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ABSTRACT 

The United States consistently ranks among the top three countries worldwide in 

the use of paving material. Paved surfacesðsuch as those used in residential areas, parking 

lots, and roadsðare essential in urban planning and infrastructure development. However, 

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 and air pollution 

ordinances, or 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 ecosystem services, and 

abrupt temperature fluctuations in the local water system. It is important to develop 

strategies to address these concerns posed by paved surfaces.  

This study investigated the use of daikon radishes (Raphanus sativus var. 

longipinnatus, Tillage and Alpine cultivars) to fracture an aged asphalt pavement surface. 

Field data was collected from a study site located within Winterthur Museum, Gardens, 

and Library in Delaware, USA. Between 2021 and 2025, eight seasons of semi-annual 

daikon radish planting and cultivation were conducted at this study site. The research 

involved archival image analysis, field observations, laboratory testing, and controlled 

experimental setups to evaluate the structural impact, mechanical properties, and 

environmental impact of growing radishes to fracture pavement surfaces.  

First, asphalt pavement material properties from the study site were characterized 

using standard specification tests. Archives of high-resolution overhead photographs of the 

study site before planting and after harvesting for every planting season were used to map 

pavement distresses in the study site using AutoCAD®. To access the study site 

hydrological conditions, water infiltration rates on different pavement conditions were 

measured using the Double-Ring Infiltrometer at the end of the eighth planting season. 



xvi 

 

Spring-loaded prototypes were designed to monitor the radish root's growth 

behavior in controlled confinement, independent of external climatic conditions like 

temperature and precipitation. Finally, a life cycle inventory of carbon dioxide equivalent 

emissions from one year of radish growth at the study site was completed.  

The study site demonstrated the potential of daikon radish growth as a viable 

technique for disintegrating aged pavement. Comparing 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 de-pavement increased by ~34% and ~930%, respectively. A new 

crack pattern connecting one or more radish planting holes emerged at the site; 74% of new 

cracks at the study site are along these holes. Water infiltration tests showed that these 

cracks caused by growing radishes allow for more water infiltration than alligator cracking 

caused by general wear-and-tear at the study site. Results show that full de-pavement of 

the site is not necessary to achieve an increase in the water infiltration rate.  

Radish growth in a controlled environment inside spring-loaded prototypes 

demonstrated that radish roots can exert measurable pressure against confining surfaces 

and adapt their growth behavior to overcome external constraints. The maximum 

confinement pressure measured in this study was 12 psi for an Alpine radish. 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 spring. The emissions associated with radish 

cultivation at the study site (without considering its carbon sequestration ability) range 

from 9.73 to 9.99 kg CO  equivalent per yearly planting of daikon radish. This is roughly 

equivalent to tailpipe CO2 emissions from burning one gallon of fuel. The major 

contributors to these emissions are the water supply system and fertilizer use. Per this 

metric, the environmental impact of growing radishes at the study site is low.  

This investigation shows that daikon radish roots can apply and sustain pressure to 

create weak points and exploit pre-existing cracks, initiate and propagate new cracks, and 

weaken the surfaces of aged asphalt pavements. Over time, environmental factors such as 

moisture infiltration, freeze-thaw cycles, and biological decay could amplify the effects of 

root growth. With this, the water infiltration rate of a paved site can be significantly 
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improved compared with its current condition. By 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  

1.1 Background 

The United States consistently ranks among the top three countries worldwide in 

the use of paving material [1]. Paved surfacesðsuch as those used in residential areas, 

parking lots, and roadsðare essential in urban planning and infrastructure development. 

Their proper design, construction, and maintenance have ensured long-term benefits 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 Wal-Mart's expansion strategy exemplifies how new construction 

could lead to abandoning previously used infrastructures [2]. These abandoned locations 

are characterized by extensive asphalt parking lots, creating substantial areas of unused and 

often unsightly pavement [2]. They are frequently neglected over extended periods due to 

lack of financial incentives to remove them. Some abandoned pavements are too large-

scale while others are too small-scale to make it economical to remove with mechanized 

equipment. Furthermore, the removal of paved surfaces with industrial equipment could 

create hazardous noise and air pollution. Some sensitive locations, such as cemeteries or 

paved trails near old-growth trees, preclude the use of industrial equipment that disrupt the 

siteôs historical, cultural, or ecological function. Abandoned asphalt pavements are not 

inert; they can pose several significant environmental risks such as the urban heat island 

effect [3], increased runoff due to reduced water infiltration rate [4], loss of ecosystem, and 

abrupt temperature fluctuations in the local water system [5]. It is important to remove 

these paved surfaces to mitigate these concerns.  

Since 2019, D. Feinberg and M. Parr have been exploring methods to deliberately 

fracture asphalt pavements without industrial equipment and restore soil function [6]. 

Through several field experimentsðincluding two sites at the Winterthur Museum,
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 Garden, and Library in DelawareðFeinberg and his collaborators have been 

observing the ability of daikon radish roots to apply physical force on the pavements to 

fracture them. A primary objective of Feinbergôs work has been to develop planting 

patterns that reduce the perception of neglect and communicate deliberate aesthetic 

intentions [6]. The field sites in this project have primarily used two varieties of daikon 

radishes (Raphanus sativus var. longipinnatus): Tillage and Alpine radish.  

 

Figure 1.1 Patterned planting of Tillage radish seedlings in pavement by Feinberg et 

al. [6] 

The Tillage radish has been extensively utilized in agriculture as a cover crop. Due 

to its capacity to penetrate dense soils using its strong taproots, it is typically planted in late 

summer or early fall to break up compacted soils as part of no-till agricultural practices. 

The Alpine radish, a hybrid daikon bred for heat tolerance, is planted in spring to summer. 

Cover crop species with long tap roots are highly effective in reducing soil compaction, 

extracting nutrients from deep within the soil, transporting them to the root zone, and 

creating root channels for future crops. These tap-rooted cover crops are sometimes 

referred to as "bio-drillers" [7], [8]. 

The use of daikon radishes to fracture pavements is an innovative concept that 

offers significant potential for experimental evaluation. To our knowledge, no research 

study has quantified the effect of purposely disrupting paved surfaces and unsealing the 
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underlying soils using this method. This study documents and quantifies the effect of the 

several seasons of planting of daikon radishes in one of the test sites started by Feinberg et 

al. in Winterthur, DE. Findings of this study provide insights into the viability of using 

daikon radishes (viz., Tillage and Alpine radishes) for fracturing abandoned pavement 

surfaces instead of conventional methods that rely on industrial equipment. 

Recommendations on utilizing this nature-based solution to fracture abandoned or 

underutilized pavements is provided at the end. 

1.2 Study Objectives 

The goal of this study is to quantify the effect of using daikon radishes to achieve 

fracturing of asphalted paved surfaces. The study results are based on data gathered from 

a patterned radish installation located in an unused section of an asphalt-paved parking lot 

(called the Greenhouse parking lot) at the Winterthur Museum, Garden, and Library in 

Delaware, USA [9]. Tillage and Alpine radishes have been planted in a specific pattern in 

this site since the spring of 2021. Unless specifically stated, the term ñdaikon radishò or 

ñradishò is used interchangeably to represent Tillage and Alpine radish in this study. 

To achieve the study objectives, the following tasks were conducted:  

1. Characterizing pavement material properties of the study site. 

2. Documenting the cracking pattern, crack length change, and de-pavement in the 

study site due to a sequence of eight radish planting seasons (2021 to 2025).  

3. Quantifying the change in water infiltration at the study site at the end of eight 

planting seasons. 

4. Experimentally observing radish growth in confinement in a controlled 

environment.  

5. Performing a Life Cycle Inventory (LCI) to assess the environmental impact of 

growing radishes in asphalt pavements. 

1.3 Organization of Thesis 

The following sections of this thesis provide details about this study. Chapter 2 

focuses on literature review of the negative effects of unused asphalt pavement and its 

removal, the characteristics and ecological advantages of daikon radishes, pavement 
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fractures and their measurements, and the use of life cycle assessment to evaluate 

environmental impacts. Chapter 3 describes the study site from where data were gathered 

for analysis and presents its pavement material properties such as asphalt binder grade and 

aggregate properties of the site. Chapter 4 evaluates the feasibility of using radish growth 

to fracture pavement surfaces by conducting two key assessments: mapping of crack 

growth patterns over the planting seasons and evaluating water infiltration at the site. 

Chapter 5 focuses on experimentally monitoring the growth behavior of radish roots in 

controlled confinement, independent of external climatic conditions like temperature and 

precipitation. Tests to determine elastic modulus of radish tissue are also presented. 

Chapter 6 describes a life cycle inventory (LCI) analysis to estimate the annual carbon 

dioxide equivalents (COe) of radish growth at the study site. Chapter 7 summarizes the 

study's principal findings and makes recommendations for further research and 

applications.
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Chapter 2  

LITERATURE REVIEW  

This chapter presents an overview of literature relevant to this study. First, 

information from previous studies on the negative impacts of unused asphalt pavement and 

its removal is presented. Literature on Reclaimed Asphalt Pavement material and 

measurement of pavement fractures is summarized. Information on daikon radishes, 

including their various types, root pressure, and influence on ecosystem services is then 

presented. The chapter concludes with a review of life cycle assessment as a tool for 

evaluating environmental impact. 

2.1 Deleterious Impacts of Abandoned Asphalt Pavements 

Asphalt, a non-biodegradable material derived from petroleum, is used for paving 

surfaces, including roads, parking lots, and other infrastructure. It is integral to modern 

urban development in the United 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 and goods 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 conditions [10]. 

Paved surfaces facilitate smooth movement for vehicles, cyclists, and pedestrians, 

ensuring reliable transportation networks. In residential areas, well-maintained streets and 

sidewalks improve walkability and promote community engagement and a higher quality 

of life. Parking lots with properly paved surfaces enhance vehicle 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 Wal-Mart's expansion strategy [2] exemplifies how the 
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construction of ever-larger 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 pavement [2]. 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 contributes to the 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 restoration challenging [11]. 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 asphalt demonstrates the potential for leaching from asphalt pavement, even 

when the ash is incorporated into asphalt mixtures. Over-pavement can contribute to 

impaired stormwater management[12]. Unpaved, uncompacted soil can infiltrate up to 

90% of yearly rainfall, but infiltration can be reduced to 5-15% if the soil is covered by 

asphalt laid on a compacted sub-base [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 groundwater [14], [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 purification, and microclimate regulation 

provided by urban green spaces [11]. 

The economic implications 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 values [2]. The costs associated with repurposing 
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abandoned pavement can be significant, placing a burden on municipalities, as it offers no 

economic incentives. 

2.2 Removal of Unused Pavements 

Addressing the issue of abandoned asphalt pavement requires a multi-pronged 

approach focusing on prevention, remediation, and resource recovery. One crucial aspect 

has been to promote the recycling and reuse of asphalt materials. Numerous studies have 

investigated the use of reclaimed asphalt pavement (RAP) in new asphalt mixtures [16], 

[17], [18], [19]. This requires the use of industrial equipment to remove asphalt pavements 

for reuse. The removal or de-paving of asphalt pavement is a significant undertaking in 

road construction and maintenance projects. The process involves various techniques that 

rely on large industrial equipment[20]. The different equipment used for the removal has 

its advantages and disadvantages. Milling machines, for example, are highly efficient for 

large-scale removal and produce a smooth surface but are expensive and require 

specialized skills. Excavators with specialized attachments are versatile and can handle 

various removal tasks but may be less precise than milling machines [21]. Some 

organizations have used diamond blade saws are also used for manual pavement 

removal[22]. The choice of equipment depends on factors such as project scale, budget, 

site conditions, and the desired level of precision [21]. 

