.2284 0.1170 0.06769 0.04262 0.02856 0.02006 0.01462

As demonstrated, all of these configurations give very minimal deflections even when using thin
layers of tempered glassvhich validates the use of the low bending theory assumptieors
individual panes of glasthe minimumusable configurations the 10-mm design so two 18mm

panes were determined to be used in the solar road panel prototype.

In order to make the glass structure usable in a solar road panel, a texture must be applied to the
surface an@ccommodation must be made for the panel to be padkagether by a frame. Since the
primary focus of this research is on the structural characteristics of a solar road panel and not the
functional ones, a simple etching pattern was chosen from the catalogue of the supplier of the glass
structure. This tetare will add some tractive capacity to the panel while also not degrading the

optical quality too severely.

In order to frame the panel, it was determined that the best approach to ensuring the glass is
secured into the panel was to design a ledge imtavWerall glass panel structure. This was done by
using two 10mm glass panes cut tifferent square sizes and cestt upon each other during

lamination.An image of the designed glass layer can be fouRibimre3-3.

3.1.5 Structural Layer Design

Since each of the steel, aluminum, and fiberglass materials that were analyzed will provide sufficient
performance for the structural layers of the solar road panel prototypdasim was placed on

manufacturability when making the final material selection. The metals would have to either be cast,
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laser cut, or water jet cut in order to produce the required elements in the design while the fiberglass
can be cut to size using sthrd equipment. For this main reason the prototype structural layers were

made from GPEB rated fiberglass.

Figure 3-3: Solar road panel prototype transparent layer

3.1.5.1 Structural Layer Thickness

The next stejin the design of the structural layer was to determine the overall thickness of the panel.
This was largely based on the availability of components, as the transparent layer, structural layer,
and frame all have to fit together to make one complete ppeagbanel. With the glass thickness
determined at 20hm, the next step was finding a frame size that would be appropriate for the overall

structure.

When designing a roagstable prototype, the frame of the panel is going to have a significant
impact on tle overall structural performance due to load transfer characteristics. For the purposes of
this study, where the prototype panel is being constructed at a smaller scale thasizadulbad
panel would be, the frame should have minimal impact on therpahce of the transparent and
structural layer materials. The frame material should also be readily available and easily workable; to

this end it was determined that the frame should be made out of 6063T5 aluminum channel members.

With the material seleet, the options for the overall panel thickness were narrowed down.
Typical 6063T5 channel is available in 2&8mMn [1-in], 38.1-mm [1.5in], 50.8mm [2-in], and 76.2
mm [3-in] channel widths, which is the governing dimension for the panel thickness. Withlass
requiring20-mm of thicknessit was determined th&0.8mm s the minimum usable channel size
allow for multiple layers of fiberglas® compose the optical and base layénsterms of structural

performance a greater thickness of fiberglassld provide more resistance to bending, however due
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to practical limitations on fiberglass availability the 5énén channel thickness wakasen over the

76.2mm channel.

3.1.5.2 Optical Layer Design

The transparent layer and frame design effectively |8vé5mm [1.25in] of space for fiberglass
structural layers. Since the base layer should be as thick a layer of fiberglass as possible, the optical

layer was designed first as it has more detailed design requirements.

Overall the optical layer of the soleoad panel prototype needs to be thin in order to minimize
solar cell shading, as outlined in the design requireme&hts.layer also needs to allow for cutouts to
be made for cell interconnections, making it easier to design dafp@ostructure for lhe optical

layer; one with the cutouts for interconnections and one without to support the transparent layer.

GPQO3 laminatefiberglass is readily available in thicknesses at increments of -8ah7%$0.125
in]. In order to keep the material thickness cdesisbetween the optical and base layers, reducing
the amount of material required, it was decided that only-8u35[0.25in] and 12.76mm [0.5Gin]
thick fiberglass sheets would be used.

This meant that the optical layer would be designed as two laj&S8®mm cast fiberglass
sheet. The pattern used for this layer is showRigure 3-4 and accommodates the 1&8n solar
cells with 6.35mm of space around the edgeailow for the interconnections to be routed.

Figure 3-4: Cell compartment accommaodation in the optical layer
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In order to make the cutouts in the optical layer for the solar cells, the grid pattebmokes
down into smaller rectangular bars that could easily be manufactured with sakojpat was

available for useAt full scale production this would be completed through laser or water jet cutting.

3.1.5.3 Base Layer Design
With the optical layer having atial thickness of 12.7thm, there are 19.08m [0.75in] remaining

for the base layer. Due to the material thickness decision outlined above, this is@asiignedy

two plates of fiberglass; one 12:#m plate and another 6-38m plate. In order to aoonmodate the

frame design, a lip was required around the base layer just like was included in the design of the
transparent layer. This was accommodatedilmensioning the 6.35m plate to a smaller sizhan

the 12.76mm plate and cerihg them upon eacbther, similarly to the transparent layekn image of

this setup can be found Figure 3-5.

Figure 3-5: Base plateconfiguration

3.1.6 Frame Design

As was outlined ir8.1.5.] the frame is being constructed from 5t [2in] 6065T6 aluminum €
channel. In order to provide a physitalgger between the frame and the structural and transparent
materials within the panel, weathksgripping and fam nserts were added as showrFigure3-6.

