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ABSTRACT

The United States consistently ranks among the top three countries worldwide in
the use of paving material. Paved surféceach as those used in residential areas, parking
lots, and road$ are essential in urban planning and infrastructure development.Mdgwe
some of these paved surfaces are abandoned and no longer in active use. The use of
mechanized equipment in removing such pavement is limited especially due to the small
scale nature of the abandoned pavement, sensitivity of location, noise anduiorpol
ordinancesor environmental concerns. Abandoned asphalt pavements are not inert; they
can pose several significant environmental risks such as the urban heat island effect,
increased runoff due to reduced water infiltration rate, loss of ecosygseinces and
abrupt temperature fluctuations in the local water system. It is importagdévelop
strategies t@ddressheseconcerns posed lppaved surfaces.

This study investigated the use of daikon radishiRapfanus sativuvar.
longipinnatus Tillage and Alpine cultiva)sto fracturean agedasphalt pavement surface.
Field data was collected fromstudy site located within Winterthur Museum, Gardens,
and Library in Delaware, USA. Between 2021 and 2025, eight seasons edrssunai
daikon radish planting and cultivation were conducted at this study site. The research
involved archival image analysis, field @pgations, laboratory testing, and controlled
experimental setups to evaluate the structural impact, mechanical properties, and
environmental impact of growing radeshto fracture pavement surfaces.

First, ssphalt pavement material properties from the study site were characterized
usingstandard specificatiarests Archives of highresolution overhead photographs of the
study sitebefore planting and after harvesting for every planting seasonusedetomap
pavement distresses ithe study site usingAutoCAD®. To accessthe study site
hydrological conditions, water infiltration rates on different pavement conditions were

measured using the DoulHRing Infiltrometer at the end of the eighth planting season.
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Springloaded prototypesvere designedo monitor the radish root's growth
behavior in controlled confinement, independent of external climatic conditions like
temperature and precipitatiofinally, alife cycle inventoryof carbon dioxide equivalent
emissiors from one year ofadish growth at the study sikeas completed

The study site demonstrated the potential of daikon radish growth as a viable
technique for disintegrating aged pavem&uamparing values before radish planting in
May 2021 and at the end of the eighth radish planting season in February 2025, the total
crack length and area of-gg@avement increased by ~34% and ~930%, respectively. A new
crack pattern connecting one or maadish planting holes emerged at the site; 74% of new
cracks at the study site are along these hdl&sger infiltration tests showedhdt these
cracks caused by growing radishes allow for more water infiltration than alligator cracking
caused by general weandtear at thestudysite. Results show that full dpavemenbf
the siteis not necessary to achieve an increase in the water infiltration rate.

Radish growth in a controlled environment insiderirey-loaded prototypes
demonstrated that radish roots can exert measurable pressure against confining surfaces
and adapt their growth behavior to overcome extenwistraints The maximum
confinement pressure measured in this study was 12 psi for an Alpine &tthgles of the
radishes after harvest showed that the Alpine radish develops a larger diameter at points
where it felt a greater resistance fromthe sprindne e mi ssi ons associ a;
cultivation at the study site (without Cor
fr ®mBto999k g CO equi valent per yearly planti
equi val ent sfemitsafidopmmsp duIC®i ng one gall on
contributors to these emissions are the w;
metric, the environment al i mpact of growin

This investigation shows that daikon radish roots can apply and sustain pressure to
create weak points and exploit geisting cracks, initiate and propagate new cracks, and
weaken the surfaces of aged asphalt pavements. Over time, environmental fatt@s s
moisture infiltration, freez¢haw cycles, and biological decay could amplify the effects of

root growth. With this, the water infiltration rate of a paved site casidpaificantly
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improvedcomparedvith its current conditionBy integrating agricultural and engineering
principles, the use of radishes in pavement fracturing presents an innovative and
environmentally friendly alternative to conventional mechanical methods for removing

aged pavement.
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Chapter 1
INTRODUCTION

1.1Background

The United States consistently ranks among the top three countries woridwide
the use of paving materifl]. Paved surfacéssuch as those used in residential areas,
parking lots, and roaésareessential in urban planning and infrastructure development.
Their proper design, construction, and maintenance have ensuregdongenefits for
communities, businesses, and transportation systems.

However, some of these paved surfaces are abandoned and no longer in active use.
B. H. Sochar's work on Walart's expansion strateggxkemplifies how new construction
could lead taabandoningpreviously used infrastructur¢®]. These abandoned locations
are characterized by extensive asphalt parking lots, creating substantial areas of unused and
often unsightly pavemeifi2]. They are frequently neglected over extended pedoésto
lack of financial incentivedo remove themSome abandoned pavements are too farge
scale while others are too smatlaleto make it economical to remove with mechanized
equipment Furthermore, theemoval ofpaved surfaces with industrial equipmenould
create hazardousoise and air pollutiarSomesensitivelocations, such as cemeterigs
paved trailsrear oldgrowth treespreclude theise of industrial equipmetftat disrupthe
s i thestoral, cultural, or ecologicdlnction Abandoned asphalt pavemsmire not
inert; they can pose several significant environmental risks such as the urban heat island
effect[3], increased runoff due to reduced water infiltration jételoss of ecosystem, and
abrupt temperature fluctuations in the local water sygggmit is important to remove
these paved surfacts mitigate these concerns.

Since 2019D. FeinbergandM. Parrhavebeenexploring methods to deliberately
fracture asphalt pavementgthout industrial equipmenand restore soil functiofs].

Through several fieléxperimentd including twositesat the Winterthur Museum



Garden, and Library in DelawdreFeinbergand his collaborators haveeen
observing the ability oflaikonradishroots to apply physical forcen thepavemerg to
fracture themA pri mary objective of Feinbergods
patterns that reduce the perception of neglect and communicate deliberate aesthetic
intentions[6]. The field sitesn this project have primarilysedtwo varietiesof daikon
radishegRaphanus sativugr. longipinnatus)Tillage and Alpine radish.

Figure 1.1 Patterned planting of Tillage radish seedlingsn pavementby Feinberg et
al. [6]

TheTillageradishhas beermxtensively utilized in agriculturas a cover crapue
to its capacity to penetrate dense soils using its strong tapitaostgpically planted in late
summer or early fall to break up compacted soils as part-tifl mgricultural practices
TheAlpine radish, a hybrid daikon bred for heat tolerance, is plantsgking to summer.
Cover crop species with long tap roots are highly effective in reducing soil compaction,
extracting nutrients from deep within the soil, trasrsipng them to the root zone, and
creating root channels for future crops. Thesertamped cover crops are sometimes
referred to as "bilrillers" [7], [8].

The use ofdaikon radishesto fracture pavements is an innovative concept that
offers significant potential for experimental evaluatidio. our knowledge, noesearch

study has quantified the effect péirposely disrupting paved surfaces and unsealing the



underlying soils using this metho@his study documents and quantifies the effect of the
several seasons pfanting of daikon radishes one of thdest sits started by Feinberg et

al. in Winterthur, DE.Findings of thisstudy provide insights into the viability of using
daikon radishes (vizTillage and Alpine radishes) for fracturing abandoned pavement
surfaces instead of conventional methods that rely on industrial equipment.
Recommendations on utilizing this natdrased solutionto fracture abandeed or
underutilized pavements provided at the end.

1.2 Study Objectives
The goal of thisstudyis to quantify the effect of usindaikonradishes to achieve
fracturing of asphalted paved surfacéBe studyresults are based on data gathered from
apatternedadish installatioriocatedin an unused section of an asphadved parking lot
(called the Greenhougmarking lot) at the Winterthur MuseunGarden, and Libraryn
Delaware, USA9]. Tillage andAlpine radishes have begranted in a specific pattern in
this sitesince thespringof 2021.Unless specifically stated, thierm fidaikon radisb o r
A r a dis useld mterchangeably to represéiltage andAlpine radish in this study.
To achieve the study objectives, the following taskse conducted:
1. Characterizingpavementnaterialproperties othe studysite
2. Documenting therackng pattern,cracklengthchange and depavemert in the
studysitedue toa sequence aightradishplantingseason$2021 to 2025)
3. Quantifying the change in water infiltration at the study att¢he end otight
planting seasons.
4. Experimentally observing radish growth in comfinent in a controlled
environment.
5. Performng a Life Cyclelnventory(LCI) to assess the environmental impact of

growingradishesn asphalt pavements.

1.3 Organization of Thesis
The following sections of thighesisprovide details about this studgZhapter 2
focuses orliterature reviewof the negative effects of unused asphalt pavement and its

removal, the characteristics and ecological advantages of daikon radishes, pavement



fractures and their measurements, and the use of life cycle assessment to evaluate
environmental impact£hapter 3lescribs the study sitédrom where data were gathered

for analysisand presentiss pavement material propertiesch as asphalitder grade and
aggregate properties of the si@hapter 4 evaluasghe feasibility of using radisgrowth

to fracture pavement surfaces bgnducting two key assessm&nmappingof crack
growth patterns ovethe planting seasons and evaluating water infiltration at the site
Chapter5 focuses on experimentally monitoring the growth behavior of radish roots in
controlled confinement, independent of external climatic conditions like temperature and
precipitation. Tests to determinelastic modulus of radish tisswe also presented.
Chapter 6describesa life cycle inventory (LCI) analysis testimatethe annual carbon

di oxi de e q e)iovradisregnowth at (h€ Sudy sitBhapter 7 summarizes the
study's principal findings and makes recommendations for further research and

applications.



Chapter 2
LITERATURE REVIEW

This chapter presentan overview of literature relevant to this studkirst,
information fromprevious studies otine negative impacts of unusasphalpavemenand
its removalis presentedLiterature on Reclaimed Asphalt Pavement material and
measurement opavement fracturess summarized Information ondaikon radishes,
including theirvarious types, root pressure, and influence on ecosystem servibes is
presented The chapter concludewith a reviewof life cycle assessmerts a tool for

evaluatingenvironmental impact

2.1Deleterious Impacts ofAbandoned Asphalt Pavemens

Asphalt, a norbiodegradable material derived from petroleum, is used for paving
surfaces, including roads, parking lots, and other infrastructure. It is integral to modern
urban development in thidnited States, providing essential benefits such as improved
transportation, accessibility, and economic growth. Asphalt pavement constitutes a critical
component of the United States' transportation infrastructure, facilitating the movement of
people andyoods across vast distances. Its widespread use is a result of several factors,
including its relatively low cost, ease of construction and maintenance, and adaptability to
diverse climatic conditiongl0].

Paved surfaces facilitate smooth movement for vehicles, cyclists, and pedestrians,
ensuring reliable transportation networks. In residential areasnvagfitained streets and
sidewalks improve walkability and promote community engagement and a highiéy qual
of life. Parking lots with properly paved surfaceshancevehicle maneuverability,
reducing congestion and improving efficiency in commercial and residential settings.
Pavements help in traffic management, reducing the likelihood of collisions.

However, some of these paved surfaces are abandoned, and no longer in active use.

B. H. Sochar's work on Wallart's expansion strate®] exemplifies how the



construction of evelarger stores could lead to the abandonment of smaller,
previously profitable locations. These abandoned sites are characterized by extensive
asphalt parking lots and large, vacant buildings, creating substantial areas of unused and
often unsightly pavemefi2]. This phenomenon is not limited to retail; abandoned
industrial sites, transportation infrastructure, and other developments also contribute
significantly to the accumulation of abandoned asphalt. The sheer volume of abandoned
asphalt surfaces contributesthe increase in several environmental issues. They disrupt
natural soil functions, inhibiting water infiltration, which is vital for soil health and
vegetation growth. Over time, the underlying soil becomes compacted and lifeless, making
ecological remration challenging11]. Quantifying the precise amount of abandoned
asphalt nationwide remains a significant research gap, highlighting the need for
comprehensive surveys and data collection efforts.

Abandoned asphalt pavement is not inert; it can pose several significant
environmental risks. Magee, Hahn, and Jones's research on municipal waste combustion
(MWC) ash in asphaliemonstrates the potential for leaching from asphalt pavement, even
when theash is incorporated into asphalt mixtur€@verpavement can contribute to
impaired stormwater managemjd®]. Unpaved, uncompacted soil can infiltrate up to
90% of yearly rainfall, but infiltration can be reduced t@®x if the soil is covered by
asphalt laid on a compacted dodse[11]. Runoff, consequently, can increase up to 85%
[13]. The impervious surfaces created by asphalt parking lots and roadways can reduce
infiltration, and increase runoff volume and velocity, leading to flood, erosion, and the
transport of pollutants into surface waters and groundvibdégr [15]. Asphalt pavement
can trap radiation and cause overheating, thus contributing to the formation of the urban
heat island. Impervious pavements alter natural hydrological processes and reduce
ecological benefits like carbon sequestration, air purificadiod, microclimate regulation
provided by urban green spad&§].

The economi@mplications of abandoned asphalt are substantial. The land occupied
by abandoned asphalt represents a loss of potential productive use, contributing to urban

sprawl and decreased property vall}s The costs associated with repurposing



abandoned pavement can be significant, placing a burden on municipalities, as it offers no

economic incentives.

2.2 Removalof Unused Pavements

Addressing the issue of abandoned asphalt pavement requires gnondied
approach focusing on prevention, remediation, and resource recovery. One crucial aspect
has been to promote the recycling and reuse of asphalt matduatgrousstudies have
investigated the use of reclaimed asphalt pavement (RAP) in new asphalt njik@lires
[17], [18], [19] This requirsthe use of industrial equipment to remove asphalt pavements
for reuse. The removal or gving of asphalt pavement is a significant undertaking in
road construction and maintenance projects. The process involves various tectmagues
rely on largeindustrial equipmeifi20]. The different equipment used for the removal has
its advantages and disadvantages. Milling machines, for example, are highly efficient for
largescale removal and produce a smooth surface dratexpensive and require
specialized skills. Excavators with specialized attachments are versatile and can handle
various removal tasks but may be less precise than milling mac2ig¢s Some
organizations have usedathond bladesaws are also used fomanual pavement
removaj22]. The choice of equipment depends on factors such as project scale, budget,
site conditions, and the desired level of preci$iti].

Although these methods enhance efficiency and productivity, they present several
challenges, primarily due to their high initial investment costs, which can be prohibitive
for smaller contractors and projects with limited budd28. Additionally, while some
support recycling efforts, it also raises environmental concerns, including noise and air
pollution, as well as greenhouse gas emissions from fossil fuel consurfition25].
Improper use of mechanized equipment can also cause unintended damage to the
underlying infrastructure, such as pipes and cables, leading to costly repairs and project
delays, making precise operation and thorough site investigation esgtitidoreover,
transporting large, heavy equipment can be logistically complex, particularly in urban areas
with traffic congestion, necessitating specialized transportation and increasinf8tsts

Lastly, the need for skilled operators adds to overall expenses, as training and certification



are required to ensure safe and efficient operation and a shortage of trained personnel could
limit the accessibility of this equipment for certain projdef]. Due to theabovelisted
concerns including the lack of economic incentivemyironmentalconcerns, labor
intensivaness and sensitivity of some locatioifs.g. cemeteies, wooded areas, etcd
mechanized approactould be inappropriate or inaccessible for removatgndoned
pavementin certain locations Approachesthat limit the downside of mechanized

approachearenecessary to restore the ecology of those locations.

