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ABSTRACT

Near-surface geophysics has been increasingly applied to more and more environments, thanks
to the development of both equipment and available software. As a result, non-destructive geophysical

surveys in urban areas are increasingly used to solve a great deal of varied problems.

Trees provide valuable and important environmental services and play an important role in the
livelihoods of humans and animals alike. However, although trees have been researched extensively,
roots remain an area that is notoriously difficult to understand. Hence, robust geophysical surveys
might provide an array of useful information regarding the location, size, and overall structure of tree
roots, with very few practical downsides. This thesis works at the junction of several disciplines,

bringing them together in a cohesive and practical manner.

The investigation focuses on two geophysical methods (GPR and geoelectrical surveying),
presenting relevant surveys as well as forward models that aid survey design and data interpretation.
The models also revealed why sometimes surveys are unsuccessful (or partly unsuccessful) and what

can be done to maximize the odds of success.

The results show that while this task is challenging and site-specific, it is possible to study tree

roots in an urban context with geophysical methods.
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1. INTRODUCTION

Although the term itself is relatively new, mankind has been interested in geophysics

for centuries, if not millennia. The reasons for this are twofold.

Above all, there is the human curiosity and ambition to know more about the
surrounding environment. In 240 BC, the ancient Greek Eratosthenes of Cyrene is said to
have measured the circumference of the Earth using only trigonometry and measuring the
angle of the sun at different latitudes, which could be regarded as one of the first thorough
geophysical studies. Even before Isaac Newton published his landmark Philosophiae
Naturalis Principia Mathematica in 1687, William Gilbert’s De Magnete in 1600 noted
that a compass points North because the Earth itself has a magnetic field. Newton brought
forth our first understanding of gravity, and 200 years later, Maxwell’s equations helped
build the foundation of electromagnetism, thus offering a theoretical framework in which

geophysics could operate.

The second reason for our interest in geophysics is that it enables mankind to

discover and access valuable subsurface resources.

The first documented use of the term “geophysics” comes from Julius Frobel in
1834 (in the German language). The first Geophysical Institute was founded in 1887 at the
University of Goéttingen and the first geophysical journal Terrestrial Magnetism (which

would go on to become the Journal of Geophysical Research) was founded in 1896.

In the 20" century, the demand for petroleum and mineral resources grew
enormously, and was a great motivator for the development of geophysical techniques.
The interior of the Earth has been increasingly studied using seismic waves from

earthquakes, and plate tectonics was supported in the 1970s by several pieces of



geophysical evidence, including palaeomagnetism, volcano mapping, and seismic studies.
By then, geophysics was already an established field of science, and it continuously

developed and branched out, addressing increasingly diverse issues.

Another important stage in the history of geophysics was marked by the advent of
modern computers. The acquisition, processing, modelling, and interpretation of

geophysical data all benefitted greatly from increased computation.

Several areas of research, including the one presented here, were empowered by
increased computational power. Although many things have changed, the fundamental

physical principles are still in place.

1.1 Background
The successful detection of any subsurface features through geophysical methods

relies on a detectable physical contrast between the objective and the subsurface
surrounding environment. Consequently, small-scale subsurface objectives, as well as
objectives which share physical similarities with their surrounding environment, yield
small contrasts and are difficult to detect using geophysical methods. Tree roots, which are
in a constant exchange of water and chemical elements with the soil and are generally in
the centimetre or sub-centimetre range, fall into both these categories, which make them
one of the most challenging geophysical objectives. However, since tree roots are difficult
to study directly in situ, geophysics offers a unique opportunity to study them remotely,
particularly in urban areas where they are often covered by man-made surfaces, and

excavation would be time and resource-consuming.



Figure 2. Commercial resistivity equipment (profile with electrodes) with 0.5 m spacing between electrodes.

The reasons to study tree roots through geophysical methods are multifold. At a
fundamental level, there are substantial knowledge gaps regarding the applicability of
geophysical methods in this context and the range of information that can be
obtained. Tree roots are also relatively understudied in situ, due to obvious practical

difficulties.



There are also very practical applications to this type of study. Tree roots are often
unwanted “noise” in geophysical studies (showing up on archaeological or environmental
studies), but they can be an objective themselves, whether it is to provide information
related to tree health, root extent, CO; absorption, or to study their interactions with man-

made infrastructure.

Lastly, this represents an intriguing interdisciplinary field of study, occurring at the
intersection of numerous different scientific fields such as geophysics, biology, soil

science, and civil engineering.

1.2 Research questions
In the preliminary stages of the project, several research questions were defined,to

help define the general framework for the study and the main topics of interest. These
questions have been adapted and tweaked as the work progressed and serve as general

objectives to be addressed here.

Main research questions:

a) Is there a reason to study the interaction between tree roots and

infrastructure with geophysics?



Figure 3. Root damage caused by tree roots in the UoB campus.

b) What are the relevant and useful physical parameters of tree roots

that can be used for detection, and what methods can detect them?

C) What is the span of information we can derive by using these
methods?
d) Is there a way to predict and/or characterize the structural damage

that tree roots will do using geophysical techniques?

Secondary research questions:

a) What GPR frequency works best, and what kind of acquisition and
processing flow is most suitable?

b) What kind of resistivity measurements could be best applied, and
under what circumstances?

C) How can forward models help in the planning of surveys and in the
understanding of the data?

d) How can different types of data be best integrated?



1.3 Aims and objectives
The general objective of the study was to assess the feasibility and usabilityof

geophysical methods in the study of tree roots. The first aim is answering the research
questions as well as possible. As this is a multidisciplinary and applied study,

consideration was given not only to theoretical aspects, but also to practical ones.

In addition to filling the knowledge gap at a fundamental science level, establishing
and finessing a methodology for geophysical data acquisition was also given importance.
Practical aspects were specifically considered given that there is real potential for applying
this type of measurements in a real-life setting, offering potentially valuable information
for city planners, policy makers, and urban surveyors. Insights could potentially be useful

in other situations such as forestry and orchard management as well.

Figure 4. Typical GPR setup, prepared for measurement around UoB campus.



The goal was to develop a proof of concept approach, in real situations, as to how
geophysical methods might be used to study tree roots and tree root damage, with the
primary goal of predicting or assessing potential infrastructure damage, and the secondary
goal of identifying and characterizing subsurface roots. The problem was addressed
mostly qualitatively and, when possible, quantitatively, to better understand the potential
and the limitations of geophysical methods in this context. The possibility of using this
approach in a cost-effective manner was also considered, though it was not the primary

focus of the study.

1.4 Scope
Trees are an important part of almost all environments on Earth, and urban areas are

no exception. Trees also offer a great number of environmental and economic benefits,

and have, therefore, been studied extensively.

Roots are a key structural component of trees, offering anchorage as well as water
and nutrient absorption and distribution. Roots are also actively exchanging chemical
substances with the surrounding soil (through absorption and respiration), which means
that when they are taken from their natural environment, their biophysical parameters

start to change, which makes any in situ observation even more challenging.

Geophysical methods offer a unique opportunity to study tree roots in their
subsurface, natural environment. In urban environments, this is particularly important
since tree roots can have a number of unwanted, destructive interactions with man-made

infrastructure (roads, sidewalks, building foundations, pipes, etc.). It is not uncommon



for urban geophysical investigations (especially GPR surveys) to come across tree roots,
but they are rarely regarded with any interest. Geophysical studies focusing on tree

roots, particularly in urban areas, are still relatively uncommon.

A range of shallow geophysical techniques have been considered, drawing from
existing evidence, particularly from the study of buried utilitiesor archaeological
objectives. However, in the case of tree roots, there are several factors which make
detection different and more challenging: the geophysical contrast tends to be less
pronounced, the size of the objective is often small, and the method needs to be suitable
for an urban setting. Considering all this, the methods that seem most viable are GPR and
resistivity surveys (especially ERT, though other types electrical surveys are also

considered).

The potential of these two methods was assessed in a variety of settings, on a variety
of surfaces (both natural and man-made) and around a variety of trees from different
species and of different sizes. The study does not attempt to explain the biophysical causes
and parameters that are responsible for the geophysical contrast. Instead, it focuses on the
detection and study of tree roots and the circumstances which make this detection
possible. The causes that allow this detection are too complex to be satisfactorily covered

here and warrant a separate study.

Lastly, the work also addresses how equipment can be tweaked, improved, or simply
applied differently for better results. Several directions for future studies are also

presented.



1.5 Summary
The work is a multidisciplinary approach on how tree roots can be detected using

geophysical methods in practical, urban scenarios. The main focus is on geophysics, but
the approach is multidisciplinary, considering aspects of soil science, biology, civil
engineering,as well as practical considerations for the integration of the results into city

planning policies.

The project aims to improve understanding of geophysical detection of tree roots as
well as to provide directions in which this knowledge can be used, as well as guidance for
future studies in related areas. As geophysics continues to improve and branch out, it will
undoubtedly tackle problems that are more challenging (as is also the case here). Pushing
these methods to their absolute maximum offers new theoretical insights, and it can also
offer suggestion as to how they can be used in practical scenarios to aid in the sustainable

development of our society — this has been the guiding creed of this work.

The thesis starts with a brief introduction on the interaction between trees and
urban areas. The subsequent parts address the geophysical methods that can be used to
study these interactions, zooming in on geo-electrical surveys and ground penetrating
radar. These methods are described in detail, along with a literature review regarding
their application in this context. Results of lab measurements are also included. Several
representative surveys on multiple surfaces are then presented, with discussion and
conclusions following afterwards, along with recommendations for future work in the

topic.



2. LITERATURE REVIEW AND GENERAL
CONSIDERATIONS

Since it is hoped that this work can be of use to both geophysicists and non-
geophysicists, it will provide basic description of geophysical systems and principles, as well as a
review of relevant aspects revolving around urban trees, including their importance and differences

from non-urban trees.

2.1 Trees
Trees are perennial, non-marine plants that play a crucial role for many of Earth’s

ecosystems. They differ from other terrestrial plants in that they typically have a
permanently woody stem or trunk and they usually grow to a considerable height. This
study does not intend to provide a comprehensive definition or classification of trees and
for the purpose of this work, all plants satisfying those two conditions were considered

trees (although technically, some shrubs would also satisfy these conditions).

Trees were already well-developed in the Carboniferous period, 300 million years
ago. It is well known (Gastaldo, 1987) that the Carboniferous was marked by vast swamp
forests which produced rich coal deposits. However, recent research has shown that the
oldest trees come from even earlier, emerging during the Middle Devonian, some 390
million years ago (Soria & Decombeix, 2010), where they were brought forth significant
global changes (Retallack, 1997), affecting not only the geology of the planet, but also the

biosphere and atmosphere.

Roots emerged during the early phases of land plant diversification, some 409-363
million years ago (DiMichele & Falcon-Lang, 2011), allowing plants to grow larger and
gain more stability, improving their anchorage, as well as their nutrient and water uptake.
However, plants roots, and tree roots in particular (due to their larger size) set in motion a

large number of geochemical changes. Mechanically, roots fractured the rock, ploughing
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and tilling the soil, allowing water to infiltrate deeper into the soil. Roots also help bind
loose particles and water, preventing surface erosion. They helped to create what we

todayconsider ‘soil’.

Chemically, roots also brought massive changes. They set in motion a mineralization
cycle, breaking down rocks and minerals and cycling minerals from the soil into the

biosphere at an unprecedented scale (Kenrick & Crane, 1997).

Tree roots also disrupted the global carbon cycle. The uptake of atmospheric CO»,
the weathering of silicate and carbonate rocks, as well as the deposition of carbonate
minerals and organic matter contributed to an important shift in the global carbon cycle

(Berner, 1998).

Trees have continued to develop since the Palaeozoic, but the fundamentalstructure
of trees (and roots) has remained largely similar. Today, trees continue to play a crucial
role in the carbon cycle. Especially in the wake of global climate change, the role of
trees, tree roots, and forest soils has been investigated for carbon sequestration and

storage (Raich et al., 1992; Lal, 2005).

In order to address the practical feasibility and advantages of surveying tree roots in
urban areas, financial considerations are also important. Ideally, tree root surveys should
have a positive impact not just environmentally, but also economically. The following will
present a review of why geophysical detection of tree roots is not just feasible, but also
pragmatic. This is important as municipalities often remove trees due to the damage their
roots cause to infrastructure; by mapping and directing interventions, geophysical surveys

can help keep trees (and the benefits they produce) in place for longer.
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2.2 Benefits of trees

The fact that trees provide valuable environmental and economic services (and are a
pleasant sight) has been known, to some extent, for centuries. In addition to their role in
the carbon cycle and soil stabilization, trees also provide a number of environmental and
economic services. Trees remove air pollution (Svensson &Eliasson, 1997), help regulate
the climate, offset carbon emissions, and improve the overall standard of life. In urban
areas inparticular, trees provide a wide range of varied benefits, and the full range of these
services is still an area of active research. This is not an exhaustive discussion but will

offer relevant example to give a general idea about why urban trees are important.

Urban trees make important contributions to urban air quality. They remove air
pollutants such as sulphur dioxide, nitrogen oxides, ozone, carbon monoxide and
particulates (Jim & Chen, 2009). It is well-established that vegetation helps to reduce air
pollution but to what extent, remains site-specific and dependent on several variables. For
instance, coniferous trees have a much larger filtering capacity than deciduous trees, due
to two aspects (Stolt, 1982): filtering capacity increases with leaf area, which is higherfor
coniferous trees (this is also the reason why trees are better at filtering than most other
types of vegetation), and needles are not shed during winter, when the air quality is
typically worse. However, coniferous trees are sensitive to air pollution, and deciduous
trees are better at absorbing gases (Stolt, 1982), which suggests that a mix of different

types of trees can work best in most scenarios.

From the standpoint of filtering out PM2 s alone (known to have adverse effects on
human health), the impact of trees is substantial. Their exact impact is a function of many
parameters (geography, local pollution, climate, etc.), but while the quantification of the
effects is variable, the overall net positive impact is clear. Nowak, Hirabayashi, Bodine, &

Hoehn (2013) modelled PM2.5 removal by trees in ten US cities and the associated health
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effects. They found that reductions were typically around 1 person yr™ per city, but were
as high as 7.6 people yr'' in New York City. In other words, one tree adds between 1 and
7.6 person-years every year. This translates into economic benefits ranging from

$1.1 million in Syracuse to $60.1 million in New York City.

It is not just PM2s. PMyg is also reduced substantially by trees. The potential of trees
to mitigate urban PMyowas analysed in the West Midlands and in Glasgow (McDonald et
al., 2007). The resulting model predicted increasing total tree cover in the West Midlands
from 3.7% to 16.5% would reduce average primary PM1o concentrations by 10%. Tree
planting schemes have been consistently shown (Tiwary et al., 2009) to be able to
improveair quality, reducing the amount of air particulates and offering positive
contributions to human health. It should be noted that some trees are better than others in

this regard (Yang, Chang, & Yan, 2015).