Figure 3-6: Assembled frame member
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3.1.7 Prototype Model

The overallpanel was then assembled as showrFigure 3-7 and detailed drawings foragh
component can be found Appendix A

Figure 3-7: Solar road panel prototype model

3.2 Construction

The construction of the protypes was completed at CPATT at the University of Wateletween

the lab facilities on campus and at the Region of Waterloo Emergency Services TrainiBmeée.

the focus of the prototype is for determining the structural panel performance the construction of the
electrical subsystem elements has been ethitt

3.2.1 Bill of Materials

The itemized bill of materials for the assembly of the prototypes can be foumpendix B The
majority of the structural materials wererpliased in bulk and fabricatedtiwuse as outlined in the
rest of this section, however the transparent layer was outsourcedBdtéllGlass and Tint due to
the complexity of glass fabricatiomhis glass layer is as shownFkigure3-8.

Figure 3-8: Glass transparent layer
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3.2.2 Fiberglass Fabrication

As outlined in the Bill of Materials, the fiberglass was all purch&s&d35mm and 12.76nm plates
and then cut to sizedmouse for assembly into the solar road panel prototype.

3.2.2.1 Base Layer Fabrication

The base layers of the solar road panel prototype require large, solid, square plates addiloatdb
sizes just undel-m. This was accomplished across three stages where the first, as sHegurén
3-9, wasto mark out the required area ause a circulasaw withlaminaterated blades to trim the
bulk of the excess material from the edges of the panel.

Figure 3-9: Base layer fiberglass atting

With the bulk of the material trimmed away, terond stage of fabrication was to sand the edges
of the panel down to the proper, square dimensions using a palm sander and coarse sanding pads

faces of the two pieces to be epoxied together were also sanded to improve bonding.

The final stage was tepoxy the two base plate materials together to form one large block of
fiberglass material with the designated lip for the housing. This was accomplished as skaunein
3-10.

3.2.2.2 Optical Layer Fabrication

As outlined in the Optical Layer Design section, the fiberglass members for this portion were cut into
strips small enough so that fabrication could be completed using ssato®ptimally this would be
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done with atable saw, laser cutter, or water jet cutter but none of these were readily available with

adequate ventilation.

Figure 3-10: Base layer fiberglass epoxying

The first stage of this fabrication was done by using a circular saw to cut the large fiberglass
sheets into portions that could be further-agpitby the chogaw. All of the sheets required were
divided into sections for the three different piece sizasriake up the optical layers and taped off to

designate cutting lines. This overall process is demonstrafédune3-11.

Figure 3-11: Optical layer fiberglass sheetiimming

With the fiberglass sheets trimmed, the next step was to use the chop saw to cut the lengthwise
dimensions of the fiberglass pieces. This was accomplished by setting up the chop saw to the

43



desigrated specimen width and then sequentially trimming the required width one piece at a time, as

shown inFigure3-12.

Figure 3-12: Optical rib cutting with a chop saw

With the correct width of each specimen achieved, the third step was to square one end of each
member so that the pieces could be trimmed to the correct length. This was not required for members
that were adjacent to the edge of the finished cast parielyas assumed that the acquired fiberglass

sheets werequare enough for our purposes.

With three of the edges squared, the next step was to mark each of the pieces for the correct
length so that the last end could be trimmed off and the parts woulek lm®rrect dimensions. This

was done in the lab with all of the pieces marked as showigime3-13.

The fifth step was to then trim off these ends to finish the fiberglass pieces. This process was

accomplished in a similar fashion to what was showFigare3-12.

With all of the pieces cut to the appropriate size, the sixth step was to measure and sort the pieces
by the critical dimension. In the case of the short ribs this was the length while this dimension was the
width of the long rib and edge members. These dgieais were identified as critical because they
were what would collectively add up to the overall panel dimension in the direction with the most
cuts, meaning that there were more opportunities for compounding dimensional errorsipo add
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Figure 3-13: Fiberglass ribs marked for trimming

Then, the pieces were all arranged and taped in the pattern required for the optical layer. After the
taping, the pieces were untapped individually so that all of the ctangointes could be sanded
manually and epoxied using a standargdh2ase epoxy. The pepoxied layout of these pieces is
shown inFigure3-14 while the epoxied joits are demonstrated figure3-15.

“E#

Figure 3-14: Optical layer pre-epoxying

45



Figure 3-15: Optical layer epoxied joints

Thelaststep of fabricating the optical layer is to sand down the epoxy on the top and bottom of
the panel as well as around the edgkthe fiberglasto make thdayer conform with the requed

dimensionsThe end result of the sanding is as demonstratEdyire 3-16.

Figure 3-16: Optical layer post-sandng

3.2.3 Housing Fabrication

The housing of the panel is constructed out of aluminucha@nel and variouseatherstrippingand
edge sealing components. The first step in fabricating the housing is to take the aluminum frame
members are trim and angle the ends46° profile.
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The next stepnvolved cutting and applyinga plastic edge trim to the edges of the aluminum
frame nembers. This wagsompletedto protect the structural materials of the solar road panel
prototypes from contact with the frame members.

The last stepnvolved cuting and appling weatherresistant foam to selective internal portions
of the aluminum frame. This was done to create a flexible buffer between the structural materials and
the frame so that hard contact would be minimized. The foam inserts also helpedpmgdes
betwea the frame members and the structural materials. The end result of the edge seal and foam
application to a frame member is demonstratdeigare3-17.

Figure 3-17: Housing frame with edge trim and foam inserts

3.2.4 Panel Assembly

The final panel assembly was accomplished by stacking all of the structural layers in order. This
resulted in a composite structure which, from bottom up, consisted of the epoxied base layer, two
optical layers, and the acquired tempered glass strudibeeframe members were then positioned
around the edges of the panel and held in place witrags while the corners were taped to hold

together. The resulting final assembly is as showFrigure3-18.