2.3 Reclaimed Asphalt Pavement

Reclaimed asphalt pavement (RAP) material is mostly composed of asphalt
concrete salvaged from existing infrastructure, such as driveways, parking lots, and roads,
as well as roofing shingles and, to a lesser extent, residual or rejected mixes from
manufaturing operation§l9], [26]. Its major components are asphalt binders and coarse
aggregate$27]. They are a valuable resource in pavement construction because they
reduce the demand for virgin materials, which benefits both the economy and the
environment[19], [28]. According to recent NAPA surveys of the asphalt pavement
sector, the average RAP proportion in new asphalt mixes has been steadily increasing in
recent years across the United States, with the national average now hovering at 20%.
Nonetheless, the RAratio used in new plant mixtures varies greatly by $i&g [28],
[29], [30]. Reclaimed Asphalt Pavement (RAP) can be produsit several procedures,
including milling and fulldepth removal with machinery such as frend loaders and
bulldozers[31]. Depending on how much is used in the mixture, RAP created during
milling can be recycled with minimal processif&9]. During full-depth removal, front
end loaders or bulldozers break up the pavement structure into manageable slabs, which
are then loaded onto trucks and transferred to a reprocessingBglant

Though not always used in the same year as creation, the vast majority of RAP is
recycled and reusd@9]. An estimated 33 million metric tons (36 million tons), or 80 to
85 percent of the excess asphalt concrete currently produced, is reportedly being used as
an embankment or fill material, a stabilized base aggregate, a granular base or subbase, or

an aspalt cement supplement and aggregate substitute in recycled asphalt paving (hot mix



or cold mix)[31], [32], [33] It is thus expected that less than 20% of the annual RAP
generated will be disposed of as excess asphalt concrete in landfills or, on occasion, in the
right-of-way [29]. Typically, this occurs when small amounts are involved, when the
material is combined with other components, or when facilities for collection and
processing RAP are difficult to obt§#®]. These could be some major concerns of
abandoned pavement. As pavement ages, it undergoes significant oxidation, making the
asphalt binder brittle and less flexible. Recycling such pavement may make the asphalt
mixture prone to fatigue cracking4]. To combat this, softening binders or rejuvenating
chemicals are typically used in the mixture to an extent depending on the level of binder
oxidation[35], [36]. While beneficial in improving workability and reducing cracking, they

add to the overall organic contgB7]. RAP mixes may also be more moistgensitive

than virgin combinationg38]. Moisture degradation has been shownaosehe asphalt

binder to be stripped from the surface of the aggrd@8ie The use of various additives,

such as lime or anStripping compounds, have beesed to improve the moisture
resistance of sudRAP mixtureq40], [41], [42]. These additives help to prevent moisture
damage by enhancing the adhesion of the aggregates to the[#BjdeKyungnam Kim

and Tri Ho Minh Le found that the rejuvenated mixes' resistance to meistiuesd
damage combinations increased by a significant 9.47%, as measured by the Tensile
Strength Ratid44]. The use of rejuvenating agents to aid the use of RAP has proved
promising, however, the loAgrm impact, including, performance durability and

environmental concerns is not fully compreherjdéfl

2.4PavementCrack Measurement

A surface crack (fracture) is a fissure of the pavement material that is at least 1 mm
wide and 25 mm lonf6]. Fracture length is one of the most basic properties to describe
the fracture pattern. State Departments of Transportation frequently utilize crack length as
a metric to report on the extent of different types of crg§dKF For structures to remain
durable, safe, and serviceable, cracks must also be given careful considd@&ition

construction, surface cracking is a crucial sign of durability and structural deterioration



[49]. Therefore, precise monitoring and analysis of the initiation and spread of cracks are
essential to comprehending the deterioration of pavement materials.

Over time, numerous techniques for precisely locating and measuring cracks have
been created and improvedost of these current crack identification algorithms operate
under the presumption that; crack pixels are typically joined to form curves rather than
isolated; crack pixels are darker or deeper than their surroundings. However, there is still
a gap in dedcting pavement cracks automatically, reliably, and robJdf§. Crack
detection should therefore be calpendent and a manual approach could be included
[50].

2.50verview of the Radish Plant (Raphanus sativus

Radish Raphanus sativu&. or Raphanusraphanistrum subsp.sativug is a
member of theBrassicaceaeamily (alt. Crucifera@ and is a diploid species with a
chromosome count of 2n = 2x = IR1], [52]. The genuRRaphanugriginates from the
Greek words ARa, o0 signifying rapidly, and
the swift germination of radish seeds. The term radish originates from the Latin word
meaning root, radiX53]. Most researchers argue that cultivated radighsgativusL.)
developed from wild radishR@@aphanus raphanistrurh.), while others propose th&.
sativusresulted from the hybridization &. maritimusandR. landra[54]. Throughout the
dissemination process, various cultivars emerged in diverse global regions, including
primarily fresh edible cherry radisR(sativud.. var. radicola Pers), oil radisR( sativus
L. var. oleifera), feed radistiR( sativud.. var. caudatus), black radisR.(sativud.. var.
niger), and large root radistgikon) R. sativud.. var. longipinnatus)55].

Radish is planted annually because of its large, juicy taproot, which has been used
for food since ancient times. Depending on the cultivar, it may be grown for its edible roots,
foliage, seeds, or seed pods. They can be eaten fresh in salads, althpagé tngically
prepared and served as a vegetable. In Southeast Asia , it is occasionally grown for its
leaves, which are used as a vegetfidg. Radish is used in traditional medicine to treat
liver disease, bronchitis, and coughs. It stimulates appetite, causes cooling effects, and

relieves constipatiofb2]. The edible root comes in a variety of morphologies, including
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spherical, elongated, cylindrical, or tapering, with skin colors such as white, yellow, pink,
red, purple, or black. Radishase wide-rangng in size&d as small aseveral grams for
common early American and European typesdolarge as severdllograns for the
Japanese daikon radig8].

2.5.1The Daikon Radish Varieties

Daikon radish Raphanus sativus var. longipinnafus a prominent variety known
for its long, white taproot and adaptability to various soil conditions. Abiotic factors such
as soil conditions, water availability, and nutrient availability strongly influence its growth.
Biotic pressures like weed compgein and pathogen attacks also play a significant role.
Agricultural practices, including planting density, timing, fertilizer application, and cover
crop mixtures, further shape its growth and overall ichpan the subsequent cash

crop[56], [57], [58] Several varieties ahdisleshave been cultivated as showrfFigure
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Figure 2.1 Size and shape of severalavieties ofdaikon and specialty radishes[59].

The varieiesof daikon radish used in the stualetheTillageradish and thélpine
radish. The Tillage radish is a distinct subset of daikon varieties bred to improve soil

structure. Tillage Radish® is a registered trademark of Green Tillage,[&QC It is
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typically planted in late summer or early fall to break up compacted soils as paftilbf no
agricultural practices'he Alpine radish is a Korean variety bred for culinary use, featuring

a denser root structure and slightly different growth characteristics compared to the Tillage
radish. It is typically 8 inches (1320 cm) in root length, 2.5 inches (5.5 cm) in
diameter, and weigh generally around 2 pounds (0.F86j)

2.5.2Root Pressure Exerted by Tillage Radish

Radish oots exert pressuttengitudinally (along their lengthfaind laterally(along
their girth)to displace soil particles, overcome friction, and elongate through tHéHpil
This ability to generate pressure depends on the osmotic properties of the sap and its turgor
pressurg62], [63]. Tillage radishroots have been shown to penetrate deeper in the soil
profile than a deep ripper and best without bringing up any ri@2Ks The thicker upper
portion ofits taproot can grow up to 24 inches (61 dor)g and the thin portion of the
taproot can extend up to 6 feet (183 eamlength The taproots can grow 2 or more inches
(5 cm or more) in diameteiVith this length and girth, Tillage radidlap roots are
extremely effective in reducing soil compactigh, [8], [65]. No other radish used as a
cover crop possesses a taproot that is highly aggressive, and capable of growing directly
through compacted sdib6]. Tillage radishescangrow successfullyn soil bulk densities
of 0.96'1.6 g/cn?, with its largest roobbservedat 1.28 g/cni [61]. Roots geerally
becomeshorter and thickewhen grown ina bulk density of 1/51.7 gcm? [67] or a
penetrometer resistance of abolBa[68]. This increase in root diameter in response to
compacted soils is a mechanism that the plant uses to push through substrates with higher
penetration resistance at the same penetration pressure imposed by root efg@hsion

Prior research indicates root growth pressure varies based on species, soil
conditions, and mechanical resistafit@], [71]. The claim thafillage radishes can exert
root pressures up to 290 psi has been reported in several sources. For instance, an article
from Grainewg[66] describes th&illage radish as producing a "super carrot" type of root
that drives down two to four feet, creating root pressure measured at 290 psi. Similarly,
another article noted th@tllage radishes are "very aggressive when rooting" and can exert

290 pounds per square inch of pressure as they drill down, allowing them to penetrate

12



compacted soils effective[y2]. However, no peeteviewed scientific studies were found
to support this. Kibreab and Danielsapplied pressure to growing radish planin a
confinedfluid pressure celand reportedhe limiting pressure for radish root growndls
approximatelys.8 bars (84.si) [63]. Whether this pressure is the same along the length
or girth of the radish remains uncertain.

Flexibility or stiffness of theasphaltbinder under various temperature conditions
affects howthe pavementesponds to stressduced cracking caused by the growth of
daikon radish rootsTheabovereported valuesf radish growth pressuean result in the
failure of asphalt pavement in tensile or creep loadhgemperatureabove20°C(68°F)
thetensile strength gbolymermodified asphalt pavemerd reported to b#.589 MPa
1.080 MPa (85.51156.63 psi]73]. Asphalt concrete subjectedrtmichlower stress levsl
of 0.084 0.596 MPa (12.1836.44 psi) for extended periods, may transition into the
accelerated creep phase, increasing the risk of cracking significantly due to accelerated
damage accumulatidir4], [75]. This suggestthat over long period of timegpplying a
stress level oround12 psi couldbe enough t@ausedamage tdhe asphalt pavement.
Environmental factors such as oxidation, temperature fluctuations, and moisture
infiltration influence the deterioration of abandoned pavements. Oxidation causes the
asphalt binder to become brittle, leading to alligator crackinges@leracks compromise
the pavement's structural integrity, making it susceptible to further damage and reducing
its loadbearing capeity. Growing radishes in these pavemesdacause thento beeven
moresusceptike to moisturedamages the root are made up of ab88t1% to 9% water
by masgr6].

2.5.3Ecosystem Services of Radish Cover Crops

Beyond soil penetration, radish cover crops contribute to carbon sequestration.
Estimates suggesthat after 30 years, forage radésicould store approximately 4.9 tons of
carbon per hectare, though regional climate conditions influence such projgctipiihie
growth of radish has been shown to increase macropores in compacted soil, which
promotes air and water infiltratiof8]. Planting Tillage radish significantly increases

average soil water storage compared t@oner control plots, both after corn sowing and
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at harvest. This improved water retention is attributed to the radish's extensive root system,
which enhances water infiltration and storage in the soil pi®&fp The retention of water

and increased infiltration rate by the radish under asphalt pavement could lead to higher
moisture levels ithe underlying soil or base layers. This could negatively impact asphalt
pavement strength by reducing subgrade stability and accelerating mostateel
distress.

Radish plants also facilitate nutrient scavenging, retrieving nitrate, phosphorus, and
potassium from deeper soil layers, which remain availableqezsimpositiorj78]. Their
aggressive growth pattern creates deep channels that enhance water infiltration and
improve springtime soil conditiong9]. This process is essential in restoring the soil
nutrients, which would be a major aspect in repurposing abandoned asphalted pavement.
A study shows that a soil test taken only 15 inches away from a radish row indicated fewer
nutrients there than within the radish r¢¥8]. The growth of the radish cahus be
expected to have a larger impact along its planting row and closer to the radish as seen in
theconnecting deterioration fRigure2.2 Tillage radiskesgrowinga t  4odv spaaing

Figure 2.2 Tillage radishesgrowinga t  4r@w spaning[60]

2.6 Life Cycle Assessment

Theenvironmentaimpact of usingplant cultivationto fracture pavements needs to
be closelymonitored Due to the manufacture and use of agrochemicals, farm equipment,
and fertilizers, the agriculture industry is known to make a substantial contribution to

global greenhouse gas (GHG) emissif8®. The influence of several greenhouse gases
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(such as CO |, CH and N O) i's combined
Warming Potential (GWP) to describe greenhouse gas (GHG) emissions as Carbon
dioxidee qu i v al e[B1f. $hispr@vldesa gonsistent indicator of the overall climatic
impact of a process, product, or actijip].

Life Cycle Assessment (LCA) is defined by ISO 14040 as the compilation and
evaluation of the inputs, outputs, and potential environmental impacts of a product system
throughout its life cycld81]. It measures effects sueswaste production, energy use,
water use, air pollution, carbon emissions, and ecosystem dep]88pnTo achieve
sustainable infrastructure, LCA can aid with comparison and selection with other
approaches and offer insights into the environmental implications linked to such practices
[84]. Understanding a method's environmental impacts and establishing a baseline for
comparison with other traditional techniques need the quantification of carbon emissions.
LCA studies are broken down into four stages: (1) goal and scope definitiofe &)die
inventory (LCI) analysis, (3) life cycle impact assessment (LCIA), and (4) interpretation
[81], [82]. According to some studies, minimizing mechanical intervention in processes
like pavement rehabilitation could result in significant carbon sa\Bfgjs In LCA, the
goal of anystudy, the system boundary, and the degree of detail are established in the first
phase.The second phase, LCI, is an inventory of environmental input and output data
related to the system under investigation, which entails gathering data on environmental
emissions and consumed resourdes the third phase, LCIA aims to gain a better
understanding of the environmental implications and to back up its concluaimhso
reach findings congruent with the study's goal and scopegsiuts of one or both LCI
and LCIA are finally collated and reviewed during the interpretation phéeeever,
without including the LCIA step, the goal of an LCA can be achieved with only an
inventory analysis and an interpretat{82].

A study has showrnwo main ways to calculate carbon footprints: a-dogn
method that estimates emissions using éylel assumptions about materials and
activities, or a bottorup method that uses information on fuel and energy used during

production. Occasionally, a mof the two is use{B6].
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Chapter 3
STUDY SITE CHARACTERIZA TION
This chaptedescribeshe site from where data were gathered for analysis in this
study. Asphalt pavement material properties from the study site were characterized
following the procedures frostandardspecifications. This chapter presents results on the

asphalt binder and aggregate properties from sample paveratartalcollected from the

study site.

3.1 Description of the Study Site

The studysite is locatedh an unused section of an asphadied parking lot (called
the Greenhouse parking lot) at the Winterthur Museum, Garden, and Libeary
Wilmington, DE, USA. This site is one of twinstallationsat Winterthurwhereradishes
were planted in pavemenfollowing distinct aestheticpatterrs as a part offThe Radish
Project led by Feinberg and Pafor the Transformations!Exhibition [9]. The site is
situated at latitude 39°48'27.97" N and longitude 75°36'10.51FMure 3.1 showsa

satellite image of the study site.