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 budgets [23]. 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 consumption [24], [25]. 

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 essential [21]. Moreover, 

transporting large, heavy equipment can be logistically complex, particularly in urban areas 

with traffic congestion, necessitating specialized transportation and increasing costs [23]. 

Lastly, the need for skilled operators adds to overall expenses, as training and certification 
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are required to ensure safe and efficient operation and a shortage of trained personnel could 

limit the accessibility of this equipment for certain projects [25]. Due to the above-listed 

concerns including the lack of economic incentives, environmental concerns, labor 

intensiveness, and sensitivity of some locations (e.g. cemeteries, wooded areas, etc.), a 

mechanized approach could be inappropriate or inaccessible for removing abandoned 

pavement in certain locations. Approaches that limit the downside of mechanized 

approaches are necessary 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 

manufacturing operations [19], [26].   Its major components are asphalt binders and coarse 

aggregates [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 RAP ratio used in new plant mixtures varies greatly by state [19], [28], 

[29], [30].   Reclaimed Asphalt Pavement (RAP) can be produced using several procedures, 

including milling and full-depth removal with machinery such as front-end loaders and 

bulldozers [31].    Depending on how much is used in the mixture, RAP created during 

milling can be recycled with minimal processing [29]. 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 reprocessing plant [32]. 

Though not always used in the same year as creation, the vast majority of RAP is 

recycled and reused [29].   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 asphalt cement supplement and aggregate substitute in recycled asphalt paving (hot mix 
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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 obtain[29]. 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 cracking [34]. 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 content [37]. RAP mixes may also be more moisture-sensitive 

than virgin combinations [38]. Moisture degradation has been shown to cause the asphalt 

binder to be stripped from the surface of the aggregate [39].  The use of various additives, 

such as lime or anti-stripping compounds, have been used to improve the moisture 

resistance of such RAP mixtures [40], [41], [42].   These additives help to prevent moisture 

damage by enhancing the adhesion of the aggregates to the binder [43].   Kyungnam Kim 

and Tri Ho Minh Le found that the rejuvenated mixes' resistance to moisture-induced 

damage combinations increased by a significant 9.47%, as measured by the Tensile 

Strength Ratio [44]. The use of rejuvenating agents to aid the use of RAP has proved 

promising, however, the long-term impact, including, performance durability and 

environmental concerns is not fully comprehended[45]. 

2.4 Pavement Crack Measurement 

A surface crack (fracture) is a fissure of the pavement material that is at least 1 mm 

wide and 25 mm long [46]. 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 cracks [47]. For structures to remain 

durable, safe, and serviceable, cracks must also be given careful consideration [48]. In 

construction, surface cracking is a crucial sign of durability and structural deterioration 
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[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 improved. Most 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 detecting pavement cracks automatically, reliably, and robustly [47]. Crack 

detection should therefore be case-dependent and a manual approach could be included 

[50].  

2.5 Overview of the Radish Plant (Raphanus sativus) 

Radish (Raphanus sativus L. or Raphanus raphanistrum subsp. sativus) is a 

member of the Brassicaceae family (alt. Cruciferae) and is a diploid species with a 

chromosome count of 2n = 2x = 18 [51], [52]. The genus Raphanus originates from the 

Greek words ñRa,ò signifying rapidly, and ñPhainomai,ò meaning to appear, alluding to 

the swift germination of radish seeds. The term radish originates from the Latin word 

meaning root, radix [53]. Most researchers argue that cultivated radish (R. sativus L.) 

developed from wild radish (Raphanus raphanistrum L.), while others propose that R. 

sativus resulted from the hybridization of R. maritimus and R. landra [54]. Throughout the 

dissemination process, various cultivars emerged in diverse global regions, including 

primarily fresh edible cherry radish (R. sativus L. var. radicola Pers), oil radish (R. sativus 

L. var. oleifera), feed radish (R. sativus L. var. caudatus), black radish (R. sativus L. var. 

niger), and large root radish (daikon) (R. sativus L. 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, although they are typically 

prepared and served as a vegetable. In Southeast Asia , it is occasionally grown for its 

leaves, which are used as a vegetable [53]. Radish is used in traditional medicine to treat 

liver disease, bronchitis, and coughs. It stimulates appetite, causes cooling effects, and 

relieves constipation [52]. 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. Radishes are wide-ranging in sizeðas small as several grams for 

common early American and European types to as large as several kilograms for the 

Japanese daikon radish [53]. 

2.5.1 The Daikon Radish Varieties 

Daikon radish (Raphanus sativus var. longipinnatus) is 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 competition 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 impact on the subsequent cash 

crop.[56], [57], [58]. Several varieties of radishes have been cultivated as shown in Figure 

2.1 below.  

 

Figure 2.1 Size and shape of several varieties of daikon and specialty radishes [59]. 

 

The varieties of daikon radish used in the study are the Tillage radish and the Alpine 

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, LLC [60]. It is 
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typically planted in late summer or early fall to break up compacted soils as part of no-till 

agricultural practices. The 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 5-8 inches (13-20 cm) in root length, 2-2.5 inches (5-6.5 cm) in 

diameter, and weigh generally around 2 pounds (0.9kg) [59]. 

2.5.2 Root Pressure Exerted by Tillage Radish 

Radish roots exert pressure longitudinally (along their length) and laterally (along 

their girth) to displace soil particles, overcome friction, and elongate through the soil [61]. 

This ability to generate pressure depends on the osmotic properties of the sap and its turgor 

pressure [62], [63]. Tillage radish roots have been shown to penetrate deeper in the soil 

profile than a deep ripper and best without bringing up any rocks [64]. The thicker upper 

portion of its taproot can grow up to 24 inches (61 cm) long and the thin portion of the 

taproot can extend up to 6 feet (183 cm) in length. The taproots can grow 2 or more inches 

(5 cm or more) in diameter. With this length and girth, Tillage radish tap roots are 

extremely effective in reducing soil compaction [7], [8], [65]. No other radish used as a 

cover crop possesses a taproot that is highly aggressive, and capable of growing directly 

through compacted soil [66]. Tillage radishes can grow successfully in soil bulk densities 

of 0.96ï1.6 g/cm3, with its largest root observed at 1.28 g/cm3 [61]. Roots generally 

become shorter and thicker when grown in a bulk density of 1.5ï1.7 g/cm3 [67] or a 

penetrometer resistance of about 5 MPa [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 extension [69].  

Prior research indicates root growth pressure varies based on species, soil 

conditions, and mechanical resistance [70], [71]. The claim that Tillage radishes can exert 

root pressures up to 290 psi has been reported in several sources. For instance, an article 

from Grainews [66] describes the Tillage 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 that Tillage radishes are "very aggressive when rooting" and can exert 

290 pounds per square inch of pressure as they drill down, allowing them to penetrate 
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compacted soils effectively [72]. However, no peer-reviewed scientific studies were found 

to support this. Kibreab and Danielson applied pressure to a growing radish plant in a 

confined fluid pressure cell and reported the limiting pressure for radish root growth as 

approximately 5.8 bars (84.1 psi) [63]. Whether this pressure is the same along the length 

or girth of the radish remains uncertain.   

Flexibility or stiffness of the asphalt binder under various temperature conditions 

affects how the pavement responds to stress-induced cracking caused by the growth of 

daikon radish roots. The above-reported values of radish growth pressure can result in the 

failure of asphalt pavement in tensile or creep loading. At temperatures above 20°C (68°F) 

the tensile strength of polymer-modified asphalt pavement is reported to be 0.589 MPaï

1.080 MPa (85.51ï156.63 psi) [73]. Asphalt concrete subjected to much lower stress levels 

of 0.084ï0.596 MPa (12.18ï86.44 psi) for extended periods, may transition into the 

accelerated creep phase, increasing the risk of cracking significantly due to accelerated 

damage accumulation [74], [75]. This suggests that over long period of time, applying a 

stress level of around 12 psi could be enough to cause damage to the 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 cracking.  These cracks compromise 

the pavement's structural integrity, making it susceptible to further damage and reducing 

its load-bearing capacity. Growing radishes in these pavements can cause them to be even 

more susceptible to moisture damage as the root are made up of about 93.1% to 97% water 

by mass[76].  

2.5.3 Ecosystem Services of Radish Cover Crops 

Beyond soil penetration, radish cover crops contribute to carbon sequestration. 

Estimates suggest that after 30 years, forage radishes could store approximately 4.9 tons of 

carbon per hectare, though regional climate conditions influence such projections [77]. The 

growth of radish has been shown to increase macropores in compacted soil, which 

promotes air and water infiltration [8]. Planting Tillage radish significantly increases 

average soil water storage compared to no-cover 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 profile [58]. The retention of water 

and increased infiltration rate by the radish under asphalt pavement could lead to higher 

moisture levels in the underlying soil or base layers. This could negatively impact asphalt 

pavement strength by reducing subgrade stability and accelerating moisture-related 

distress. 

Radish plants also facilitate nutrient scavenging, retrieving nitrate, phosphorus, and 

potassium from deeper soil layers, which remain available post-decomposition [78]. Their 

aggressive growth pattern creates deep channels that enhance water infiltration and 

improve springtime soil conditions [79]. 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 row [78]. The growth of the radish can thus be 

expected to have a larger impact along its planting row and closer to the radish as seen in 

the connecting deterioration in Figure 2.2 Tillage radishes growing at 4ò in-row spacing .   

 

Figure 2.2 Tillage radishes growing at 4ò in-row spacing [60] 

2.6 Life Cycle Assessment 

The environmental impact of using plant cultivation to fracture pavements needs to 

be closely monitored. 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) emissions [80].  The influence of several greenhouse gases 
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(such as CO , CH , and N O) is combined into a single measure using their Global 

Warming Potential (GWP) to describe greenhouse gas (GHG) emissions as Carbon 

dioxide-equivalents (CO e) [81]. This provides a consistent indicator of the overall climatic 

impact of a process, product, or activity [82].  

 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 cycle [81]. It measures effects such as waste production, energy use, 

water use, air pollution, carbon emissions, and ecosystem depletion [83]. To 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 definition, (2) life cycle 

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 savings [85]. In LCA, the 

goal of any study, 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 resources. In the third phase, LCIA aims to gain a better 

understanding of the environmental implications and to back up its conclusions. And, to 

reach findings congruent with the study's goal and scope, the results of one or both LCI 

and LCIA are finally collated and reviewed during the interpretation phase. However, 

without including the LCIA step, the goal of an LCA can be achieved with only an 

inventory analysis and an interpretation [82].  

 A study has shown two main ways to calculate carbon footprints: a top-down 

method that estimates emissions using high-level assumptions about materials and 

activities, or a bottom-up method that uses information on fuel and energy used during 

production.  Occasionally, a mix of the two is used [86]. 
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Chapter 3  

STUDY SITE CHA RACTERIZA TION  

This chapter describes the site from where data were gathered for analysis in this 

study. Asphalt pavement material properties from the study site were characterized 

following the procedures from standard specifications. This chapter presents results on the 

asphalt binder and aggregate properties from sample pavement material collected from the 

study site.  