California surveys assessed the environmental and economic value ofthe trees on
the state’s territory (E. G. Mcpherson, Doorn, & Goede, 2016). Compiling data from over
900,000 trees, the authors note that “state’s street trees remove 567,748 t CO2 (92,253 t)
annually, equivalent to taking 120,000 cars off the road,” providing environmental
services estimated at $1.0 billion. Trees were also found to be an excellentinvestment,
with every $1 spent managing the trees yielding a benefit of $5.82 in environmental
services. A similar study carried out in Lisbon, Portugal (Soares et al., 2011), found

comparable results, both in terms of environmental and economic benefits.

Another study carried out in Strasbourg, France (Selmi et al., 2016) found a more
modest improvement in terms of overall quality, but even so, the effect was significant.
The study also suggests that the design of the city can strongly affect the importance of

public trees.
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Stormwater runoff, which can pose a number of problems to urban infrastructure,can
also be alleviated by trees and so-called “green infrastructure” (Berland et al., 2017). Trees
can help regulate the urban hydrological cycle, intercepting incoming precipitation,
absorbing water from soil and improve the quality of urban soils. Studies have suggested
that in the UK, tree planting policies are financially justified even when judging storm
management issues alone (Stovin, Jorgensen, & Clayden, 2012). All vegetative cover
(including trees) helps to intercept water, delaying surface runoff and maintaining a more
stable environment, though this remains site specific. In the UK, trees have been found to
reduce runoff from asphalt by as much as 62% (Armson, Stringer, & Ennos, 2013). Given
the relatively uniform climate across the UK, it seems plausible that the figure is

representative for many British urban areas.

Overall, a number of factors relating to the morphology, climate, soil, andoverall
geographical setting of the city can affect these results. A quantitative review of urban tree
benefits and costs (Roy, Byrne, & Pickering, 2012) identified a wide range of
demonstrated benefits (economic, visual, health, visual, aesthetic, carbon sequestration, air
quality improvement, storm water attenuation, energy conservation). However, they also
highlight that existing literature on urban trees is limited in terms of geographical

distribution.

A different study (Gillner, Vogt, Tharang, Dettmann, & Roloff, 2015) found that
trees (and, to a lesser extent, other vegetation) are also important for mitigating thermal
load in urban areas. The urban heat island effect is well known for decades (Price, 1979).
According to Price (1979), in many large cities, satellite sensed temperature can record
temperatures 10-15 degrees Celsius higher than the surrounding rural areas. Gillner et al.
(2015) notes that although different tree species differ significantly in their ability to limit

both ground and air temperatures, all tree species can reduce the thermal load in the urban
14



microclimate, fighting the urban heat island effect and increasing the urban quality of life.

The impact of shade should also not be underestimated. Having access to shade on
hot days grants not only comfort for humans, wildlife, and other vegetation, but can also
save a lot of money by reducing electricity consumption for air conditioning — especially
in warm climates (conversely, they can also increase heating costs in colder climates). In
Sacramento, California, tree covers on the west and south side of houses reduced
electricity consumption by 5.2%, whereas trees on the north and east side increased
electricity by 1.5%, producing a net positive effect. The same results showed that a single
London plane tree (Platanus x acerifolia) planted on the west side can reduce carbon
emissions coming from summertime electricity usage by 31%, over 100 years (Donovan &
Butry, 2009). Trees also reduce wind speeds, potentially improving comfort and reducing
heating costs. Akbari (2002) finds that in the case of Los Angeles “urban tree planting can
account for a 25% reduction in net cooling and heating energy usage in urban landscapes”,
corresponding to an annual reduction in carbon emissions ranging from 9,000 t to 16,000 t

per trees. In this sense, urban trees are much more valuable than rural trees.

While the non-urban areas tend to be larger and more effective carbon sinks, urban
trees are also important, especiallyfor the local microclimate (Nowak & Crane, 2002),
helping reduce atmospheric carbon dioxide levels. They also aid local biodiversity by
providing a home for numerous species, which in turn provide other environmental

services themselves.

Trees also have a different type of economic value: they are valued by homeowners,
and add a significant percentage to the value of a house (Pandit, Polyakov, Tapsuwan, &
Moran, 2013), even when on the street and not on the property. Trees have been shown to

improve the overall aspect and value of a property (Luttik, 2000).
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It is not just homeowners that value trees — most people seem to do so too. Trees and
urban forests play an important role in recreation, (Pandit et al., 2013; Brander & Koetse,
2011). Although urban valuation tools do not seem to incorporate the aspect of recreation
into their calculations, urban woodland areas provide numerous opportunities for
recreational experiences. Urban trees were also found to reduce stress, air pollution, and
ultraviolet wavelengths, while also providing an area to exercise and take pleasant walks

on (Cornelis, Robert, & Barfoed, 2019).

Lastly, while this relationship is still under some debate in the literature, trees also
seem to have a positive effect on urban crime (Troy, Grove, & Neil-dunne, 2012), with an

inverse connection between tree canopy cover and overall crime.

Overall, despite significant variation over different geographical areas, treesseem
to provide quantifiable benefits urban areas. In addition to the pragmatic benefits of
urban trees discussed above, life without trees is simply unimaginable. Despite these

benefits though, trees also incur costs on municipalities.

It costs a significant amount of money to plant and maintain a tree in an urban area.
This amount can vary greatly depending on worker salaries, available equipment,
necessary pre-emptive work, etc. The cost of tree maintenance is relatively low, but
applying fertilizers, pesticides, and sometimes water is sometimes necessary.

Infrastructure damage can also be considered a cost.

Overall, though, previous research shows that the benefits of trees strongly
outvalue the costs (at least in the vast majority of scenarios). The valuation of trees is still
site-specific and it is still challengingto account for all the relevant aspects, but overall,
planting trees in urban areas seems to more than pay for itself. In the case of Los

Angeles, the benefit for planted trees was estimated at over $60/tree/year, whereas in
16



Adelaide Australia, the benefit for a single treewas estimated at $211/tree/year (Killicoat
& Puzio, 2002), when considering shade, temperature regulation, air filtration, carbon

emissions, scenic beauty, increased property values, and wildlife habitats.

While the quantitative valuation of trees remains an area of active research, urban
trees have been shown to play a vital role in urban cities, and can be a key component in
sustainable strategies. Collectively, their role cannot be overstated, improving

environmental quality, quality of life, and urban development.

Yearly Benefit (US$/tree)

Study Method

Small Medium Large
McPhersonet  Review of other
al. (1999) studies $10.97 - $20.00
McPhersonet .
al. (2002) ITree $5.22 $23.30 $46.82
Bonifaci )
(2010) ITree $38.79 - $166.14

Table 1. Generally, all trees produce benefits, but larger trees produce larger

benefits (Mullaney et al.; 2015).

2.2.1 Valuation of trees in the UK
Since this work was carried out in the UK, and includes practical information, it

makes sense to look at how the environmental services of trees are valuated in the UK.
Weighing these benefits against the costs of a geophysical surveys (and any potential

intervention) could be of use to city planners.

In the UK, section 198 of the Town and Country Planning Act (1990) covers the
local amenity value of values and encourages local authorities to protect trees. However, it
does not provide a concrete tool for valuing trees. Instead, there are three valuation
systems commonly used for this purpose (Sarajevs, 2011): CAVAT, i-Tree, and

Helliwell. All of them offer different advantages and have different drawbacks, as there
17


https://www.sciencedirect.com/science/article/pii/S016920461400245X#bib0050
https://www.sciencedirect.com/science/article/pii/S016920461400245X#bib0050

are many complex and site-specific considerations.

However, none of these systems take into account geophysical data which can
provide valuable information regarding potential conflicts with infrastructure, which in
turn could be significant in the final valuation, which highlights the importance of the

practical component of this work.

In addition to material benefits, reviews have also found that trees offer social,
cultural, and spiritual contributions to human wellbeing, which suggests that the valuation
could be significantly understated (Dwyer, Schroeder, & Gobster, 2013). Ultimately, it
seems unlikely that this issue will be settled quantitatively, and may have a philosophical
side toit as well. While the financial valuation is important (to policy-makers and city
planners in particular), the overall value of a tree is difficult (potentially impossible) to
transfer into currency. However, the key lesson is that while exceptions may exist, trees

in general offer important, quantifiable services to local communities.

Anecdotally, the fact that local communities value treeswas also highlighted
regularly during surveys, with people from the local community regularly stoping to
express concern about the health of the trees and whether the municipality was cutting

them down. Some would make a passionate defence of the trees in their neighbourhood.

2.3 Conflicts with infrastructure
But looking at environmental services only tells a part of the story. Trees can also

generate disservices in cities (conflicts with the existing infrastructure, cause or
exacerbate health problems such as asthma through the dispersion of pollen, light
attenuation, shade in cold areas) and can in some conditions, even be hazards (for instance
in the case of old, heavy branches falling onto cars and people). Here, we will review

some of the potential conflicts with infrastructure, caused bytree root growth, which can
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be studied through geophysical methods.

McPherson and Peper (1996) estimated that municipalities in the United States
spend more than $135 million every year for tree root-related repairs — a figure which has
presumably only increased in recent years, as infrastructure has become more complex and
expensive itself. The main problem is the fact that trees are increasingly surrounded by
impermeable surfaces (concrete, roads, foundations, etc.). This can put significant stress
on the tree roots, which in their search for water, often proliferate in sites that provide
more favourable conditions for growth, but where they cause infrastructure damage and
pavement uplift (Mullaney, Lucke, & Trueman, 2015). This damage, which can be costly
and difficult to alleviate, is almost invariably present in most urban areas — | have yet to
walk in a city for a day and not see at least one instance of significant infrastructure

damage caused by tree roots.

The extent of the damage can also vary substantially. Day (1991) identifies two main
types of damage caused by tree roots: the first implies the growth of tree roots beneath
roads, sidewalks, patios, walls, etc., causing uplift and differential movement. The second
type involves roots growing beneath or in the close vicinity of foundations, particularly in
clay-rich soils (but other expansive soils as well). The roots tend to absorb moisture,
causing the soils to shrink, resulting in potential damage to the structure. However, it
should also be noted that the opposite phenomenon can also happen in some cases: when
trees are uprooted or their roots are left in situ, it can cause a swelling of the soil, also with

potential damage to the nearby structure.

Another area of major interest is the interactions between tree roots and building
foundations (Biddle, 2001). Tree roots can damage buildings directly (by penetrating or
attempting to penetrate structural elements), through subsidence, or by drying and

compacting soils.
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Probably the most common unwanted interaction is between tree roots and road
elements — sidewalks, roads, and curbs. Although this has become almost a routine
problem in some areas, there is surprisingly little literature on the topic. Among existing
studies, a thorough review (Randrup et al., 2001b) concludes that the potential for damage
is high “when one or more of these factors are present: tree species that are large at
maturity, fast growing trees, trees planted in restricted soil volumes, shallow top soil
(hard-pan underneath top-soil), shallow foundations underneath the sidewalk (limited or
no base materials), shallow irrigation, distances between the tree and sidewalk of less than
2-3 m, and trees greater than 15 to 20 years old” — all these are conditions commonly met
in urban areas in the UK and Europe. The review also found that many cities are spending
substantial sums to deal with the problem, and there is an important knowledge gap

regarding these interactions.

However, in addition to the damage identified by Day (1991), another specific area
of interest is the interaction with tree roots and sewer systems (pipes, joints, etc.).
Interference between old systems and tree roots is not uncommon, with roots being
reported to cause more than half of all sewer blockages (Randrup et al., 2001a). Especially
in smaller pipes, root removal is quite common, and the replacement or repairing of the
pipes is costly, time-consuming and intrusive, often disrupting nearby traffic or
circulation. Randrup et al. (2001a) suggest that it’s important to carry out preventative
maintenance of some parts of the sewer system. However, tree roots and water pipes are
often a chicken-and-egg type of problem: tree roots are naturally drawn to any leaks, and
leaks are often caused by tree roots. If damage happens, root cutting or tree removal can
be desirable. However, if this is done prematurely, it can incur needless costs and prevent
the trees from offering the benefits mentioned in the previous chapter. Randrup et al.

(2001a) also call for more research on the distribution ofthe tree roots near sewers, and
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geophysical methods can do much to narrow this knowledge gap.

This chicken-and-egg problem is also prevalent in many cases of pavement damage
(Amato, Sydnor, Knee, & Hunt, 2002). Despite popular belief, trees are not always the
main cause of damage to sidewalks. A city-wide study from Cincinnati (Sydnoret al.,
2010) found no significant difference between the failure of sidewalk panels that were
next to trees and panels that were not next to trees. The same study found that the
correlation between sidewalk failure and trees is very low for the first 15-20 years of the
trees. However, the damage caused by tree roots is evident in all environments. But the
question is — does the tree root cause the crack, or does the crack “draw” the tree root, as a
line of minimum resistance? There appears to be a strong relationship between the
presence of a crack and whether or not a root is growing under the paved surface (Amato
et al., 2002). This suggests that sidewalk that is partially damaged is particularly
vulnerable to tree roots, but the literature does not seem to conclusively answer under what
circumstances tree roots can cause the cracks themselves. There is also a matter of how the
question is posed: if a sidewalk is used beyond its intended lifetime, but in that time, it is
damaged by the tree root, is the tree root causing damage, or is the failure an expected
consequence? Tree roots are also sometimes used as an excuse for improper workmanship,

which might cause an increased perception of tree root damage.

Overall, while the causation may not always be easy to pinpoint, the correlation
between the presence of cracks in sidewalks and tree roots is strong in most instances
(Amato et al., 2002) and warrants closer monitoring — representing another research

opportunity for geophysical study.
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Generally speaking, the larger the tree, the bigger the environmental services
provided. At the same time the bigger the tree, the bigger its roots, and the larger the
chance of infrastructure damage caused by root growth. While the net impact of trees is
almost always clearly positive, there is still a cost associated with tree root damage, which
shouldbe accounted for in tree valuation. The magnitude of this problem is, again, highly
variable. An estimate for US cities (McPherson & Peper, 2012) finds that repair costs
attributed to tree damage averaged $4.28 per street tree and ranged from $0.18 to $13.65

per tree.

To make matters even more complex, it has also been shown that through shading,
trees can also extend pavement life (B. E. G. Mcpherson & Muchnick, 2005). Again, the
relationship between tree roots and paved surfaces is intricate and site-specific. The
economic value assigned to street tree benefit from Mullaney et al. (2015) shows just how

much different evaluations can vary in terms of costs and benefits.