Greenhouse
[/test site

) r 39048'27.97“N 'WinterthufM,usveum =
75036'10.51"W Garden and Library

Google Earth

Figure 3.1 Google Earth stellite imagery of thestudy site.
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The study siteis approximately rectangular with dimensioh8.5 x 20.5 ft;
pavement in thesoutheast corner of the site has a cuto »%.75ft for a garden bed.
The total area of the site &pproximately340 square feetThe cutout allowed for direct
measurement of thénitkness of the asphalt pavemdmyerd it was approximatelydy2
inches.The asphalpavement rests aiop ofacompacted soil layeflhe pavement at the
site is visibly aged and had a series of cracks that existed before any plaagidgrve on
site. FromMay 2021 étart ofspring 2021planting seasortp February 2025 (end dall
2025planting seasonyadish cultivation at the site has occurred sanmually,with radish
seeds planted in the sitiring at the beginning of thepring and fallplanting seasons.
Before the first planting season in spr@21,Feinbergand his team at Winterthdrilled
holesspanning the entire depth of the asphalt pavementfiali@ving the choseplanting
pattern Each hole had a diameter #finch and was positioned 6 inches apart along the
planting path and 24 inches apart horizontdfigure 3.2 showsa schematialiagramof
the site The whte linesin the diagramshow surfacecrackson the site beforeadish

planting. The cyandots showthe patterrof holes drilledon the sitdfor planting radishes.
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Figure 3.2 Schematic diagram of the study sitshowingthe paved area (black)pre-
existing crackson the pavement surface (white linesyand the pattern of holes
drilled into the pavementfor planting radishes(cyan dots)

Each hole was plugged withpotting soi] which was replenished as needfigr
every growing season. Biah seed were thersownin these holeslong with a slow
release fertilizeat the start of every planting seasaond thinned to one plant per baf
neededThe Winterthur Garden staff watered and maintained the plants during the growing
seasonln all theseseasonsTillage radishes were planted akthite except fothe 2023
and2024spring seasonsvhen Alpine radishesvereplanted instead. Th&lpine radishes

were plantedas an alternative to Tillage radishdige to theiresistage to bolting in hot
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temperatureandto testif this wouldprolongthegrowthcycle Table3.1 showsdetails of

theeightplanting seasons at the study site.

Table 3.1 SeasonaPlanting Summary at the Study Site

Seasons Radish Cultivar Radish Growth Time Days
Spring 2021 Tillage 05/03/2021- 08/24/2021 153
Fall 2021 Tillage 09/12/2021- 01/26/2022 128
Spring 2022 Tillage 03/25/2022- 07/13/2022 111
Fall 2022 Tillage 09/08/2022- 01/01/2023 116
Spring 2023 Alpine 03/17/2023 07/19/2023 125
Fall 2023 Tillage 09/08/2023 03/ 20/ 2024 195
Spring 2024 Alpine 03/20/2024 09/17/2024 181
Fall 2024 Tillage 09/30/2024 02/05/2025 128

The site was systematically documented using photogrdptisg seven of the
eight planting season&ll seasons except spring 2028hese photographic data were
analyzed in this study tmap the crack growthver the seasons (as described in chapter
4). Figure 3.3 showsa topdown photograph ofadishes growing at the study sitethe
middle of a planting season. A clesp of a radislgrowingat the siteand radish growth
at the end of a planting seasamealsoshownin this figure.Figure3.3(c) demonstrates the

uplift of pavement materiand distress in this layeaused by the growth of the radishes.

19



(a) Stitched aerial view of the study siteduring a planting seasorshowing green
radish top

(b Iseup of a radish grong | (c) Radish goh at the study site at the
in the pavement end of a planting seasontfps trimmed)

Figure 3.3 Photograph of radishesgrowing at the study site
3.2 Standard Tests on Study Site Pavement Material
Pavement material samplésom the studysite were testedat the Delaware

Department of Transportation (DelDOT) Materials and Research Laboratory located in

Dover, DE. These testsvere used todetermine the asphalt binder grade, aggregate
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gradation, and material properties of the pavenidre.following sections descrilbeetest
procedures used to determitie theoretical maximum specific gravity, asphalt content,
aggregate gradation, and estimated binder grade of the asphalt pavement material from the
study site.

3.2.1Sample Preparation

Before testing, sphalt pavemergample from the site were soaked in water for 24
hours.Sample materialasthenwashed to removanyattached organic matttrat would
skew thetestresuls. The cleanedample materialvasthen dried at 110£%, according
to AASHTO T 329 specification87], before cooling to room temperature. This allowed
the complete removal of moisture and the breaking of samples in®rtaisrial for the
various tests. Thitalweight of the ampleat this stage was089.3g, whichwasdivided
into four smaller samplefor subsequenbinderand asphalt mixturéesting Figure 3.4

shows the preparation of sample pavement material from the study site.
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(a) Soaked and Washed éanﬂple (b) Loose shlt mixture after
material drying

Figure 3.4 Preparation of pavement material collected from the test site.
3.2.2Theoretical Maximum Specific Gravity Using the RiceTest

The theoretical maximum specific gravity&) is a key parameter in asphalt mix
design, representing the density of the asphalt mixture without air @igs.of the

pavement material collected from the study sitesdeterminedollowing the AASHTO
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T 209 specificationsalso called the Rice tej§8], as shown irFigure3.5. Two samples

of weight 1364.2 g and 1366¢0were placed into the rice test pycnometer and filled with
distilled water at approximately 25°C (77°F) until the water covered the sample
completely. The pycnometer was connected to the vacuum pump for a vacuum application
of 30 £ 5 mm Hg absolute pressufor 15 minutes. After this, the pycnometer and the
sample were submerged in a water bath at 25°C (77°F) for 10 minutes and the weight was
recorded. The weight of the pycnometer submerged in water only was also reEaydes.

3.5 (a) andFigure 3.5 (b) shows the experimental setup and testing.

(a) Sample in theVacuum pump (b) Sample submergedn water bath
Figure 3.5 Rice specificgravity testing of the samplepavement materialfrom study

site.

3.2.3Asphalt Binder Extraction to Determine Asphalt Content

Asphalt binder was extractedfrom the sample pavement materialsing
trichloroethylene (TCEJollowing the standard specifications listed AASHTO T164
[89]. A sampleof dried pavement material from the study siteighing 1203.61 gvas
placed intoa centrifuge bowl and filled with trichloroethylene (TCE) solverst shown in
Figure3.6 (a),to cover the sample completely. The bowl was seateidhe centrifuge was

started. After immersing the sample for an hour, the liquid was allowed to run clean,
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signifying that all the asphalt had been removed from the aggregates. It required multiple
cycles, each time adding a new TCE.
1970 ml of the solution was obtained after the extraction process. 100 ml of the solution
containing the dissolved asphalt was collected in a clean evaporating dish and placed on a
hot plate at 110 £ 5°C for 40 minutes until all the solvent had evapaaatednly the
asphalt binder remained. Upon cooling, the dish was placedNational Center for
Asphalt Technology (NCATAsphaltContentFurnace to evaporate all asphalt content,
remaining only the aslAsh weight in this sample was used to estimatédtat asicontent
in the extractedl970 mlsolution.

The remaining 1870 ml solution was poured into ten 250cytihders, well
balanced, and placed in a centrifuge for approximately 30 mins to sdidimentation of
ash material. Theupernatangolution(containingTCE and asphalt onjyvas taken to the
distillatory as showrFigure 3.6 (b) andFigure 3.6 (c). TCE and asphalt were separated
after wwo stages of distillation. The complete extraction of TCE a&seved over 3.5
hours, which idelowthe specified hours to prevent chemical reactions that may alter
the properties of the asphalt binder. Asphalt content was calculated from the percentage of

the ratio ofasphalt weight extracted to the total weight of the dried asphalt mixture sample.
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(c) Seconddistillation of asphalt with TCE mixture

Figure 3.6 Steps of aphalt binder extraction using TCE from samplepavement
material.

3.2.4Aggregate Gradation

Aggregate gradation testing involves determining the particle size distribution of the
aggregate extracted from a bituminous mixture. The gradation affects the pavement's
permeability and porosity, which controls how much water may pass through the pavemen

structure. This procedure is therefore essential to evaluate the quality and consistency of
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the aggregate used in asphalt paving. The test was conducted following AASHTO T27

standard$90], on the aggregate recovered from the TCE extraction.

(a)Aggregateesavﬁer (b) Pouring aggregate sample intst a ¢ k «
TCE extrac standered si

Figure 3.7 Gradation testing on aggregate sampleecovered from TCE extraction.

The aggregate sampghown inFigure3.7 (a)) obtained after the asphalt extraction
using TCE was weighed, washed, and egigad at 110 £+ 5°C (230 + 9°F) to a constant
weight. Sieves conforming to AASHTO M $21], with standard sieve sizes assembled in
a stack, with the coarsest sieve on top and the finest sieve (including the pan) at the bottom.
The dried sample was placed on top of the stacked sieve as shbwuri@3.7 (a). The
dried sample was placed on top of the stacked sieve as shdvigune 3.7 (b), before
being secured in a mechanical sieve shaker for 10 minthessieve was removed, and
the material retained on each sieve was weighed to the nearest 0.1 g, with the weighing
scale. The percentage retained was calculated from the percentage ratio of the weight of
material retained on sieved to the total dry wei§he percentage passing each sieve was
recorded from 100% minus the cumulative percentage retained. All equipment used for
this test was clean and free from previous samples.

The aggregategradation curvewas potted using theAASHTO M 32317
specification forSuperpaverolumetric mix desigri92] and AASHTO M4305 [93]. The
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Maximum Density Line (MDL) is included to help assess whether the gradation is well

graded or gajgraded

3.2.5Estimated Binder Grade:

The estimatedPerformanceGrade (PG) of the binder was determined from tests
involving its rheological properties. Tlnder PQorovidesinformation about the binder's
current conditionAs the binder was extracted fr@aged pavement material from the study
site, the testing process focused on evaluating its propertiss agthout simulating the
aging it would undergo during production and service $ftandardest wereconducted
per AASHTO T31594] andAASHTO T313[95]. The results from the DSR and BBR
tests were used to estimate #sphaltbinder gradeper standard procedures

(a) Weighed recovered binder on silicon (b) Mold placed in the DSR testing
mold
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(c) Recovered binder poured in aBBR (d) Recovered binder beam in BBI
testing mold tester

Figure 3.8 Performance grade testing of extracted bindefrom study site pavement
material.

As shown inFigure3.8(a), 0.65g of the recovered binder was placed on a silicone
mold of 25mm diameter to form a Dynamic Shear Rheon(Bt®R) test sample. The DSR
was conditioned to test temperatures (typically 64°C and 88H@)sample was placed in
the DSR and the complex modulus (G*/sin(au
temperatures and frequencies were measured at the end of the testing. The procedure was
repeated using the pressurized aging testing method to detetmeinmurrent fatigue
resistance of the pavement. A silicone mold of 8mm diameter was used at test temperatures
of 31°C and 25°C.
The recovered binder was also poured into the Bending Beam Rhe@B&R)rmolds to
form beams as shown igure3.8(c) and allowed to cool for about 45 minutes. The excess
sample was taken off before demolding. The beam was placed in the BBR and conditioned
at-12°C and-6°C for test temperature22°C and-16°C respectively for approximately 1
hour, before being subjectdo loading in the BBR. Thereep stiffness (S) and-walue

(rate of change of stiffness) at the required temperatures were recorded.
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Continuousgperformancegyrade temperature fowgh and intermediate temperatures
and low temperaturesf stiffnessand mvalue at 60 seondsis calculatedrespectively
usingthe interpolaton equationspecified in ASTM D746396] and shown in equations
3.1-3.3below.

Te=T1+ {logio(Ps) T 10g10(P) KT 2-T1}/{log 10(P2) T logio(P1)} (3.1)

Te=T1+ {log1o(Ps) T l0g1o(P)HT 2-Ta}{log 1o(P.) T logio(P1)} T 10°C  (3.2)

Te=Ti+ {PsT PIHT >-T1}/{P27 P} 1 10°C (3.3)
Where:

Tc = continuous grading temperature for the specification requirement in question,
°C

T1, T, = testtemperatures’C

Ps = specification requirement for property in question, and

P1, P> = test result for the specification property in question ataid T,
respectively.

3.3 Study Site Pavement MaterialResults

From the standard tests conducted as described in the above sectiomn, ti¢he
study site asphalt pavement matensl2.565 Table 3.2 shows theasphalt binder
PerformanceGrade ofthe study site pavememntaterial The materialwas determing to
bePG94-12, i.e., ahigh-temperaturgrade of 94C and dow-temperaturgrade of12°C.
A typical virgin binderused in Delaware is PG @2, with higher PG valuesf PG 7022
and PG 7622 only used for higitraffic conditionsor high volumes oslowermoving
trucks respectivel\j97], [98]. Thus, the PG 9412 grade indicatesan aged pavement
material The PG gradendicateghehigh stiffnesof the bindedue to oxidation and aging.
Theagedbinder is expected to becoraeen morébrittle as it ages, increasing the risk of
cracking when exposed to low temperatures or thermal ¢yspscially when stressed by

anadditional loadike thecreep load frongrowing radishes.
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Table 3.2 Performance Grade (PG) ofPavement Material from Study Site

Low-Temperaturd3BR test on Original Binder

Tl= -12 Tl = -12
P1= 396 Pl = 0.253
T2= -6 T2= -6
P2 187 P2 0.316
Ps= 300 Ps= 0.3
S(60) Tc = -19.78 m(60) Tc = -17.40
Tc= -17
High-Temperaturd®SR Test on Original Binder
Tl= 64
P1= 11630
T2= 88
P2 3.61
Ps= 1
Tc= 97
Intermediate Temperature on RTFO Binder
Tl= 31
P1= 3527.63
T2= 25
P2 6280.12
Ps= 5000
Tc= 27

Continuous PG

Binder PG According to Superpave

97-17
94-12

The maximum aggregate size of the pavement material is 12.5 mm, while the

nominal maximum aggregate size is 9.5 nimble 3.3 andFigure 3.9 show the aggregate

gradation resultg-igure 3.9 suggests that since the gradation curve is within the control

points, the mixture is acceptable for use according t&iberpave specifications, despite

not achieving the maximum possible densityhen compared withypical aggregate

gradation curveshe percentage passing curve suggests thgiabement material from

the study siteés a wellgraded mix. Although the percentage passing the 0.075 mm sieve
(8.5%) is within acceptable limits under AASHTO M 382], thepavement material had

slightly higher finesthat may haveinfluencal binder absorption anesulted in increased
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moisture susceptibility Overall, the tested aggregate meets #ti@ndard aggregate

gradation requirement$he completdaboratorytest reports arshown in Appendix A

Table 3.3 Aggregate gradation of samplgpavement material from study site.

SieveSize (mm) Retained weight (g) Percentag®assing
19 0 100.0
12.5 3.7 99.7
9.5 79.7 92.7
4.75 386.2 58.7
2.38 218.3 39.5
1.16 109.8 29.9
0.6 88.2 22.1
0.3 95.2 13.7
0.15 44 .4 9.8
0.075 14.6 8.5
100 m A
~ u A
§ 80
gg 60 .
58w}
E A
8 20 + .
0 A L L L L L )
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5

Sieve Size (mm) Raised to 0.45 power

Percentage passing Maximu Density Line

A Control Point (Minimum) m Control Point (Maximum)

Figure 3.9 Superpaveaggregategradation curve of pavementmaterial from study
site.
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Chapter 4
CRACK MAPPING AND WATER INFILTRATION

As described in chapter, 8aikon radishes have been planted and greemt
annually athestudysited totalingeightplanting seasonsince spring 2021This chapter
details two key assessments that were conducted at thB sitepping of crack growth
patterns over the planting seasons from photogtagoid 2) testing of water infiltration at
the site at the end of theighth planting season (fall 2024 hangesobserved in the
pavementhrough these assessnmewere used tevaluae the feasibility ofusng radish

growth tofracture pavement surfaces.

4.1 Crack Growth Pattern Assessment
This section describes the data analysis methodology employedsessinghe

crack growthpatternsat the study siteResults from this analysis atteenpresented.