3.2.5 Lessons Learned

One of the most important lessons learned was that the ideal structural way tdddbedierglass
layers is not possible 4house without extensive knowledge of fiberglass fabrication. To create a

multi-ply fiberglass layup of the required parts required external expertise. All of the identified
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research showed that myftiy areas offiberglass were the optimal option for the study, but after
several attempts it was determined that precast fiberglass laminate would have to be used due to the

challenges of working with mulply fiberglass.

Figure 3-18: Completed structural solar road panel prototype

It was also noted, approximately a year after the glass was acquirethrsapplier, that their
recommended glass structure for this application had changed from bein@nes @f tempered
glass laminated together into ugia traditionalbulletproof glasgype structure. This tends to use
thinner panes of glass and a largesin layer to protect from impact loading, though it is also
unknown how the thicker resin layer wdumpact on the rutting and deformation performance of the
transparent layer.

It was also learned, while cutting the base layers of fiberglass, that the optimal method for using a
skill saw to cut through such large blocks of material is to alternateguto close parallel lines.
Trimming at the edges of the fiberglass plates was not challenging, as the material was able to bend
away to make room fahe saw blades to cut throughowever whenever an interior cut had to be
made the circularsaw wouldbind too easily if a relief line was not being cut right next to it. This
helped speed up the process of cutting and reduced the number of saw blades that needed to be
purchased.
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Chapter 4

Testing and Analysis Met hodol

With the prototype panel now designeddaonstructed, the testing and analysis methodology can
now be outlined. This woris largel divided into three categoriestructural testing, FE analysis, and

environmental testing.

4.1 Structural Testing

The purpose of the structural testing was to per@icontrolled test on the prototype solar road panel

to determine how the panel deflects when various loads are applied. The output of this test is to
validate the design of the prototype that was outlined in Chapter 3 and to act as an input for the FE
andysis outlined in Section 4.2 below.

This is largely broken intdour segmentsdetermining the testing objectivetest frame design,
load apparatus design, and instrumentation.

4.1.1 Testing Objectives

Since the overall output of this testing is to serve am@u to the FE analysis of this research, the
specific objective of the structural testing is to determine the flexural response oesigned
prototype panel to specific low loadings in a manner that can be easily duplicated within the FE

software.

The testing should specifically allow for variable loading and variable load application, to ensure
that performance of the composite panel is truly consistent. Testing will be performed for static
response and within the elastic range for all materialsi@stipn, as the static, low load response will

be sufficient to determine the comparative responsepahal with insitu loading.

4.1.2 Testing Frame

A number of designs were considered before establishing that the most feasibléooptiertesting
framewas to build a structure, as shownFigure4-1, where a freely supported prototype could be

installed upsidelown and loaded from underneath.
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Figure 4-1: Structural testing rig schematic

4.1.2.1 Test Frame Configuration

A number of configurations were considered for this testing frame, including confined pavement
testing, adpting an existing test frame, and a top loadingnabut these were all rejected for the
bottom loading frame for a number of technical or feasibility considerations.

The confined pavement testing, while providing the best representation of how the prototype
would function in insitu conditions, would mvide very specific results depending on the granular
materials used. This would also be more challenging to duplicate in FE analysis, as the viscoelastic
properties of the soil base materials would have to be modeled while determining the overall panel
properties. The cost of this structure would also be the highest, as a steel box would need to be
procured for the testing and a frame would need to be developed to apply the loading.

Adapting an existing test frame was quickly discarded as an option dwxpketed loading
requirements on a freeBupported panel. Initial analysis of structural loading on the glass panel, as
shown inFigure4-2, determined that the pratype would need to be tested at ug@48kN [1,000-

Ibf], which would only produce a deflection ©84mm [0.033-in], to ensure it does not fail under
brittle conditions during testing. The actuators and load cells on the existing test frames are not
sensitive enough to operate safely at this resolution, especially as there are only a few prototypes
being made for all forms of testing and analysis.

The top loading frame was rejected for the bottom loading frame because of the manner of
loading. A top lading frame would require a structure to be built to support the load apparatus, which

also makes repositioning the load between tests more cumbersome. A bottom loaded frame structure
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uses the base of the testing rig and stftogy of the structures lahs structural support, making it a
simpler and more efficient design. There are no downsides to testing the panel upside down, as

gravitational forces can be accounted for within the FE model easily.

U, Magnitude
+32.490e-02

+3.3212-03
+4,4372-04

Figure 4-2: Deflection response okimulated panelto a cented 4,448N [1,000-1bf] load

4.1.2.2 Test Frame Design

As demonstrated ifigure4-1, the desigrof the frame was kems minimal as possible to decrease
the cost of the frame and make it easier to store after testing.

It was initially determined that an existing reinforced steel plate could be used as the base plate
for this testing rig. The platd,.5m by 1.83m by 0.03m, is reinforced with101.6mm C-channels
underneath. This provides a very stable surface for building the testing rig onto. An imagdadehis
plate can be found iRigure4-3.

The next major element of the testing rig is the loading ring that the panel will be loaded against
during testing. This element must be extremely rigid, as even minimal deflections will affect the
results from testing, as the expected overall panel dieihscare on the order of 0.58m. After
investigating some different material options a 18#ré [4-in] by 51.2mm [2in] hollow section
with 6.35mm [0.25in] wall thickness was selected as the material for this element due to its high

resistance to flaxe, as demonstrated Figure4-4.
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Figure 4-3: Structural testingrig base plate

UT, Magnitude
+1.007e-032

Figure 4-4: Deflection response ofl01.6mm x 51.2mm HSS under6,672N [1,5001bf]
distributed load

With the material selected, it was cut and welded into a ring large enough for the panel to support
itself against. This simulates a sim@ypported condition that can be simulated in FE software for
validation ofthe panel model. The final proct of this loading ring is shown Figure4-5.