Study Evaluation Tree Annual Total Volume
method population cost benefit for filter
size value overall benefit
(US$/tre | population
e) (US$)
Stormwater
McPherson | Direct 91,379 | $6.76 $616,139 3.2 m*/tree
etal. (1999) | estimation
Killicoatet | Based on 128,002 | $6.85 $832,013
al. (2002) other studies
Xiao and Rainfall 29,299 | $3.80 $110,890 6.6 m°/tree
McPherson | interception
(2002) model
McPherson | STRATUM 17,821 | $27.836 | $496,227 11.3 m°/tree
et al. (2005)

22



Bonifaci iTree 91 | $6.47 $588.75
(2010)
Soaresetal. | iTree 41,288 | $47.80 $1,973,613 | 4.5 m°/tree
(2011)
McPherson iTree 444 889 | $2.78 $1,236,791 | 5.6 m°/tree
etal. (2011)
828,924 $4.37 $3,622,397
Air
pollution
McPherson | Direct 91,379 $15.82 $1,442,036 | 7.2 tlyr
etal. (1999) | estimation
Killicoatet | Based on 128,002 $34.50 $4,416,069
al. (2002) other studies
McPherson | STRATUM 13,184 $0.28 $3,715
et al. (2005)
Bonifaci iTree 91 $6.07 $552.37
(2010)
McPherson | iTree 444 889 $1.52 $676,231
etal. (2011) 828024 | $238 | $1.972.839
Soaresetal. | iTree 41,288 $5.40 $222,738 25.6 t/yr
(2011)
CO2
McPherson | Direct 91,379 $4.93 $449,445
etal. (1999) | estimation
Killicoatet | Based on 128,002 $1.71 $21,888,342
al. (2002) other studies
McPherson | STRATUM 17,821 $1.53 $27,268
et al. (2005)
Soaresetal. | iTree 41,288 $0.33 $13,701
(2011)
Energy
McPherson | Direct 91,379 $10.97 $1,000,560
etal. (1999) | estimation
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Killicoatet | Based on 128,002 $64.00 $8,192,128
al. (2002) other studies

McPherson | STRATUM 17,821 $31.03 $553,061 95 kWh/tree
et al. (2005)

Moore 100,000 30 kWh/tree
(2009)

McPherson | iTree 444 889 $2.16 $960,960

etal. (2011) 828024 | $335 | $2.776.8%5

Soaresetal. | iTree 41,288 $6.16 $254,185

(2011)

Table 2. Different valuations of trees.

It would seem therefore that municipalities have an incentive of keeping older
trees, rather than felling them and planting new ones if roots do start to do damage. In
this case, tailored root interventions could be more pragmatic and end up reducing costs

in the long run.

It is somewhat surprising to note that although root-infrastructure interactions are
essentially ubiquitous, they appear surprisingly under-studied. Most studies focuson
local conditions (at a city area) or are not carried out in a scientific environment, but
rather for city planning affairs or by urban constructors or forestry / arboriculture

organizations.

The emergence of pervious or permeable paved surfaces have been speculated to
help tree roots, but there is not much evidence to support this idea — pervious concrete has
not been found to significantly aid trees (\Volder, Watson, & Viswanathan, 2009).
However, with the rapid development of material technology (and the relatively slow rate

of new studies regarding this issue), that may change not long into the future.

The existence of this damage is not restricted to a particular climate, tree type, or
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city type. There is virtually no clear approach to reduce this type of damage. Many
types of trees, even in their infancy, require at least 100 m? around them (Blunt, 2012),
so that the rooting zone can absorb sufficient water. This corresponds to a radius of
about 5.6 meters around them, which is not always the case. For mature trees, that area
is double, or even beyond that. The necessary required rooting area can be reduced
through irrigation, or if abundant precipitation is available. Another option is to plant
trees that remain small in size. However, given that environmental services generally
grow with size, that idea seems counterproductive. Another approach, which is
currently carried out in some areas (Francis, Parresol, & Patino, 1996) is even more
counterproductive: the planting of trees with a planned removal in 10-15 years, before
theroots do any damage. Not only does this approach have the same shortfall as the
previous one, but it also costs additional money to uproot and re-plant the trees, and
does not guarantee that roots have not grown inside the infrastructure. If this is the case,
then they will almost certainly be left in place, which makes it even more likely that the
roots of future plantings will proliferate the damage. The environmental benefits of

trees are also reduced considerably with this approach.

In fact, damage to infrastructure has often been cited as the most common cause of
tree removal (Costello and Jones, 2003; Kirkpatrick, Davison, & Daniels, 2012). In these
cases, the roots are often left in place, which, again, increases the risk of damage. A recent
and notable case is in the city of Bucharest, on the Kiseleff Boulevard, where numerous
trees of different ages and sizes have been cut down (according to Bucharest City Hall,
this was done to reduce the risk of old branches falling down). The roots, which created
visible cracks and uplifiting, are still visible on the sidewalk. New trees were planted
without consideration of the old ones. As the roots expand on any line of minimal
resistance, it is probable that the roots of the new trees will exacerbate existing cracks, and
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the damage. If this is the case, it will require a substantial and costly intervention in the
not-too-distant future. Geophysical surveying could have identified the position of these

roots, aiding planning.

The most comprehensive review (McPherson & Peper, 1996), spanning 15
American cities, found an average infrastructure cost of $3.01/tree/year. Costs include
pavement repair or replacement, pipe damage, tree removal and replacement, as well as
legal expenses and payments due to injury claims related to tree-caused infrastructure

damage (this is not considering the initial planting and management cost).

Overall, the costs associated with tree root damage remain relatively understudied
compared to their advantages (Ping, Yok, Edwards, & Richards, 2018) and provide only a
snapshot of costs for a single year, producing misleading lifetime results. The studies are
also heavily biased towards North America, with researchers affiliated with the USDA
Forest Service developing the study methodology and carrying out most local studies.
More studies are required to thoroughly quantify the costs associated with different
climates and environmental conditions, and there are major gaps in our quantification of
street tree costs, as well as benefits. In addition, decisions regarding tree planting /
uprooting are often times made based on resident attitudes rather than a cost-benefit

analysis (Kirkpatrick et al., 2012).

Reducing or preventing tree root damage could increase the overall net value of
trees, saving municipalities substantial costs and reducing downtime for repairs. Tree root
damage happens gradually, and by the time repairs or other interventions are carried out,
the bulk of the damage has already beendone. Preventive geophysical measurements to
survey or monitor infrastructure could enable early interventions, mapping the root

distribution and evaluating existing/potentialdamage. For instance, a 10-year study,
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comparing two different methods for reducing tree root damage (root barriers and
structural soils) by Platanus x acerifolia roots, showed thatdamage is often greatest when
a high surface area of roots grows in contact with the pavement surface (Smiley, 2008),

something which can be highlighted through geophysical methods.

2.4 Urban soils
Urban soils have a number of significant differences compared to natural soils.

These differences can change the physical parameters of soils and can affect how plant
roots grow. Both these aspects can significantly influence the detectable geophysical

contrast and affect geophysical surveys.

Urban soils almost always comprise of geological material that has been disturbed
by human activities. As a result, parameters such as compaction and porosity are often
directly affected. However, the literature shows (Edmondson, Davies, Mccormack,
Gaston, & Leake, 2011) that these effects are not uniform even in the same city, let alone
on wider geographical scales. This adds an element of uncertainty to geophysical surveys,

and any surveyor should be aware of the great variation of soil parameters in urban areas.

Since cities act as urban heat islands, higher atmospheric temperatures affect the
soils as well, directly reducing humidity. The humidity of urban soils is also reduced by
the fact that some of the urban rainwater falls on concrete or otherinfrastructure, which
prevents it from accumulating in the soils as it does in natural environments. Surface

runoff is typically absorbed by the sewage system.

Urban soils can also have a different chemical make-up than their rural
counterparts.Increase carbon dioxide from car and construction emissions, salt or sand
from the winter roads, and potential spills can all change the chemical parameters of the

soil, which in turncan change the physical parameters. Urban soils also tend to
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concentrate more heavy metals, particularly in topsoils (Kelly, Thornton, & Simpson,
1996). Conducting a broad survey over many areas in Britain, Kelly, Thornton &
Simpson (1996) found that concentrations of heavy metals in soils in and around London

is generally higher than in any other area in the UK.

Lastly, soils are very much an active ecosystem, their physical parameters being
significantly influenced by the biological component they host, both at the macro- and
microscopic level. Therefore, all the above-mentioned influences not only affect the soils
directly, but can also affect the soil ecosystem, which in turn also affects the soil in a
feedback loop. For instance, although heavy metal levels are unlikely to reach phytotoxic
levels, they can still be toxic to other creatures which are more sensitive (E. Jansen et al.,

1994).

Therefore, urban soils can carry a number of significant differences compared to
rural soils, differences that are not always straightforward. Consequently, geophysical
surveys need to be mindful of these differences and peculiarities when considering

geophysical contrasts between roots and soils in urban areas.

2.5 Challenges to urban trees
In addition to different soils and higher temperatures, trees also face a multitude of

other environmental stressors in urban areas, stressors that affect the wellbeing of urban
trees and differentiate them from trees in forests or other wild areas. The main stressor
for urban trees is that they are often surrounded by impassable, impervious surfaces.
Since trees rely on roots for oxygenation, support, and water and nutrientabsorption,
limiting the natural growth distorts their natural development, pushing roots in unnatural
directions or stunting them. Roots tend to grow on the line of minimum resistance,

avoiding growing into the infrastructure whenever an alternative is possible. This often
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leads to convolute root systems which cover a lower area than normal, reducing the

intake of necessary fluids.

This problem is further exacerbated by another major difference for urban trees: the
water absorption of soils. Paved surfaces are usually impermeable, which means that a
substantial part of water from atmospheric precipitations does not enter the soil, where it
can be absorbed by trees. This leaves trees starved for water, an effect that is also
accentuated by increased transpiration due to the urban heat effect. Together, these two
effects are also the main cause for tree root damage to infrastructure: the tree is trying to
expand its roots so that it can absorb more water. This also helps to explain why the vast
majority of roots are in the first 10-20 cm of the soil as that is where most of the

rainwater accumulates.

Water stored by trees has also been shown to be a potential source of stress (Clark &
Kjelgren, 1989). Plant use is a dynamic process, varying from species to species,
depending on soil, time of year, different days, temperature, etc. These differences can be
critical for ensuring urban tree survival through careful planning and irrigation. There are
two main drivers of this stress: increased temperatures lead to increased transpiration, and
paved surfaces prevent water absorption from urban soils. The response of trees can vary
widely, but does not occur in a random manner — there is a general trend of increased
stress in trees with stunted roots Clark & Kjelgren (1989) found. In particular, trees

isolated in small openings in concrete tend to suffer the most.

Some challenges to urban trees are indirect and more subtle. For instance, the sum
of these urban effects favours some species at the expense of others. Some tree pests
have been found tobe more common in urban areas than in rural areas; in particular, the

scale insect Parthenolecanium quercifex was found to be much more common in urban
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areas, largelyas an effect of increased temperatures (Meineke, Dunn, Sexton, & Frank,
2013). In addition, not all trees respond similarly to stress. Urban trees seem to grow at
somewhat slower rates than their rural counterparts, presumably in large part due to
physical limitations on their roots, but they reach comparable ultimate sizes (Quigley,
2004). Quigley (2004) alsonotes that “the idea that all street trees are therefore
“stressed” into reduced life spans is not supported. Rather, early to mid-successional tree
species, while having smaller trunk diameters than rural conspecifics of the same age,
appear to maintain a similar rate of diameter increase after a longer period of

establishment.

The reaction of urban trees to climate change not been investigated, although tree
ring analysis (Pretzsch et al., 2017) has found that rising temperatures accelerate tree
growth and potentially shorten lifespan. However, whatever the effects may be,
considering the urban heat effect, it is likely that urban trees will be affected

disproportionately.

Another aspect that’s often overlooked is salt. In temperate and cold urban areas, salt
is often routinely spread on streets and walkways. In addition to environmental stresses
and challenges, there is another class of threatsbrought on by humans themselves. Aside
from potential vandalism, wounds from accidents can also cause isolated problems for
trees. However, a much more common andconcrete threat to trees’ wellbeing is additional
constructions. Foster & Blaine (1977) write that “statistically, the city engineer is the most
frequent cause of tree decline”, and identify an average lifespan of approximately 10 years
for sidewalk trees. Moll (1989) reports an average lifespan of 7 years for downtown trees
and 32 years for suburban trees. A more recent meta- analysis (Roman & Scatena, 2011)
found a mean life expectancy for street trees between 19-28 years. Even in the “best sites”,

urban trees were found to have a lifespan of 60 years, compared to 150 years for rural trees
30



(Skiera and Moll, 1992).

Overall, there are substantial reasons to operate on the assumption that trees (and
subsequently, tree root systems) in urban areas differ significantly from those in rural

areas. This is a significant consideration in geophysical surveys.

2.6 Man-made surfaces
The main consideration for geophysical surveys in urban areas, however, is the

presence of man-made infrastructure, and the surfaces themselves. The presence of steel,
electricity wires,and other metallic structures render certain geophysical methods (such
as magnetic surveys) much more difficult or even impossible. Surveys employing other

geophysical methods are also made more difficult by urban constraints.

This poses an important limitation on the geophysical methods which can be used
practically, especially in regards to an objective as small as a tree root. In addition to
magnetic and electromagnetic field measurements, near-surface seismic measurements are
also extremely difficult, and micro-gravity has also proven to be quite difficult. Given their
inherent limitations (particularly in terms of obtainable resolution), these two methods are

largely unsuited for an objective such as tree roots.

Resistivity measurements are also hindered by paved surfaces. Conventional
electrode surveys are possible only by damaging the paved surface, which in the case of
studying tree roots, is severely counter-productive. However, resistivity measurements can
be carried out on soil close to paved surfaces, which offers valuable indirect information
and can be used to extrapolate the direction of roots under the paved surfaces as well (in
some cases). In addition, emerging alternatives for resistivity surveys are also being
developed, most notably the capacitive-coupled system, which can also measure paved

surfaces (Kuras et al., 2006), although unfortunately, these types of surveys have not
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become commonplace in geophysical measurements yet.

Figure 5. The Geometrics Ohmmapper, probably the most common capacitively-coupled resistivity meter in use
at the moment, does not offer sufficient resolution to study tree roots effectively

From a geophysical standpoint, urban surfaces might also offer some advantages,
in some scenarios. For example, GPR benefits from a better coupling, which is enabled
by relatively smooth surfaces like asphalt. The relative homogeneity and predictability

of urban surfaces could also be an advantage in certain situations.

In some surveys, paved surfaces also substitute soils as the medium in which tree
roots develop. This creates a completely different geophysical setting, where the root-soil
geophysical contrast is substituted by the root-paved surface contrast. This can serve as an
unlikely advantage, as roots tend to blend in with their surrounding soil, which is not
possible in regards to paved surfaces. In other words, detecting tree roots in paved surfaces

can, in some cases, be easier than detecting them in their natural environment.

2.7 Geophysical techniques
By this point, it has become apparent that carrying geophysical surveys in urban

areas is significantly different, and often more challenging, than surveys in natural areas.
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Practical concerns also exist: surveys may require stopping traffic or may be a nuisance

to pedestrians or workers. These aspects were also considered in the choice of methods.

Ultimately, the choice of relevant and applicable geophysical methods was
limited by the small size of the objective (tree roots) and the small expected
geophysical contrast. Several methods were considered, but were not deemed
satisfying, either because they could not reveal the desired geophysical information,

or they could not be reliably appliedin an urban setting.