4.1.1Crack Growth Mapping from Site Photographs

Archives of hgh-resolutionoverheadphotograph®f the study site were used to
assess the seasonal growth in cra€ke. goabf this assessment wasdetermine the total
length of crack®n the pavement surface at the studyisiteach season and examine the
crack's initiation and propagation patterfesinberg and the Winterthur team have been
regularly maintaininga digital imagearchive of the study sitesince the initial planting
seasonn 2021using a standardperationabrocedureduring everyphotograpl session
During each photography session of the site, the documenter capighasolution
photographs using a Nikon D5100 DSLR camera. The camera was securely affixed to a
tripod to ensure a consistent angle and height throughout the prbecegsise previously
establishednarkings on thesite to maintainconsistencyof the tripod locationA set of
twenty photayraphsusing these markindslly capturecthe study siteEach photo session

was conducted under uniform lighting settings to minimize discrepancies in the images.
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Known dimensions such as pavement markings and a reference ruler placed on the
test area during image capturivwgre used to establish a scale for the images.

From this archive, photographs thestshowed tle condition of surface cracks of
the site were selected farrack growth assessment feach planting seasoiihe study
focused on mapping cracks before planting and after harvesting for every planting season.
The computeaided design (CAD) softwar@utoCAD® by Autodesk® was used to
manuallytracevisible paths of crackandanyde-pavel area (i.e., areas of the site where
the pavement layer wasmoved to reveahe base soilinderneathpn eachsettwenty
photographsFigure4.1 illustrates theracing of craks on a set of site photographs

Figure 4.1 Tracing of different types of cracks and de-paved areason a set of
photographs ofthe study site using AutoCAD The 12-in. ruler used for scale
reference is visible in all photographs.
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The archival images and field observaigshowed thabver the planting seasons,
new cracksvereformedin the pavement along the planting patbnnecing the drilled
holes with growing radishe&igure4.2 shows a example otheseconnectingcracksat
the study sitegreenradish tops were trimmed before taking this photogr&pfierent
colors were used to distinguish cracks formed along the planting paths of the radishes from
other cracks, as seen kigure 4.3. Cracks along the planting path of the radish were
defined as cracks either initiating from or connecting the holes of the growing radish and
were absent on the pavement before planting. Widening of drilled holes from radish growth
and depaved areas omé study site were also tracked using this process. Upon finishing
the mapping for a planting season (as showhigure 4.3) the total crack length, crack
area, and dpaved area for each season were calculated from the photographs using the
established scaleAppendix B shows the seasbg-season AutoCAD plots of the

pavement condition.

Figure 4.2 Photograph showing cracks along the planting path connecting the holes
where radishesare growing (green radish topswere trimmed).
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An iterative approach and a consistent methodology was used to trace cracks on the
study site from spring 2021 to the end of the fall 2024 planting season. From the archive,
the clearest and highest quality of the available images were utilized to mirthmize
likelihood of omitting cracks. The presence of a crack was independently identified on each
of the twenty images captured during each photo session, using a defined reference, before
merging them to determine the total crack length.

After completing the crack tracing process from the earliest available photograph
set, the traced cracks from each image were superimposed onto the corresponding site
image taken in the following planting season, and the image was adjusted to match the
crack. Additional cracks discovered were iteratively added season by season. Any traced
cracks from grevious season not visible in the subsequent seasons were marked and
deleted as false crack detention. This process was repeated until the conclusidallof the
2024 planting season. To enhance precision and verify accuracy, the images of the crack
traced from fall 2023 and spring 2024 were validated througsitervisual observations

and field measurements using a measuring wheel.
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LEGEND

- Paved area on the study site
- Drilled planting hole

Approximate area of planting hole
expanded due to radish growth

De-paved area (underlying soil exposed)
Cracks observed on pavement surface

" Cracks observed to bridge one or more
planting holes

Figure 4.3 Crack growth patterns in the study siteat the end ofthe fall 2024
planting seasommappedusing AutoCAD.
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There were some challengestiwthe archival images that affected the crack
mapping processPhotographs are subject to distortion from several factors such as
illumination, shadows, oil stains, wetness on the pavement surface, climate conditions, and
radish growth, among otherfue to these distortions,utomated image processing
techniques were not successful in correctly tracing the cracks in the available archive of
photographs, and thus, this manual process was employed in thisT8tedy was adck
of high-quality images using the standard photography procedure before the initial planting
of radishes in spring 202Especially in the initial seaspthe cracking tracing process had
to work aroundimited visibility of cracks caused by debris obstructing the pavement.
Photography of the study sitgas paused in 2028ading to adearth of documentation
Thus theanalysis oimagesat the end of the fall 2023 planting seag@ided findings for
two consecutive planting perio@spring 2023 and fall 2023)

While laborious, theravere advantages to relying on this manual procdsse
capacity to manage many data layers is one of the main benefits of utilizing CAD software.
These layers were used to categorize various of types of apackse study site and
compare the over the planting seasanglanual tracing allows for redgime controller
adjustments to lighting, surface condition, and crack morphdéldggtors that automated
systems may find challenging.he manual process offst a trustworthy means of

validating data through comparison and direct observation with field data.

4.1.2SeasonalCrack Growth Results

Using the crack mapping methodologyack growthn the studysitewasquantifiedat the

end ofeachplanting seasarThe summary othe crack growthlengths assessed for each
planting seasois presentedn Table4.1. Due toa lack of image documentation, spring
and fall 2023crack growthresults are reported togeth@&here is a steady increase in the
crack length valuesvery season until the 2023 planting seasons, when a precipitous drop
in theseasonal change is observBdring the planting process in fall 2023, loose asphalt
pavement was manually removed from the site for the first iRamoval of this pavement
materialreduced the overall crack lengtasthe study sitdut increased the area of-de

pavement of the study site
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Table 4.1 Summary of Crack Length Mapping Resultsfor Each Planting Season

Before Planting 2409 - - -

Spring 2021 2575 30 165 165
Fall 2021 29438 304 373 538
Spring 2022 3052 348 104 643
Fall 2022 3138 383 106 749
Spring & Fall 2023 3174 582 16 764
Spring 2024 3180 587 6 770
Fall 2024 3220 599 40 810

Table 4.2 summarizes the area of-gavement (i.e. area where pavement layer was
removed to expose the underlying soil), the area of cracks, and the total exposed area (sum
of the depaved and cracked areas) for each planting season at the stutiiesiséerage
width of cracks at the study site by mapping the images was estimated 1@ Baohes,
which was confirmed through field measuremenkse area of cracks is the product of the
total crack length and the average crack widtiea of depavement was assesdedeach

planting seasonsingthe image mapping process walitoCAD.

Table 4.2 Summary of De pavementArea Valuesfor Each Planting Season

Before Planting 201 306 507
Spring 2021 264 63 63 327 592
Fall 2021 326 63 126 374 702
Spring 2022 328 1 127 388 716
Fall 2022 385 58 185 401 787
Spring & Fall 2023 2044 1659 1844 403 2448
Spring 2024 2046 2 1846 404 2451
Fall 2024 2080 34 1879 409 2490

37



The cumulative increase in thength ofcracksobserved along theaikon radistplanting
holes andotal cracklengthat the study site is shown in

900 r " b "
800 anual Depavement

Before Spring Fall 2021 Spring Fall 2029 Spring || Spring Fall 2024
Planting 2021 2022 and Fall|| 2024
2023*

) Planting Seasons )
u Crack Along Radish holes (in.) m Total Crack Length (in.)

* Due toalack of image documentation at the end of spring 28@23ng andall 2023 result@rereported together

** Removal of pavement by hand only occurred at the erttiedfall 2023 planting seaspredudng thetotal crack
and increasing dpaved area

Figure 4.4 Cumulative increase in crack length along the radish planting holes and
the total crack length over the planting seasons at the study site.

Manual Depavement*

2500
2000
&7
< 1500
P 2080
@
® 1000 |
<
500 r
201 264 326 328 385
o LIEEEEM | 202 IR 231 B 23° Bl 247 249 249 Bl 252
Before  Spring 2021 Fall 2021 Spring 2022 Fall 2022 | Spring & F3lSpring 2024 Fall 2024
Planting 2023*

Planting Seasons

B Crack area @ De-paved area

* Due toa lack of image documentation at the end of spring 26@3ng andall 2023 results areeported together
** Removal of pavement by hand only occurred at the erttleffll 2023 planting season, reducing the total crack ¢
increasing depaved area

Figure 4.5 Cumulative increase in ptal exposed aredcrack area + depaved area)
over the planting seasonat the study site.
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Compared with spring 2021 (first planting season), therdasgaincrease in the
crack lengths in fall 2021. The crack lengths continue to increase slightly until fall 2022.
The corresponding increasedepaved area at the studyesituring these planting seasons
IS modes loose pavement material was not remostedng these seasaria spring 2023,
Alpine radishegthat are more resistant to boltinggre plantednstead of Tillage radishes
for the first time at the study sit&illage radishes weragain planted at the site in fall
2023. At the end ofhese2023 planting seasontere is a large increase the length of
cracks along the radish plantihgles howeverdue to removal of loose pavement material
this increase in cracking is nagflected in theotal crack lengtifandarea ofcracks). There
IS a precipitous increase in the totalmhered area in 2023 due to the manual removal of
loose pavement. Prior thisintervention in fall 2023, loose pavement material was left as
is on the site and the increase inpdéement was solely through natural erosion of
pavement materiallhe crack lengthsr exposed areado notshow any largencreass
after the spring and fall 2024 planting seasd@tighe end of the last planting season, the
total depaved areaf the study site was 4.3% of the total arBlae area of cracks totaled
0.9% of the study site are@hus, the total exposed area of the study site at the end of the

fall 2024 planting season was 5.2%.

4.2 Water Infiltration Assessment
Water infiltration assessment was conducteektablish the effect of the fracturing
of the asphalt surface on hydrological conditions at the studyT$ite section presents the

methodology of performing this assessment and the results.

4.2.1Water Infiltration Assessment Methodology

To establish the effect of the fracturing of the asphalt surface on hydrological
conditions at the study site, water infiltration rates on different pavement conditions were
measured using theoubleRing Infiltrometer Thisis a commonly used field instrument
to measure water infiltration rate into soils. It has two concentric metallidriags 6 06 i nner

ring and a 120 outer ring. It aims to | it
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infiltration to be measured more accurately. ASTM D3385 describes the standard test
method for using thBoubleRing Infiltrometerfor measuring infiltration rate of soil99].
Infiltration rates were measured at a variety of pavement conditions at the study site
including a section with(a) no cracks(b) only cracks that existed before radish planting
began,(c) only drilled planting holes without any crackd) bridging cracks along the
planting path, ande) a fully depaved area of the sit€or condition(c), holeswith the
same dimensions as those used for planting radishes were {rdtelefore the water
infiltration testin an area of the asphalt pavement parkingjlst outside the study area
Figure4.6 shows the infiltration rates being measured at these locations on the study site.
Two readings were taken for eatype of pavement condition and the values were
averagedBefore taking a measurement, the pavement surfaceleased to remove any
debris or vegetation that may affect the measurement. Then the infiltrometer was placed
on the pavement. Pl umber s putty was used
to help prevent lateral water movement under the rings. Both rings were filled with water
to thebrim while ensuring that the putty seal remained intact, with no leaks. The initial
water level in the inner ring was recorded. The water level in the innewasgnonitored
and recorded every 5 minutes until any water level changes appeared uniform. The
saturated infiltration rate was calculated as the ratio of the change in water depth over time
to the time interval in hours. Infiltration rates were takerhaténd of the last planting
season, and are thus, representative of the effect of the cumulative effecteajhthe

seasons of planting radishes (from 2021 to 2025) at the study site.
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(b) Pre-existing cracks at the study site
unaffected by radish planting

. . 2172

3

4 A & 3 A=) uihy > S '-,.
(d) Only drilled planting holes without
holes any cracks

() Bridgin cacs between plating

(c) De-paved area
Figure 4.6 Double-Ring Infiltrometer measurements ondifferent pavement
conditions at the study site.
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4.2 .2Water Infiltration TestResults

Figure 4.7 shows theaverage infiltration rates measurasing theDoubleRing
infiltrometer deviceatdifferent pavement conditions at the study Siteelocation with no
cracks washighly impervious and no water infiltration was observEuk infiltration rate
measured on an area with drilled holes withpagement cracks wagery low. With the
presence of cracks dhe pavement surface, the water infiltration raneseaseA study
site locationwith cracksbridging radish planting holdsadthe highest water infiltration
rated higher than a location that was fully-gaved.

No cracks Drilled planting Pre-existing Bridging cracksDe-paved area
holes cracks between
planting holes

Pavement Conditions

(inch/hr)
N w EN (6]

Average Infiltration rate
H

o

Figure 4.7 Summary of the average infiltration rate on different pavement
conditions

4.3 Discussion of Results

Crack growth assessment results show dhtte end ofight seasons (May 2021
to February 2025)f planting radishest the study sitethe total crack length in the
pavement had increased 8¥% from 2,409 inchedefore planting t@®,220 inches at the
end of the fall 2024 planting seagoan increase d810 inches74% of thesenew cracks
at the study sit€599 inches) aralong the planting pattern, connecting watlie or more

radishplanting holes This growth is not uniform across dhe radishplanting holes it
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IS concentrated in areadth the largest radish root sizé&is area also corresponds with
the section of the pavement with geisting cracks before the radish planting commenced.

As the study sitewas first conceived as an installation for an exhibition at
Winterthur, itdid not include a plannedontrol sectionat the start othe first planting
seasoni.e. drilled holesnto which no radishes were plantddowever some existing
holes where radishegere planted can serve gtential control pointsCrack mapping
results show thalongthe norttern side of the study sitparticulaly thenortheastorner
(Figure4.3), somedrilled holesgenerated no cracks the end of all eighglanting seasons
Theseholes experiencegboorradishgrowththroughout the planting seaspiikely due to
thepresence of shade that prevented these radishes from reasemgate sunlighthis
suggestdhat the prgagation of cracks in the pavemeld@pendson thegrowing radish
root® mere drilling of holes is not #iicient to generateand propagate cracksspecially
theplanting pathoridging crackshatemergedifter radish planting commencatithe site
While many other factors including the moisture susceptibility of asphalt might impact
pavement crackinghegrowth of the daikon radish playus playsasignificant role in
the propagation of the crackbhis study site demonstrates the poterdfadlaikon radish
growthas a viable technique for disintegrating neglected pavement.

The areaof de-pavementt the study sitbas increased from 2&q. inch to 280
sqg. inch i.e.an increas®f over 930%at the end of the eight planting seasdrise total
exposed areat the end of theight planting seasoasthe sum of dgpaved area and area
of crack® is5.2% ofthestudy site area (i.€,490 sq. inch of 33sq. ft) Manual removal
of loose pavement materiah fall 2023 resulted in a large increase in the total area-of de
pavement and reduced the overall crack length at the Tditeeasewith which the
pavemensectionscould be removed by harsliggests that radigirowth hadweakerd
the surroundingpavemenstructure to a degree that facilitdteffortless removalTrends
in the changng crack lengths and exposed araaghe study sit@ver multiple planting
seasonshowmodest increases in fracturiagd aleveling effectin two to three planting
seasonsinterventiors like changing the radiskultivar from Tillage to Alphine and

removal ofloose pavemenmnaterialcaused large changesfracturepatterns at the site.
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Water infiltration tests using DoubleRing Infiltrometer confirmed thatthe
pavement surfacgith no distresssat the study sites imperviouq0 inch/h)andtherefore
would causdull surface runoffwith no infiltration Drilling holesin the asphalt pavement
layer resuled in a slight increase in infiltration (0.28chih). The rate was close to the
original properties of the impervious layer, suggesting that merely drilling holes does not
increasewater infiltration on its ownThe water infiltration raténcreasesnorewith the
development of craclduring the service life of the pavemdétinch/h) and more still with
full de-pavanentof the surface with full exposerof the base soil layé4.5 inch/l). The
highestinfiltration ratewas measured ia section oftudy site withtwo radish planting
holes connected withlaidgingcrackcaused by radish grow{b.63 inchvh). Thissuggests
thatthe cracks causeday growingradishes allow for more water infiltration thatigator
crackingcaused by general weandtear during servicémportantly,the resits show that
full de-pavementby removng loose pavement materiak not necessary to achieas

increase in the wateanfiltration rate
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Chapter 5
RADISH ROOT GROWTH CHARACTERIZATION

As describedn Chapter 4the growth ofradishesn asphalt pavemerit the study
siteaffected thgpavement condition by increasing crack lengteatingde-pavement.and
increasing the water infiltration rat&his sectionfocuses orexperimentally monitoring
the growthbehaviorof radish roots ircontrolled confinement independent oéxternal
climatic conditionslike temperature angrecipitation Radish root growtltapacitywas
measured using an experimentalgeto better grasp its mechanigatoperties such as
strength The elastic modulus ohdishtissuewas also measured in the laboratory.