3.1 Description of the Study Site 

The study site is located in an unused section of an asphalt-paved parking lot (called 

the Greenhouse parking lot) at the Winterthur Museum, Garden, and Library near 

Wilmington, DE, USA. This site is one of two installations at Winterthur where radishes 

were planted in pavements following distinct aesthetic patterns as a part of The Radish 

Project led by Feinberg and Parr for the Transformations! Exhibition [9]. The site is 

situated at latitude 39°48'27.97" N and longitude 75°36'10.51" W; Figure 3.1 shows a 

satellite image of the study site.  

 

Figure 3.1 Google Earth satellite imagery of the study site.
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The study site is approximately rectangular with dimensions 18.5 x 20.5 ft; 

pavement in the southeast corner of the site has a cutout of 8 x 5.75 ft for a garden bed. 

The total area of the site is approximately 340 square feet. The cutout allowed for direct 

measurement of the thickness of the asphalt pavement layerðit was approximately 3½ 

inches. The asphalt pavement rests on top of a compacted soil layer. The pavement at the 

site is visibly aged and had a series of cracks that existed before any planting was done on 

site. From May 2021 (start of spring 2021 planting season) to February 2025 (end of fall 

2025 planting season), radish cultivation at the site has occurred semi-annually, with radish 

seeds planted in the site during at the beginning of the spring and fall planting seasons. 

Before the first planting season in spring 2021, Feinberg and his team at Winterthur drilled 

holes spanning the entire depth of the asphalt pavement layer following the chosen planting 

pattern. Each hole had a diameter of ¾ inch and was positioned 6 inches apart along the 

planting path and 24 inches apart horizontally. Figure 3.2 shows a schematic diagram of 

the site. The white lines in the diagram show surface cracks on the site before radish 

planting. The cyan dots show the pattern of holes drilled on the site for planting radishes.  
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Figure 3.2 Schematic diagram of the study site showing the paved area (black), pre-

existing cracks on the pavement surface (white lines), and the pattern of holes 

drilled into the pavement for planting  radishes (cyan dots). 

 

Each hole was plugged with potting soil, which was replenished as needed after 

every growing season. Radish seeds were then sown in these holes along with a slow-

release fertilizer at the start of every planting season and thinned to one plant per hole if 

needed. The Winterthur Garden staff watered and maintained the plants during the growing 

season. In all these seasons, Tillage radishes were planted at the site except for the 2023 

and 2024 spring seasons, when Alpine radishes were planted instead. The Alpine radishes 

were planted as an alternative to Tillage radishes due to their resistance to bolting in hot 
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temperatures and to test if this would prolong the growth cycle. Table 3.1 shows details of 

the eight planting seasons at the study site. 

Table 3.1 Seasonal Planting 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 photographs during seven of the 

eight planting seasons (all seasons except spring 2023). These photographic data were 

analyzed in this study to map the crack growth over the seasons (as described in chapter 

4). Figure 3.3 shows a top-down photograph of radishes growing at the study site in the 

middle of a planting season. A close-up of a radish growing at the site and radish growth 

at the end of a planting season are also shown in this figure. Figure 3.3(c) demonstrates the 

uplift of pavement material and distress in this layer caused by the growth of the radishes.  
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(a) Stitched aerial view of the study site during a planting season showing green 

radish tops 

 
(b) Close-up of a radish growing 

in the pavement 

(c) Radish growth at the study site at the 

end of a planting season (tops trimmed) 

Figure 3.3 Photograph of radishes growing at the study site. 

3.2 Standard Tests on Study Site Pavement Material 

Pavement material samples from the study site were tested at the Delaware 

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

Dover, DE. These tests were used to determine the asphalt binder grade, aggregate 
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Figure 3.4 Preparation of pavement material collected from the test site. 

gradation, and material properties of the pavement. The following sections describe the test 

procedures used to determine the theoretical maximum specific gravity, asphalt content, 

aggregate gradation, and estimated binder grade of the asphalt pavement material from the 

study site.  

3.2.1 Sample Preparation 

Before testing, asphalt pavement samples from the site were soaked in water for 24 

hours. Sample material was then washed to remove any attached organic matter that would 

skew the test results. The cleaned sample material was then dried at 110±5°C, according 

to AASHTO T 329 specifications [87], before cooling to room temperature. This allowed 

the complete removal of moisture and the breaking of samples into loose material for the 

various tests. The total weight of the sample at this stage was 5089.3 g, which was divided 

into four smaller samples for subsequent binder and asphalt mixture testing. Figure 3.4 

shows the preparation of sample pavement material from the study site.   

(a) Soaked and washed sample 

material 

(b) Loose asphalt mixture after 

drying 

 

3.2.2 Theoretical Maximum Specific Gravity Using the Rice Test 

 The theoretical maximum specific gravity (Gmm) is a key parameter in asphalt mix 

design, representing the density of the asphalt mixture without air voids. Gmm of the 

pavement material collected from the study site was determined following the AASHTO 
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T 209 specifications, also called the Rice test [88], as shown in Figure 3.5. Two samples 

of weight 1364.2 g and 1366.0 g were 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 pressure for 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 recorded. Figure 

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

  

Figure 3.5 Rice specific gravity testing of the sample pavement material from study 

site. 

3.2.3 Asphalt Binder Extraction to Determine Asphalt Content 

Asphalt binder was extracted from the sample pavement material using 

trichloroethylene (TCE) following the standard specifications listed in AASHTO T164 

[89]. A sample of dried pavement material from the study site weighing 1203.61 g was 

placed into a centrifuge bowl and filled with trichloroethylene (TCE) solvent, as shown in 

Figure 3.6 (a), to cover the sample completely. The bowl was sealed and the centrifuge was 

started. After immersing the sample for an hour, the liquid was allowed to run clean, 

(a) Sample in the Vacuum pump (b) Sample submerged in water bath 
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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 evaporated and only the 

asphalt binder remained. Upon cooling, the dish was placed in a National Center for 

Asphalt Technology (NCAT) Asphalt Content Furnace to evaporate all asphalt content, 

remaining only the ash. Ash weight in this sample was used to estimate the total ash content 

in the extracted 1970 ml solution. 

 The remaining 1870 ml solution was poured into ten 250 ml cylinders, well 

balanced, and placed in a centrifuge for approximately 30 mins to allow sedimentation of 

ash material. The supernatant solution (containing TCE and asphalt only) was taken to the 

distillatory as shown Figure 3.6 (b) and Figure 3.6 (c). TCE and asphalt were separated 

after two stages of distillation. The complete extraction of TCE was achieved over 3.5 

hours, which is below the specified 8 hours to prevent chemical reactions that may alter 

the properties of the asphalt binder. Asphalt content was calculated from the percentage of 

the ratio of asphalt weight extracted to the total weight of the dried asphalt mixture sample. 
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(a) Asphalt mixture in a centrifuge bowl 

 

(b) Distillation of asphalt and TCE mixture 

 

Figure 3.6 Steps of asphalt binder extraction  using TCE from sample pavement 

material. 

3.2.4 Aggregate 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 pavement 

structure. This procedure is therefore essential to evaluate the quality and consistency of 

(c) Second distillation of asphalt with TCE mixture  
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the aggregate used in asphalt paving. The test was conducted following AASHTO T27 

standards [90], on the aggregate recovered from the TCE extraction.  

  

Figure 3.7 Gradation testing on aggregate sample recovered from TCE extraction.   

The aggregate sample (shown in Figure 3.7 (a)) obtained after the asphalt extraction 

using TCE was weighed, washed, and oven-dried at 110 ± 5°C (230 ± 9°F) to a constant 

weight. Sieves conforming to AASHTO M 92 [91], 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 shown in Figure 3.7 (a). The 

dried sample was placed on top of the stacked sieve as shown in Figure 3.7 (b), before 

being secured in a mechanical sieve shaker for 10 minutes. The sieve 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 weight. The 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 aggregate gradation curve was plotted using the AASHTO M 323-17 

specification for Superpave volumetric mix design [92] and AASHTO M43-05 [93]. The 

(a) Aggregate sample recovered from 

TCE extraction 

(b) Pouring aggregate sample into stacked 

standard sieves 
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Maximum Density Line (MDL) is included to help assess whether the gradation is well-

graded or gap-graded.  

3.2.5 Estimated Binder Grade: 

The estimated Performance Grade (PG) of the binder was determined from tests 

involving its rheological properties. The binder PG provides information about the binder's 

current condition. As the binder was extracted from aged pavement material from the study 

site, the testing process focused on evaluating its properties as-is, without simulating the 

aging it would undergo during production and service life. Standard tests were conducted 

per AASHTO T315 [94] and AASHTO T313 [95]. The results from the DSR and BBR 

tests were used to estimate the asphalt binder grade per standard procedures.   

  

(a) Weighed recovered binder on silicone 

mold 

(b) Mold placed in the DSR testing  
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Figure 3.8 Performance grade testing of extracted binder from study site pavement 

material. 

As shown in Figure 3.8(a), 0.65g of the recovered binder was placed on a silicone 

mold of 25mm diameter to form a Dynamic Shear Rheometer (DSR) test sample. The DSR 

was conditioned to test temperatures (typically 64°C and 88°C). The sample was placed in 

the DSR and the complex modulus (G*/sin(ŭ)) and phase angle (ŭ) at the required 

temperatures and frequencies were measured at the end of the testing. The procedure was 

repeated using the pressurized aging testing method to determine the current 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 Rheometer (BBR) molds to 

form beams as shown in Figure 3.8(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 temperatures -22°C and -16°C respectively for approximately 1 

hour, before being subjected to loading in the BBR. The creep stiffness (S) and m-value 

(rate of change of stiffness) at the required temperatures were recorded. 

(c) Recovered binder poured in a BBR 

testing mold 

(d) Recovered binder beam in BBR 

tester 
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Continuous performance grade temperature for high and intermediate temperatures 

and low temperatures of stiffness and m-value at 60 seconds is calculated respectively 

using the interpolation equation specified in ASTM D7463 [96] and shown in equations 

3.1-3.3 below.  

Tc = T1 + {log10(Ps) ï log10(P1)}{T 2-T1}/{log 10(P2) ï log10(P1)}    (3.1) 

Tc = T1 + {log10(Ps) ï log10(P1)}{T 2-T1}/{log 10(P2) ï log10(P1)}  ï 10o C  (3.2) 

Tc = T1 + {Ps ï P1}{T 2-T1}/{P 2 ï P1} ï 10o C     (3.3) 

Where: 

TC = continuous grading temperature for the specification requirement in question, 

oC 

T1, T2 = test temperatures, oC 

Ps = specification requirement for property in question, and 

P1, P2 = test result for the specification property in question at T1 and T2, 

respectively. 

3.3 Study Site Pavement Material Results 

From the standard tests conducted as described in the above section, the Gmm of the 

study site asphalt pavement material is 2.565. Table 3.2 shows the asphalt binder 

Performance Grade of the study site pavement material. The material was determined to 

be PG 94-12, i.e., a high-temperature grade of 94°C and a low-temperature grade of -12°C. 

A typical virgin binder used in Delaware is PG 64-22, with higher PG values of PG 70-22 

and PG 76-22 only used for high-traffic conditions or high volumes of slower-moving 

trucks respectively [97], [98]. Thus, the PG 94-12 grade indicates an aged pavement 

material. The PG grade indicates the high stiffness of the binder due to oxidation and aging. 