The two methods which were decided upon are resistivity and GPR. Each of these
methods can provide important information individually, and in conjunction, can
complement each other. The following considerations make these two geophysical

methods suited for the task:

- They can, under the right conditions, provide sufficient resolution to identify tree

roots;

- They measure physical parameters which can reveal a contrast between the roots

and the subsurface environment;

- They can operate in urban environments, which is where most of the tree-

infrastructure interaction takes place, unlike magnetic methods for example;

- They are mobile and robust enough to be adapted to various environments;

- They are fast enough for research and practical purposes;

- They are both well documented methods, though for other applications.
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2.7.1 Environmental Geophysics

The work presented here falls under the guise of environmental geophysics. In the
broadest sense, geophysics is the application of physical studies to the Earthor other
Earth-like bodies such as the Moon or Mars. From here, the field can be very broadly

split into global geophysics and applied geophysics.

Historically, applied geophysical surveys have focused on deep targets, most notably
resource bodies such as fossil fuels or mineral resources. More recently, applied

geophysics has increasingly focused on the near-surface areas.
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Figure 6. Peak near-surface geophysics? The number of publisher papers, books, and citations featuring the terms
‘Ground Penetrating Radar’ and ‘Environmental Geophysics’

The number of publications in the field has increased steadily in the past couple
ofdecades, seemingly stabilizing in recent years and even decreasing, in the case of
‘Environmental Geophysics’. However, this is unlikely to be owed to a decrease in
interest, but rather to an increased difficulty in publishing simple case studies and a
stronger emphasis on innovations and transformative studies. This data is publicly

available from Google Scholar.

Fields such as archaeology, engineering, agriculture, forensics, hydrology,
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geotechnics, and many more, are increasingly turning to near-surface geophysics.
Multidisciplinary research is also becoming increasingly common, in part due to the over-
specialization of researchers, in part thanks to improvements in communication
technology, and also because the complexity of the addressed problems has increased
(Wu,Wang, & Evans, 2018). Usually, applied near-surface geophysics is a tool which

aims to help solve problems from other fields.

The most commonly used methods, according to Everett’s landmark Near Surface
Geophysics (2013) are, perhaps not coincidentally, resistivity and GPR — the same
methods which have been selected for this study. This is presumably owed in part to the
unsuitability of the other methods. However, it is possible that things have shifted

somewhat in very recent years.

Some surveys are perhaps more under the guise of engineering, rather than

environmental geophysics. Reynolds (2011) defines the two as follows:

e [Engineering geophysics is “the application of geophysical methods
to the investigation of sub-surface materials and structures that are likely to
have (significant) engineering implications.”

e [Environmental geophysics is “the application of geophysical
methods to the investigation of near-surface bio-physico-chemical
phenomena that are likely to have (significant) implications for the

management of the local environment.”

Another important distinction is that engineering geophysics typically focuses on the
material parameters and any potential damage to them, whereas environmental geophysics
is also concerned with the processesinvolved and the natural environment. While some of

the surveys presented here are carried out in a setting that fits engineering geophysics,
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other surveys are carried out on urban soils, evading the engineering context. The two
share numerous similarities, including the geophysical methods commonly employed in

surveys.

2.7.2 Resistivity

Electrical resistivity methods have been developed since the dawn of the 20"
century, but have seen important developments since the 1970s. The geophysical process
was well understood in the earlier stages of the method application, but it was the
computation power that allowed resistivity to truly flourish. In the past few decades,
resistivity has enjoyed yet another boon thanks to, but also innovations in terms of data
acquisition and processing. Today, an array of both commercial and open-source
modules exist for processing and interpretation the data, further accelerating the

development of the method.

2.7.2.1 Theoretical background

Electrical resistivity is a fundamental physical property of materials. Discussing
resistivity in a geophysical context, however, warrants some clarifications.

Physically, resistivity (p) is a measure of the resisting power of a specific material
to the flow of an electric current. Considering a homogeneous, electrically-uniform cube
of a determined side length (L), if a current (1) is passed through it, the material of the
cube resists the conduction of electricity through it. This will result in a potential drop (V)
between opposite faces, and a resistance (R) will emerge, proportional to the length (L)

and inversely proportional to a cross sectional area (A):

p#l

R =
A
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According to Ohm’s Law, the resistance (R) is also defined as directly proportional

to the potential drop (V) and inversely proportional to the current (1):

R=V/I

By combining the two, we can write the resistivity as:

_F*A
P=TvL

The unit of measure for resistivity is then the ohm-meter (Qm).

In most geophysical cases, the application of Ohm’s Law suffices, but in cases where
high current densities (J) occur, the linearity of the law can break down. If this is the case,
resistivity can be written alternatively in terms of theelectric field strength (E) and current

density:
E
g = ?

If the cube we considered has two different materials, each with their own resistivity

(21 and £2), both proportions and the geometrical distribution of the two materials

become important considerations. Consequently, the cube (which was isotropic before),
is now anisotropic. This introduces a new level of complexity, which is specific of the

complexity that sometimes occurs in resistivity surveys.

In applied geophysics, there is no perfect cube or guaranteed isotropy. The
resistivity method is based on the electrical response of the earth to the flow of electrical
current. Ingeneral practice, current is injected through a pair of electrodes and the
potential difference is measured between another pair of electrodes (several variations

exist, this is just the most common practice).
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Most geoelectrical methods are based on the flow of current. Considering a single
electrode implanted into the earth (a homogeneous material of resistivity p), current
flows radially, with the potential decreasing in the direction of current flow. Therefore,
the current density (J) and the current (I) are divided over the areaover which the current
is distributed, which is generally considered to be a hemisphere. The voltage drop

between any two points can be described by the potential gradient:

—aV

ox

In almost all surveys, electrodes can be approximated as point sources. With this
approximation, it is possible to calculate the voltage at a distance (r), by considering a

hemisphere with the same radius (r). The potential difference (6V) is:

E
~

S=Pr =Py

Ca

Thus, at the distance r, the voltage v becomes

However, if a new current sink is added, then a new current distribution occurs, and

therefore a different expression is required to describe the voltage.

In geophysical practice, most surveys conduct measurements using four electrodes:
two current electrodes C1, C2 (sometimes referred to as A and B), and two potential
electrodes P1, P2 (sometimes referred to as M and N). Considering a homogeneous

environment, the current is flowing between C1 and C2, taking semi-spherical shapes.

The position (geometry) of the electrodes is essential for any geoelectrical

measurement. The object of the measurement is therefore a potential difference (4V)
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between P1 and P2. In the direct current method, this potential difference is given by:

av = vy vy =2 l =t
= ¥y N7 oon “c1P1 C2P1  ClP2  C2P2

}.l

Where C1P1, C2P1, C1P2, C2P2 are the distances between electrodes. From, this

the resistivity becomes:

AV 2w

PET T T T
C1P1  C2P1 C1P2 ' C2P2

This equation splits resistivity into a resistance factor and a geometrical factor (K) --
again, it is important to note that in real scenarios, the subsurface does not comply to a
perfectly homogeneous environment. In this case, we are not dealing with resistivity
proper, which is a fundamental material property, but rather a measure called ‘apparent
resistivity’. Apparent resistivity is not a true resistivity, but rather an average of the

resistivity across a half-space.

Historically, the first resistivity surveys were simple in design and yielded 1D
results.While this offers limited information, it was very useful in determining the depths

and thickness of different geological strata.

The next step, 2D results, can either be presented in the XZ (vertical) or XY
(horizontal) plane. A representation of apparent resistivity plotted in either plane is called
a pseudosection (Loke, 2000). The most common representation of data is the profile.
This requires first moving the electrodes along the same line, and then increasing the
distance between these electrodes, to obtain data points at different depths. The resulting

pseudosection is generally plotted in the shape of an inverted trapeze.
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Figure 7. Example of a pseudosection design, for the Wenner array, with the RES2DINV software from Loke
(2010).

The other type of 2D representation is essentially a map at a fixed depth. If the
above example lies in the XZ plane, this can be seen as a visualization of the XY plane.
This is essentially useful when the approximate depth of the objective is known. A
simplified variant of this type of survey has become very common in archaeology, in the

form of the twin probe array.

In both cases, the apparent resistivity data is inverted to obtain true resistivity data.
hversion is a computationally intensive process and was greatly facilitated and

accelerated by modern computers.

Computation has also facilitated the processing and interpretation of 3D data, which
allows a more comprehensive understanding of the subsurface and the target objective.

Sometimes, the time-dependent monitoring of resistivity data is referred to as 4D
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resistivity (Karaoulis, Kim, & Tsourlos, 2011).

Common types of arrays

Since the geometry of the electrodes is so important, several geometrical arrays have
emerged for surface measurements, each with their own particularities, advantages, and
disadvantages. There are 92 arrays commonly used in geoelectrical surveys (Szalai and
Szarka, 2008),though a few of them are used far more than others. The three arrays which
are probably the most common are Wenner, Schlumberger, and Dipole-Dipole, depicted
below.

Different array may be better suited for different objectives, but on many occasions, this
yields marginal benefits. The choice is often made based on the operator experience and

practical constraints.

The Wenner array, named by its creator Frank Wenner, is the simplest one, but
often the most effective. Electrodes are arranged in a straight line, while the distance
between all electrodes is kept equal (a). The outer current electrodes C1 and C2 are on the
outside and the potential electrodes P1 and P2 are on the inside. There are several variants

of the Wenner array (alpha, beta, gamma), though the classic one is the most common.

The Schlumberger array, also named by its creator Conrad Schlumberger, features

a somewhat similar geometry, with the defining exception that the potential electrodes P1

and P2 are much closer to the centre of the array. The C1-P1 and C2-P2 distance

are always equal.

The Dipole-Dipole array employs a different geometry, with the distance between
current and potential electrodes being kept equal. However, the distance between the two

pairs of electrodes needs to be much larger than the distance between the electrodes in
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each pair.
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Figure 8. Depiction of the three most common types of resistivity arrays.

Due to different geometries, the arrays differ in their lateral and vertical sensitivity.

All resistivity measurements are sensitive to the averages of near-surface electrical

contrasts. Different array geometries lead to different geometrical sensitivies, which in

turns makes them more suitable for different types of applications.
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Figure 9. The sensitivity patterns of the three most common arrays: Wenner (a), Schlumberger (b), and Dipole-

Dipole (c). From Loke (2000).

Reynolds (2011) distinguishes between different types of advantages and

disadvantages of these three arrays. A few relevant criteria are presented below:

Criteria

Wenner

Schlumberger

Dipole-Dipole

Vertical resolution

EE

Kl

\/

Depth penetration

\/

K

IRE!

Sensitivity to orientation

Yes

Yes

Moderately

Sensitivity to lateral
inhomogeneities

T

T

A

Table 3. Advantages and disadvantages for common array geometries.
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In the case of studying tree roots, the depth of penetration is not of particular interest
since most roots are in the very shallow parts of the subsurface. The sensitivity to lateral

and vertical inhomogeneities, however, is of utmost importance.

Although using resistivity to study tree roots and resolve them individually has not
been thoroughly addressed in the literature, there are some conclusions which can be
drawn regarding the potential efficiency of different arrays for this particular objective.
For instance, the Dipole-Dipole array has conventionally been used to study dikes and
cavities (Loke, 2000), which resemble the structure and expected contrast of tree roots. In
addition, a Wenner-Schlumberger combination can also be laid out, incorporating the data
points from both arrays. It is not straightforward to understand which of these arrays (if
any) is best suited of the study of tree roots, so all of them were considered as

possibilities.

Other types of arrays

Other types of arrays can be routinely used (such as pole-pole, pole-dipole). A
special mention goes to the twin-probe array, which has become very common in
archaeological studies. The twin-probe array sacrifices some accuracy for much greater
practicality, leaving one pair of electrodes (C1 and P1) at an “infinite distance” (at least
15-20 times the distance between the electrodes in the pair), and having a mobile pair of

electrodes.
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Another possibility worth discussing is that of doing every possible measurement.
For an array with N electrodes, the total number of data points (Mpoints), considering one

current source, one current sink, and two measurement electrodes is:

Mpoints = Nel (Nel - 1)(Nel - 2)(Nel— 3)/8

For an array with 32 electrodes, the value for Mpoints is 107880. Considering a
measurement time in the range of 1 second, it is impractical. For even a relatively short
array of 16 electrodes (as was often the case here), the number of points is 5460, bringing
the required time for a single profile to more than an hour and a half (even disregarding
other logistical aspects, which would further extend data acquisition time). Even trimming
datapoints with the least reliability, there is still a very large number of total datapoints.
This is, while feasible in an academic context, probably not realistic in a practical

context,where multiple profiles are required to generate a 3D view of the subsurface.

Optimized measurements (OPM)

There is no apparent intrinsic physical law that mandates that the arrays described
above (or even regular arrays in general) provide the most useful data per data point. The
possibility of developing non-standard arrays that provide optimized information was
analysed by Stummer, Maurer, & Green (2004). They simulated a resistivity configuration
of Ner= 30, resulting in 82,215 different positions. After removing certain combinations
that offer intrinsic lower-value data (such as crossed dipole, or dipole with very large
offset dipole-dipole configurations), they were left with 51,373. They then generated
forward, synthetic data and compared different types of arrays, finding that the best
performing ~600 arrays were all non-standard versions of the dipole-dipole array.

Although datasets consisting of 1000-6000 data points offered more information than
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those with only a few hundred, small and optimized datasets of 265-282 datapoints offer
much more useful information than standard arrays of a similar size. Notably, in the array
they recommend, the first 147 electrode configurations are the initial dipole-dipole data

set. The rest represent irregular dipole-style configurations.

This is not the only approach to develop optimized arrays. Wilkinson et al. (2006)
developed two strategies for obtaining the maximum spatial resolution in ERT, both of
which use a linearized estimate of the model resolution matrix to assess the effects of
including a given electrode configuration in the measurement set. Overall, one approach
was more comprehensive but took a longer time, whereas the other one was faster.
However, it should be noted that all distributions operated on the assumption of a
homogeneous half-space subsurface, and their performance might vary significantly from

site to site.

Results were confirmed by Loke, Wilkinson, & Chambers, (2010) for different types
of geological situations and objectives which, while not directly relevant to tree root
measurements, is encouraging. For all forward datasets, optimized arrays performed better
than Schlumberger and Wenner in terms of data misfit. Overall, regardless of the type of
array, the data misfit generally increases with the median of the geometric k factor
(Martorana, Capizzi, Alessandro, & Luzio, 2017), though there are still major difference
depending on the depth and geometrical characteristics of the objective. Symmetrical
arrays are also recommended, to reduce potential directional biases (Wilkinson et al.,

2006).
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Figure 10. Distribution of points for a regulate Dipole-Dipole and optimized array. Both are symmetrical. From
(Wilkinson et al., 2006).