5.1 Experimental Measurement ofRadish RootGrowth

This section describeperimental results on tiggowthof Tillage and Alpine radisksin
acontrolled environmenDesign of two iterations afpringloadedprototypes to ranitor
their growth behavioris describedEstimatedconfining pressurevalues exerted by the

prototypes onto the radishesing these prototypesereported.

5.1.1Prototype Design

Two prototype models were created at fRearson HallMakerspace in the
University of Delawar¢o assess the growth behavior of Tillage and Alpine radishes. Both
prototypeautilized a simple sprindoaded mechanisto exert a confimg pressuren the

radishes

5.1.1.1Design ofPrototype v1 Using PVC Pipe

Thefirst prototypeversion Prototype vlwasdevelopedusinga 4inch diameter
polyvinyl chloride (PVC) pipe that was cut in hidhgitudinallyand placed in awvooden
cuboidboxlined with acrylic sheetasillustratedin Figure 5.1Using screwstwo parallel

sides of the box weréted with two compression springsach(0.08in. wire diamete
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5/8 in. x 3in.) The spring constarfk) was determined in the laboratdoybe29.022 Ib/in.
The free end of the spgs were allowed to rest against the PVC pipe hakesuring
minimal compression in the springBhe remaining two sides of the baxere abutted
againsthe PVC pipe toestrictmovement of th@ipe halvego the direction of the springs
The PVC pipeserved as the radigiliowthchamber It was lined with landscape fabaad
filled with agrowing medium for the radish plafdetails provided in a subsequent section)
The prototype was desigdso that lhe growing radish root would push the two halves of
the PVC pipe aparfhis enabld measurement dghe load applid by the growing radish
in only one directionusing the compression of the springBhe prototype parts were
carefullydimensioned anthbricatedo directall movement towardaxial compressin of
the springgwithin the elastidimit). Acrylic sheet lininginside the box waglaced to
reducefriction in the movement of the pipe halv8y. measuring theompression in these
springsand knowing the spring constattie load applied by thgrowing radish could be
measuredThree replicates dfrototypevl wereplanted witharadishplant each
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(c) Completed prototype view

Figure 5.1 Schematicdiagram of Prototype v1 developed to measureadish

root growth in confinement.
5.1.1.2Design ofPrototype v2 Using Acryl ic Sheets

A disadvantage of thBrototypevl was tke relatively largevolume of groving medum

required tdfill the PVC pipe.Springs in tle first prototypecould only start compressing
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once theradish grew enough to completely compress ¢iiowing mediim. A second
prototype Prototype v2was fabricated tamprove on thiglesign depicted inFigure5.2.
This designprovides a morea homogeneous confining environment aroundgttesving
radish. Tke growing chamber in thBrototype v2is smaller (1.25 x 1.25 in.)andis
composed of a cuboidal sectimmose four sides welnstructed fronpieces ofacrylate
polymersheetq6 x 1.25 x 0.1875 in.Each sidavas affixed with aspring(0.08 in. wire
diameter x 5/8 in. x 3 ink = 29.022 Ib/in.same a®rototype v} at itscenter.All four
springs were placed in a housing that was desidoeensure that the spriagvere
exclusively loaded axial compressiorby the growing radishesThe spring housing
comprised ofwo PVC pipes (Charlotte Pipel¥4 in. and 3/4 in. DWV Sch. 40) cut to 1.5
and 1.6 in. lengths, respectiver.wooden boxwith a drainage outlewvas built to house
the entire prototype One pipeof the spring housingvas secured to the center of each
acrylic sheet, while the other was affixedatparallel side of the wooddrox with Gorilla
Glue.Within the housing, the spring was held using a 1A% 11/2 in. zineplated hex
bolt at one end and a plumber's clamp at the other.

In Prototype v2the growing radish was subject to compressive forces from all four
sides of thegrowth chambeandwould push the four sides of the growing chamber apart
The entire structure was built to be sturdy and moisture resistant, with all wooden surfaces
lined with acrylic sheets to prevent degradation. The base of the box was also built of
acrylic to reduce frictionThe base incorporateslotsto corntrol the sliding sides of the
growth chambernd minimize flexural andtorsional effectsUpon filling the growth
chamber with a growing medium and planting a radish shednitial overlap othe two
pipes of the spring hosing was markéle distance was also marketien the radish was
harvestedo provide aneasure of thotal spring compresion. The entire setup was placed
on an 8inch bowl, providing adequate soil depth for radish grovatig simulating
confinement of radishes @an impervous layer withunderlying soil Six replicates were

fabricated with thigrototype valesign.
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Figure 5.2 Schematic diagram of Prototype v2 developed to measure radish root
growth in confinement.
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5.1.2Daikon Radish Growth in Prototypes

Radishesvere plantedn the growth chamber dfoth types ofprototypes under
controlled conditions at the Fischer Greenhouse. The greenhouse is located at the
University of Del awareds main campus in Ne\
W) within the College of Agriculture and Natural Resources.

Radish seeds were not directly sown in PrototypeTilage and Alpineradish
seedgsourced fromFedco Seed<Clinton, ME andJohnny'sSelected Seeds, Winslow,

ME, respectively were first sown in seedstarting trays in growing media (PraVlix,
Premier Technology Limited, Quebec, Canadt&)taining85% sphagnum peat moss, 5%
coco coir fiber, 5% perlite, 3% ground limestone, and 2% wetting a@enAugust 29,
2024, one Alpine andwo Tillage seedlings wereachtransplanted int@ Prototype v1
replicatefilled with Pro-Mix potting soil Prototype valid not use transplants, but rather
were direct sownOn October 16, 20R threeTillage andthreeAlpine radishseeds were
each sowrin a Prototype v2replicate alsofilled with Pro-Mix potting soil Figure 5.3
showsthe prototypes after planting.

Figure 5.3 Radish seeds planted ithe Prototype v2 on 10/16/2024

All prototypes after plantingereplaced insidegreenhousandematural sunlight
conditions (@a 1 AlBseedsogrminakd jinlagbroximatelyone week A
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fertigation progranusing a 124-16 NPK fertilizer rom JR Peters Ing.Allentown, PA)

and Magnesium sulfate (Epsom salt) at a
respectivelyjn municipal watemwas usedThe nutrient solution comprised provided (in
mgtL T 116Q N, 22 P, 166 K, 88 Ca, 58 Mg, 47 S, 2.1 Fe, 0.63 Mn, 0.68 Zn, 0.15 B, 0.56
Cu, and 0.15 Mo. The pH of the fertigation nutrient solution was adjusted to 5.8 with
commercial liquid buffering solutions pH Up and pH Down (General Hydroponics, Inc.,
Santa Rsa, CA, USA)Wateringwasalternated betweethe fertigationsolutionandpure
municipal water Watering occurred once daily for the first monthof growth and
subsequentlywice daily till harvest Growing radishroots were observed wvercome the
force of confinement by the springs and compress the springeh ofthe prototypes, as
shownin Figure5.4 below. From sowing seed# harvest, adishes in Prototype \Jrew
betweenJuly 24,2024,andMarch 6, 2025, (226 dayshadishes in Prototype v@rew
betweenOctober 16, 2024and March 6, 2025147 days) All radishes werdan both
prototypesharveseédon the same day (March 6, 20Z8)er taking final measurements

e N “x“‘ L ~> { 5 T St s o el e
e AT | : Il hal/ o
\ z A e P - ! 2 L e ,'

(@) Prototype v1 (b) Prototype \)2

Figure 5.4 Radishroot growth pushing againstconfinementin the prototypes
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5.1.3Confining Pressure Measurement

The growing medium Rro-Mix potting soil) is compressibleand is assumed to
apply minimalrestraining pressuragainst the growth of the radish rodie spring
compressior(within the elastic limit)applieda confiningforce against which the radish
root had togrow, which wascalculatedusing the spring constant and the measured
compression in the sprinfusingH o o k e 6 sIn Rratatype vlreplicates the gap
between the PVC pipe halves was regularly measured using a vernier. Cdtipegap
measurement waassumed tde the compressio in the springs of Prototype vin
Prototype v2theinitial overlapin the pipes of the spring housimgs marked as illustrated
in Figure 5.5. at the timeof planting At harvest, thetotal spring compressionwas
calculated as thdistance between th@anting and harvesharks.Additionally, ance the
radish root grew large enough to start pushing against the walls of the growth chamber, the
distance between the parallel walls of the growth chami@es measuredweekly in
Prototype v2 Confining pressuravas estimatedby distributing the confiningorce over
the inner surfaceareaof the PVC pipe(Prototype vl1)or the area of onacrylic sheet

(Prototype v2)respectively

Figure 5.5 Marking of overlap in the pipes of thespring housing during the growth
of a radish in Prototype v2.
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5.1.4Radish Growth in Confinement Results

Upon harvest, all radishegrown in the prototypes were measured for their weight,
diameer, length of radish taproot, and length of root hair. The diameter was measured at
the approximate top, middle, and end of the root, particularly when there were obvious size
differences. The average diameter was utilized to determine the volume adigte noot
Figure5.6 shows the harvested radishesAlpine and FTillage) after 226 days of growth

in the Prototype v1 and 147 days in Prototype v2.

The sizes and shapes of the two radish cultivars were difiareoth prototypesPrototype

v1 radishes had a longer growth cycle, more growing medidpaed estimatedonfining
pressure. In both prototypes, the Alpine radish root had a larger diameter and was more
voluminous than the Tillage radish. The root hairs of the Tillage radish were longer than
that of the Alpine, especially obvious in Prototype v2, wheredteshes had access to a

soil layer under the base of the prototype. The Tillageshaidi generally conical in shape

(with a smaller diameter at the root tip) and optimized its shape to grow deeper into the
soil. It was observed that the girth of the Alpine radish was larger at the depth where a
spring was pushing against the wall of gnetotype i.e, the Alpine radish rocdeemed to

bulgeat points where it peeivedmorepressure.

(a) Radishes from prototype v1 (b) Radishes from prototype v2

Figure 5.6 Tillage and Alpine radish roots harvested from prototypes where they
were grown in controlled confinement (AlpineA, Tillage-T).
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Figure 5.7 shows the measurements taken from the Prototype v1 replicates. Of the
three replicates, only the two Alpine radish replicates grew large enough to create a
measurable gap between the PVC pipe haMessurable gaps in these replicatese
observed starting October 2@ 4pproximately three montlagter the seedpsouted.The
Tillage radish did not create any measurable compression in the springs of Prototype v1
during the entire 22@8ay growth period Table 5.1 shows thevolume, density, and
estimated confining pressufer the radishes grown in Prototype VIhe estimated

confining pressure values anegligiblein this prototype.
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Figure 5.7 Gap measurementdetween the PVC pipe halvescorresponding to
spring compression taken during the growth cycle ofAlpine radishes(Al & A2) in
Prototype vl
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Table 5.1 Radish growth results against confining pressure exerted by Prototype v1

Alpine Radish Tillage Radish

Al A2 T1

Taproot Length (in) 7.75 7.80 5.25
Root Hair Length (in) 9.00 5.50 5.50
D1 2.71 2.75 1.38

Diameter (inch) D2 270 2.78 1.35
D3 3.11 3.17 1.39

Average Diameter 290 2.84 1.37
Weight (Ib) 1.74 159 0.21
Volume (in®) 22.48 22.15 7.21
Density (Ib/in®) 0.0775 0.0717 0.0287
Total Spring Compression(in.) 0.28 0.26 0
Estimated Confining Force (Ib) 32.50 30.18 0
Estimated Confining Pressure (psi) 0.65  0.60 0

Figure 5.8 shows theshows the measurements taken from the Prototype v2
replicatesFor these measurements, theeragancrease irdistance between the tveets
of oppositewalls of the growth chambeare reportedAll six replicates (three Alpine and
three Tillageradishe} showedmeasurabléncrease in distandgetweerthe wallsstarting
early January 2025 approximatelytwo months after the seeds sproutElde final values
from Prototype v2 replicates are showrTable5.2. The Tillage radisimeasurementare
smaller than the Alpine radislHowever, all values are higher than thdifference in
markings made on the spring housaiglanting and at harvest, whislas used to estimate
the total compression in thepring Lack of agreement in these valueslicates non
uniform movement or titling of the walls of the growth chamtgwnfining load and
pressure were estimatedingthe smalleispring compression valdeom the marking on

the spring housing
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Figure 5.8 Average increase in distance between opposite walls of growth chamber
observed during growth cycle of Alpine (A1, A2, A3) and Tillage radishes (T1, T2,
T3) in Prototype v2. Error bars show the range of measured values.
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Table 5.2 Radish growth results against confining pressure exerted by Prototype v2

Alpine Radish Tillage Radish

Al A2 A3 T1 T2 T3

Taproot Length (in) 975 9.00 950 800 7.50 7.00

Root Hair Length (in) 6.50 14.50 12.50 18.00 15.00 25.00

D1 212 207 220 118 168 1.70

Diameter (inch) D2 255 240 261 092 161 1.55

D3 230 226 233 042 156 146

Average Diameter 232 224 238 084 162 157

Weight (Ib) 135 121 138 0.15 0.49 0.4

Volume (ir?) 22.65 20.19 2261 6.72 12.13 10.99

0.059 0.059 0.060 0.022 0.040 0.036

Density (Ib/irf) 6 8 9 0 7 3
Avg. increase inwall distance

(in.) 165 145 187 040 080 0.85

Total Spring Compression(in.) 0.67 056 076 0.13 0.36 0.33
Estimated Confining Force (Ib) 78.07 64.72 89.97 15.09 39.47 37.15
Estimated Confining Pressure

(psi) 1041 8.63 12.00 2.01 526 4.95

5.2Radish TissueElastic Modulus

Two roots of tillage radishwere takenfrom radishes harvested frothe study site in
February 2024, to tedbr elastic modulus Since radish roots primarily experience
compressive stress when growing against a confined environment, compressiowtesting
used.Three epresentativesampleswere cut from the radigls for compression testing
Two of these samples weeglindrical (circular cross sectionphe remaining sample was
a cuboidDimensions and sample weighérerecorded for all three samplé&Sompression
tests were conducted using the Instron Model IB&4t FramgFigure5.9). The elastic
moduluswascomputed as the slope of the streBsin curve generated during the tests.
Results are shown ihable5.3.
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Figure 5.9 Compression testing on radistissue obtained from radishesarvested
from the study site.