The aged binder is expected to become even more brittle as it ages, increasing the risk of 

cracking when exposed to low temperatures or thermal cycles, especially when stressed by 

an additional load like the creep load from growing radishes. 
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Table 3.2 Performance Grade (PG) of Pavement Material from Study Site. 

Low-Temperature BBR test on Original Binder 

T1 = -12  T1 = -12  
P1 = 396  P1 = 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-Temperature DSR Test on Original Binder 

T1 = 64     
P1 = 116.30     
T2= 88     
P2 3.61     
Ps= 1     
Tc= 97     

 

 

Intermediate Temperature on RTFO Binder 

T1 = 31     
P1 = 3527.63     
T2= 25     
P2 6280.12     
Ps= 5000     
Tc= 27     
Continuous PG 97-17 

Binder PG According to Superpave 94-12 

 

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

nominal maximum aggregate size is 9.5 mm. Table 3.3 and Figure 3.9 show the aggregate 

gradation results. Figure 3.9 suggests that since the gradation curve is within the control 

points, the mixture is acceptable for use according to the Superpave specifications, despite 

not achieving the maximum possible density. When compared with typical aggregate 

gradation curves, the percentage passing curve suggests that the pavement material from 

the study site is a well-graded mix. Although the percentage passing the 0.075 mm sieve 

(8.5%) is within acceptable limits under AASHTO M 323 [92], the pavement material had 

slightly higher fines that may have influenced binder absorption and resulted in increased 



30 

 

moisture susceptibility. Overall, the tested aggregate meets the standard aggregate 

gradation requirements. The complete laboratory test reports are shown in Appendix A.  

Table 3.3 Aggregate gradation of sample pavement material from study site. 

Sieve Size (mm) Retained weight (g) Percentage Passing 

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 

 

 

Figure 3.9 Superpave aggregate gradation curve of pavement material from study 

site. 
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Chapter 4  

CRACK MAPPING AND WATER INFILTRATION  

As described in chapter 3, daikon radishes have been planted and grown semi-

annually at the study siteðtotaling eight planting seasons since spring 2021. This chapter 

details two key assessments that were conducted at the site 1) mapping of crack growth 

patterns over the planting seasons from photographs, and 2) testing of water infiltration at 

the site at the end of the eighth planting season (fall 2024). Changes observed in the 

pavement through these assessments were used to evaluate the feasibility of using radish 

growth to fracture pavement surfaces. 

4.1 Crack Growth Pattern Assessment 

This section describes the data analysis methodology employed for assessing the 

crack growth patterns at the study site. Results from this analysis are then presented. 

4.1.1 Crack Growth Mapping from Site Photographs 

Archives of high-resolution overhead photographs of the study site were used to 

assess the seasonal growth in cracks. The goal of this assessment was to determine the total 

length of cracks on the pavement surface at the study site in each season and examine the 

crack's initiation and propagation patterns. Feinberg and the Winterthur team have been 

regularly maintaining a digital image archive of the study site since the initial planting 

season in 2021 using a standard operational procedure during every photography session. 

During each photography session of the site, the documenter captured high-resolution 

photographs using a Nikon D5100 DSLR camera. The camera was securely affixed to a 

tripod to ensure a consistent angle and height throughout the process. They use previously 

established markings on the site to maintain consistency of the tripod location. A set of 

twenty photographs using these markings fully captured the study site. Each 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 capturing were used to establish a scale for the images. 

From this archive, photographs that best showed the condition of surface cracks of 

the site were selected for crack growth assessment for each planting season. The study 

focused on mapping cracks before planting and after harvesting for every planting season. 

The computer-aided design (CAD) software AutoCAD® by Autodesk® was used to 

manually trace visible paths of cracks and any de-paved areas (i.e., areas of the site where 

the pavement layer was removed to reveal the base soil underneath) on each set twenty 

photographs. Figure 4.1 illustrates the tracing of cracks on a set of site photographs.  

 

Figure 4.1 Tracing of different types of cracks and de-paved areas on a set of 

photographs of the 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 observations showed that over the planting seasons, 

new cracks were formed in the pavement along the planting path, connecting the drilled 

holes with growing radishes. Figure 4.2 shows an example of these connecting cracks at 

the study site; green radish tops were trimmed before taking this photograph. Different 

colors were used to distinguish cracks formed along the planting paths of the radishes from 

other cracks, as seen in Figure 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 de-paved areas on the study site were also tracked using this process. Upon finishing 

the mapping for a planting season (as shown in Figure 4.3) the total crack length, crack 

area, and de-paved area for each season were calculated from the photographs using the 

established scale. Appendix B shows the season-by-season AutoCAD plots of the 

pavement condition.  

 

Figure 4.2 Photograph showing cracks along the planting path connecting the holes 

where radishes are growing (green radish tops were 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 minimize the 

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 a previous season not visible in the subsequent seasons were marked and 

deleted as false crack detention. This process was repeated until the conclusion of the fall 

2024 planting season. To enhance precision and verify accuracy, the images of the crack 

traced from fall 2023 and spring 2024 were validated through on-site visual observations 

and field measurements using a measuring wheel.  
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Figure 4.3 Crack growth patterns in the study site at the end of the fall 2024 

planting season mapped using AutoCAD. 
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There were some challenges with the archival images that affected the crack 

mapping process. Photographs are subject to distortion from several factors such as 

illumination, shadows, oil stains, wetness on the pavement surface, climate conditions, and 

radish growth, among others. Due to these distortions, automated 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 this study. There was a lack 

of high-quality images using the standard photography procedure before the initial planting 

of radishes in spring 2021. Especially in the initial season, the cracking tracing process had 

to work around limited visibility of cracks caused by debris obstructing the pavement. 

Photography of the study site was paused in 2023, leading to a dearth of documentation. 

Thus, the analysis of images at the end of the fall 2023 planting season yielded findings for 

two consecutive planting periods (spring 2023 and fall 2023).  

While laborious, there were advantages to relying on this manual process. The 

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 cracks on the study site and 

compare them over the planting seasons. Manual tracing allows for real-time controller 

adjustments to lighting, surface condition, and crack morphologyðfactors that automated 

systems may find challenging. The manual process offered a trustworthy means of 

validating data through comparison and direct observation with field data. 

4.1.2 Seasonal Crack Growth Results 

Using the crack mapping methodology, crack growth in the study site was quantified at the 

end of each planting season. The summary of the crack growth lengths assessed for each 

planting season is presented in Table 4.1. Due to a lack of image documentation, spring 

and fall 2023 crack growth results are reported together. There is a steady increase in the 

crack length values every season until the 2023 planting seasons, when a precipitous drop 

in the seasonal change is observed. During the planting process in fall 2023, loose asphalt 

pavement was manually removed from the site for the first time. Removal of this pavement 

material reduced the overall crack lengths at the study site but increased the area of de-

pavement of the study site. 
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Table 4.1 Summary of Crack Length Mapping Results for Each Planting Season 

Planting Season 

Total 

Crack 

Length  

(inch) 

Crack 

Length 

Along 

Radishes 

(inch) 

Seasonal 

Increase in 

Total Crack 

Length (inch) 

Cumulative 

Increase in Total 

Crack Length  

(inch) 

Before Planting 2409 - - - 

Spring 2021 2575 30 165 165 

Fall 2021 2948 304 373 538 

Spring 2022 3052 348 104 643 

Fall 2022 3158 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 de-pavement (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 de-paved and cracked areas) for each planting season at the study site. The average 

width of cracks at the study site by mapping the images was estimated to be 0.127 inches, 

which was confirmed through field measurements. The area of cracks is the product of the 

total crack length and the average crack width. Area of de-pavement was assessed for each 

planting season using the image mapping process with AutoCAD.  

Table 4.2 Summary of De-pavement Area Values for Each Planting Season 

Planting Season 

Total  

De-paved 

Area 

(inch2) 

Seasonal 

Increase 

in De-

paved 

Area 

(inch2) 

Cumulative 

Increase in 

De-paved 

Area 

(inch2) 

Area of 

Cracks 

(inch2) 

Total 

Exposed 

Area 

(inch2) 

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 
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The cumulative increase in the length of cracks observed along the daikon radish planting 

holes and total crack length at the study site is shown in  

 

 

 

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. 

 

 

 

Figure 4.5 Cumulative increase in total exposed area (crack area + de-paved area) 

over the planting seasons at the study site. 
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Compared with spring 2021 (first planting season), there is a large increase in the 

crack lengths in fall 2021. The crack lengths continue to increase slightly until fall 2022. 

The corresponding increase in de-paved area at the study site during these planting seasons 

is modest; loose pavement material was not removed during these seasons. In spring 2023, 

Alpine radishes (that are more resistant to bolting) were planted instead of Tillage radishes 

for the first time at the study site. Tillage radishes were again planted at the site in fall 

2023. At the end of these 2023 planting seasons, there is a large increase the length of 

cracks along the radish planting holes; however, due to removal of loose pavement material 

this increase in cracking is not reflected in the total crack length (and area of cracks). There 

is a precipitous increase in the total de-paved area in 2023 due to the manual removal of 

loose pavement. Prior to this intervention in fall 2023, loose pavement material was left as 

is on the site and the increase in de-pavement was solely through natural erosion of 

pavement material. The crack lengths or exposed areas do not show any large increases 

after the spring and fall 2024 planting seasons. At the end of the last planting season, the 

total de-paved area of the study site was 4.3% of the total area. The area of cracks totaled 

0.9% of the study site area. Thus, 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 conducted to establish the effect of the fracturing 

of the asphalt surface on hydrological conditions at the study site. This section presents the 

methodology of performing this assessment and the results.  

4.2.1 Water 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 the Double-Ring Infiltrometer. This is a commonly used field instrument 

to measure water infiltration rate into soils. It has two concentric metallic ringsða 6ò inner 

ring and a 12ò outer ring. It aims to limit lateral water movement, allowing vertical 



40 

 

infiltration to be measured more accurately. ASTM D3385 describes the standard test 

method for using the Double-Ring Infiltrometer for measuring infiltration rate of soils [99].  

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 cracks, (d) bridging cracks along the 

planting path, and (e) a fully de-paved area of the site. For condition (c), holes with the 

same dimensions as those used for planting radishes were drilled just before the water 

infiltration test in an area of the asphalt pavement parking lot just outside the study area. 

Figure 4.6 shows the infiltration rates being measured at these locations on the study site. 

Two readings were taken for each type of pavement condition and the values were 

averaged. Before taking a measurement, the pavement surface was cleaned to remove any 

debris or vegetation that may affect the measurement. Then the infiltrometer was placed 

on the pavement. Plumberôs putty was used to create a seal around the base of both rings 

to help prevent lateral water movement under the rings. Both rings were filled with water 

to the brim 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 inner ring was monitored 

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 taken at the end of the last planting 

season, and are thus, representative of the effect of the cumulative effect of the eight 

seasons of planting radishes (from 2021 to 2025) at the study site.  
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(a) Pavement with no cracks 

 

(b) Pre-existing cracks at the study site 

unaffected by radish planting 

(c) Bridging cracks between planting 

holes 

(d) Only drilled planting holes without 

any cracks 

 

(c) De-paved area 

Figure 4.6 Double-Ring Infiltrometer measurements on different pavement 

conditions at the study site. 
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4.2.2 Water Infiltration  Test Results 

Figure 4.7 shows the average infiltration rates measured using the Double-Ring 

infiltrometer device at different pavement conditions at the study site. The location with no 

cracks was highly impervious and no water infiltration was observed. The infiltration rate 

measured on an area with drilled holes with no pavement cracks was very low. With the 

presence of cracks on the pavement surface, the water infiltration rates increase. A study 

site location with cracks bridging radish planting holes had the highest water infiltration 

rateðhigher than a location that was fully de-paved.  