Legs were also designed to connect the loading ring to the base plate while giving enough room

for the load apparatus and instrumentation to be installed. Also, since this frame is etgpeeted
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limited use after this testing, the legs were designed to be removable so that the frame can easily be

stored postesting. The legs designed for this apparatus are shokigure4-6.

Figure 4-6: Structural testing rig legs

The final, constructed apparatus can henfbinFigure4-7 while the detailed design drawings for
the structural rig can be found Appendix C
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Figure 4-7: Structural testing rig

4.1.3 Load Apparatus Design

The load for testing was supplied through aroagroil driven actuator as shown Figure 4-8. This
systemi s abl e to use t he | adsdurkze thexoil ts 4 viarialge peessure csupp pl vy |
to 10.3MPa [1500psi]; the specification being used as a possible maximum for testing. A base was

built for the actuator which allows the location of the actuator to be easily adjusted in between tests.

Figure 4-8: Structural testing air-over-oil system
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Potential locations to load the panel during testing were all located in the middle of the optical
layer cutouts. This best represents the expected high stnessntrations that would develop over
these sections during vehicle loading. Each of these locations were marked on the transparent layer of

the panel as shown Figure4-9.

Figure 4-9: Structural testing load application points

The load bieg applied to the panel by a 25@m [1-in] squaresteel surface covered in a
mediumstiffness rubber. The square applicator was chosen to simplify the modeling required to
validate the panel design; square areas are easier to model than circular ones. The rubber was added
to ensure a smooth contact avéth the textured glass panel; accidental point loading would damage
the glass and cause premature failure of the prmtoty

4.1.4 Instrumentation

In order to measure the output of the testing a variety of instrumentation is being used. This includes a
load cellto validate the load supplied to the panel, strain rosettes adhered to the dlébsragfass

members, and LVDTs to measure the displacement of the bottom fiberglass layer.

The load cell being used to validate the loading in the panel is a Strain&&H28PKT, as
shown inFigure4-10. This was calibrated usingl8.4kN [3000Ibf] load ringon a range frond to
8.90-kN [20001bf].
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Figure 4-10: Structural testing load cell

The instrumentation measuring the response of the panel to the loading is being instrumented
over an eighth of the panel as demstrated inFigure 4-11. This was done to minimize the
instrumentation requirements while allowing for symmetry effects to be assumed from the strain and
displacement responses from loading in a variety of locations around the Amiaetesult, loading
on reference point-@ could be simulated through the entire panel by loading po2{sCE3, C:4,
and B3, for example.

Figure 4-11: Instrumentation locations with respect to the ofical layer
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The strain rosettes being used for the testing are all Vishay ModeD62B0LR-350 rosettes.
These rosettes are designed to be attached to both glass and fiberglass specimens and provide highly
accurate planar strain measuremehssrder tobe read by the NI data acquisition system available
from CPATT, the 35@hm strain rosettes had to be shunted down teoh2d using a 182:6hm
resistor being mounted in parallel across it at the datalogger terminals.

The transducers being used to meadhee displacement of the fiberglass base plate are HP
24DCDT-050 units. These LVDTs allow for up to a 1-2im [0.050in] displacement, which is well
above the maximum expected displacement of-th8#as determined from the initial FE analysis as
shown backn Figure4-2.

The transducers were mounted to the load ring of the structural testing frame using magnetic
based retort stands. An image of the rosette and tre@sgwositioning on the fiberglass base plate
during testing is shown iRigure4-12.

Figure 4-12: Rosette and LVDT arrangement

To collect all of the data simultaneously, a NI SEXI00 data acquisition system with multiple
modules was used. This system was connected to a computer in the structures lab and was accessed

using NI LabVIEW. The entire setup for the struatuesting is shown iRigure4-13.
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Figure 4-13: Structural testing setup

4.2 Finite Element Analysis

The purpose of ik analysis is to determine the static and fatigue responses of the solar road panel
prototype in potential applications in Ontario. This consists of modeling the output of the structural
testing in FE software, testing this model installed on top of atdn@ntario pavement and subgrade
structures, and using the maximum stress output from these simulations to determine the static limits
and fatigue life of the solar road panel prototypl.of the FE analysis isampleted using Abaqus

CAE 6.13(Abaqus, 2013)

4.2.1 Prototype Model Development

The model development consists of two parts; the simplifications that went into making the FE model
and the modeling and validation procedure used.

4.2.1.1 Model Simplifications

The aluminum frame was excluded from the model andrémsparenand structural layers were
extended to be 3iich squares. This is a reasonable simplification as the aluminum frame is far less
rigid than the glass being used in ttransparentayer, soit will have minimal impact on the
performance of the model. Thalidation of the model based on the structural testing will focus on
modeling the internal load points to mitigate edge loading anomalies.
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The fiberglass rib portion of the structural layés modeled as a homogenous block of material
with the grid of squares cuaut. This is more realistic to how fature state prototype would be
fabricated, as this layer would be a customized multiply fiberglass layup, but may not accurately

represent therototype constructed with epoxied joints.

The prototype transparent layer has a textured surface but this was modeled as flat for the FE
analysis.This is a reasonable approximation, as the soft rubber pad on the load appli¢atcenly
apply the lad across the contact area.