However, OPM arrays impose extra constraints on the survey design strategy,
potentially increasing polarization effects and data noise, aswell as making it difficult to
draw information from parallel profiles (Wilkinson et al., 2012). This can be addressed by
weighing different datapoints differently, though this process does not seem to be
thoroughly finessed. In conclusion, while optimized arrays show great promise, their

usage in practical scenarios remains less straightforward.

Additionally, while OPM arrays can offer better results for the entire survey depth,
the main focus on root detection surveys is the shallower part. The sheer number of
datapoints in the shallowest parts of the surveys is significantly lower in this case than in
other arrays (most notably Dipole-Dipole), potentially placing this approach at a

disadvantage for the purpose at hand.
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2.7.2.2 Range of obtainable data

Since geophysics relies on a detectable contrast, let us first consider the common

values for the relevant parameters: resistivity and relative permittivity (commonly,

dielectric constant). The values of common geological formations and soils, as well as

those of man-made constructions have been much better documented than the values of

tree roots.

In both soils and man-made materials, both resistivity and the dielectric constant are

influenced by water content. There can be a great variation between different types of rock

and soils, or even between similar materials with different water content or different

porosities or stages of weathering.

The resistivity values of different soils and rocks have been studied and discussed at

great length in relevant literature, and it is important to note the huge range of variability

for some materials.

Material Nominal resistivity (2m)
Quartz 300-10°
Granite 300-1.3 x 10°
Granite (weathered) 30-500
Slates 600-4x10"
Marble 100-2.5x10°
Conglomerates 2x10°-10°
Sandstones 1-7.4x10°
Limestones 50-10°
Clays 1-100
London clay 4-20
Lias clay 10-15
Boulder clay 15-35
Very dry clays 50-150
Alluvium and sand 10-800
Soil (40% clay) 8
Soil (20% clay) 33
Topsoil 250-1700
Gravel (saturated) 100
Gravel (dry) 1400
Quaternary (recent) sands 50-100
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Lateritic solil 120-750

Dry sandy soil 80-1050
Sand clay / Clayey sand 30-125
Dry sandy soil 80-1050
Sand and gravel 30-225

Table 4. Nominal resistivity of common rocks and soils, selected from Reynolds

(2011).

Among others, Davis & Annan (1989), Annan (2009), and Daniels (1996) have

discussed the dielectric constant values for common natural materials. Most if not all

values discussed inthe literature fall within this general range. It should be also kept in

mind that the dielectricconstant varies with frequency, which can cause significant

variations.
Material Dielectric constant
Davis & Annan Daniels

Air 1 1
Distilled water 80
Fresh water 80 81
Sea water 80
Dry sand 3-5 4-6
Saturated sand 20-30 10-30
Limestone 4-8
Soil, sandy dry 4-6
Soil, sandy wet 15-30
Soil, loamy dry 4-6
Soil, loamy wet 10-20
Soil, clayey dry 4-6
Soil, clayey wet 10-15
Shales 5-15
Silts 5-30
Clays 5-40
Granite 4-6
Dry salt 5-6 4-6
Ice 3-4

Table 5. Typical dielectric constant of common materials measured at 100 MHz,

according to Davis & Annan (1989) and Daniels (1996).

Regarding man-made structures, there is a wide variety of different materials to be

considered. It is noteworthy that structures such as cubic pavement or rebar meshescan
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be severely detrimental to a GPR survey, potentially rendering it impossible to acquire
any relevant data. Different elements of stone masonry, bricks, tarmac, concrete, can
have very different dielectric properties. However, root detection in such surfaces is
aided by the fact that roots are unlikely to be tucked neatly within the man-made
material -- they will likely generate cracks and potentially be surrounded by air or water,

which facilitates detections, as the forward models in a following chapter suggest.

2.7.2.3 Modern methodology
Most resistivity surveys involve some form of ERT with 16 or more electrodes.

Most commercial units feature predetermined geometries of arrays and combinations of
arrays. Whether they come with a dedicated software or not, acquired data is typically
inverted, resulting in pseudosections. Anomalous datapoints can be statistically eliminated
based on how well they fit the inverse model, though this procedure should be done with
care so as not to eliminate any accurate yet anomalous values (which is a particular
concern in the near-surface measurements of minute objects with high, localized

contrasts). Few commercial measurement kits can accommodate custom arrays.

Electrodes are usually planted in a line (though exceptionally, other geometries are
alsoused). The distance between electrodes governs both the resolution and the depth of
penetration, so the survey must be carefully designed with this in mind. Since the number
of data points invariably decreases with depth, better data quality can be expected in the
first part of the pseudosection (the portion nearest to the surface). Advancing a profile is
typically done through the “roll-along” method, covering a continuous section down to a
desirable depth. 3D data has become common in modern surveys, obtained through
parallel profiles. The distance between profiles should also be carefully designed with this

in mind.
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Figure 11. The roll-along approach produces a trapezoid section with resistivity. Deepest data is disregarded
(which is acceptable in this case) and there is some slight overlap in the two profiles.

2.7.2.4 Advancing frontiers
Several ideas were considered to improve existing capabilities. A custom electrode

switchbox allows for full flexibility, enabling a comparison between different regular
geometries as well as the implementation of unorthodox arrays (Wilkinson et al., 2012),
something which is not possible with most commercial devices. This is a simplebut

significant advancement to commercial devices.

The most important advancements in the field of resistivity surveys have been at the
data processing and software level, although advancements exist at all levels. For
instance, the usual practice is to apply a direct current, but there is also equipment that
uses commutated direct current (i.e. a square wave) or even alternating current. Direct
current allows greater depth of penetration and eliminates the complex issues presented
byground inductance and capacitance, but can produce polarization and telluric effects.
Alternative current is sometimes used to eliminate these polarization effects, but the
periodis generally low (20 Hz), to ensure that the resistivity is essentially the same as the
direct current resistivity. In modern equipment, multiple channels with several different

frequencies can be used to minimize this effect, or if a DC equipment is used, the
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polarization is switched multiple times for a single measurement. Modern resistivity
meters are also equipped with digital signal processing to eliminate potential noise.

An area of particular interest, especially in urban surveys, is the capacitive method
(Wilkinson et al., 2012). This method has the very important advantage of being usable on
surfaces where electrodes cannot be implanted — in urban paved surfaces, this has proven
to be an ‘Achilles Heel’ for resistivity measurements.

In theory, capacitive methods would be perfectly suited for the detection of tree
roots. However, as of this writing, the technology is not robust enough for this type of
small-scale objective. The quality of the data can be improved through careful survey

design and planning.

If the objective is something relatively small (as is a tree root), the distance
between electrodes must also be planned accordingly. Furthermore, electrodes are often
regarded as a “point source”, and for the vastmajority of surveys, that is a satisfactory
approximation. However, when the distance between electrodes becomes comparable in
size to the electrodes themselves, it is not entirely clear whether the electrodes can be
considered point sources.

Modern inversion software also gives the possibility to improve overall survey
quality compared to previous decades. The softwares used here are RES2DINV (with
stand-alone plotter), Resipy, and BERT, which was operated with the open-source plotter
Paraview.

RES2DINV (along with its 3D ‘sister’, RES3DINV) is one of the most popular
geophysical inversion software, working with apparent resistivity and using smoothness-
constrained Gauss-Newton least-squares inversion technique (Sasaki, 1992) to produce a
2D model of the subsurface, supporting all common arrays, as well as non-conventional

arrays.
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BERT is an ERT inversion software package described by Gunther et al. (2006) and
Rucker et al. (2006). The current version is based on GIMLI (Generalized Inversion and
Modelling Library), a C++/Python library used mostly for geophysical methods. It is
based on the finite element modelling techniques discussed by Rucker and Gunther
(2011), generating an inversion mesh. The software operates as a bash script in Windows
or Linux. It works with all array geometries.

The ResiPy GUI, which integrates the meshing and inversion packages R2, cR2, R3t
and cR3t (Boyd et al., 2019) was also used. These packages offer 2D and
3Dforward/inverse solutions for current flow in an unstructured (tetrahedral) or structured
(triangular prism) mesh, as well as in a rectangular mesh for 2D profiles. The inverse
solution uses a regularised objective function combined with weighted least squares (an
‘Occams’ type solution) as defined in Binley and Kemna (2005). This is an open-software
package.

These inversion packages are customizable in terms of array geometry, inversion
parameters, and data output, which isan important advantage in the context of detecting

tree roots.

2.7.2.5 Limiting factors
Regardless of advances in data acquisition and processing, and even with there

are still inherentlimitations to the method.

The distance between electrodes has a major influence on the resolution, but there
comes a point after which placing electrodes closer than 5-10 cm is unrealistic and
impractical. At those distances, positioning errors (both horizontal and vertical) become
very significant and difficult to account for. Given the scale of the objective and the

distance between electrodes, several problems which are rarely considered in surveys
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become significant: the size of the electrodes and factors which affect current injection
(the depthof the electrode insertion and the geometry of the electrode themselves). In
surveys, electrodes are considered point sources, which is a convenient and satisfactory
approximation even in near-surface applications such as archaeology or engineering
geophysics, but might not be sufficient here. Extra precautions (such as taping a part of the
electrode) had to be taken to ensurethat these factors are not affecting the measurements in

any significant way.

The detection of tree roots can also be made more difficult by environmental
conditions, and topsoil conditions in particular. It is expected that not all roots are

resolvable through electrical methods, especially due to resolution challenges.

2.7.2.6 Impact of weather and external factors
In many geophysical surveys, the impact of weather and climate is not significant.

However, in the near-surface surveys, seasonal effects can have important effects (Fry,
2014). In the study of tree roots, which lie at the very shallow part of the soil, that impact

can be reasonably expected to be significant at times.

The impact of precipitations on all resistivity surveys is well-known, but in this
particular scenario, it is not clear exactly how a higher water intake affects the
measurements. Although the roots themselves have a higher resistivity than the
surrounding soil, studies looking at the root area as a whole (Amato et al., 2008) find a
lower resistivity areas associated with the root areas. As roots grow, they create channels
which facilitate water flow and storage. In this case, it’s not clear how increased or

reduced precipitation affects the detection of tree roots.

Since the survey focuses on the very part of the topsoil, lack of precipitations,

leading to very dry soil, can cause cracks which cause improper continuity within the
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topsoil.
2.7.2.7 Literature review: Resistivity imaging of tree roots

Tree roots have appeared in geophysical surveys for years, but most often, they
have been regarded as noise, most notably in archacology (Matos, Kipnis, & Lui, 2010).

The studies that do exist tend to focus on the overall tree area and not individual roots.

For instance, al Hagrey (2007) presented a case study in an olive orchard in
southern Italy (a particularly dry area). Remarkably, al Hagrey found that directly below
the stem, there are “central negative p anomalies, increasing with depth and concentrating
below the tree.” This is explained by al Hagrey thusly: “Certainly, the root-zone and its
water content and redistribution are responsible for these concentric low resistivities”. In
a previous paper, al Hagrey (2004) reports similar findings, and addressed the possibility
of distinguishing woody roots from absorptive roots, though this remains highly

challenging.

The effect of plant roots on soil resistivity is not always straightforward. Even as
woody plant material has large values of resistivity, only in some cases do they occupy a
large enough soil volume that their effect may be viewed as a quantitative contribution of
resistive material to the soil (Rossi et al., 2011). In addition to this direct contribution and
other practices that may affect resistivity patterns (ie soil management practices),
processes such as root water uptake and evapo-transpiration can also play a role in
resistivity patterns, by influencing the soil moisture content around the roots (Cassiani et
al., 2015). While these factors have been shown to change during the day, they seem to
be often associated with high-resistance geophysical anomalies. In the case study of
Cassiani et al (2015) the high-resistivity area around an orange tree test site has been

interpreted as “a dry region where root water uptake manages to keep soil moisture
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content to minimal values”. In this particular case of an orange tree, it was noted that
roots keep the soil around them so dry that even irrigation only increases electrical
conductivity by no more than 20%. Amato el al (2008) present another case study, using
resistivity to analyse tree root distribution and measure root biomass. While the work did
not focus on individual tree roots, it found a “resistive response from coarse roots”. The
same work notes that resistive responses to roots are caused by “large structures (>2 mm
diameter) only”. In general, though, large root densities are associated with a stronger

resistive response.

However, this effect may not always be straightforward. Zenone et al (2008) note
that “the density of roots may be related to the accumulation of capillary water and to the
presence of low-resistivity haloes around the tree”. This effect has also been highlighted
by Rodriguez-Robles et al (2017) which, in a natural setting, showed a “relationship
between the position of roots, low soil resistivity (greater water availability), and greater
bedrock fracturing”. While this geological setting is less likely to be encountered in urban
areas, it seems important to be aware of the potentially counterintuitive effects roots can
have on subsurface resistivity. Additionally, in single measurements, Zenone et al (2008)
were able to discriminate between poplar areas in a loamy soil, but were not able to
discriminate pine roots in resistive sandy soil, showcasing the challenges associated with
this method. In the same work, it was observed that the position of the roots (which were
excavated following the survey) does not coincide neatly with geophysically anomalous
areas. Leucci (2010) also asserts that thick roots have a higher resistivity than the
surrounding soil, but soft, fine roots can have a lower resistivity than the surrounding soil.
The same work notes that the root network of the trees seems to be characterized by “a
high resistivity zone within an area of low resistivity”, and documents changes in the
resistivity distribution following an irrigation, hinting at similar effects based on
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precipitation patterns.

Ultimately, while it is expected that coarse roots will produce resistive results, the
mechanisms and relationships between tree roots and the surrounding soil are complex and
insufficiently understood, with numerous factors potentially playing a role (including but
not limited to type of soil, tree species, precipitation regime, and root diameter). The

resistivity surveying of roots appears site-specific and greatly variable.

The distance between electrodes is certainly a critical aspect of these studies. Both
al Hagrey and Amato et al. employ a distance of 0.25 m, which while adequate for a
general overview, is likely still insufficient to resolve all but the coarsest roots; other

studies used an even greater electrode separation.

A study which did look at single roots (Zanetti et al., 2011) employed a variation on
the conventional geoelectrical surveys, using the spectral induced polarisation (SIP)
method. They report that conductivity varies with diameter and species, which is not
surprising. However, their study was carried out in a controlled lab environment, which
may not be relevant to a real-life case study. There is also a possibility of roots changing
physical parameters after collection. Roots are in a constant and active exchange of fluids
and nutrients with the surrounding environment, and after they are removed from this
setting, their parameters start to change. This is why lab studies on tree roots are so

difficult, and in situ measurements so important (and challenging).

Another study that looked at individual roots (Zenone et al., 2008) noted the
potential of using both the GPR and ERT methods in conjunction, but upon excavation, it
was found that the geophysical anomalies were not an ideal predictor of root position.