 
Figure 4.7 Summary of the average infiltration rate on different pavement 

conditions 

4.3 Discussion of Results 

Crack growth assessment results show that at the end of eight seasons (May 2021 

to February 2025) of planting radishes at the study site, the total crack length in the 

pavement had increased by 34% from 2,409 inches before planting to 3,220 inches at the 

end of the fall 2024 planting seasonðan increase of 810 inches. 74% of these new cracks 

at the study site (599 inches) are along the planting pattern, connecting with one or more 

radish planting holes. This growth is not uniform across all the radish planting holes; it 
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is concentrated in areas with the largest radish root sizes. This area also corresponds with 

the section of the pavement with pre-existing cracks before the radish planting commenced.  

As the study site was first conceived as an installation for an exhibition at 

Winterthur, it did not include a planned control section at the start of the first planting 

season, i.e. drilled holes into which no radishes were planted. However, some existing 

holes where radishes were planted can serve as potential control points. Crack mapping 

results show that along the northern side of the study site, particularly the northeast corner 

(Figure 4.3), some drilled holes generated no cracks at the end of all eight planting seasons. 

These holes experienced poor radish growth throughout the planting seasons, likely due to 

the presence of shade that prevented these radishes from receiving adequate sunlight. This 

suggests that the propagation of cracks in the pavement depends on the growing radish 

rootsðmere drilling of holes is not sufficient to generate and propagate cracks, especially 

the planting path bridging cracks that emerged after radish planting commenced at the site. 

While many other factors including the moisture susceptibility of asphalt might impact 

pavement cracking, the growth of the daikon radish plays thus plays a significant role in 

the propagation of the cracks. This study site demonstrates the potential of daikon radish 

growth as a viable technique for disintegrating neglected pavement.  

The area of de-pavement at the study site has increased from 201 sq. inch to 2080 

sq. inch, i.e. an increase of over 930% at the end of the eight planting seasons. The total 

exposed area at the end of the eight planting seasonsðthe sum of de-paved area and area 

of cracksðis 5.2% of the study site area (i.e. 2,490 sq. inch of 333 sq. ft). Manual removal 

of loose pavement material in fall 2023 resulted in a large increase in the total area of de-

pavement and reduced the overall crack length at the site. The ease with which the 

pavement sections could be removed by hand suggests that radish growth had weakened 

the surrounding pavement structure to a degree that facilitated effortless removal. Trends 

in the changing crack lengths and exposed areas at the study site over multiple planting 

seasons show modest increases in fracturing and a leveling effect in two to three planting 

seasons. Interventions like changing the radish cultivar from Tillage to Alphine, and 

removal of loose pavement material caused large changes in fracture patterns at the site.  
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Water infiltration tests using Double-Ring Infiltrometer confirmed that the 

pavement surface with no distresses at the study site is impervious (0 inch/h) and therefore, 

would cause full surface runoff with no infiltration. Drilling holes in the asphalt pavement 

layer resulted in a slight increase in infiltration (0.28 inch/h). The rate was close to the 

original properties of the impervious layer, suggesting that merely drilling holes does not 

increase water infiltration on its own. The water infiltration rate increases more with the 

development of cracks during the service life of the pavement (2 inch/h) and more still with 

full de-pavement of the surface with full exposure of the base soil layer (4.5 inch/h). The 

highest infiltration rate was measured in a section of study site with two radish planting 

holes connected with a bridging crack caused by radish growth (5.63 inch/h). This suggests 

that the cracks caused by growing radishes allow for more water infiltration than alligator 

cracking caused by general wear-and-tear during service. Importantly, the results show that 

full de-pavement by removing loose pavement material is not necessary to achieve an 

increase in the water infiltration rate. 



45 

 

Chapter 5  

RADISH ROOT GROWTH CHARACTERIZATION  

As described in Chapter 4, the growth of radishes in asphalt pavement at the study 

site affected the pavement condition by increasing crack length, creating de-pavement, and 

increasing the water infiltration rate. This section focuses on experimentally monitoring 

the growth behavior of radish roots in controlled confinement, independent of external 

climatic conditions like temperature and precipitation. Radish root growth capacity was 

measured using an experimental set-up to better grasp its mechanical properties such as 

strength. The elastic modulus of radish tissue was also measured in the laboratory.  

5.1 Experimental Measurement of Radish Root Growth  

This section describes experimental results on the growth of Tillage and Alpine radishes in 

a controlled environment. Design of two iterations of spring-loaded prototypes to monitor 

their growth behavior is described. Estimated confining pressure values exerted by the 

prototypes onto the radishes using these prototypes are reported. 

5.1.1 Prototype Design  

Two prototype models were created at the Pearson Hall Makerspace in the 

University of Delaware to assess the growth behavior of Tillage and Alpine radishes. Both 

prototypes utilized a simple spring-loaded mechanism to exert a confining pressure on the 

radishes.  

5.1.1.1 Design of Prototype v1 Using PVC Pipe 

The first prototype version, Prototype v1, was developed using a 4-inch diameter 

polyvinyl chloride (PVC) pipe that was cut in half longitudinally and placed in a wooden 

cuboid box lined with acrylic sheets, as illustrated in Figure 5.1. Using screws, two parallel 

sides of the box were fitted with two compression springs each (0.08 in. wire diameter × 
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5/8 in. × 3 in.). The spring constant (k) was determined in the laboratory to be 29.022 lb/in. 

The free end of the springs were allowed to rest against the PVC pipe halves, ensuring 

minimal compression in the springs. The remaining two sides of the box were abutted 

against the PVC pipe to restrict movement of the pipe halves to the direction of the springs. 

The PVC pipe served as the radish growth chamber. It was lined with landscape fabric and 

filled with a growing medium for the radish plant (details provided in a subsequent section). 

The prototype was designed so that the growing radish root would push the two halves of 

the PVC pipe apart. This enabled measurement of the load applied by the growing radish 

in only one direction using the compression of the springs. The prototype parts were 

carefully dimensioned and fabricated to direct all movement towards axial compression of 

the springs (within the elastic limit) . Acrylic sheet lining inside the box was placed to 

reduce friction in the movement of the pipe halves. By measuring the compression in these 

springs and knowing the spring constant, the load applied by the growing radish could be 

measured. Three replicates of Prototype v1 were planted with a radish plant each.  
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Figure 5.1 Schematic diagram of Prototype v1 developed to measure radish 

root growth in confinement. 

5.1.1.2 Design of Prototype v2 Using Acryl ic Sheets 

A disadvantage of the Prototype v1 was the relatively large volume of growing medium 

required to fill the PVC pipe. Springs in the first prototype could only start compressing 
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once the radish grew enough to completely compress this growing medium. A second 

prototype, Prototype v2, was fabricated to improve on this design, depicted in Figure 5.2. 

This design provides a more a homogeneous confining environment around the growing 

radish. The growing chamber in the Prototype v2 is smaller (1.25 × 1.25 in.) and is 

composed of a cuboidal section whose four sides were constructed from pieces of acrylate 

polymer sheets (6 × 1.25 × 0.1875 in.). Each side was affixed with a spring (0.08 in. wire 

diameter × 5/8 in. × 3 in., k = 29.022 lb/in.; same as Prototype v1) at its center. All four 

springs were placed in a housing that was designed to ensure that the springs were 

exclusively loaded axial compression by the growing radishes. The spring housing 

comprised of two PVC pipes (Charlotte Pipe 1-1/4 in. and 3/4 in. DWV Sch. 40) cut to 1.5 

and 1.6 in. lengths, respectively. A wooden box with a drainage outlet was built to house 

the entire prototype. One pipe of the spring housing was secured to the center of each 

acrylic sheet, while the other was affixed to a parallel side of the wooden box with Gorilla 

Glue. Within the housing, the spring was held using a 1/2 in.-13 × 1-1/2 in. zinc-plated hex 

bolt at one end and a plumber's clamp at the other. 

In Prototype v2, the growing radish was subject to compressive forces from all four 

sides of the growth chamber and would 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 friction. The base incorporated slots to control the sliding sides of the 

growth chamber and minimize flexural and torsional effects. Upon filling the growth 

chamber with a growing medium and planting a radish seed, the initial overlap of the two 

pipes of the spring hosing was marked. The distance was also marked when the radish was 

harvested to provide a measure of the total spring compression. The entire setup was placed 

on an 8-inch bowl, providing adequate soil depth for radish growth, and simulating 

confinement of radishes by an impervious layer with underlying soil.  Six replicates were 

fabricated with this Prototype v2 design.  
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(a)  Plan view of prototype 

 

(b)  Side view of prototype 

Figure 5.2 Schematic diagram of Prototype v2 developed to measure radish root 

growth in confinement. 
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5.1.2 Daikon Radish Growth in Prototypes 

Radishes were planted in the growth chamber of both types of prototypes under 

controlled conditions at the Fischer Greenhouse. The greenhouse is located at the 

University of Delawareôs main campus in Newark, Delaware, USA (39.6780Á N, 75.7506Á 

W) within the College of Agriculture and Natural Resources.   

Radish seeds were not directly sown in Prototype v1. Tillage and Alpine radish 

seeds (sourced from Fedco Seeds, Clinton, ME and Johnny's Selected Seeds, Winslow, 

ME, respectively) were first sown in seed-starting trays in growing media (Pro-Mix, 

Premier Technology Limited, Quebec, Canada) containing 85% sphagnum peat moss, 5% 

coco coir fiber, 5% perlite, 3% ground limestone, and 2% wetting agent. On August 29, 

2024, one Alpine and two Tillage seedlings were each transplanted into a Prototype v1 

replicate fi lled with Pro-Mix potting soil. Prototype v2 did not use transplants, but rather 

were direct sown. On October 16, 2024, three Tillage and three Alpine radish seeds were 

each sown in a Prototype v2 replicate, also filled with Pro-Mix potting soil. Figure 5.3 

shows the prototypes after planting.  

 
Figure 5.3 Radish seeds planted in the Prototype v2 on 10/16/2024. 

 

All  prototypes after planting were placed inside a greenhouse under natural sunlight 

conditions (å 18 molĿm ĮĿday ĭ).  All seeds germinated in approximately one week. A 
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fertigation program using a 12-4-16 NPK fertilizer (from JR Peters Inc., Allentown, PA) 

and Magnesium sulfate (Epsom salt) at a dissolution rate of 1.05 g L ĭ and 0.29 g L ĭ, 

respectively, in municipal water was used. The nutrient solution comprised provided (in 

mgẗLī1): 150 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 Rosa, CA, USA). Watering was alternated between the fertigation solution and pure 

municipal water. Watering occurred once daily for the first month of growth and 

subsequently twice daily till harvest. Growing radish roots were observed to overcome the 

force of confinement by the springs and compress the springs in most of the prototypes, as 

shown in Figure 5.4 below. From sowing seeds to harvest, radishes in Prototype v1 grew 

between July 24, 2024, and March 6, 2025, (226 days); radishes in Prototype v2 grew 

between October 16, 2024, and March 6, 2025 (147 days). All radishes were in both 

prototypes harvested on the same day (March 6, 2025) after taking final measurements.  