The boundary conditions of the structural testing were approximated using a flat plate steel ring,
with the same dimensions as the load ring showkignre4-5, with an encastre boundary condition
applied to the top face. This implies that the ring will not deflect at all during testing, which is a
reasonable approximation for the highly rigid load ring.

4.2.1.2 Modeling Procedure

Due to the prototype being much wider and longer than it is thick, all of the layers of the panel need
to be modeled as shell elements. This is standard procedure for elements with a thiclamegh to

ratio of less than 1/1fAbaqus, 2013and allowed the transparent layer, when modeled by itself, to
obtain results identical to recognized lestdess relations for simply supported flat ptatdth cented
loading(Roark & Young, 1975)

To govern the contact between the layers of the panel model, stofagdace contacmodels
were generated in théamdard solver using a simple normal contact property. The slave component
of the model is adjusted to remove overclosure prior toingnthne solver as this adjusts the three
shell elements to be directly adjacent and remove displacement distance added from the shell

thickness.

Due to challenges in modeling the interaction between the rigid transparent layer and the more
flexible structwal layerssome additional solver tools were required. Tioemal behavior of the
contact was driven by hard contact but with a standard linear penalty model applied to allow for some
error at individual nodes. Similarly, a contact control was added thawsafor automatic
stabilization of the results using the default parameters provided by Abaqus. These techniques were
both prescribed by the Abaqus user mar(i@ddaqus, 2013}0 solve convergence issues with the

modelingtechnique.
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The two main parameters of the model validation are the meshing and the material properties.
The mesh has the greatest effect on the accuracy of the FE model, with finer meshes producing more
accurate results at the cost of increased compuogtione and memory allocatiofihe objective of
mesh optimization is to achieve a mesh that simulates the results of the structural testing with at least
95% accuracyThis is typical of FE analysis, as increasing accuracy requires exponentially more
computational time. Most studies found used an objective accuracy between 90% ar{t&k%
2012)Z. Wu, Chen, & Yang, 2011)

Due to the geometry of the members structured meshes arne gsstrated for the transparent
and base layers, which tend to provide more accurate réBlétanesh strategy used for the optical
layer was a free mesh, due to the continuous nature of the member with irregular. ditheuts
parameters being varied fdnet mesh védiation are outlined below iifable 4-1, with the default
variables for the parametric study highlighted in bold

Table 4-1: Prototype mesh validation parameters

Layer Mesh Strategies Mesh Sizing [mn] Mesh Thickness
Transparent Structured 25.4,19.0512.7, 6.35, 2.54 3,57,9
Optical Free 25.4,19.0512.7, 6.35, 2.54 3,5,7,9
Base Structured 25.4, 19.0512.7, 6.35, 2.54 3,5,7,9

The material properties assumed for the materialsamptbtotype are as outlined irable 4-2.
The values for tempered glass are typical material property ranges the fiegrature(ACI, 2013;
Alsop & Saunders, 1999heinherent imperfections in glass manufacturing leaves large margins for
mechanical properties. The fiberglass laminate used in the prototype meets the NEMA GPO
standard, which has the supplied elastic modulus valhma the manufactureRochling, 2013)
Poi ssonds ratio is not a commonly required propert
values was once again determinedrfrthe literaturd ACI, 2013; Rochling2013) In order to satisfy
these ranges three material property conditions were created to represent the average, most flexible,
and most rigid combinations. These conditions will be modatetl compared to the results of the

structural testing.
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Table 4-2: Prototype material property ranges and analysis categories

Panel Model Properties

Material Property Range
Flexible Average Rigid
Elastic ModulugGPgd  70to 75 70 72.5 75
Tempered Glass i —
Poi s Ratim 6 « 0.2t00.3 0.20 0.25 0.30
Elastic Modulus [GPa 12 11 12 13

GPO-3 )
Poi ssono:¢0.28t00.33 0.28 0.30 0.32

4.2.2 Ontario Pavement Load Cases

To determine the performance of solar road panels in typical Ontario conditions both the load

conditions and structural bases needed to be determined with Ontario in mind.

4.2.2.1 Loading Conditions and Locations

There were two tire load considerations for thisdg; a maximum static load and a fatigue load.
These loads are identified Trable4-3 and represent the typical pavement design loads for Ontario.

Table 4-3: Tire loading conditions

Condition Load [kN] Contact Dimensions
Static 87.5 0.60m x 0.25m
Fatigue 40 0.529m x 0.364m

The static load condition is based on the heaviest wheel load applicable by Canadaionsgu
CAN/CSA-S6 CL-625ONT (CSA, 2006) which is in this case the heaviest single wheel fourth axle
load. The fatigue load was determined based on the single wheel load equivalent of the dual wheel
ESAL load. This was developed in accordance with the geometric relations used to convemt dual ti
loads into single tire loads for the analysis of concrete pavement se@tiaasg, 2004)and since
the relations are all geometric it was assumed to be applicable to loads-ooncogte pavement

structures. Aite pressure of 60RPa was assumed in determining this area.

The loads are applied to the model through a pressure application over the contact area. Abaqus
allows a total force to be distributed across the selected area, so this technique was udgdto app

ramped, static, general load to the panel motleis is demonstrated iRigure 4-14 on a sample
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structural baseThe load area is designated on the panel mgdpattitioning theransparenkayer so
that there is a vole with a designated upper surface area that matches the tire contact area.

Gravitational loads were also included in the analysis.