The same work calls for a standard field procedure in performing such geophysical work.
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2.7.2.8 Tree as an electrode
Another unorthodox possibility which has emerged is the use of the tree itself as a

current electrode. The physical feasibility and safety of the method has been established
by (Cermék et al., 2006). However, the range of useful information which can be derived

through this method is still a matter of debate.
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Figure 12. Depiction of the experimental setup from Cermak et al. (2006)

Cermak et al. (2006) used it to determine the root absorbing surface, not to resolve
individual tree roots. The main difficulty of the approach is the fact that it’s not possible to
fully control the influx of and geometry of current flowing into the soil. This can be
partially alleviated by inserting a potential electrode at the very bottom of the tree and
eliminating the influence of the trunk. However, all conductive roots can pass current into
the soil, while their position and physical parameters are not known.

Notably, some subsequent work (Urban et al., 2011) was unable to experimentally
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replicate the results from Cermak et al. (2006), casting doubt on how exactly this method

could be applied.

Still, using the tree as an electrode can be a noteworthy approach assessing the total
tree root absorbing surface, which might potentially serve as a useful proxy to assess
whether the absorbtive area of the roots extends into paved surfaces, though this
assumption remains unverified and still a work in progress. A much simpler usage of this
method is can be used in assessing whether the tree roots have completely penetrated a
paved area (see chapter 4.7). For instance, given a green area split in two by a thickpaved
area, current can be inserted through the tree and if it is measured on the other side, it can
be inferred that the roots have broken through the surface. There are a fewvery important
drawbacks to this approach; it can only work in situations where the soil unit is
completely separated in two by the paved surface — often times, this surfaceonly covers
the soil, and there is still a soil continuity beneath it. Secondly, it only works ifthe roots
have completely broken through the surface — if there is only partial damage, the current
will still not reach other side. Lastly, there is also a chance of non-root damage
penetrating from one side to another, creating a conductive corridor. However, given all
these important shortcomings, this method might still be useful as a quick verification in

some niche scenarios and was deemed to warrant further investigation.

2.7.3 GPR
Ground penetrating radar is a relatively new option in the geophysicist’s toolKit.

However, it has proven invaluable, particularly useful in settings where other geophysical

methods find it difficult to operate: urban environments.

2.7.3.1 History of GPR
GPR is a tool that seems well equipped for tree root location although presumably,

most people would find the idea of using radar to look for roots rather bizarre. However,
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using radio waves to sound the subsurface was considered for decades, even before the
first results were obtained (El Said, 1956). A pivotal point for radar in geophysics was in
1961 when Waite and Schmidt showed that aircraft radar altimetry was returning
substantial errors on icy surfaces. This kickstarted the use of radar waves to probe the

subsurface, setting in motion gradual improvements and mushrooming applications.

Especially since the 1990s, GPR has become increasingly popular, thanks to
theoretical advancements as well as progress in equipment and computers. In a rough
classification, GPR applications can be split into two main categories: geological (for
which the depth of penetration is crucial) and environmental/engineering, for which higher
frequencies are used (400 MHz and above), which offer much higher resolution at the

expense of penetration depth.

The range of applications for GPR is impressive and continues to grow every year
(the detection of tree roots, or at a broader scale, the application of GPR to plant studies, is
also an emerging application).

There are, of course, limitations to GPR. Perhaps the most pervasive and infamous
limitation is the limited performance GPR exhibits in strongly dispersive environments. In
practice, conductive soils with high water content (and especially clays) are often too
dispersive to ensure reliable GPR data. This also makes it an excellent complement to

resistivity, which thrives in these conditions.

Overall, although it has its own shortcomings, as any other method, GPR has
established itself as a valuable tool and should always be at least considered for near

surface studies.
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2.7.3.2 Theoretical Background

The foundations of GPR usage are grounded in Maxwell’s equations, which

mathematically describe the physical behaviour of electromagnetic fields:

where E is the electric field strength vector (V/m); q is the electric charge density
(C/m®); B is the magnetic flux density vector (T); J is the electric current density vector
(A/m?); D is the electric displacement vector (C/m?); t is time (s); and H is the magnetic

field intensity (A/m).

The other side which governs the propagation of radar waves in the subsurface is
represented by the constitutive relationships which approximate how different atoms and

molecules in a certain material respond as a whole to the application of an electromagnetic

field.

where conductivity o characterizes free charge movement in the presence of a
current and dielectric permittivity € characterizes the displacement of charge constrained
in a material in the presence of the same electric field. Magnetic permeability p describes
how the magnetic moment of the molecules in the material reacts to the electric field.

For both theoretical and practical considerations, it is important to understand how
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these EM waves propagate through the soil: in a cone, commonly called the ‘cone of
transmission’ (Conyers, 2004). The dimensions of this cone are a function of the
transmission frequency and subsurface conditions. Higher frequencies generally tend to
have narrower cones, whereas lower frequencies and unfavourable soil conditions lead to
broader cones. This is not of upmost importance for something like tree root detection as
the objective lies very close to the surface, but it is still an important factor which need to

be considered and accounted for.

antenna

surface

A = fingerprint radius

D D = depth
K = average dielectric
A permittivity
A = wavelength
/ corresponding to
GPR "fingerprint" central frequency

Figure 13. The cone of transmission, from Mihai (2014).

GPR waves are subjected to the phenomena of reflection and refraction, like any
other EM wave. Any time it encounters a discontinuity, a part of the wave is reflected
back towards the surface. This discontinuity could be any object or structure (a
stratigraphic boundary, a buried object, a void, etc.), and the strength of the reflection is a
function of the physical differences between the two objects or structures which make up
the discontinuity. This essentially defines the geophysical contrast — the stronger the
contrast, the stronger the reflection, and the easier the geophysical detection of the
discontinuity. A subsurface object which does not manifest a geophysical contrast to its

surrounding environment may not be readily detected. This is particularly relevant
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because, according to Mihai et al. (2019), the permittivity of roots can sometimes coincide
with the permittivity of the surrounding soil, making detection more difficult or even
impossible.

The signal is also weakened as the wave moves beneath the surface (again, this is
dependent on the frequency and soil conditions — higher frequency yields better resolution
but lower depth of penetration).

The GPR wave follows the well-known laws of reflection and refraction (Snell’s
law). Considering a smooth planar surface, the angle of incidence will be equal to the

angle of reflection:

nl
n2

Figure 14. Visualization of Snell’s equation.

The part of the wave that is not reflected back is refracted, changing its speed and

bending in a manner described by Snell’s law of refraction:

N1 sinB1 = N2sinb?

where n is the refractive index of the respective medium and 0 is the angle measured
from the normal to the boundary.

Another fundamental physical process relevant for GPR is diffraction. Generally
speaking, diffraction happens when an EM wave encounters an obstacle or a narrow slit.
In GPR, this phenomenon is important because it is responsible for producing point-source
hyperbolas. Considering the cone of transmission and an antenna moving over a flat

surface, energy will be reflected not only from directly below the antenna, but also on
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oblique trajectories, where the reflection will be recorded at greater depths. As a result, a
point discontinuity will not produce a visible point on the radargram, but rather a
hyperbola. It is important to note that the location of the point coincides with the apex of
the hyperbola, but given a larger, spherical object, the hyperbola does not necessarily

correspond to the shape and size of the object (Conyers, 2004).

hyperbola

Figure 15. Depiction of the so-called 'hyperbola’ effect, caused by antenna movement over an objective.

The classic hyperbola in GPR is a well-described and useful feature caused by the
movement of the antenna over an objective and the electromagnetic waves encountering it
at differenttimes. In the case of a point-based objective, the apex of the hyperbola
coincides with the position of the point. However, the size of the hyperbola is not
indicative of the object size and should not be used as an approximation. The hyperbola
can be used to infer some aspects of the reflective object but can also be a problem,
especially when attempting to integrate multiple profiles into 3D data. Hyperbolae can be
reduced to their apex through the process of migration.

Scattering (and its opposite phenomenon, focusing) also affects GPR waves.
Sometimes, waves get reflected outside the range of the antenna and are not collected.
This becomes particularly important when dealing with convex or near-vertical

discontinuities, as well as some topographic surfaces. Meanwhile, focusing occurs when
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waves are reflected from surfaces sloping towards the antenna, resulting in high-amplitude
and multiple waves being received by the antenna when this would not be the case. Both

phenomena can mask or distort subsurface features.

scattering
(minor effect)

scattering
(major effect)

focusing

ll
14

Figure 16. Simplistic depiction of GPR scattering and focusing, from Mihai (2014).

Of course, other EM phenomena (i.e. dispersion, dissipation, ringing) also affect the
GPR waves, although they are generally of secondary importance to the ones presented
above.

A GPR system typically consists of what is called an “antenna” (comprising of one
or more transmitting and receiving antennas) and a console which is used to interact with
the user. The console can be either stand-alone, or in some equipment, could employ a
typical laptop, tablet, or even smartphone.

The resolution of the objective should be considering when selecting the antenna.
The higher the central frequency, the higher the resolution. In theory (considering a

homogeneous, isotropic subsurface), vertical resolution can be considered one-quarter of
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the wavelength A (Reynolds, 2011).

A= —
f

where V is the radiowave velocity and f is the frequency. A few common examples

adapted from Reynolds (2011) give an indication of what kind of resolutions can be

expected:
Antenna 120 MHz 500 MHz 900 MHz
Frequency
Soil
Wavelength 62.5 15 8
(cm)
Resolution 15.6 3.75 2
(cm)
Bedrock
Wavelength 92 22 12
(cm)
Resolution 23 55 3
(cm)

Table 6. Expected resolutions for common GPR antenna frequencies (approximate).

The propagation of GPR waves and the overall performance of the geophysical
method is governed by the dielectric parameters of the soil. This dielectric behaviour is
typically described in terms of complex permittivity (e*) and complex conductivity (c*).
The former, and particularly the real part of permittivity is of principal importance. In
practice, the real permittivity () of a material is expressed as a function of its relative
permittivity to that of air. This is routinely simply called permittivity, although it is
technically a relative permittivity (in practice, it is also commonly called the dielectric

constant).

Real permittivity is a function of frequency, decreasing as the frequency increases.
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In most realistic scenarios, the permittivity curve follows this general shape:
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Figure 17. Typical curve of permittivity plotted against frequency. Blue line is median value obtained after 40
measurements, brackets show minimum and maximum values (no processing or eliminating of anomalous
values).

Much like the different subsurface mediums have different resistivities, they also
have different dielectric constants, although the range is substantially lower than in this
case, ranging from 1 (air) to 80 (water). Consequently, the speed of GPR waves from air to
water also ranges from 0.06 m/ns to 0.2998 m/ns. In practice, the value for almost all
materials ranges between 3 and 30, which corresponds to speeds up to 0.175 m/ns.

In natural environments, the dielectric constant is often related to the porosity and

water saturation.

Material er V (mm/ns)
Air 1 300
Water 81 33
Pure ice 3.2 167
Permafrots 2-8 106-212
Gravel 5 134
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Sand and gravel 3.5-6.5 118-160
(unsaturated)

Sand and gravel (saturated) 15.5-17.5 72-76
Sand (dry) 3-6 122-173
Sand (wet) 10-32 53-95

Silt (unsaturated) 2.5-5 134-190
Clay (dry) 2-5 134-212
Clay (wet) 8-40 47-106

Marsh 12 86
Agricultural land 15 77
Pastoral land 13 83
Soil (fine-grained) 41-49 43-47
‘Average’ solil 16 75
Granite 5-8 106-120
Limestone (dry) 4-8 100-113
Limestone (wet) 6-15 77-122
Dolomite 6.8-8 106-115
Basalt 8 106
Shale (wet) 6-9 100-122
Sandstone (dry) 4-7 113-150
Sandstone (wet) 6 122
Concrete 4-30 55-150
Asphalt 3-5 134-173
PVC, epoxy, polyesters 3 173
Quartz 4.3 145

Table 7. Permittivity and propagation speed of electromagnetic waves for commonly

encountered materials. Adapted from Conyers (2004).
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It is important to note that in surveys carried out on natural surfaces, water content is
an extremely important parameter directing the permittivity. Conyers (2004) identifies

water content as the “single most significant variable” in this context.

2.7.3.3 Modern Methodology
Modern GPR surveys involve one or several antennas in a joint system. Antennas

are defined by a central frequency, which typically varies between 10 MHz and can go up
to 4 GHz or even above. The lower frequencies are used for deeper studies, whereas the
highest frequencies are used for engineering purposes such as detecting cracks or fissures

in man-made materials.

Although the antenna is defined by its central frequency, the transmitted energy is
not restricted to that frequency alone. Generally speaking, antennas have a ‘two octave’
bandwidth — they transmit energy from half of the central energy to two times the central
energy. However, the antenna is shielded so that its energy is sent downwards. Coupling
the antenna properly to the surface is also important to ensure good data quality. As the
antenna is pulled over the ground, any time the ground coupling is imperfect (due to a
bump, sudden changes in micro-topography, or any surface irregularity), this will affect
penetration depth, data quality, and antenna tilt, all of which can further affect the data

quality.

The scope of GPR surveys has also expanded as the available technology improved.
Pseudo-3D has generally become the norm when it comes to resolving subsurface
environments. This means that surveys should be carefully planned in advance,to select an
antenna frequency that optimizes relevant feature detection, but also consider other survey

parameters such as transect spacing and orientation.
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Figure 18. Depiction of GPR grid with the overall grid area (yellow), and two profile directions (in blue and
orange), to study sidewalk damage potentially caused by a tree root, UoB campus, around Gisbert Kapp
building. Direction and distance between profiles are approximate and not to scale.

Transect spacing are a crucial parameter for the quality of a GPR survey. For an
elongated objective, it is ideal to develop profiles perpendicular to the preferential
elongation direction. However, the direction or shape of the objective might not be
known,in which case the transect spacing should be selected with care. The first
consideration is to have the transect separation small enough so that an objective is
not missed in between two profiles. For tree roots, this is nigh impossible if profiles
are carried out in one direction since the diameter of tree roots is in the centimetre
range. This would suggest that perpendicular profiles are generally better-suited for
tree root studies. It has been suggested several times that carrying out perpendicular
profiles is most often the best way to carry out surveys in general. Neubauer et al.
(2002) conducted surveys in the x and y directions with transect spacing 0.5 m and
1.0 m, in the study of buried walls. They found that the walls were best resolved in

perpendicular directions, but the resolution for surveysonly conducted in the x
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direction with a spacing of 0.5 meters was higher than surveys carried in both the x
and y direction at a spacing of 1 meter. The question of whether a fixed amount of
profiles offers the best resolution in one direction or in perpendicular directions
remains far from solved, however. Pomfret (2006) carried another transect
experiment, finding that perpendicular profiles offer the best resolution. Studies on
clandestine graves by Schultz and Martin (2011) also found that x and y surveys are
the most efficient method. It seems plausible that the ideal configuration is site
specific, depending on the geometry of the objective. However, given the
peculiarities of tree roots,the only case in which one-direction profiles are preferable
in which the direction of the tree roots is known and profiles can intersect the roots

perpendicularly, or when only rootson one direction are of interest.