 
(a) Prototype v1 

 
(b) Prototype v2 

Figure 5.4 Radish root growth pushing against confinement in the prototypes. 
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5.1.3 Confining Pressure Measurement 

The growing medium (Pro-Mix potting soil) is compressible and is assumed to 

apply minimal restraining pressure against the growth of the radish root. The spring 

compression (within the elastic limit) applied a confining force against which the radish 

root had to grow, which was calculated using the spring constant and the measured 

compression in the spring (using Hookeôs Law). In Prototype v1 replicates, the gap 

between the PVC pipe halves was regularly measured using a vernier caliper. The gap 

measurement was assumed to be the compression in the springs of Prototype v1. In 

Prototype v2, the initial overlap in the pipes of the spring housing was marked as illustrated 

in Figure 5.5. at the time of planting. At harvest, the total spring compression was 

calculated as the distance between the planting and harvest marks. Additionally, once 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 chamber was measured weekly in 

Prototype v2. Confining pressure was estimated by distributing the confining force over 

the inner surface area of the PVC pipe (Prototype v1) or the area of one acrylic sheet 

(Prototype v2), respectively.  

 

Figure 5.5 Marking of overlap in the pipes of the spring housing during the growth 

of a radish in Prototype v2. 
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5.1.4 Radish Growth in Confinement Results 

Upon harvest, all radishes grown in the prototypes were measured for their weight, 

diameter, 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 of the radish root 

Figure 5.6 shows the harvested radishes (A-Alpine and T-Tillage) 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 different in both prototypes. Prototype 

v1 radishes had a longer growth cycle, more growing media, and lower estimated confining 

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, where the radishes had access to a 

soil layer under the base of the prototype. The Tillage radish is 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 the prototype, i.e., the Alpine radish root seemed to 

bulge at points where it perceived more pressure.  

 
(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 (Alpine-A, 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 halves. Measurable gaps in these replicates were 

observed starting October 2024ðapproximately three months after the seeds sprouted. The 

Tillage radish did not create any measurable compression in the springs of Prototype v1 

during the entire 226-day growth period. Table 5.1 shows the volume, density, and 

estimated confining pressure for the radishes grown in Prototype v1. The estimated 

confining pressure values are negligible in this prototype. 

 
Figure 5.7 Gap measurements between the PVC pipe halves, corresponding to 

spring compression, taken during the growth cycle of Alpine radishes (A1 & A2) in 

Prototype v1. 
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Table 5.1 Radish growth results against confining pressure exerted by Prototype v1 

  Alpine Radish Tillage Radish 

  A1 A2 T1 

Taproot Length (in) 7.75 7.80 5.25 

Root Hair Length (in) 9.00 5.50 5.50 

Diameter (inch) 

D1 2.71 2.75 1.38 

D2 2.70 2.78 1.35 

D3 3.11 3.17 1.39 

Average Diameter 2.90 2.84 1.37 

Weight (lb) 1.74 1.59 0.21 

Volume (in.3) 22.48 22.15 7.21 

Density (lb/in.3) 0.0775 0.0717 0.0287 

Total Spring Compression (in.) 0.28 0.26 0 

Estimated Confining Force (lb) 32.50 30.18 0 

Estimated Confining Pressure (psi) 0.65 0.60 0 

Figure 5.8 shows the shows the measurements taken from the Prototype v2 

replicates. For these measurements, the average increase in distance between the two sets 

of opposite walls of the growth chamber are reported. All six replicates (three Alpine and 

three Tillage radishes) showed measurable increase in distance between the walls starting 

early January 2025ðapproximately two months after the seeds sprouted. The final values 

from Prototype v2 replicates are shown in Table 5.2. The Tillage radish measurements are 

smaller than the Alpine radish. However, all values are higher than the difference in 

markings made on the spring housing at planting and at harvest, which was used to estimate 

the total compression in the spring. Lack of agreement in these values indicates non-

uniform movement or titling of the walls of the growth chamber. Confining load and 

pressure were estimated using the smaller spring compression value from 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 

  A1 A2 A3 T1 T2 T3 

Taproot Length (in) 9.75 9.00 9.50 8.00 7.50 7.00 

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

Diameter (inch) 

D1 2.12 2.07 2.20 1.18 1.68 1.70 

D2 2.55 2.40 2.61 0.92 1.61 1.55 

D3 2.30 2.26 2.33 0.42 1.56 1.46 

Average Diameter 2.32 2.24 2.38 0.84 1.62 1.57 

Weight (lb) 1.35 1.21 1.38 0.15 0.49 0.4 

Volume (in3) 22.65 20.19 22.61 6.72 12.13 10.99 

Density (lb/in3) 

0.059

6 

0.059

8 

0.060

9 

0.022

0 

0.040

7 

0.036

3 

Avg. increase in wall distance 

(in.) 1.65 1.45 1.87 0.40 0.80 0.85 

Total Spring Compression (in.) 0.67 0.56 0.76 0.13 0.36 0.33 

Estimated Confining Force (lb) 78.07 64.72 89.97 15.09 39.47 37.15 

Estimated Confining Pressure 

(psi) 10.41 8.63 12.00 2.01 5.26 4.95 

5.2 Radish Tissue Elastic Modulus 

Two roots of tillage radish were taken from radishes harvested from the study site in 

February 2024, to test for elastic modulus. Since radish roots primarily experience 

compressive stress when growing against a confined environment, compression testing was 

used. Three representative samples were cut from the radishes for compression testing. 

Two of these samples were cylindrical (circular cross section); the remaining sample was 

a cuboid. Dimensions and sample weight were recorded for all three samples. Compression 

tests were conducted using the Instron Model 1331 Test Frame (Figure 5.9). The elastic 

modulus was computed as the slope of the stress-strain curve generated during the tests. 

Results are shown in Table 5.3.   
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Figure 5.9 Compression testing on radish tissue obtained from radishes harvested 

from the study site.  

 

Table 5.3 Data from radish tissue samples for measuring elastic modulus 

Sample ID 
Cylindrical 

Sample 1 

Cylindrical 

Sample 2 

Cuboidal 

Sample 

Length (inch) - - 1.18 

Breadth/Diameter 

(inch) 
1.77 1.06 1.18 

Depth (inch) 0.51 0.43 0.59 

Volume (inch3) 1.254 0.379 0.825 

Mass (lb) 0.0514 0.0121 0.0302 

Mass after crushing (lb) 0.0403 0.0095 0.0265 

Density (lb/in.3) 0.041 0.032 0.0366 

 

The normal stress-strain curves of the three samples of radish root, obtained from 

compression testing, are plotted in Figure 5.10.  From the graphs, the radish root tissueôs 

modulus of elasticity was determined to range from 2.06 MPa to 2.50 MPa (fitted with R² 

~ 1 in the linear region of the curve).  
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(a) Cylindrical Sample 1 

 

(b) Cylindrical Sample 2 

 

(c) Cuboidal Sample 

Figure 5.10 Determination of Elastic Modulus from Normal Stress-Strain Curves of 

Three Samples of Radish Root Tissue Tested in Compression  
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5.3 Discussion of Results 

The results show Prototype v2 was successful in applying a confinement pressure 

on the radishes. The spring-loaded growth chambers exert more confining pressure as the 

radish grows. The maximum confining pressure under which the radish continued to grow 

was around 5.2 psi for Tillage radish and 12 psi for Alpine radish, respectively. This 

suggests that the root can exert a pressure greater than the confining pressure. A creep 

stress of 12 psi is enough to cause  accelerated creep in asphalt concrete, leading to 

pavement distress [74], [75]. Environmental factors including moisture, 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 radish develops a larger 

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 is a technique utilized by plants to push 

through more resistant substrates [69]. 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/Spring 2023 mapping results discussed in Chapter 4.  

Radish sizes observed in this controlled study were the 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. Future design iterations 

can modify Prototype v2 by increasing the spring constant or number of springs to 

determine the ultimate growth-limiting pressure. Future design iterations also need to focus 

on improving the accuracy of confining pressure measurement. The prototypes 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 triaxial confinement conditions.
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Chapter 6  

LIFE CYCLE ASSESSMENT (LCA) 

Using such radishes to initiate and propagate cracks is labor-intensive and may take 

multiple planting seasons to yield the desired effects. Life Cycle Assessment (LCA) 

calculates the total environmental impact of products or services throughout their lifecycle. 

Life Cycle Inventory (LCI) is a step of conducting LCA where input and output data are 

gathered before performing Life Cycle Impact Assessment (LCIA). This chapter describes 

the results of an LCI to estimate the annual carbon dioxide equivalents (CO e) of radish 

growth at the study site. An interpretation of the results is then provided.  

6.1 Goal and Scope 

This study adopts a cradle-to-gate scope encompassing all processes involved in 

growing the daikon radish from the drilling of holes, and planting of radish seeds up to 

radish root harvesting. Emissions considered are from power hammer drill production and 

usage, watering of radishes, and fertilizer production and application. Cool Farm 

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 used to inventory the manufacture of the drilling 

tool. Carbon sequestration of radish was not considered in this LCI. The goal of this LCA 

was achieved by conducting the LCI and providing an interpretation of the results without 

a complete LCIA [82]. 

6.2 LCI of Radish Cultivation  

The Cool Farm Tool, widely recognized for its user-friendly interface and 

alignment with Intergovernmental Panel on Climate Change (IPCC) guidelines, has been 

effectively utilized in assessing the carbon footprint of agricultural practices [80]. The Cool 

Farm Tool was used to quantify the life cycle carbon emissions associated with radish 
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cultivation [100]. This included the emissions from the drill used to create the planting 

holes, irrigation of the radishes, fertilizer production, and application. Inputs into this tool 

on radish cultivation at the study site relied on data provided by the Winterthur Plant 

Management team. 

6.2.1 Planting and growing cycles 

The initial planting of tillage radish took place in the spring of 2021, following the 

drilling of 320 holes of ¾ in. diameter in size, in an aesthetic arrangement on the asphalt 

pavement. Subsequent planting occurred biannually until the fall 2024 planting season. 

Each spring, radish seeds were planted around early March and allowed to grow until fall 

harvest in early September. Fall planting then occurs, with radishes growing until the spring 

planting next March. The planting periods are not defined and vary according to seasonal 

and environmental factors influencing radish development. Before planting new radish 

seeds, effort is first made to pull out by hand any radishes from the previous season. The 

remaining organic material in the holes are then drilled for a few seconds to make room for 

additional soil and planting for the next season. 

6.2.2 Fertilizer  

Radishes were fertilized with Miracle-Gro water-soluble all-purpose plant food 

(NPK formulation of 24-8-16) at the label rate for outdoor plants of 1.5 tablespoons per 1.5 

gallons of water, generally, one application per week. Fertilizer application usually began 

2 to 3 weeks after germination and continued until the plants began to flower. During the 

initial days, the study site needed approximately 9 gallons of fertilizer solution per 

application (9 tablespoons of dissolved fertilizer). As the plants increased in size, they 

needed approximately 13-14 gallons of fertilizer solution (13-14 tablespoons of dissolved 

fertilizer). 