Step:  applyload (Static, General)
Region: (Picked) [
Distribution: Total Force ]

Magnitude: 10000

Amplitude: | (Ramp) :‘ i

Figure 4-14: FE model load applicationfor fatigue load case

In order to properly assess the performance of the solar road panel it needed to be loaded in four
distinct locations as showm Figure 4-15. cente, transverseedge,longitudinal edge, and corner.
These conditions cover the extremes of typical panel stresses from tire loading, with the total load

being applied te@itherone, two, or four panels.

]

Centre Transverse Edge

b

Longitudinal Edge Corner

Figure 4-15: FE tire load application locations direction of travel up the page
62



4.2.2.2 Structural Bases

The structural bases that were selected for analyzing the panelnperé® on are the typical
pavement structure guidelines fminor arterial roads with 1000 annual average dailgk traffic.

This level of traffic was chosen because it provides a reasonable example of where the panels would
be installed for initial trials, in lower volume and loading applications. The purpdle 6E study is

also to determine comparative performance of solar road panels on a variety of structural bases, and

medium volume road bases will providestarting point fothis comparison.

The structures for concretPCC) and asphalt(HMA) roads are taken directly from the
StreetPave repofARA, 2011) which outlines the standards used for pavement infrastructure in
Ontario. Models for granular and subgrade structural bases are basedHMAhmad design with
the additional layers removed as required. For thisHNE\ base was chosen over tRE€C base
because of the increased equivalent thickness of the asphalt base, which implies greater strength. The
high strength subgrade was chosen assthectural subgrade for the models. Thger thicknesses

for the four structural bases are outlined belowable4-4.

Table 4-4: FE structural base layer thicknesse$ARA, 2011)

Material Base Structure[mm]
PCC HMA Granular Subgrade
PCC 200 - - -
HMA - 120 - -
Granular A 200 150 150 -
Granular B = 300 300 -
Subgrade Infinite Infinite  Infinite Infinite

The material properties for each of these material layersadiged below inTable 4-5. These
values are | argel y dparameteesdor therAASHT@Mapavemend designd e f a u |
tool (MTO, 2012) the Ontario provincial standards for gudar materials(OPSS, 2003) the
StreetPaveeport(ARA, 2011), the Canadian Pavement Asset Dasand Management Guig€AC,
2012) and the AASHTO Guide for Desigaf Pavement StructureAASHTO, 1993) These
documents represent the standard depigctice for Ontario pavement structures, so no variability of

these values is considered in the study.
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Table 4-5: FE structural base material properties

Elastic/Resilient P o i s s Specific Density

Material
Modulus [MPa]  Ratio [kg/m?]
PCC 29,600 0.20 2,320
HMA 2,758 0.35 2,460
Granular A 250 0.35 2,400
Granular B 200 0.35 2,000
Subgrade 50 0.3 1,750

4.2.2.3 Modeling Techniques and Validation

Due to the size of each layer within the study it was possiblactoirately model them as 3
dimensonal solid extrusions with homogenous material properties. Contact properties between the
layers, and between the panel model and the pavement structure, were defined the same way as within
the panel model; normal contactthiva linear overclosure penalty and with automatic stabilization
contact control. This was done because of, once again, the large differences in material properties
between the layers of the models. some cases the step size was decreased to impreve th
probability of a converging solution, as per the literature recommendidg 2012)

Due to the potential size of the model, symmetry effects were used as frequently as possible. Each
of the load configurations laws for symmetry about the-xand yaxes within the structurdase,
though loading on the edge or corner of sees symmetry not applied to some or all of the edges of the
panel model. The boundary conditions applied to the bottom and far sides of thedrstdetture
are encastre conditions, as a model of sufficient size allows the base to deform adequately within the
scope of the model and not interact with the boundaries. A summary of the conditions applied for
each load case can be found'able4-6.

In order to validate these FE models, an extensive parametric study was completed to determine
the effects of mesh sizing, base model length and width, and subgrade depth. The rangé@mtross w
the parameters are being varied is identifieflable4-7, with the default variables identified for each

condition.
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Table 4-6: FE boundary conditions per load application model

Load PanelFraction Tire _Loa_d Panel Boundary Pavement
Application Modeled Applied in Conditions Boundary
Model Conditions
Near X: Symmetry
Centre 1/4 Near Y: Symmetry
FarX & Y: None
Transverse Near X: Symmetry Near X: Symmetry
1/2 Near Y: None :
Edge , Far X: Symmetry
Far X & Y: None }
1/4 ; Near Y: Encastre
Longitudinal NSRS o Far Y: Encastre
?Edge G NEET Ve SHIIIES) Base: Encastre
Far X & Y: None ’
Near X: None
Corner 1 Near Y: None
Far X & Y: None
Table 4-7: FE load case model validation parameters
Parameter Default Value Analysis Range
Subgrade Depth [m] 15 0.5,1.0,15,2.0,25
Base Length [m] 3.0
. 15, 2.0, 3.04.0,5.0
Base Width [m] 15
HMA AverageMesh Size [m] 0.025
PCC AverageMesh Size [m] 0.025
: 0.10, 0.075, 0.05, 0.025, 0.C
Granular A AverageMesh Size [m] 0.025
Granular B Average Mesh Size [m] 0.025
SubgradeAverageMesh Size [m] 0.050 0.10,0.075, 0.05, 0.025

The mesh strategy in the structural bases is different from the panel modelbiatieat seeding

techniques are being used to optimize the analysis. Since the load application is concentrated over a

small portion of the overall model, a higher density of nodes is required at the load area to accurately

model stresses, strains, and diggiments than in the far corners of the encastred boundahssis

accomplished by determining the number of nodes along a gdgsn wsing the average mesh size

and seeding the individual edges of the model with that number of elements but witle siag

towards the loaded corner and a bias ratio of five, the Abaqus ddfaislseeding process is used for

all structural base edges in the/ ylane and the-direction edges for the subgrade, but double bias
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seeding is applied for all otherdiredion edges to ensure that both upper and lower face contacts are

modeled accurately. This is demonstrated for the default subgrade |&jgurias-16 below.