Table 5.3 Data from radish tissue samples for measuringlastic modulus

Samole ID Cylindrical Cylindrical Cuboidal

P Sample 1 Sample 2 Sample
Length (inch) - - 1.18
Breadth/Dlameter 1.77 1.06 118
(inch)
Depth (inch) 0.51 0.43 0.59
Volume (inch®) 1.254 0.379 0.825
Mass (Ib) 0.0514 0.0121 0.0302
Massafter crushng (Ib) 0.0403 0.0095 0.0265
Density (Ib/in®) 0.041 0.032 0.0366

The normal stressstrain curves of the three samples of radistoot, obtained from
compression testingreplotted inFigure5.10. From the graphghe radisr o ot t i ssue
modulus of elasticityvas determined to randgem 2.06MPato 2.50MPa (fitted with R2

~ lin thelinearregion ofthecurve).
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Three Samples oRadish Root Tissue Tested in Compression
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5.3 Discussion ofResults

The results showrototype 2 was successful iapplying a confinement pressure
on the radishes he springloaded growth chambeexert more confining pressure as the
radish growsThe maximum confining pressuvader whicltthe radisicontinued to grow
was around 5.2 psfor Tillage radishand 12 psi for Alpine radish, respectiveljhis
suggest that the rootcan exerta pressure greater théme confining pressuréd creep
stressof 12 psi is enough t@ause accelerated creep iasphaltconcrete leading to
pavement distresg’4], [75]. Environmental factors includingoisture oxidation, and
temperature fluctuations could further weaken the pavement and increase its susceptibility
to fracture.

Alpine radish roots had a wider diameter than Tillage radish roots. The Tillage
radish has longer root hairs that allow it to penetrate deeper into the soil. From observing
the shapes of the radishes after harvest, it was noted that the Alpine radispslaVaiger
diameter at points where it felt a greater resistance from the spring. acrylic sheet's center
position. This finding is in line with the work of Popova et al., who report that an increase
in root diameter in response to compacted soils iglantque utilized by plants to push
through more resistant substraf@8]. This demonstrates that radishes, unlike traditional
engineering materials, adapt to external constraints. The Alpine radish's larger root
structure and strong radial development against confinement could explain the higher crack

length in the Fall/Sprin@023 mapping results discussed in Chapter 4.

Radish sizes observed in this controlled studyethe average size of a typical
variety, suggesting that the measured pressure in the experimental setup represents a lower
bound rather than the maximum pressure the root can grow against.desigreiterations
can modify Prototype v2 by increasing the spring constant or number of sptongs
determire theultimate growthlimiting pressureFuture design iteratiorssoneed to focus
on improving the accuracy of confinipgessure measuremeiihe prototyes focused on
confining the radish growth in the radial direction. Field observations on radish growth at
the study site showed an uplift of pavement material with axial growth of the radish. Future

design iterations can also focus on creating triaxiafinement conditions.
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Chapter 6
LIFE CYCLE ASSESSMENT (LCA)

Usingsuchradishes to initiate and propagate crasksborintensiveandmay take
multiple planting seasons to yield the desired effecie Cycle Assessment (LCA)
calculates the total environmental impacpadducts or services throughout their lifeley
Life Cycle Inventory (LCl)is a stepof conductingLCA whereinput and outputiataare
gatheredeforeperformingLife Cycle Impact Assessment (LCIAJhis chapterdescribes
theresultsofan LICtoe st i mat e the annual carbon dioxi
growth at thestudysite. An interpretation of the resultstisenprovided

6 . Gal and Scope

This study -adapessaopeaeéheompassing al/l
growing the daihderoinlolfiardg rshlsafnaéi nmrga d iugtho s e e d s
radricdit har Ees 66 mginadréer epabwer ampmeéducti on a
usage, watering of radi shapp!l iacGadi Fdorer t i | i :
Assessment tool was used to inventory the agricultural aspects, which include planting,
fertilizer, irrigation, and use of drilling tools to create the radish planting holes on site
[100]. Data gathered from literature was usetht@ntory he manufactureof the drilling
tool. Carbon sequestration of radish was not considerdis LCI. The goal of this LCA
was achieved by conductinige LCI and providing an interpretation tife resultavithout
acomplee LCIA [82].

6.2LCI of Radish Cultivation

The Cool Farm Tool , wi deliyyndeéygodgmitzeed
alignment with I ntergovernment al Panel on
effectively utilized in assessil8]gT hteh eCocaalr b «
Farm Tool was used to quantify the |ife cy
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cul ti[uoalt i ®mi s i ncludedmthdeemirsdsib@amuasetdhe
holiesi gaft irt@hdei, s Hfeg ti | i zer pr oldputsirtoitrastopl a n d
onradi sh cul ti vat irebed onadtaprovided byshe WidtgrthusPl & a t

Management t eam

6.2.1Planting and growing cycles

The initial planting of tillage radish took place in the spring of 2021, following the
drilling of 320 holes of4 in. diameter in sizan an aesthetic arrangement on the asphalt
pavement. Subsequent planting occurred biannually untifalh&024 planting season.
Each spring, radish seed®replantedaroundearly March and allowed to grow until fall
harvest irearly SeptembeFall plantingthenoccurs with radishes growingntil thespring
plantingnext March The planting periods are not defined and vary according to seasonal
and environmental factors influencing radish development. Before planting new radish
seedseffort is first made to pull out by harahy radishes from the previossasonThe
remainingorganic materiah the holesarethen drilled fora fewsecond$o make room for

additional soil angblantingfor the next season

6.2.2Fertilizer

Radishes were fertilized witMiracle-Gro watersoluble allpurpose plant food
(NPK formulation of 248-16) at the label rate for outdoor plants of 1.5 tablespoons per 1.5
gallons of water, generally, one application per week. Fertilizer application ubagiy
2 to 3 weeks after germination and contichuetil the plants bean to flower.During the
initial days, the study siteeededapproximately 9 gallons ofertilizer solution per
application(9 tablespoons oflissolvedfertilizer). As the plants increased in sizbey
needed appromately 13-14 gallonsof fertilizer solution(13-14 tablespoons afissolved

fertilizer).

6.2.3Water usage

Watering was done daily when the plants were young, and then as necessary as the
plants became more establishé¢htering application amounts mirrored the fertiliZgne

plants were watered2 times per day. Since the spring cycle starts with cooler weather in
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early March, watering was done once per day. A second watering was added as the weather
warmed (usually in early May when the temperatures are consistently ab&\w2a0 C).

Since thefall cycle starts with warmer weather in early September, watering starts twice
daily and gradually reduces to once per day as the weather cools (usually by early October).
The plants were not watered between approximately December 1 and March 1 as this wa
when the outdoor water supply in the test site was shut off for the wivieéering was

periodically skippediue to precipitation.

6 . Drilldisage (DeWALT power hammer drill and lithium battery)

320 holes were drilled using a DeWALT
with a power oiforB0W®WatWw eray loft h2uUvh awdd6éAh.
and apprdxiimaegepaynm@i ng the full depheh of

following computation determines the energy required for the drill operation in the

pavement.

1. Average time to drill a hole

Trial 1 (in seconds) 9.34
Trial 2 (in seconds) 10.37
Trial 3 (in seconds) 9.02
Trial 4 (in seconds) 10.4
Trial 5 (in seconds) 10.7
Average (seco 10

2. Energy required to drill 32Boles = Drill power x Time to drill 320 holes
=300 x 10 x 3200
= 266.67 Wh

3. Battery Energy, E, Storage calculation
The total energy stored in the battery when fully charged is given by:
Estorea= V x Capacity
Estored= 20Vx6Ah =120Wh

Considering 90% efficiency, the actual usable energy is:
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Eusabiee120Whx0.9 =108Wh
4. Energy used by drill at full charge.
Assuming an energy efficiency of 85% during usage
Energy used per charge cycle = 108x0.85 = 91.8 Wh
5. Number of Charges required, N

N =

N = :: 2.9 a4 3 times of charging

6. Total energy used in Charging battery = 120 *3
=360 Wh

The i nvendfoaryttilggleuesasnd appl i catsopplgat e,
and drill wesage mpoet gyl i niThreebaC &0 avga | Fuaer sm
arseu mmat ifkiguee6.1a nThble6.1bel.ow

(e}
1

Carbon dioxide Equivalent (Kg CO2e)
w

0 : : I

Fertilizer Production  Soil/Fertiliser Energy Use  Energy Use (Drilling)
(Watering)

Processes

Figure 6.1 Carbon dioxide equivalent emissios of growing radish assessed using the
Cool Farm Tool [100].

64



Table6.1Su mmargQeeimi ssi ons from dril |l use, wa:
appli.cation

Total emission |9. BgC Qe

Emi ssions per h78.k§@Qe

Emi ssion per unO. RYX Qe

6.3LCI of Power Hammer Drill Production

ADeWApDOwer hamméi¢gwasdruisleld t o create hol es
the sowing of radish seeds. The oovmpahéntmi
i ncluding itpgraddudtiiuomn.baRrnniemgry data (equi
(publications, dat abases, etc.) were gat hi
primary data for the power hammer drill " s
together wittdh fermomspobl idaati ons and dat ab:
car bon evmircsslieodhlsdbty mul ti plying its mass by
The emi ssion f awdroe sb tb/ead umg lreedstheared | owes't
i hiteratastahlnigeheotfdme@C@ sTloemssum of t he nume
i nputed ZWheelodder al | car banmeendirsislilonss prreoldautcet

mat eMfoakhs. out put emi ssions were computed a

| i fe span to the dril |l i mipgsi gquosetpiaieiseed s hevdr
operation does not wutilize the entire oper e
to 2000 hours depending on its maintenance

To gather ddatapogvwadre Ha&rhrdrtu saddrr i | 1 i ng ¢t

pl anti wgkihmd$ te sdiisnatsossermbd reednt s Figweb.2theolwaw,i n
and each part was i Thde6.R).iTfhiiesd plreofcerses waisg ttio
undergradaat eshup enrbvgirsheed nber g at. Blgr eae€eol |
hel gedeet hiensd rmaltler i al compositi @&€m®eo fl nefaocrhmat
mat éreixalracti on and production waglubbial ne
avail abl e . iThedstudy tagsymeddtizat al materials used in producing the

equipment were nakcycled.
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Table 6.2 Weights ofindividual c o mp o emft

a

Figure 6.2 Component of a disassembled power hammer drill

di sassembl ed

Material

Weight ()

Synthetic rubber (SBR)
Rubber/Plastic (natural)
TPE Plastic

PP Plastic

PA6 GF 30 Plastic

Steel

Stainless steel

Aluminum Alloy

Zinc Coated Higkcarbon stee
Aluminum

Tungsten Carbide Drilled bit

31.02
106.84
419.61

45.64
557.09
993.08

8.27

22.22

10.37
476.27

200.5

66

powe



Synthetic Rubber

Th@Qeemi ssions for synthetic rubbers ran
EPDM (ethylene propylene diene monomer) to
rubd@@r Ot her rubbebstadueheasubbgre(b. 55),
and -ihadmwutsepe ene rubber (5. Forfahlswanhl
the | owest value (4.86 tonnes CO e/tonne)

were seflegrnedertfooehne srsubobnesr parts in the po

Natur al Rubber

The carbon footprint of rubbert maxreaf, act |
| and use met hods, Remskiantchgdesfi aprn omdlu ctait erd.
kil ogram of block rubber (99% dry rubber c
the majority of emissions (0.27 kg CO e pe
the remainder O0[10B]2Ankog h@® estpdary by Jawj it
carbon i mpact of rubber production in Tha
planted on agricultural areas for over 6 (
demonstrate that cohopgntesatkeds| egePpemdaniodmm)
product, whereas STR 20 (Standegqdpédhaiom®Rua
RSS (Ribbed Smoked Sheee)]. pTfbdeseees0i hdat ¢t
carbon footprint ofntradldmers prno deuscteado | fi rschme dr
nor mal approfd®h in Thail and

Thermopl astic elastomers (TPE)

Avi ent Cor po e altPeed nf oramsul ati ons with a n
neazéwyo product carbon fbetphemmopP&StiIi c el
i nventhersye. f o pmo baa tceroagdd tee P QFh ergaantgidav@®. ® . 4 6
CGekg/ kg of protdwogat e dihesieheardicar bofnawmpact
mat erials throughApredpohashahbhtaet TPEBggi Vv
performance to standard TPEs whil e &@atvi ng
[105].
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Pol ypropyl ene Pl astic
The -€®Pui val ent emissions for polypropyl
range oif3. BI0H5 Kk g

Polyamide 6 (PA6) 30% glass fiber (GF30)
The carbon f ootrpaiimftorocfe dg |PaAKs cfoimpedrsi t e
proportion of glass fibers used armdsshk sp:
based PA6 resin has a car b[XOA. flomd @rrp ;irt atoifn (
fibers into PA6 enhances its mechanical prc
The production of glass fibers emits 1.7 1t
[108],[109) PAG6/ 66, and PA6/ 66 with 30% gl ass sh
to 9.47 kgCO2e/ kg, and 5. U@ to 8.04 kgCO2e

St eel

St eel production has a significant <carb
steel and its production process. On aver a
1.89 tonnes of CO , with gl obal [$10leeFompr od
specific types of steel, the carbon emissi (

0.9288 kgq,COstainless steel pr ced.ux elsg ge,@® s s |
and recycled steel has a -engl@h[llllower f oot opr

Al umi num

The carbon footprint of aluminum produc
and recycled material s. Il n North Ameri ca,
kg CO e per kg of al uminum, encompassing t
mi nit mg ¢ §182f. i iPur e al umi num as a winding mat
and its alloy emits 131091 kgCO2e/ kg car bon

Zi woated carbon steel
The American Gal vanizers Associatdli pn r ej
gal vani zed (HDG) steel-cawhoohsiegbl weshcaaea

corrosion resistance, i s approxi mately 1.
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encompasses the entire production process,
gal vani zi Md3loper ations

Tungsten Carbide

The carbon dioxide emissions associated
vary depending on t he producti on scenari
approxi mately O0.10Ckg ICO tiper| kwy orfviWConme
emi ssicoesas@eto about O0.-Ob.5 lkmg tCOe Ipiegh kegc ol
case, emissions increase -€Cdli4.r oHgngdh| G .t Iy5 dk g
bits typically withstand 200 to 500, hol es,
usage c,onamdl bgld5.dept h

Battery

Battery production's carbon footprint v.
per kWh when powered by renewabl e energy t
fudll&g Li t hiiounm batteries typically | ast bet we
charge cycles, V\(h7lDdperdi cgg mes fhe sénergy
producbeWALT a20V 6cain eokrga etreyd t o have a ceé
bet ween 7.44 kg CO e and 25.44 kg CO e.
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Table 6.3 Summar yYCO® € mi sssfirooom De WALT Power hamm
produ.cti on

Weight of Upper Limit (kg) Lower Limit (kg)

Disaseombied Power  Materia Dri | | Dril |l
Hammer Dirill in(lli)g;;ll C Qekg C Qe C Qekg C Qe

Synthetic rubber (SBR) 0.03102 6. 0.1 4 . ¢ 0.1
Rubber/Plastic (natural) 0.10684 0 . 0 0.0
TPE Plastic 0.41961 -0. 0.1 0.0
PP Plastic 0.04564 3. 0.1 1. ¢ 0.0
PA6 GF 30 Plastic 0.55709 8. | 4 . 4 2.8
Steel 0.99308 2. 2.7 ¢ 0.9
Stainless steel 0.00827 6 . 0.0 4 . 0.0
Aluminum Alloy 0.02222 13. 0. 2 13. 0. 2
Zinc Coated Higkcarbon
steel 0.01037 1.8 0.0 1.8 0.0
Aluminum 0.47627 8 . | 4 . 2 8. 4 4. 0
Total production emission: 11.978 8.446

Based on these compiled @Oemissions values of its partSO.e emissions
associated with the use dfet power hammer drill emission was factored basedseat
the studysite compared to the total life expectancy of the .dfidlble 6.4 showsthe
approximateCO.e emissiors associated with thgroduction of EDeWALT power hammer
drill, factored foruse at the study sit€O,e amnissiors from theLithium-ion battery and
drill bits, factored for use at the study site aeportedin Table 6.5 and Table 6.6,
respectively

The upper and lower limits @O.e emissions were established from these results,
which are highlighted in the respective tables. om t hekke tabalkscatbon
equi val epliased sen otnhe powerphadmetri ami bl io
battery 1|ife, amsd usdigtiel |r abnigtess ufsreédm3t2pm wuhpep e
| ower 0. M5EQdod
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Table 6.4 Factored COze emissiors for the study siteassociated withparts
production of the power hammer drill.