6.2.3 Water usage 

Watering was done daily when the plants were young, and then as necessary as the 

plants became more established. Watering application amounts mirrored the fertilizer. The 

plants were watered 1-2 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 above 70 °F/21 °C). 

Since the fall 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 was 

when the outdoor water supply in the test site was shut off for the winter. Watering was 

periodically skipped due to precipitation. 

6.2.4 Drill usage (DeWALT power hammer drill  and lithium battery)  

320 holes were drilled using a DeWALT Power Hammer Drill. The drill operates 

with a power of 300 W, a lithium-ion battery of 20V and 6Ah.  The holes are Ĳ in. wide 

and approximately 3İ in. deep (spanning the full depth of the pavement layer). The 

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 (seconds) å : 10 

2. Energy required to drill 320 holes = 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: 

Estored = V × Capacity   

Estored = 20V×6Ah =120Wh  

Considering 90% efficiency, the actual usable energy is: 
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Eusable=120Wh×0.9 =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 = 
Ȣ

Ȣ
 = 2.9 å 3 times of charging 

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

           = 360 Wh 

The inventory values of fertilizer type and application rate, municipal water supply, 

and drill usage energy were imported into the Cool Farm Tool. The resulting CO2e values 

are summarized in Figure 6.1 and Table 6.1 below. 

 

Figure 6.1 Carbon dioxide equivalent emissions of growing radish assessed using the 

Cool Farm Tool [100]. 
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Table 6.1 Summary of CO2e emissions from drill use, watering, and fertilizer 

application. 

Total emission 9.67 kg CO2e 

Emissions per hectare 78.64 kg CO2e 

Emission per unit of radish planted 0.03 kg CO2e 

 

6.3 LCI of Power Hammer Drill Production  

A DeWALT power hammer drill [101] was used to create holes in the pavement for 

the sowing of radish seeds. The overall emission factor examined was the drill's component 

including its lithium battery production. Primary data (equipment) and secondary data 

(publications, databases, etc.) were gathered and used in two separate portions. First, 

primary data for the power hammer drill's material composition was organized in Excel, 

together with emission data from publications and databases. Each component's total 

carbon emissions were calculated by multiplying its mass by its carbon emission factor. 

The emission factors evaluated here were based on the highest and lowest values reported 

in literature to establish the range of CO2e emissions. The sum of the numerous material 

inputs yielded the overall carbon emissions related to the drill's production from raw 

materials. Total output emissions were computed as a percentage of the drilling operation's 

life span to the drilling equipment's overall life span. This is justified because the drilling 

operation does not utilize the entire operation life span of the drill, which varies from 500 

to 2000 hours depending on its maintenance and quality [80]. 

To gather accurate LCI data, a power hammer drill that was used for drilling the 

planting holes was first disassembled into its components as shown in Figure 6.2 below, 

and each part was identified before weighing (Table 6.2). This process was completed by 

undergraduate research interns supervised by Feinberg at Berea College, KY. This process 

helped determine the drillôs material composition. Information regarding the CO2e of each 

materialôs extraction and production was obtained from published articles and publicly 

available industry data. The study assumed that all materials used in producing the 

equipment were not recycled. 
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Figure 6.2 Components of a disassembled power hammer drill. 

Table 6.2 Weights of individual components of a disassembled power hammer drill. 

Material  Weight (g) 

Synthetic rubber (SBR) 31.02 

Rubber/Plastic (natural) 106.84 

TPE Plastic 419.61 

PP Plastic 45.64 

PA6 GF 30 Plastic 557.09 

Steel 993.08 

Stainless steel 8.27 

Aluminum Alloy 22.22 

Zinc Coated High-carbon steel 10.37 

Aluminum 476.27 

Tungsten Carbide Drilled bit 200.5 
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Synthetic Rubber 

The CO2e emissions for synthetic rubbers range from 4.86 tonnes CO e/tonne for 

EPDM (ethylene propylene diene monomer) to 6.12 tonnes CO e/tonne for polybutadiene 

rubber [102]. Other rubbers, such as styrene-butadiene rubber (5.55), butyl rubber (5.77), 

and halo-isobutene-isoprene rubber (5.79), fall within this range [102]. For this analysis, 

the lowest value (4.86 tonnes CO e/tonne) and the highest value (6.12 tonnes CO e/tonne) 

were selected to represent emissions for the rubber parts in the power hammer drill. 

Natural Rubber 

The carbon footprint of rubber manufacturing varies greatly depending on the area, 

land use methods, and stage of production. Research in Liberia indicated that generating 1 

kilogram of block rubber (99% dry rubber content) emits 0.39 kg CO e. Farming produces 

the majority of emissions (0.27 kg CO e per kilogram), with manufacturing accounting for 

the remainder 0.12 kg CO e per kg [103]. Another study by Jawjit et al. examined the 

carbon impact of rubber production in Thailand, where rubber plantations have been 

planted on agricultural areas for over 60 years. The emissions from this technique 

demonstrate that concentrated latex manufacturing results in 0.54 tonnes CO-eq per ton of 

product, whereas STR 20 (Standard Thai Rubber) emits 0.70 tonnes CO-eq per ton and 

RSS (Ribbed Smoked Sheet) produces 0.64 tonnes CO-eq. These estimates reflect the 

carbon footprint of rubber produced from plantations on established lands, which is the 

normal approach in Thailand [104].  

Thermoplastic elastomers (TPE) 

Avient Corporation has created TPE formulations with a negative, neutral, or 

nearly-zero product carbon footprint (PCF) for the thermoplastic elastomer (TPE) life cycle 

inventory. These formulations provide a cradle-to-gate PCF range of negative 0.46 to 0.0 

CO2e kg/kg of product. The cradle-to-gate phase considers the carbon impact of raw 

materials through product manufacturing. Avient reports that these TPEs give equivalent 

performance to standard TPEs while having a greatly reduced or even zero carbon impact 

[105]. 
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Polypropylene Plastic  

The CO-equivalent emissions for polypropylene plastic are reported to be in the 

range of 1.95kg ï 3.5kg [106].  

Polyamide 6 (PA6) 30% glass fiber (GF30) 

The carbon footprint of glass fiber-reinforced PA6 composites depends on the 

proportion of glass fibers used and the specific manufacturing processes employed. Fossil-

based PA6 resin has a carbon footprint of 9.04 kg CO e per kg [107]. Incorporating glass 

fibers into PA6 enhances its mechanical properties and impacts its environmental footprint. 

The production of glass fibers emits 1.7 to 2.5 tons of CO  equivalents per ton of glass fiber 

[108], [109]. PA6/66, and PA6/66 with 30% glass show emission factors, ranging from 6.4 

to 9.47 kgCO2e/kg, and 5.13 to 8.04 kgCO2e/kg, respectively [109].  

Steel 

Steel production has a significant carbon footprint, varying based on the type of 

steel and its production process. On average, in 2020, each tonne of steel produced emitted 

1.89 tonnes of CO , with global steel production totaling 1,860 million tonnes [110]. For 

specific types of steel, the carbon emissions per kilogram are as follows: carbon steel emits 

0.98-2.8 kg CO-eq, stainless steel produces emissions ranging from 4.7-6.2 kg CO-eq, 

and recycled steel has a much lower footprint of 0.88 kg CO-eq [109], [111]. 

Aluminum 

The carbon footprint of aluminum production varies significantly between primary 

and recycled materials. In North America, primary aluminum emits approximately 8.455 

kg CO e per kg of aluminum, encompassing the entire production process from bauxite 

mining to casting [112]. Pure aluminum as a winding material was reported to emit 8.82 

and its alloy emits 13.1 kgCO2e/kg carbon emission [109]. 

Zinc-coated carbon steel 

The American Galvanizers Association reported that the carbon footprint of hot-dip 

galvanized (HDG) steel, which involves coating high-carbon steel with zinc to enhance 

corrosion resistance, is approximately 1.801 kg CO e per kilogram. This value 
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encompasses the entire production process, including the steel substrate, zinc coating, and 

galvanizing operations [113]. 

Tungsten Carbide 

The carbon dioxide emissions associated with producing a tungsten carbide drill bit 

vary depending on the production scenario. In the baseline case, emissions are 

approximately 0.10 kg CO  per kg of WC-Co. In the low environmental impact case, 

emissions decrease to about 0.055 kg CO  per kg of WC-Co. In the high ecological impact 

case, emissions increase to around 0.15 kg CO  per kg of WC-Co [114]. High-quality drill 

bits typically withstand 200 to 500 holes, depending on factors like material hardness, 

usage conditions, and drilled depth [115]. 

Battery 

Battery production's carbon footprint varies significantly, ranging from 62 kg CO e 

per kWh when powered by renewable energy to 212 kg CO e per kWh when using fossil 

fuels [116]. Lithium-ion batteries typically last between two to three years or 300 to 500 

charge cycles, whichever comes first [117]. Depending on the energy source used during 

production, a DeWALT 20V 6Ah battery can be expected to have a carbon footprint 

between 7.44 kg CO e and 25.44 kg CO e.  
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Table 6.3 Summary of CO2e emissions from DeWALT Power hammer drill 

production. 

Material  in 

Disassembled Power 

Hammer Drill  

Weight of 

Material 

in Drill 

(kg) 

Upper Limit  (kg) Lower Limit  (kg) 

CO2e/kg 
Drill Part 

CO2e 
CO2e/kg 

Drill Part 

CO2e 

Synthetic rubber (SBR) 0.03102 6.12 0.190 4.86 0.151 

Rubber/Plastic (natural) 0.10684 0 0.000 0 0.000 

TPE Plastic 0.41961 -0.46 -0.193 0 0.000 

PP Plastic 0.04564 3.5 0.160 1.95 0.089 

PA6 GF 30 Plastic 0.55709 8.04 4.479 5.13 2.858 

Steel 0.99308 2.8 2.781 0.98 0.973 

Stainless steel 0.00827 6.2 0.051 4.7 0.039 

Aluminum Alloy 0.02222 13.1 0.291 13.1 0.291 

Zinc Coated High-carbon 

steel 
0.01037 1.801 0.019 1.801 0.019 

Aluminum 0.47627 8.82 4.201 8.455 4.027 

Total production emissions   11.978  8.446 

 

Based on these compiled CO2e emissions values of its parts, CO2e emissions 

associated with the use of the power hammer drill emission was factored based on use at 

the study site compared to the total life expectancy of the drill. Table 6.4 shows the 

approximate CO2e emissions associated with the production of a DeWALT power hammer 

drill , factored for use at the study site. CO2e emissions from the Lithium-ion battery and 

drill bits, factored for use at the study site are reported in Table 6.5 and Table 6.6, 

respectively.  

The upper and lower limits of CO2e emissions were established from these results, 

which are highlighted in the respective tables. From these tables, the total carbon dioxide 

equivalent emissions based on the power hammer drill operation, production of its parts, 

battery life, and drill bits used at the study site ranges from an upper limit of 0.324 to a 

lower limit of 0.055 kg CO2e.  
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Table 6.4 Factored CO2e emissions for the study site associated with parts 

production of the power hammer drill. 

Drill Life Span (h)  Study Site Use (h) 
CO2e (kg) 

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 CO2e emissions for the study site associated with Lithium -ion 

battery used with power hammer drill.  