Figure 4-16. FE subgrade model with complete single bias meshing

The parameters being optimized through the validation process are the maximum stress, strain,
and translation within the panel model. For the sakeabélation, the panel model is simplified to a
1-m by Im by 25.4mm layer of tempered glass. The goal of the validation process is to achieve a
level of 95% accuracy within the model for each of these properties based on the parameters varied
from Table 4-7. The validation was completed in a cascading fashion, starting with the subgrade
depth and proceeding down the list identified in the table. This was done sowhkte could be
locked in for each property to converge to the most accurate solution.

4.2.3 Static and Fatigue Property Analysis

The values measured to assess the static and fatigue performance of theveaatbls maximum
stress of the transparent, base] atructural base components; the maximum strains in the base and
structural base; and the maximum deflection of the structural Bésse valuesvere compared
between the differeribad cases anstructured bases to determine which structural base momlit

the panels are most suited to be installed on.

4.2.3.1 Fatigue Analysis

The fatigue analysisascompleted differently for the glasiberglass,and structural base layeas

they fail through cyclic loading by different mechanisms, however the objectteedistermine the
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number of ESALs that the panel can withstand on each structural base before faihmg of

component.

Glass specimens fail through fracture methods due to the brittle nature of the material. The
method by which this occurs Vgell documented in literatur@lsop & Saunders, 1999aking this
analysis method straight forward. The assumption is that there arearacis in the surface of the
material 0.7 m i n (Budynas & INisbett, 2008)As the panel is cyclically loaded the crack
slowly propagates through the material. Tiiwispagatioroccurs at a constant ratdnile load is being
applied to glass, so sensitivity willso be analyzedfor the speed of traffic over the panel. Other
factors including the notch parameters have been identified in litef@udynas & Nisbett, 2008)
and will vary as the crack length increases, making this an itersdivgon. In order for fatigue
failure to occur at all, the developed tensile strains must exceed-M@&Zompressive edge stress
developed through the tempering process.

Fiberglass laminate fails through traditional fatigue theory methods;NasiBves lave been
developed that accuratabyedict the performance @frious laminates to cyclic loading. In this case
the curve has been developed as shown belovikigare 4-17, for short glass fiber reinforced
matrices; whichis a best available estimate of the fatigue performance of the3G@ed in the
prototype panel. Determining the number of available load cycles is based on the fatigue load induced

stress to ultimastress ratio of the materiahd then applying the given formula.

Concrete pavements fail through a number of mechanisms as outlined in the equations shown in
Figure4-18; whereN; is the maximum number of stress cycléss the cyclical stress applied to the
concrete, an&. is the compressive strength of the concrete. Similarly to the equations feBGRO
endurance limit exists at a maximum stress of 0.45 times the compressive strength of the concrete at
which point unlimited fatigue cycles may be applied. The compressive strength assumed for these
calculations will be 32MPa, a traditional design valuerfOntario pavement@RA, 2011) These
conditions are also sensitive to the joint placement as typically higher stresses are realized at the

edges and corners of concrete slabs.
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Figure 4-17: S-N curve for cyclic loading performance of short fiber reinforced matrices
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Figure 4-18. Concrete pavement fatigue lifeequations(Huang, 2004)

Asphalt pavements fail through two primamyechanisms fatigue cracking and rutting-or
fatigue crackingthe relation between design life andrizontal strain developed at the bottom of the
asphalt layer is shown below Figure4-19; whereN; is the allowable number of load cyclésis the
horizontal strain at the bottom of tlesphalt layer, and; is the elastic modulus of the asphalt
material The elastic modulus value used in this empirical equation must be input in imperial units, so

a value of 400,00psiwasused.
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Figure 4-19: Asphalt pavementfatigue life equation(Huang, 2004)

Rutting, a failure that occurs in both asphalt and granular structures, is a function of the vertical
compressive strain that is developed at the bottom of the lowest granulalageelation for this is
shown inFigure4-20; whereN; is the allowable number of load cycld'fa;i,s the vertical compressive

strain at the bottom of the granular layers, Bnib the elastic modulus of the asphalt material

NJF — UU(‘)SS{E,r }—5.6'” [£| }—Z.J-fal
Figure 4-20: Asphalt and granular rutting life equation (Huang, 2004)

4.3 Environmental Testing

The purpose of tki portion of the testing is to determine the impact that fréea® cycling and
scalinghaveon the structural, optical, and textural performance of materials that would be used in th
transparent layer of a solar road panel. The goal being to identify the initial changes to the properties

of these materials to identify if further investigations raguired

4.3.1 Material Selection

In order to keep the environmental testoansistentvith the solar road panel design process; glass,
acrylic, and polycarbonate were selected as the materials for environmental fEséngaterials

were all ordered to a specific thickness and then cut to the size required for the individual tests. All of
the samples were prepared with flat, #iextured surfaces so that the effects being analyzed are

purely from a material perspectimad do not include texture variation effects.

4.3.2 Sample Conditioning and Testing Standards

The scalingtreatment and testingerformed on the transparent materials are as identifiGdlite
4-8. Variations to the standards were made, as outlined in the following section, to adapt the tests to

the materials being tested and the facilities available at CPATT and UW.