- . CQe (kag)
Drill Life Span (h) Study Site Usgh) Upper limit  Lower limit
11.98 8.45
500 0.89 0.021 0.015
2000 0.89 0.005 0.004

Table 6.5 Factored CO;e emissions for the study site associated witlithium -ion
battery usedwith power hammer drill .

Battery Life Span Study Site Use CQe (kg)
(cycles) (cycles) Upper limit  Upper limit
25.44 7.44
300 3 0.254 0.074
500 3 0.153 0.045

Table 6.6 Factored CO:e emissions for the study site associated with drill bits used
with power hammer drill.

Drill bits Life Span  Study Site Use COze (kg)
(# holes drilled)  (# holesdrilled) Upper limit Lower limit
0.03 0.011
200 320 0.048 0.018
500 320 0.019 0.007

6.4 Life Cycle Assessment Resust

The cumulativeCO.e emissionsat theWinterthur study site including drill use,
water supply, and fertilizer production/application, were calculaidze9.73to 9.99 kg
CO e p e mlanying af ddikgn radish. The percentagadividual contributiors to
the overall emissio valueat the lowerend estimate and uppend estimatareshown in

Figure6.3.
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Power hammer
drill production
3%

Drill usage
2%

Plant watering Fertilizer
48% application
47%
(a) Upper estimate of CO.e emissions
Power hammer
drill production .
1% Drill usage
2%

Fertilizer
application
48%

Plant watering
49%

(b) Lower estimate of CQe emissions

Figure 6.3 Total contributions to CO.e emissionsfor one year6 growth of daikon
radish at the study site.
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6.5 Discussion of Resuk

The enviefohenetng ada diusth e si zaasp gar tbai cohl r oagcit cuar|
pavenarnet shi ghlighted by the findiThgsst uodfy t hi
site's annual dai kon radi sh pl antwermrrges re
approxi matCelelri §0val ue i s atphpe otx@@daniiedsey o U «
from burni odg [dl8]eTlhdgelWARLT power phraondmneat idon |4
usceontri buttéd 9amMR2MWE O t heemitsostiaosn, d.it ihfleH has

a mini mal i nf | uTehnec ep roend oamin&@Q@eit o edsr. is\s & @ rheef

cultivation od coher 9blgCRORhfgesmh @ selldwat emgi ng,
and fertil.AzsateFgme6Brndcdeesmsmai n contri butors a
and fertild4i7z%rof W ethald2emi ssi ons coming fr
substanti al contri buMi paCrltdee r toivieiirtardraligesta mi s ¢
composition, which has a h)i,ghcoGltorbiab utWad md ir

—+

o the overall carbonghbotpgiwanimetr Bromaoi sstehds e n

—

he car boacdowntpiBighf of t ot alevemi stshiooungsh s

precipitation IMowlerfsy iwagt etrh ed enaadnids.h| esbt i va
carbobnemsi viegadun e ¢@f amarvest!| owdéemnwetali e sCO n
val ues.

The scope of thiCQes emd,p swhaisicsbh hnimytedet as|
a compr ehelnhsiisvelL QACAl o etshceap b e qoesciodnattriiobnut i o
of t he .Irtadi sheessttihnead y d c drtarti bute to t he
approximately 4.9 tons (4445.2 kg) of ~carb
accumul ation and soil organic matter enhal
bene[f7lEsonomi c and social costs and benefit
an LCA.
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Chapter 7
CONCLUSIONS AND RECOMMENDATIONS
This chapter first provides a summary of the stodthodology andnhajorresults
Conclusiondased on the study results are descrilbed.chapterthenprovidesdirections
for continuing this work in the futurd=inally, general recommendations for using root

vegetables to fracture pavements are provided.

7.1 Study Summary and Conclusions

This studyfocused orthe use oflaikon radishes to fractutee pavement surface
of an aged asphalt parking letith a section ofpreexisting cracks,Jocated within
Winterthur Museum, Gardens, and Library Delaware, USA.The study site was
originally conceived as an aesthetic and educational installation to pilot a field
implementation of using daikon radishes to fracture aged asphalt pavBeigrgen 2021
and 2025, eight seasons sémiannual daikon radish (Tillage and Alpine cultivars)
planting and cultivationwere conductedat ths studysite. Holes were drilled into the
pavemenand plugged with sotb plant the radishe$he research involveatchival image
analysis,field observations, laboratory testing, and coléd experimental setups to
evaluate thestructural impact, mechanical propertiesand environmental impact of
growing radishes to fracture pavemsutface.

Tests on pavement material from the study site showed evidengavement
ageingwith an asphalt binde8uperpaveerformance grade of P@}-12. Crack mapping
of the studyoverthe eightplanting seasons revealed a significant increase in crack length
andarea ofde-pavament particularly along radish planting patasd in the areasf pre
exigting cracks Comparingvalues before radish planting May 2021 and at the end of
the eighh radish planting season February 2025the totalcracklengthand area of de
pavemenincreased by-34% and ~930%, respectivelyA new crack patterrconnecing

one or more radish planting holeserged at the sité4% of new cracks at the study site

74



are along thee holes. The size afomedrilled holes increasefrom season to season,
showing the gradual impact of tgeowingradish on the pavemen/hile most newcracks
andde-pavementoriginatefrom the section with initial alligator cracks before planting, the
cracks are quick to propagastong the planting patto area with no cracks at initial
planting. Pavement sectionat the sitecould bemanuallyremovedwith ease Thus, his
study site demonstrates the potential of daikon radish growth as a viable technique for
disintegratingagedpavement.

Water infiltration tests were conducted at several locatboribe study site using
a DoubleRing Infiltrometer.Water infiltrationrate was the higheat a locationwith two
radish planting holes connected with a bridging crack caused by radish gtooviled
(5.63 inch/h)This value was higher thahe rate a&location withonly pre-existing cracks
(2 inch/h)andafully de-pavedocationwherethe base soil layavas expose4.5 inch/h).
Cracks caused by growing radishes allow for more water infiltration than alligator cracking
caused by general weandtear during service. Importantly, the results show that full de
pavement by removing loose pavement material is not necessary to achiegeease in
the water infiltration rate.

Spring-loaded prototypeweredesigned to applgontrolled confinemenpressure
on a radishas it grows.The maximum confinement pressungeasuredn this studywas
12 psi for an Alpine radistwhich islower than the reported 85 psi limiting pressure found
in the literatur@63]. Asphalt concrete subjected to stress Igfrelm 12.18 psi to 86.44 psi,
for extended period$iasbeen showrio translateinto the accelerated creep ph§g4],
[75]. Shapes of the radishes after harvest showed that the Alpine radish develops a larger
diameter at points where it felt a greater resistance from the spinmcrease in root
diameter in response to compacted soils is a technique utilized by plants to push through
more resistant substrat¢69]. The results demonstrate that radish roots can exert
measurable pressure against confining surfaoes$ adapt their growth behavior to
overcome external constrasnt

The emi ssi ons associated wi t h radi sh

(

considering its carbon 993H0POIKIP Ceqati i omeabdi | i
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yearly plantidgicf roaighdry ragdigkil esatons fta

burning one gallon of fuel. The major cont
system and fertilizer wuse. Per this metric
the study site is | ow.

Thisinvestigationshows thatlaikonradishrootscan apply and sustain presstoe
create weak points and exploit greisting cracksinitiate andpropagatenew craclks, and
weaken the surfaces afed asphalt pavemen®ver time, environmental factors such as
moisture infiltration, freez¢haw cycles, and biological decay could amplify the effects of
root growth With this, the water infiltration rateof a pave site can be restored fwe
pavement leveldBy integrating agricultural and engineering principles, the use of radishes
in pavement fracturing presents @mnovative aneénvironmentally friendly alternative to

conventional mechanical methois removing ageghavement.

7.2 Directions for Future Study

This studyrelied on data from a pilot field implementatiddespite variations in
site interventions over the planting seasons and imperfect field data, characterizing the
conditions of this study site provides a means to make evidss=md recommendations
for future experimentsThe use of plants to fracture abandoned pavement requires more
researchThe following lists some potential directions for future study:

1 The study siteitilized only one size and pattern gianting holesMore researchs
required tostudy the effect of varying diameterstbe drilled holes and spacing
between the plants and planting rows.

1 Radishes at the study site were planted inir&B-thick asphalt pavement. Future
studiescan focus on varying the depth of the pavement mancement material
(asphalt vs. cement concrete).

1 More research is required to study the effeatoot vegetable shape on pavement
fracture. Future studies that experiment witlther species or cultivars of root
vegetablesire neededExperiments are also required to vary the planting tanels
study the sequence of plantibg allow for maximal root growtho fracture the

pavement
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1 Mapping ofpavement distress this studyrelied on a laborious manual tracing
process.Future sudies can focus onapplying andimproving the accuracy of
automatedechniques for pavement assessment

1 The springloaded prototypes developed tayrow radishes in controlled
confinement need further design iteratidasimproved accuracyStiffer springs
anda greatenumber of springsan be used to increase the confinement pressure.
Additionally, the study 6 s  p rs oonstrdingdoradish growth only in the radial
direction, while root expansion also occurs axiallyhe prototypes can also be
modified to better study the adaptability tok radish root t@vercome localized
higher pressure

T LCA in this study was | imited to condu
equi valentoremossei grar ofFutadeshsses$smean

expand the scope and system boundary of

7.3Recommendatiors
Whidiet esgedabandoned op & eaecické mata st elromn g n d

goalt he felnlecsewilonngmendpt o vodeth e ouoste voefget ab

l i ke dai koo aagepibeveesneat addr ess ecol ogi c

| mpl emeestiintgerwteaintmpamve t he ew®odl| awistibtbeuf un

curt ainfyu tnagrueee s

1T Before preparingt tihse ismpg osrettanetc @td @ lgfi iicrasyt,
thedaseadrowni si aurseelle e np.&$s sieblpe eparati on,
oft hpel anti ngnpamber npf plvwaonutlidn gd espeearsdo ns n
ecol geiadal

1T Forrestoring water infiltrati dmarvetne ntto |
of the site may not be necessary; it c
pavement cracks al ong pl anting pat hs
hydrol ogi cal measurements using the dou

ot her s.
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l

| femovalpaoemehnhe i & ocamoend ogodéigesdmralgr es
pavement i s retommengadembreatn umatheprvieal b
(using hand tools to suppaofrgerdyhy@nt € mgv ¢
seaapopm anting density be increased in ce
Fracture impactaries withthe species and cultivars obot vegetableshosen for

plantingin the pavemenilThe deeper taproot dhe Tillage radishcould penetrag

throughthick layers ofpavemenior compacted subgrad@&he largergirth of the

Alpine radishcould widendrilled holesandstimulate surface cracking thinner
pavemeniayers Root vegetable selectiaand crop rotatiorshould be driven by

pavement layethicknessseasonal progress monitoriragydthe endresult desired

at the site.

Careful pl annimgepbbnpiagt pagt er ns, and
hel p optniumbzdea tthieng s e asommise wegquhla.reend o
exampilregr avdhdiemg i nf i Il tration is the pur pc
teamsl hydr ol ogiatna!l usiemdailad antgd rosva nioft her
planting seatsoa sbBteequired

Water and fertilizer tuos et haer ee ntvhier émmaneonrt &
using this met hodThtios firnapcatcutr ecpapna ebeem er nehdgu
watceans e rtveacthinbi mgkuee sr ai n waatnedr rhetdhuece snigie n @ f
synt heti AQuft emiait leidg@trisonddyst emal tgnhelp

| abcoorottsakicgar e of the plants. during the g
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Appendix A
RECLAIMED ASPHALT PAVEMENT TEST RESULT

The accompanyingeport is the testresultsfrom the testof Reclaimed Asphalt

Pavementlescribedn Chapte, carried out at the Elaware Department of Transportation

Research Laboratory.

Delaware Department of Transportation

Materials & Research
Dover, Delaware

_— ABSC;I}I t;:})vsav W
pATE  7-1/- LocaTION W) :plerthvr Myseyen Pachona Lot
START FINISH REMARKS e }»»3
SAMPLE+ PANWT. [7/9.C S FILTER+ FINeswT. 2 (.3 T
PAN WT. </ FILTER WT. l% Slo
SAMPLEWT.(F)  /Z2AR.(o( FINES WT. (D) MY
EXT. SAMPLE+PAN (C) S (, (. Dish+ asHwY. 106 Z(4G
PAN WT. 1A 3 DISH WT. 05S.
EXT.SAMPLEWT. ] 12%.2% ASH WT. 0.2925
ORIG SAMPLE WT, {A) S EXT.uQuip J$70O mi/
/719.9 g 100
EXT. SAMPLEWT. (8) _ / (ole/, R/22 > TOTAL LIQUID EXT. 1.7
ASPHALT WT. (G) 5¢.13775 ASHWT.gm x O.29Z S
C+D+E=8 TOTALASH, grams (€) &, 70 Z25
A-B=G
G/F %= A/C% "/‘85 A/C%
RA# ¢\ Dates: } ] }[,)101—1»/ Material: Refinery:
Tank# Lot # Remark: Gallons:
Remarks:
SG.@TTF ___ PyE O Solubility
7 PyctAC SS.L6T0 flask+AC gooch+residue s
B. Pyce 39 703G flask gooch
AC —_— AC residue
C. Pyc+Water
B Pyc 100- A/B x100= % Sol.
Water M&ﬂdu—e—

D.Pyc+AC+Water 6 5, § Z 30O
A. Pyc+AC §S. L o/ O

Water 2 75/ S

A-B)/ (c-8)D-A= 075 S.G.