Battery Life Span 

(cycles) 

Study Site Use 

(cycles) 

CO2e (kg) 

Upper limit  Upper limit  
  25.44 7.44 

300 3 0.254 0.074 

500 3 0.153 0.045 

Table 6.6 Factored CO2e emissions for the study site associated with drill bits used 

with power hammer drill. 

Drill bits Life Span  

(# holes drilled) 

Study Site Use  

(# holes drilled ) 

CO2e (kg) 

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 Results 

The cumulative CO2e emissions at the Winterthur study site, including drill use, 

water supply, and fertilizer production/application, were calculated to be 9.73 to 9.99 kg 

CO e per yearly planting of daikon radish. The percentage individual contributions to 

the overall emission value at the lower-end estimate and upper-end estimate are shown in 

Figure 6.3.  
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(a) Upper estimate of CO2e emissions 

 
(b) Lower estimate of CO2e emissions 

Figure 6.3 Total contributions to CO2e emissions for one yearôs growth of daikon 

radish at the study site. 
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6.5 Discussion of Results 

The environmental effects of utilizing radishes as a biological approach to fracture 

pavements are highlighted by the findings of this Life Cycle Assessment (LCA). The study 

site's annual daikon radish plantings resulted in cumulative emissions that were 

approximately 10 kg CO e. This value is approximately equal to the tailpipe CO2 emissions 

from burning one gallon of fuel[118]. The DeWALT power hammer drill production and 

use contributes between 0.494 and 0.225 kg CO e of the total emissions. Thus, the drill has 

a minimal influence on emissions. The predominant driver of CO2e emissions is the 

cultivation of the radishes itselfð contributing 9.5 kg CO2e from the planting, watering, 

and fertilization process. As seen in Figure 6.3,  the main contributors are the use of water 

and fertilizer. With 42-47% of total emissions coming from fertilizer use, it makes a 

substantial contribution to overall emissions. Miracle-Gro fertilizer's nitrogen-rich 

composition, which has a high Global Warming Potential (GWP), contributed significantly 

to the overall carbon footprint. Consistent irrigation throughout the warmer months raises 

the carbon footprint, accounting for 43ï48% of total emissions, even though seasonal 

precipitation lowers water demand. Modifying the radish cultivation procedures with less 

carbon-intensive fertigation plans or use of harvest rainwater can lower the CO2e emission 

values. 

The scope of this study was limited to CO2e emissions, which is only one aspect of 

a comprehensive LCA. This LCA does not consider the carbon sequestration contributions 

of the radishes. It is estimated that they may contribute to the sequestration of 

approximately 4.9 tons (4445.2 kg) of carbon per hectare over 30 years through biomass 

accumulation and soil organic matter enhancement, potentially offering environmental 

benefits. [77]. Economic and social costs and benefits are also not considered in performing 

an LCA. 
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Chapter 7  

CONCLUSIONS AND RECOMMENDATIONS  

This chapter first provides a summary of the study methodology and major results. 

Conclusions based on the study results are described. The chapter then provides directions 

for continuing this work in the future. Finally, general recommendations for using root 

vegetables to fracture pavements are provided. 

7.1 Study Summary and Conclusions 

This study focused on the use of daikon radishes to fracture the pavement surface 

of an aged asphalt parking lot with a section of pre-existing cracks, located within 

Winterthur Museum, Gardens, and Library in 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 pavement. Between 2021 

and 2025, eight seasons of semi-annual daikon radish (Tillage and Alpine cultivars) 

planting and cultivation were conducted at this study site. Holes were drilled into the 

pavement and plugged with soil to plant the radishes. The research involved archival image 

analysis, field observations, laboratory testing, and controlled experimental setups to 

evaluate the structural impact, mechanical properties, and environmental impact of 

growing radishes to fracture pavement surfaces.  

Tests on pavement material from the study site showed evidence of pavement 

ageing with an asphalt binder Superpave performance grade of PG 94-12. Crack mapping 

of the study over the eight planting seasons revealed a significant increase in crack length 

and area of de-pavement, particularly along radish planting paths and in the areas of pre-

existing cracks. Comparing 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 de-

pavement increased by ~34% and ~930%, respectively. A new crack pattern connecting 

one or more radish planting holes emerged at the site; 74% of new cracks at the study site 
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are along these holes. The size of some drilled holes increased from season to season, 

showing the gradual impact of the growing radish on the pavement. While most new cracks 

and de-pavement originate from the section with initial alligator cracks before planting, the 

cracks are quick to propagate along the planting path to areas with no cracks at initial 

planting. Pavement sections at the site could be manually removed with ease. Thus, this 

study site demonstrates the potential of daikon radish growth as a viable technique for 

disintegrating aged pavement.  

Water infiltration tests were conducted at several locations on the study site using 

a Double-Ring Infiltrometer. Water infiltration rate was the highest at a location with two 

radish planting holes connected with a bridging crack caused by radish growth showed 

(5.63 inch/h). This value was higher than the rate at a location with only pre-existing cracks 

(2 inch/h) and a fully de-paved location where the base soil layer was exposed (4.5 inch/h). 

Cracks caused by growing radishes allow for more water infiltration than alligator cracking 

caused by general wear-and-tear during service. Importantly, the results show that full de-

pavement by removing loose pavement material is not necessary to achieve an increase in 

the water infiltration rate.  

Spring-loaded prototypes were designed to apply controlled confinement pressure 

on a radish as it grows. The maximum confinement pressure measured in this study was 

12 psi for an Alpine radish, which is lower than the reported 85 psi limiting pressure found 

in the literature[63]. Asphalt concrete subjected to stress levels from 12.18 psi to 86.44 psi, 

for extended periods, has been shown to translate into the accelerated creep phase [74], 

[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 spring. An increase in root 

diameter in response to compacted soils is a technique utilized by plants to push through 

more resistant substrates [69]. The results demonstrate that radish roots can exert 

measurable pressure against confining surfaces and adapt their growth behavior to 

overcome external constraints.  

The emissions associated with radish cultivation at the study site (without 

considering its carbon sequestration ability) range from 9.73 to 9.99 kg CO equivalent per 
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yearly planting of daikon radish. This is roughly equivalent to tailpipe CO2 emissions from 

burning one gallon of fuel. The major contributors to these emissions are the water supply 

system and fertilizer use. Per this metric, the environmental impact of growing radishes at 

the study site is low.  

This investigation shows that daikon radish roots can apply and sustain pressure to 

create weak points and exploit pre-existing cracks, initiate and propagate new cracks, and 

weaken the surfaces of aged asphalt pavements. Over time, environmental factors such as 

moisture infiltration, freeze-thaw cycles, and biological decay could amplify the effects of 

root growth. With this, the water infiltration rate of a paved site can be restored to pre-

pavement levels. By 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. 

7.2 Directions for Future Study 

This study relied on data from a pilot field implementation. Despite variations in 

site interventions over the planting seasons and imperfect field data, characterizing the 

conditions of this study site provides a means to make evidence-based recommendations 

for future experiments. The use of plants to fracture abandoned pavement requires more 

research. The following lists some potential directions for future study: 

¶ The study site utilized only one size and pattern of planting holes. More research is 

required to study the effect of varying diameters of the drilled holes and spacing 

between the plants and planting rows. 

¶ Radishes at the study site were planted in 3.5-inch-thick asphalt pavement. Future 

studies can focus on varying the depth of the pavement and pavement material 

(asphalt vs. cement concrete).  

¶ More research is required to study the effect of root vegetable shape on pavement 

fracture. Future studies that experiment with other species or cultivars of root 

vegetables are needed. Experiments are also required to vary the planting times and 

study the sequence of planting to allow for maximal root growth to fracture the 

pavement.  
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¶ Mapping of pavement distress in this study relied on a laborious manual tracing 

process. Future studies can focus on applying and improving the accuracy of 

automated techniques for pavement assessment.  

¶ The spring-loaded prototypes developed to grow radishes in controlled 

confinement need further design iterations for improved accuracy. Stiffer springs 

and a greater number of springs can be used to increase the confinement pressure. 

Additionally, the studyôs prototypes constrained radish growth only in the radial 

direction, while root expansion also occurs axially. The prototypes can also be 

modified to better study the adaptability of the radish root to overcome localized 

higher pressure.   

¶ LCA in this study was limited to conducting an inventory of carbon dioxide 

equivalent emissions for one year of radish cultivation. Future assessments can 

expand the scope and system boundary of this assessment.  

7.3 Recommendations 

While sites with aged and abandoned pavements often lack a clear long-term end-

goal, the following general recommendations are provided on the use of root vegetables 

like daikon radishes to fracture aged pavements to address ecological concerns. 

Implementing these interventions can improve the ecological function of a site without 

curtailing any future site uses.   

¶ Before preparing the site for planting, it is important to first set ecological goal for 

the siteðbased on an envisioned end-use when possible. Site preparation, selection 

of the planting pattern, and number of planting seasons would depend on this 

ecological goal. 

¶ For restoring water infiltration rate to reduce stormwater runoff, full de-pavement 

of the site may not be necessary; it can be achieved with a sufficient length of 

pavement cracks along planting paths validated by the seasonal pavement 

hydrological measurements using the double ring infiltrometer testing method or 

others. 
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¶ If removal of the pavement is an end goal, to monitor the progress of seasonal de-

pavement, it is recommended that loose pavement material be manually removed 

(using hand tools to support the removal process if needed) after every planting 

season and planting density be increased in certain sections as needed.   

¶ Fracture impact varies with the species and cultivars of root vegetables chosen for 

planting in the pavement. The deeper taproot of the Tillage radish could penetrate 

through thick layers of pavement or compacted subgrade. The larger girth of the 

Alpine radish could widen drilled holes and stimulate surface cracking in thinner 

pavement layers. Root vegetable selection and crop rotation should be driven by 

pavement layer thickness, seasonal progress monitoring, and the end-result desired 

at the site.  

¶ Careful planning of planting times, planting patterns, and spacing of holes could 

help optimize the number planting seasons required to achieve the end-goal. For 

example, if increasing water infiltration is the purpose of planting, water infiltration 

tests and hydrological modeling can be used as indicators that show if another 

planting season is required at a site. 

¶ Water and fertilizer use are the major contributors to the environmental impact of 

using this method to fracture pavements. This impact can be reduced by practicing 

water conservation techniques like rainwater harvesting and reducing the use of 

synthetic fertilizers. Automated irrigation systems can additionally help reduce the 

labor-costs of taking care of the plants during the growing season.
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Appendix A  

RECLAIMED ASPHALT PAVEMENT TEST RESULT  

The accompanying report is the test results from the test of Reclaimed Asphalt 

Pavement described in Chapter 3, carried out at the Delaware Department of Transportation 

Research Laboratory. 
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Appendix B  

SEASONAL MAPPED PAVEMENT CONDITION  

Additional mapping results of the pavement condition mapped as describe in 

Chapter 4 is presented below. Figure B. 1 to Figure B. 8 shows the complete pavement 

conditions including cracks, de-paved area. Figure B. 9 to Figure B. 15 shows the pavement 

condition, highlighting the cracks along the daikon radish planting holes, the de-paved area, 

and the seasonal expansion of holes.  

 
Figure B. 1 Crack patterns in the study site before drilling of holes and planting 
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Figure B. 2  Planting impact on the pavement Crack 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 


