Most modern equipment also allows the selection of a few important parameters
related to data acquisition. Tree root surveys, just like all GPR surveys, should

consider these parameters carefully:

e Time window — is the length of time the antenna still collects the
two-way wave travel time. The ‘rule of thumb’ suggested by manufacturers
is to allow a 100 ns time window to reach 2-3 m depth. Conyers (2004)
suggests that the time window should be at least equal to the time it takes to
resolve the maximum depth, but for a precise estimate, the optimum depth

can be calculated thusly:

2
11':1.3$§

where W is the time window, D is the maximum depth to be resolved,
and V is the minimum velocity through the material (or different materials) in

m/ns. Of course, this requires some knowledge of the surveyed material. A
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10-30% increase can be added as a safety buffer, as the only downside the a

large time window is the data size.

e Sampling interval — the interval between two consecutive data
pointson the same wave. It should not be longer than the half-period of the
antenna’s frequency. It can be calculated with:

¢ 1000
= 6
where t is the sampling interval in ns, and f is the central frequency of

the antenna in MHz.

e Step size — the spatial sampling interval, controlling how often a

trace is collected spatially and improving overall resolution.

e Samples per trace — the number of incremental pulses used to
construct a reflection trace. This parameter also improves spatial resolution,

but requires longer time window for collection.

The Nyquist frequency is also important to consider for surveys. The Nyquist

frequency is essentially the maximum frequency that can be recorded at a given sampling

rate. Any higher frequencies are aliased. In order to properly reconstruct features, 3D GPR

surveys must fulfil the Nyquist criterion for sampling requirements. In the case of a 1500

MHz, for example, a distance between 1.6-2 cm is required to completely eliminate the

risk of any aliasing. However, the practicality of the situation renders it virtually

impossible to ensure that accuracy (even for experienced and very careful operators). In

practical standards, sampling at half the antenna size (or less) is rarely justified,

particularly for high-frequency antennas.

Modern surveys also use digital processing aids. There is a range of available
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processing suites, both free and paid, with different capabilities. Most tools offer some
similar processing tools, although there are also particular differences in how these

processing steps are applied and how the results are visualized.

Survey design should be analysed carefully. An antenna suitable for the objective is
required, capable of resolving the target and also of having a depth of penetration
sufficient to reach the target. Prediction of whether the GPR approach will “work” is not

always possible—something that is often a fact of life with applied geophysics.

2.7.3.4 Advancing Frontiers
Several innovations can be incorporated into GPR surveys, both at the acquisition

and the processing stage, as well as through the use of forward models. GPR forward
models are very computation-intensive and have proven difficult to carry out. However,
this field has benefitted greatly from increasing processing power, the democratization of
software and the open-source movement, which have led us to a point where such forward
models can be created with relative ease. A solution which stands out is gprMax
(Giannopoulos, 2005; Warren et al., 2018), an open source software freely available at

http://www.gprmax.com. This software uses the Finite Difference Time Domain (FDTD)

to simulate the propagation of electromagnetic waves and is well suited for GPR. Results
can be simulated in 2D or 3D, and all relevant parameters can be modified: the geometry
and dielectric parameters of the subsurface, the position and characteristics of the
transmitting and receiving antenna, the time and space discretisation, as well as the

waveform and the absorbtive characteristics of the “edge” of the model.
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http://www.gprmax.com/

Figure 19. Forward model of three metallic pipes of different diameters in a clay-sand soil model of. Clay-
sand composition is 50%-50%.
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Figure 20. The GPR response for the above model.

Numerical modeling can become an important interpretation aid, and FDTD has
become one of the most popular techniques in modeling, as it is robust, flexible, and
accurate (Cassidy and Millington, 2009b). The optimization of FDTD GPR modeling has
been an area of active research (Millington and Cassidy, 2010), and the method has
become additionally appealing thanks to its ease of implementation. The main drawback
of the FDTD approach is the need to discretize both the space and the time continua,
which could lead to excessive computer memory requirements and the staircase
representation of curved interfaces (Giannopoulos, 2005). However, the recent increase in
computation power has made such approaches more appealing.

In order to simulate the GPR response from a target or set of targets, Maxwell’s

equations are solved subject to the geometry of the problem and its initial conditions
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(Giannopoulos, 2005). The numerical solution is obtained in the time domain. The
domain is divided into a grid, with individual cells called Yee cells, after Kane Yee, one
of the pioneers of the FDTD (Yee, 1966). The numerical solution is obtained by applying
a discretized of Maxwell’s curl equations, and then the process is reiterated. Each iteration
corresponds to a unit of time and is indicative of how the electromagnetic field propagates
throughout the domain.

Forward models are useful for a better theoretical understanding of the subsurface
environment, as well as serving as an interpretation aid for practical surveys. For instance,
a forward model can offer more indication as to what the best suited antenna would be for
a particular survey, or what type of contract can be expected. If the soil and the general
subsurface layout are known, a basic forward model could be generated to offer some
indication about what can be expected in the survey. The interpreted features can also be
simulated to verify if the models coincide with the results at an acceptable rate. Particular
inferences can be made about the range of obtainable information (for instance how
water-filled cracks greatly facilitate the discovery of tree roots penetrating into concrete or
asphalt; these cracks can be even more visible than the root itself).

However, despite progress at the interpretation side of surveys, innovation around
data acquisition and processing is more common. Positioning has long been a
problematic issue for high-precision near-surface geophysics, and GPR is no exception.
The most common data acquisition process is still the establishment of a grid and the
surveying of parallel profiles in one or two directions (Conyers, 2009). While this
approach can be subjected to manual errors, a careful survey design and data processing
(particularly when it comes to geometry) can ensure that the errors are minimized and
the results are accurate. A more technology-heavy approach would rely on a total
station to ensure a reliable position. This can not only save time, eliminating the need to

carefully setup a grid, but can potentially also be carried out with a single surveyor with
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the aid of “smart”total stations which can automatically track the surveyor’s
movements. This is particularly useful in surveys where precise positioning is required.
This approach has also demonstrated an unforeseen benefit in the study of tree roots:
because the total station tracks positioning not only in the XY plane but also on the
vertical Z direction, it can also be used to map slight deformations (uplift) caused by the
tree root, even when this is not evident to the naked eye.

Another emerging approach for positioning is using Differential GPS (DGPS) or
Real-Time Kinematic GPS (RTK), which have a much better precision than conventional
GPS systems. These approaches can also be relatively low-cost and applicable in a broad
range of situations. Radiolocation can also be employed for a similar purpose, as can a
range of other positioning methods. These are of particular interest in Indoor Positioning
Systems (IPS), where conventional GPS or total station systems struggle. In addition to
better positioning, this also allows the surveying in unconventional or irregular
geometries, which are sometimes preferable over regular grids. All in all, while there is no
one positional technique that has imposed itself as dominant over the others, there is a
range of approaches in development, and a precise method such as GPR has much to gain

from these positional improvements.

Another significant improvement is the use of multiple-channel GPR. Multi-channel
systems involve several antennas tied together in a system and can best be defined as full
resolution GPR systems when crossline separation of the antenna approach the 1/4
wavelength of the transmit pulses in the ground (Annan 2009). This offers several very
important advantages. For starters, it greatly increases the coverage, enabling the surveyor
to cover a much broader area in a similar time — which, as any surveyor can attest, is a
godsend. Additionally, the antennas are often in different polarizations, which allows

better detection of some subsurface features. For instance, one such piece of equipment
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(the IDS Stream C) features 34 antennas with two different polarizations, covering a swath
of 1 meter. However, for all their advantages, multi-channel systems remain quite

expensive, this being the principal drawback.

There are multiple software packages and processing tools, both open-source and
commercial. However, in terms of scope, robustness, and ease of use, commercial ones

were found to be superior.

2.7.3.5 Limiting factors
Although GPR is a very detailed geophysical method, it remains primarily used for

qualitative purposes. However, while many problems can successfully be addressed this
way, research is increasingly addressing quantitative analysis of GPR data. This is where
forward models, precise equipment, and powerful processing come into play.

The multidisciplinary approach is also important. As a result, progress was not
always linear. Being a multidisciplinary approach, different sources of informationwere
considered and used to improve surveys. For instance, the initial assumption was thatroot
size was the main parameter in GPR root detection, given a low permittivity variation
between different root segments. However, direct permittivity measurements (Mihai et al.,
2019) showed great permittivity variation, which meant that even larger roots might not be
readily detected in a soil setting. Additionally, forward models revealed that oftentimes,
detecting the root-caused damage can be easier than detecting the root itself, which is a
significant aid. The biophysical complexity was also considered, as well as the
peculiarities of urban surveys, which render GPR surveys more difficult (for instance, due

to scattered noise throughout the soil and different geophysical soil parameters).

However, these aspects were also considered as limiting factors. An important

limiting factor for tree root detection is the size of the tree root — quite possibly the
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smallest size considered in practical geophysical surveys. This size might be

smaller thanthe equipment resolution.

The lack of geophysical contrast is another important parameter to consider and
potential limitation. This was analysed in detail in the paper presented in Appendix D. The
possibility of a lack of dielectric contrast between the surrounding subsurface and the root

should always be considered.

2.7.3.6 Impact of weather on GPR
Since water content is one of the most important variables in a GPR survey, weather

(and particularly precipitations) can also have a significant impact on GPR surveys. In
most situations, it is advisable to avoid to surveys immediately after rainfall or after
precipitations in general. Of course, surveys on snow and ice are also not advisable.
However, in the context of a tree root study, the situation is more complex. In the
case of surveys on man-made surfaces where tree root damage is suspected, carrying a
survey after a rain might be more favourable, since forward models seem to suggest that
water infiltrated in the cracks makes them easier to detect. Ideally, this would be done
after the water on the surface has dried up, but not too long after that, so that subsurface
water is still in place. Meanwhile, in the case of surveys carried out on natural soil, the
interplay between roots, soil, and water is even more complex. Forward models have also
shown that there is a significant likelihood that tree root has a similar permittivity to that
of the surrounding soil. Tree roots are also known to absorb more water and keep it in
their vicinity. It is not clear what the optimum humidity range would be for a survey, but it
seems reasonable that a period when the soil is neither too wet or too dry is desirable on
soil. Water tends to create worse GPR surveying conditions, creating a dispersive medium
that reduces data quality and the depth of penetration. Forward models showed that in
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some fringe cases, precipitation can actually favour GPR surveys, when roots are dry and
the surrounding soil is very wet. It is expected that roots will absorb some of the
surrounding water relatively quickly, so there is probably a window of time right after rain

when survey results might be favoured by precipitations, but this is a fringe scenario.

2.7.3.7 Literature Review: GPR Imaging of Tree Roots
In the past two decades, several studies present the usage of GPR to detect and

study tree roots. In a 2013 review, Guo et al. summarized the state of the art thusly:

“As a noninvasive method, GPR has been proved to be a valuable technique for
detecting coarse roots in low moisture and electrically-resistive soils. However, the
detection and quantification of coarse roots using GPR is still in its infancy and not all
roots or soil conditions are suited for this technology. Most GPR root detection studies
have been conducted under controlled experimental conditions or within plantations. [..]
Overall, successful GPR-based coarse root investigation is site specific, and only under

suitable experiment conditions can reliable measurements be accomplished. ”

While the field has seen a growth since 2013, the summary mostly stands true. It is
perhaps debatable whether the method is still in its infancy, but it has certainly not
matured to its potential, and remains challenging and site-specific. What exactly
constitutes a reliable measurement and how reliable such measurements are is also likely
a matter of debate (recently, in 2018, Alani et al. noted that with the aid of specialized

processing algorithms, surveys can become much more reliable).

In one of the first such studies, Butnor et al. (2003) used GPR to study root
biomass in a forest setting. Barton et al (2004) used three GPR antennas in the 0.5-1 GHz
frequency range to detect tree roots in an ideal setting. This was further confirmed by
Bassuk et al. (2011) in a more realistic soil medium under pavement. However, while
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over the past decade it has become clear that GPR can often detect tree roots, the exact
parameters and conditions under which this detection can be achieved are not fully

known. This is owed, in part, to the very site-specific nature of this issue.

Root mapping in an urban environment represents the main objective of this work.
While such studies are fewer in number, they do exist (Guo et al., 2013). Still,
reconstructing root architecture from GPR alone is challenging; often when radargram
results were compared with root excavations, only partial similarities are found (Stokes
et al., 2002). Hirano and Yamamoto (2009) also noted that distinguishing between
different roots in the same area is not always possible. Differentiating between signals
from roots and other objects of similar geometry (PVC tubes, old pipes, pebbles) is also
extremely challenging as there are no evident differences in signal between roots and

these other buried objects (Guo et al., 2013; Zenone et al., 2008).

While fewer in number, quantitative studies also exist in the literature. Xihong et al.
(2011) presented a way to model tree root diameter based on GPR results, and Satriani et
al. (2010) performed laboratory experiments of both ERT and GPR surveys. Tanikawa et
al. (2013) showed that root orientation can significantly affect detection, while Butnor et
al. (2016) showed that even under stumps, GPR surveys tend to underestimate root
biomass and some roots escape detection. It should be mentioned that in the case of
laboratory studies, root samples (or sometimes, even branch samples) were harvested and
placed in the controlled setup. However, there is good reason to believe that this might not
be an entirely accurate methodology. Mihai et al. (2019) found remarkable variation
among thepermittivity of roots of the same tree or in the same unit, and the separating the
root fromthe tree likely induces substantial biophysical changes in the roots, changes
which can berelevant for GPR surveys. Most notably, roots will partly dry up after

separation, which makes them more easily detectable by producing a stronger geophysical
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contrast to the surrounding soil. While this has not been yet investigated in great detail, it

remains a significant point to consider for existing studies.

However, as Isaac and Anglaaere (2013) note, the detection of tree roots with GPR
is hindered by methodological challenges and a lack of non-destructive validation of
results. The same work highlights another important aspect: the distinction between fine
and coarse roots. Different works draw a different line between these two categories. In
general, coarse roots are defined arbitrarily (Guo et al., 2013). Overall, the feasibility of
the usage of GPR for detecting tree roots has been demonstrated in the literature, though
the limitations of the method are still imperfectly defined, and relatively few studies focus

on urban areas (instead, opting for case studies in agricultural or forestry settings).

In addition to root mapping, the literature also seems to focus on calculating root
biomass and information about GPR tree root detection in realistic urban scenarios
remains very scarce. There is clearly potential to build on the existing literature and fill
knowledge gaps. However, although other approaches are also feasible, the mapping of
subsurface coarse roots appears the most practical and reliable application of GPR in tree

root study, though in general, some roots seem to escape detection.

2.8 Survey Design Considerations
Although good practices exist, there is no universally applicable established

methodology when it comes to geophysical surveys. Different authors (and companies)
seem to use slightly different techniques, and the specifics of the survey should always
be customized based on objectives, methods, and site-specific characteristics. Here, it
was attempted to best adapt existing techniques to the situation and, where it was

possible, improve the existing approach for this type of objective.