AC+Dish
Dish
AC

residue+dish
dish:

(A) residue : (8)

B/A x100 % residue

88



Plant Test Sheet

pant: __ W inerthue Museum Mix ID#
pate: Halry Mix Type:
1ime Received: Contract: Apsaacch
Technician: Y cnla Oven Cal. A= B=
Rice Gravity
Rec. Material #1: % Bowl #1
Rec. Material #2: % Sample Wt:_\3b3-8
Rec. Material #3: % Bowl & Sample: . %Y -4
Coarse Agg #1: % Bowl Weight: __ »56-2
Coarse Agg #2: % Gravity: __ 2.6465
Coarse Agg #3: %
Fine Agg #1: % Bowl #2
Fine Agg #2: % Sample Wt: __1365-%
Sand: % Bowl & Sample: _ 22¢\-0
Mineral Filler: % Bowl Weight: __ \y-13. 4
Asphalt: % Gravity: _ 2.54%
SG: Average: 7 -5k%
Tank: ;
Lot: Test #: Time:
Load # 2 Tons:
Asphalt content %: b - %3 Temp:
Initial Weight: _\137-3
Cores
Wt. Retained % Passing JMF
25.4 mm (1") Core #
19.0 mm (3/4") Loy Height
2smm@ry | %-F 9-} Dry Wt.
9.5mm (358" | _79-2 -7 SSD Wt.
475mm (1/4") | 384-2 543 Water Wt.
238mm@e) | L3 39-5 Difference
118mm(16) | | 09-8 | 24-9 BSG
060mm@0) | REXL | na-\ Air Voids
0.30 mm (60) 95-2 13-3 Average:
0.16 mm (100) | Apeyt Y| 98
0.075 mm (200)| | 4 35 1st Load
Pan |12.:0 Last Load
Total Loads
Total Tons

55-04-120313
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Original Binder Verification (AASHTO T315) - Final Report

Project name: Project3758

Date, Time: 7/16/2024 7:53:37 AM £
Test name: 7/16/2024 7:53 AM Original Binder Verification o
Operator: Delaware DOT

Sample: RESEARCH

Batch no.:

Description:

Measuring Device: SmartPave 102 SN82082048

Temperature control unit: P-PTD200+H-PTD120 SN82079451-82083588

Measuring System: PP25/PE SN46405

MS Diameter: 25.004

Gap: 1.000 mm

Asphalt original binder

Application version: Anton Paar RheoCompass™,
V1.32.258-Release
Licensed for: Fisher Scientific

License no. Rh16H7549
Version no. 1.17.0.0
Project: Project3758
Input data: 7/16/2024 7:53 AM Original
Binder Verification, <Last
measuring result>, From
interval 1, Point 1

Result data: Asphalt original binder (final)
MEASURING DATA:
No. Time Temp. Frequency Strain Modulus  Angle
t T . omega gamma 1G* )| delta
[s] 1°cy [rad/s] (%] [kPa] (1
1 29.3 64.0 10.0 12.01 108.7 68.8
12 31.2 64.0 10.0 . 12.01 108.6 68.8
13 33.1 84.0 10.0 12.01 108.5 68.8
14  35.0 64.0 10.0 12.00 108.5 68.8
15 36.9 64.0 10.0 12.00 108.4 68.8
16 38.8 64.0 10.0 12.00 108.4 68.8
17 40.7 64.0 10.0 12.00 108.4 68.8
18 42.6 64.0 10.0. 12.01 108.3 68.8
19 44.4 64.0 10.0 12.00 108.3 68.8
20 46.3 64.0 10.0 12.00 108.3 68.8
TEST RESULTS:
Mean frequency: 10.0 rad/s = 1.59 Hz
Mean strain: 12.00 %
Mean shear stress: 13.018 kPa
Mean phase shift angle: 68.8°
Mean complex shear modulus |G*|: 108.445 kPa
Mean temperasture lower plate: 64.0 °C
Mean temperature sample: 64.0 °C
ANALYSIS RESULT:
Number of data points: 10
1G*|/8in(3) : 116.2954 kPa
Standard deyiation: 0.1372 kPa
Median: 116.2757 kPa
Confidence interval (95 %): 116.1987 ... 116.3921 kPa

AASHTO T315 ORIGINAL BINDER PERF, CRITERION: |G*|/sin(&) >= 1.0000 kPa

This sample is found to P A S S8 at 64.0 °C

If this is the highest tested Original Binder tempexature which passes,
tho starting performance grade for RTFO test is 64.
Set start temperature of subsequent RTFO test te &4 °G;

! -liesponsmle Employec: Signature:
-

Page 1 of 1
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Original Binder Verification (AASHTO T315) - Final Report

Project name:
Date, Time:

Test name:

Operator:

Sample:

Batch no.:

Description:

Measuring Device:
Temperature control unit:
Measuring System:

MS Diameter:

Gap:

Asphalt original binder

Application version:
Licensed for:
Project:

Input data:

Result data:

MEASURING DATA:

Project3743

7/11/2024 2:40:20 PM

Winter Rescarch 7/11/2024 2:16 I'M Orlginal hinder

Verifiration
Delaware DOT

7-11-24

Winterthur museum parking lot

SmartPave 102 SN82082048
P=PTD200+11-PTD120 SN82079451-62083588

PP25/PE SNA6405
25.004
1.000 mm

No. Time Temp. Frequency Strain
t T omega gamma
[s] [°cl (rad/s] (%]
11 28.3 88.0 10.0 12.00
12 30.2 88.0 10.0 11.99
13 32.1 88.0 10.0 12.00
11 34.0 88.0 10.0 12.00
15 35.9 88.0 10.0 12.00
16 37.8 88.0 10.0 12.00
17 39.6 88.0 10.0 12.00
18 41.5 88.0 10.0 12.01
19 43.4 88.0 10.0 12.00
20 45.3 88.0 10.0 12.00

TEST RESULTS:

Mean frequency:

Mean strain:

Mcan shecar stress:
Mean phase shift angle:

Mcan complex shear modulus |G*|:
Mcan temperature lower plate:

Mean temperature sample:

ANALYSIS RESULT:
Number of data points:
|G*|/sin(8):
Standard deviation:
Median:

Confidence interval (95 %):
AASHTO T315 ORIGINAL BINDER PERF., CRITERION: |G*|/sin(8) >= 1.0000 kPa

Anton Paar RheoCompans™,
V1.32.258-Relcase

Fisher Scientific

License no. Rh16GH7549
Version no. 1.17.0.0
Project3743

Winter Resecarch 7/11/2024
2:16 PM Original Binder

verification, <Last measuring

result>, From interval 1,
Point 1

Asphalt original binder (final)

Modulus Angle
1G*| delta
[kPa] ih )

3.6 82.1
82.1
82.1
82.1
82.1
82.1
82.1
82.1
82.1
82.1

a0

WWWwwwwwww

10.0 rad/s = 1.59 Hz
12.00 %
0.429 kPa
~'82:1°
3.572 kPa
88.0 °C
88.0 °C

10
® 3.6064 kPa
0.0015 kPa
3.6069 kPa
3.6053 ... 3.6074 kPa

This sample is found to PA S S at 88.0 °C

If this is the highest tested Original Binder temperature which passes,

the starting performance grade for RTFO test is 88.
Set start temperature of subsequent RTFO test to 88 °C.
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MATERIALS AND RESEARCH
DELAWARE DEPARTMENT OF TRANSPORTATION
DOVER, DELAWARE (302) 760-2400

Asphalt Binder Plant Sample
PG 64-0 / PG 64S-0

DelDOT Lab Information
Lab #: A-677-24
Technician(s):
Plant Information

Q. SIVELS G.BLAKESLEE

Date Original DSR: ~ 7/11/2024

Date Remaining Tests:

Mix Plant: Tank #:
Date Sampled: Sampling Technician: PRINCE
Supplier Information
Asphalt Supplier: Tank No, COA Test #:
Location: Lot No.
Temperature
Binder Tests (AASHTO) ) Specification DelDOT Masts Spec
T48 Flash Point °C
T228 Specific Gravity
T316 Viscosity Pa-S
T240  RTFO Mass Change %
High Temperature Tests (AASHTO)
» T315 Original DSR, G*/sin8 64 2 1.00 kpa™ 79.6 v
7315 RTFO DSR, G*/siné kpa™
T315 Original DSR, G*/sin& kpa™
& T350 Jors2 kpa™
2 71350 Joaw %
T350 Rs,
R92 R3.2min
Low Temperature Tests (AASHTO)
T313 BBR Creep, 60 sec Mpa
T313 BBR m value
@ T315 PAV DSR, G*/sin& kPa
& T315 PAV &
@ T315 PAV DSR, G*/sin§ kPa
S 1315 PAV & T
Test Equipment
DSR (PG Orig.) DSR MSCR RTFO
DSR (PAV) Viscometer
DSR (RTFO) BBR
DSR MSCR (Orig.) RTFO
DSR MSCR (PAV) PAV
Estimated True Grade (Original DSR): 98
Comments:
Results:
Pass Fail
AASHTO M320 (PG)
AASHTO M332 (MSCR)
Laboratory Manager Date Chief Materials Engineer Date
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PAV Verification (AASHTO T315) - Final Report

Project name: PAV Verification 7/12/2024 8:10 AM m
Date, Time:  7/12/2024 8:35:48 AM 4
Testname:  PAV Verification 7/12/2024 8:10 AM 1 /-7
Operator: Delaware DOT i
Sample:
Batch no.:
Description;
Configuration: Anton Paar SmartPave 102 SN82777548
PPO8/PE SN47118 P-PTD200+H-PTD120 SN82789923-82801489

Asphalt PAV

Rpplication version: Anton Paar RheoCompass™,
v1i.31.70-Release
Licensed for: Fisher Scientific Company LLC

License no. Rh19C6293
Version no. 1.22,0.0
Project: PAV Verification 7/12/2024 8:10 aM
Input data: PAV Verification 7/12/2024
8:10 AM 1, <Last measuring
result>, From interval 1,

Point 1

Result data: Asphalt PAV (final)
TEST RESULTS:
Mean frequency: 10.0 rxad/s = 1.59 Hz
Mean strain: 1.00 %
Mean shear stress: 52.186 kPa
Mean phase shift angle: *42.6°
Mean complex shear modulus [|G*|: 5214,157 kPa
Mean temperature lower plate: 31.0 °c
Mean temperature sample: 31.0 °c
ANALYSIS RESULT:
Number of data points: 10
|G*| -sin(8) : « 3527.63 kPa

Standard deviation: 8.84 kPa

Median: 3527.38 kPa

Confidence interval (95 §): 3521.40 ... 3533.86 KPa
AASHTO T315 PAV PERFORMANCE CRITERION: |G*| *8in(d) <= 5000.00 kPa

This sample is found to P A S S at 31.0 °C

Precision Values
Erequency (Hz):

15915 Hz

Shear Strain (%):
1.0009 %

Shear Stress (kPa).
52.1860 kPa

42.5746 °

5214.1574 kPa
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|PAV Verification (AASHTO T315) - Final Report

Project name: PAV Verification 7/12/2024 8:10 AM

Date, Time:  7/12/2024 8:10:54 AM 4 ,
Testname:  PAV Verification 7/12/2024 8:10 AM /-7
Operator: Delaware DOT
Sample:
Batch no.:
Description:
Configuration: Anton Paar SmartPave 102 SN82777548
PPO8/PE SN47118 P-PTD200+H-PTD120 SN82789923-82801489

Asphalt PAV

Application version: Anton Paar RheoCompass™,
V1.31.70-Release
Licensed for: Fisher Scientific Company LLC

License no. Rh19C6293
Version no. 1.22.0.0
Project: PAV Verification 7/12/2024 8:10 AM
Input data: PAV Verification 7/12/2024
8:10 AM, <Last measuring
result>, From interval 1,

Point 1

Result data: Asphalt PAV (final)
TEST RESULTS:
Mean frequency: 10.0 rad/s = 1.59 Hz
Mean strain: 1.00 &
Mean shear stress: 101.840 kPa
Mean phase shift angle: 138.1°
Mean complex shear modulus |G*|: 10178.131 kPa
Mean temperature lower plate: 250 °C
Mean temperature sample: 25.0.*C
ANALYSIS RESULT:
Number of data points: 10
1G*] *sin(d) : »6280.20 kPa

Standard deviation: 23.81 kPa

Median: 6280.12 kPa

Confidence interval (95 %): 6263.42 .., 6296.97 kPa
AASHTO T315 PAV PERFORMANCE CRITERION: IG*] *sin(3) <= 5000.00 kPa

This sample is found to F A I L at 25.0 °C

Precision Values
e
W
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Project: [

| Operator: | GAB

. Specinen { PG RESEARCH

Test Tima ;| 9:48 56 AM

Test Date :| 71162024

File Name 1| 2407160112

BBRID: |3779-A2015

Taget Temp (C) {120 ConfTest(GPa): (212

M. Temp (C) :
Max Temp (°C) :
Temp Cal Date :

Soak Tre i) :[550 Cropl i) - 615

| 120 Conf Date I16/20

120 Force Const (mNikt) | 0.1
(732024 Def Const (kb - |0

Wil

Beam Wit (mm) | 1262 CalDate : 71612024

Thicknsss (mm) : |6.35 Softriare Version ; |BBRw 13

t p d Neasurad Estmated

Time  Force Deflocion  Stffess Stfness Differance  mealbe

§ @)y (P WPy i

8.0 987 0,128 626 626 0.000  0.19
15.0 996 0.146 548 550 0.365  0.216
30.0 98 0,171 469 110 0.213  9.236
60.0 988 0.203 395 396 0.253  0.257
120.0 98¢ 0.244 38 30 0.000  0.217
240.0 990 0.299 269 270 0.372 0.297

A=[285  B=[047  C=[003%  R'=[09%9920

Foros (=0.08){ 33 mN  Deflection (0.05){0.000 mer
Force (F0.56) | 985 mN Defiecton (=0.55) 0.080

Wlex Force Deviation (05 - 5.0s)| 4 0 m
Mlax Force Deviation [t=5.0-240.05)] 4 42 mN

Average Force (1=0.5- 240.03) % mi
Waximum Force [t=0.5-240.05)m mi
\inimim Force (0.5 - 240.0s)] 985 m
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Project : Target Temp (°C) {-6.0 Conf Test (GPa):  |212
Operator: |GAB Min. Temp (°C) - [6.1 Conf Date : 7116/2024
Specimen ;| PG RESEARCH 1 Max. Temp (°C) : |-5.9 Force Const (mN/bit) [0.15

Test Time :{11:25:08 AM Temp Cal Date : |Unknown  Defl Const (umv/bit) : |0.156
Test Date : | 7/16/2024 Soak Time (min) : [55.0 Cmpl (um/N) : 6.15

File Name ;| R1 Beam Width (mm) | 12.62 Cal Date : 711612024
BBRID: |3779-A2015 Thickness (mm) : |6.35 Software Version:  |BBRw 1.33

t P d Measured Estimated

Time Force  Deflection Stiffness Stiffness Difference m-value

(s) (mN) (mm) (MPa) (MPa) (%)

8.0 983  0.241 331 330 -0.302 0.251
15.0 981 0.284 280 280 0.000 {271
30.0 980  0.344 231 231 0.000 0.294
60.0 978 0.421 14 7 0.000 0.316
120.0 976  0.531 149 149 0.000 0.338
240.0 977 0.676 117 117 0.000 0.360

A=[272 B=[-0.185 C=[00368  R2=[0.999959

Force (=0.0s){ 40 mN Deflection (t=0.0s)40.000 mm
Force (t=0.5s)7 984 mN Deflection (t=0.53)ﬂlo.130 mm

Max Force Deviation (t=0.6 - 5.0s){ -0, +9 mN
Max Force Deviation (t=5.0 - 240.0s)| -2, +7 mN

Average Force (t=0.5-240.0s)| 977 mN
Maximum Force (t=0.5 - 240.0s)| 986 mN
Minimum Force (t=0.5 - 240.0s)| 976 mN

96



Appendix B
SEASONAL MAPPED PAVEMENT CONDITION
Additional mapping results of the pavement condition mapgediescribe in
Chapter 4 is presented belokigure B.1 to Figure B.8 shows the completpavement
conditiorsincluding cracks, d@aved aregrigure B.9 to Figure B.15shows thgpavement
condition,highlighting the cracks along the daikon radish planting httesdepaved area,

andthe seasonagéxpansion of holes.

Figure B. 1 Crack patterns in the study sitebefore drilling of holes andplanting
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Figure B. 2 Planting impact on the pavementCrack growth patterns in the study
site at the end of the spring 2021 planting season mapped using AutoCAD
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Figure B. 3 Crack growth patterns in the study site at the end of the fall 2021
planting season mapped using AutoCAD
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