4.3.3 Scaling Resistance

The scaling resistance technique outlined in ASTM C@YZTM, 2012b)was designed for use on
concrete cylinders, making it an ideal candidate for pavement surface conditioning. The standard calls

for the application of a salt brine to the surface of the samples with fitezecycling eing applied.

69



Samples are to be tested for visible effects of scaling on a subjective scale after 0, 5, 10, 15, 25, and
50 cycles. After each fifth cycle the samples are to be rinsed and the salt brine reapplied. The output
of the scaling resistance is thebjective measurement of how much the surface has scaled, where a

606 implies no scaling and 656 implies that the s

Table 4-8: Standard procedures for environmental esting

Purpose Standard Description Sample Size
Conditioning ASTM Scaling resistance evaluation of concr N/A
C672 surfaces exposed to deicing chemicals
Testing ASTM Threepoint bending of unreinforced ar 114mm x 25.4mm X
D790 reinforced polymers 6-mm or 6.35mm
Testing ASTM Frictional evaluation using the Britis 89mm x 152mm x 6
E303 Pendulum Tester mm or 6.35mm
Testing ASTM Determining solar or photopic properties 50.8mm x 50.8mm x
E1175 materials using an integrating sphere 6-mm or 6.35mm

4.3.3.1 Standard Modifications

There were two challenges with adapting this standard to the polymer and glass sample being used in

the environmental testing; salt brine composition and the method by which the salt brine is applied.

For the purposes of this testing it ispamtant to determine if salt brine application has an impact
on these materials that should be further investigated and optimized. For this purpose,-the four
percent by weight solution of anhydrous calcium chloride was seen as an inadegliagsolution.
In order to determinavhether or not thecalinghas an impact on the samples, it was determined that
a 25percent by weight solution of sodium chloride should be used. This is a common salt that is used
as a chemical deicer, making it an ideal candidaihd at this concentration is near the maximum that

can be obtained at room temperature.

This does add another difference between this and traditional scaling resistance tests. A 25
percent by weight solution of sodium chloride wontt actually freezat the temperaturese could
cycled the samples to, though the samples still reach a temperatiié€®ias verified by an infrared
thermometer. This should have little impact on the study as the typical purpose for freezing the brine
solution is to propgate the ice into cracks in the material. Due to the smoothness of our samples there
should be no significant cracks for ice to propagate into, thus making the higher solution strength a

greater asset in determining corrosion potential and effects.
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The mehod of application for the salt brine also proved challenging due to the nature of the
specimens being teste@he standard calls for a constant solution depth on the surface of the
specimens to be maintained, however the number of specimens and thalairsizes being tested
made this challenging. To accommodate this, it was determined that the specimens could be
submerged or suspended in containers of the brine solution. This still maintains an adequate level of
brine being applied to a specific surgaof the specimen, and each specimen could be identified for
weather it was submerged or suspended. The submerged samples were typically glass while the
polymers were suspended due to the differences in density of the materials.

4.3.3.2 Conditioning Procedure

A rolling cart with a custom built rack was used to hold the samples during the scaling resistance
process, as shown Figure4-21. The samples being scaled were kigpthe raised bins while the
regular samples were kept flat on the floor of the cart. The floor of the cart was covered in wax paper

to protect the specimens from contact with the cart.

Figure 4-21: CPATT freezethaw cart arrangement

This cart was then rol | ed -irfreezexr atdihtergals allovdniy att he C|
least two hours of time for the samples to freeze and two hours of time for the samples to thaw, as
these were the intervals deténed during checks in the first cycling to ensure that the samples met

their required temperatures verified by an infrared thermometer
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As this cart was also used for fredhaw cycling of pervious concrete samples, the tracking
sheet used to count thesting cycles performed on those samples was modified for use with these

optical test specimens.

4.3.4 Three-Point Flexural Testing
The threepoint bending technique outlined in ASTM D79QSTM, 2010)was designed for the

flexural analysis of polymer specimens. Due to the nature of this environmental testing, the same

conditions were used for the glass samples to maintain a level of uniformity between the tests.

4.3.4.1 Testing Apparatus

Due to the small sizand low estimated failure load of the components, this testing could not be
performed on equipment within the Civil Engineering Structures Lab. For this material testing it was
determined that the best option was to use equipment within the Magkiaboratory, operated by
Mechanical and Mechatronics Engineering. The load setup used is shown bEIgurad-22.

00K G- I

‘. |‘li‘ | __

Figure 4-22 Materials 2 Laboratory 500-kg Instron

In order to minimize the cost of the apparatus required for this test, it was decided that an existing
base would be used for the testing which had the capacity for additional bracket§itted to it to
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meet the ASTM D790 specifications. The base, which is used for similar flexural testing, is owned by

Dr. Marianna Pollak within Civil and Environmental Engineering and is shown belBiglme4-23.

Figure 4-23: 3-point structural loading base

Three pieces of hardware were then designed to make this base work with the Instron machine
from MechanicaEngineering and the ASTM standard we are following; a collar to mount the base to
the Instron, the support nose brackets, and the load nose asseigitg.4-24 shows the finished
components as manufactured by RJB Machinimgl touched up as requiredhile detailed drawings
for them can be found iAppendix D

Figure 4-24: 3-point bending test support noses, base collar, and load nose (left ight)

4.3.4.2 Testing Specimens

The samples were originally cut with the intention of doing testing across arh@1[8-in] span due
to the standard size of materials being available in-6185[0.25in] depth. As a result the specimen

materials were ordered and the parts were cut to the size outlifadled-8. Some of the materials
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