There were several considerations regarding, for instance, the type of ERT array
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which is best suitable for detecting tree roots -- is it one of the existing, regular arrays,
a combination of several, or something different altogether? What direction should the
profiles be carried out on? If the dominant orientation of the objective is well known,
then carrying perpendicular profiles will likely be satisfactory, but oftentimes the
position and orientation of tree roots might not be known, and therefore profiles on
perpendicular directions are best carried out. Several types of trials have been carried
out comparing the results and although no definitive answer can be given (as the
answer always depends on the exact scenario), some conclusions are discussed in a

further chapter.

Several different survey designs and methodologies were tried for this study.
Resultswere compared and future surveys were optimized based on the comparison.
However, the general approach was to define a survey area of interest, design a simple
grid of parallel profiles in one direction (as per Annan, 2009), and ensure a satisfactory
distance between profiles. The area was carefully delimitated with tape measure and
where a total station was not used, a basic verification was made to ensure that the
survey lines are indeed parallel (and where necessary, perpendicular). Notes and images
were taken by the surveyed area, describing the general area andthe objectives to be
investigated. Results from initial surveys guided subsequent ones. Lessons were also
drawn from other fields of geophysics. For instance, since archaeology is often focused
on small-scale objectives located in the shallow part of the subsurface, lessons were
drawn geophysics applied to archaeology (Gaffney, 2008), as well other reference works

on geophysical practice (Conyers, 2004; Reynolds, 2011; Everett, 2013)

The starting hypothesis was that that since tree roots are often small in size and
often only have a minor contrast compared to the surrounding environment, resolution is

of utmost importance, and distance between profiles or measuring points should be as
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smallas reasonably possible. Therefore, the distance between profiles was carefully
considered. However, since having profiles spaced at 1-2 cm is not realistic, the
minimum considered distance between transects was 5 cm. Distances of 10, 15, and 20
cmwere also considered and tested. Distances of over 20 cm were considered suitable for

only a preliminary survey.

The weather and the weather forecast were also considered before a survey. Given
the close distance between transects, surveys were time-consuming, and it was attempted
to carry out all the surveys in one area in the same day, under the same weather

conditions (although this was not always possible).

The surveyed areas were in general kept to a small size. As a “rule of thumb”, it
was aimed to keep surveys to an area less than 100 square meters. This was done as
surveys had, in general, one localized objective (ie mapping the root system around a
single tree, or mapping a sidewalk area that was suspect of root damage). After an area of
interest was drawn, the survey area was extended by a buffer of approximately 10%, to
reduce the chance of a significant geophysical feature emerging on the very edge of the

survey.

Although all available GPR antennas were trialed, surveys in the latter part of this
work used higher-frequency antennas. There is no fixed rule for choosing the optimum
antenna frequency for a given survey (Guo et al., 2013), but ideally, the antenna central
frequency should be able to ensure that a propagated wavelength in a medium is at the
very least comparable in size to the half-length of the smallest target (Daniels, 2004).
However, the highest frequency antenna (4 GHz) was not deemed suitable for the task. It
was expected that the roots of interest would lie in the first 20 cm of the subsurface, and

the 4 GHz antenna could not reliably reach this depth. Survey particularities for ERT and
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GPR are presented in sections 3.3 and 3.4 respectively.

2.9 Data Processing & interpretation
There are several different approaches when it comes to processing and

interpretations. The data could be analysed directly, numerically, or using academic or
commercial software — each with their own advantages and shortcomings. Here, | have

used the following softwares:

- GPR processing (ReflexW, GPRSoft Lite, matGPR);

- Resistivity processing (RES2DINV, BERT, ResiPy);

- Data visualization (Paraview, Golden Surfer);

- Forward modelling (GPR-Max, RES2DINV, ResiPy);
- Algorithm development (Matlab, Python 3.0, Arduino);
- Image processing (Paint, GIMP, Adobe Photoshop);

- Mapping (Google Maps, Google Earth, QGIS).

It is important to emphasize the difficulty of interpreting tree root GPR data. In most
instances, shallow digging was not possible on soil to assess the validity of the
geophysical interpretation. No digging was allowed by local authorities on paved surfaces,
but several cues can be used to infer the presence of a tree root under such structures. The
first is lateral continuity — the geophysical contrast of the objective needs to be
continuously visible. If this continuity has been established, then the source of the contrast
must be determined. In urban areas, the most common sources are typically pipes and
cables. However, these can generally be distinguished from tree roots by the strength and
overall appearance of the contrast.

The range of contrasts between the subsurface environment and the tree root can be

determined through forward models and lab measurements, but in practical surveys, there
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is a large variation between both environmental and tree root parameters. The geophysical

identification of tree roots remains a challenging, but in some cases, feasible affair.

85



3. METHODOLOGY, LAB RESULTS, AND FORWARD MODELS

3.1 Introduction
This work comprises various methods and activities, often carried out

independently, and sometimes carried out in conjunction (i.e. joint GPR and resistivity

survey).

The first part of activities involves lab measurements. Permittivity measurements
were carried out directly on tree roots, assessing their relative permittivity on a range of
relevant frequencies, as well as other parameters such as their weight and water content.
Large plastic boxes were used for lab GPR and resistivity surveys. Electrical measuring
equipment was also developed and tested in the lab (measurement equipment in
alternative current which was only used in preliminary surveys, and switchboxes for
direct current, describedin the following sections). For the surveys, both commercially

and lab-developed equipment was used.

The field surveys were carried out with a close consideration to the huge variability
of the environmental parameters. Different types of geometries and arrays were trialled
out, assessing the comparative quality of the data. All surveys were used to improve the
design of further surveys and overall, there was an improvement of the quality in the later

SUrveys.

Lastly, combined surveys were carried out, where the objective was to draw as much
geophysical information as possible in a practical scenario.

3.2 Lab measurements

Lab measurements were mostly carried out in the electrical engineering department
at the University of Birmingham, but some were carried out in the civil engineering lab.
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3.2.1 Measuring root permittivity

3.2.1.1 Motivation
Along with the permittivity of the surrounding subsurface environment, root

permittivity is the decisive factor that determines the effectiveness of GPR surveys. Given
the expected variability of different types of roots, it was not the purpose of this study to
create an exhaustive list of measurements for permittivity depending on parameters such
as species, diameter, water content, etc. The main objectives were to assess a range of
expected permittivity values for tree roots in a practical context, to see whether branches
can be used as proxiesfor roots, and to use the obtained values in forward GPR models. A
secondary objective was to see how the permittivity relates to parameters such as

diameter, weight, and particularly, water content.

While the root permittivity has been estimated based on other parameters, most
notably water content (Cui, Guo, Chen, Chen, & Zhu, 2013), a direct and comprehensive
measurement survey on tree root permittivity has not been carried out, to my knowledge.
Additionally, Mavrovic et al. (2018) report a permittivity variability of up to 300% on
the trunk of some species, hinting that a large variability could also be present in the

case of roots.

Such electromagnetic measurements are becoming more and more common,
especially in the medical world, for diagnostics and therapeutics (La Gioia et al., 2018).
It was considered that a similar approach could also hold value for measuring tree root
parameters. Measurements on vegetal tissues do exist in the literature (Mavrovic et al.,
2018), as do measurements on soil (Demontoux et al., 2017) and man-made materials

(Villain et al., 2017), but roots have not been studied thusly.

Overall, direct permittivity measurements appear to be a reliable method to
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measure the dielectric constant, a parameter that is relevant for forward models. The real
part of permittivity (called the dielectric constant or simply relative permittivity) was
used in the forward models. The imaginary part of the permittivity (sometimes called the
loss factor), which represents the dissipative nature of the object, absorbing the energy
and partially transforming it into heat, is linked more to conductivity and was not used in

the models.

3.2.1.2 Choice of equipment
Multiple techniques have been used in the literature to measure the dielectric

properties of biological materials, including transmission line and waveguide, coaxial
probes, tetrapolar impedance, and perturbation cavity methods (La Gioia et al., 2018).
However, the open-ended coaxial probe is the most commonly used because it does not
suffer from many of the drawbacks that other methods suffer. At least in regards to tissue
imaging, this method appears to be the most used one, according to La Gioia et al. (2018),

and seems to be a good option in the case of tree roots as well.

Modern commercial coaxial probes are accurate but can only fit samples of specific
size (not too big). Here, the permittivity measurements were carried out with a Keysight
85070E dielectric probe, an open-ended coaxial probe. The 85070E can measure

complex permittivity over a broad range of frequencies.
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Figure 21. Depiction of the Keysight instrument used for permittivity measurements (a); root samples after

drying (b); an area from which root segments were harvested (c).

Measurements were first taken from 5 MHz to 3 GHz. Then, in some instances, the
interval was trimmed from 100 MHz to 3 GHz, which is a sufficient frequency range for
the expected GPR data. A three step calibration is done before any measurement. The
three most common standards used are open circuit, short circuit, and a broadband load;
this was also the case here. The probe was calibrated with hydrogen peroxide and

special instruments provided by the producer. If the calibration is stable and successful,
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the “real” measurement can proceed.

The method also has some drawbacks, most notably the small volume of the sample
considered (~1 cm). A very good contact between the probe and the sample is also
required, both in the case of biological sampling and in the case of soil sampling

(Demontoux et al., 2018). Overall, though, the method seems well-suited for the task.

3.2.1.3 Measuring methodology
The measuring process involved keeping the samples firmly pressed on the probe

surface for a few seconds. It is important that the plant has a smooth surface as any
surface roughness could lead to the probe measurement incorporating tiny air pockets,
thus altering the overall results. As Mavrovic et al. (2018) note, one of the main practical
challenges in this type of measurement is to obtain a surface smooth enough to ensure
contact. Therefore, roots were cut smoothly into centimeters of approximately 10 cm
long. Their shape was sometimes irregular which made measuring more difficult and

these samples were cut into smaller segments, but never smaller than 5 cm.

Since the ultimate objective is detecting coarse roots, only measurements on coarse
roots were carried out. However, because the root samples were harvested from living
trees, a careful consideration was given to the trees’ wellbeing. Therefore, only relatively
smallcoarse roots were harvested, and where possible, roots were harvested towards their
end segments, so as not to disturb a longer section of the root. Roots were only harvested
from mature trees, only when no significant harm was done to the tree. Roots were
harvested from trees in public areas in Birmingham (an representative area is depicted in

Figure 21).

The root is a living part of the tree, and the moment it is cut away from the rest of

the tree, its bio-physical parameters start to change. Since the measurements could not be
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performedout in situ, it was imperative that they were carried out as quickly as possible
after the samples were harvested. The general procedure involved cutting up root
segments with a wood saw (S0 as to leave the section smooth). The samples were then
immediately taken to the lab, a process which took between 30 and 60 minutes, depending
on practical considerations. The roots were labelled and sealed in plastic boxes for

transportation (see Figure 21).

The first measurements were carried out as a proof of concept. For subsequent
measurements, roots were weighed with a high precision scale, measured, and placed
into an oven for 24 hours, after which they were weighed again, to calculate the water

content of the samples and compare this against permittivity.

The measurements on the first samples were taken by manually pressing the root
sample on the probe. To reduce the potential for human error and accelerate the process,
subsequent samples were held in place by an adjustable chemistry stand. Each
measurement takes only a few seconds, after which the analyser displays a graphical
representation of the data, which serves as an initial calibration — if it is a reliable
measurement, the curve will be relatively smooth, as there are no air pockets to influence
the measurement. If it’s not, then the measurement was retaken until a smooth curve was
obtained. This proved to be a reliable method, despite initial concerns. However, although
the measurements themselves are mediated, 40 continuous measurements were carried out
for each sample, to further ensure statistical relevance, and the process was tedious and

time-consuming.

Because permittivity measurements can sometimes exhibit variability (La Gioia et
al., 2018; Mavrovic et al., 2018), and because this is a novel approach for tree roots, the

same measurement was repeated multiple times for consistency. The self-imposed goal
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was to have at least 30 viable measurements, and an extra 10 were taken as a buffer; so
in total, 40 measurements were made of every sample, with the idea that if a few of them
were unsuitable for unforeseeable reasons, there would still be at least 30 measurements
remaining, which was considered a satisfying number for this purpose. This was also
carried out to see whether the properties of the roots would change over the course of 30-
60 minutes, which is how long it took for the measurements to take place. Since did not
seem to be the case, it can be inferred that the measurements equate to in situ

measurements.

3.2.2 Permittivity lab measurements of tree roots

This chapter, along with the results obtained with this methodology, are illustrated
by the following special issue article published in Near Surface Geophysics: “Direct
measurements of tree root relative permittivity for the aid of GPR forward modelsand site

surveys,” by Mihai et al. (2019), https://doi.org/10.1002/nsg.12043. The paper is

reproduced in its entirety in Appendix D, but the main findings are described and

summarized here as well.

A critical challenge in developing GPR forward models is knowing what
permittivity value to input for the tree roots. This was addressed by the direct
permittivity measurements explained above. The first comparison analyzed the relative
permittivity of two roots and a branch, to assess whether the two have similar or
comparable values for this parameter. This was not found to be the case: the
permittivity roots and branches from the same tree, and of very similar diameter, were
found to be quite different, indicating that branches are not a useful proxy for root
models and measurements.

A second, larger survey (also presented in Appendix D) describes multiple root
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segments extracted from the same soil unit, from trees on a public natural pathway
called the Harborne Walkway. A total of 20 segments from 10 roots were analyzed.
Several root samples were harvested and immediately transported to the laboratory,
where permittivity measurements were taken using a coaxial probe, as described

previously.

The roots exhibited a very large permittivity variation, despite being in the same
soil unit, having a similar diameter, and coming from the same species. Observed
relative permittivities at 1 GHz ranged from 11 to over 30. This range is so great that it
has significant potential of overlap with the permittivity soil values as described by
Hubbard et al., (1997), Davis & Annan (1989), and Daniels (1996). If such an overlap
does happen, it means that there is a very low dielectric contrast between theroot and
the soil, making GPR detection difficult or impossible. In addition, some roots

(presumably diseased or inactive) exhibited very low permittivities (under 5).

The root values for diameter and permittivity were then input into forward models
using gprMax. These models underscored that in permittivity values that could be
expected for urban soils, there could be a very low contrast between the root and the
soil. Even in the presence of a thin bark (a scenario which was also simulated in
forward models), detection is not guaranteed if the permittivity value of the root and the

soil are too close — regardless of root size.

This was interpreted as a potential explanation for something that was reported
several times in the literature: that some roots (even coarse roots) sometimes escape
GPR detection. Being aware of this spread of permittivity values is extremely important
for surveyors and geophysicists looking to map subsurface root systems. This large
permittivity spread is the main outcome of this now-published work presented in

Appendix D and was used to direct future work.
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Another notable finding is that roots can have both higher and lower permittivity
than what would likely be expected for soils in urban areas. If this is the case, it would
mean that in different situations, roots can exhibit both a positive and a negative
permittivity contrast to the surrounding soils. This would suggest that although higher
permittivity soils are generally an unfavorable environment, they could favor the

detection of lower-frequency roots, especially diseased or inactive roots.

After the measurement, the root segments were weighed and then placed in a
civil engineering oven to dry for 24 hours. They were then weighed again to assess the
water content. While water content appears to be an important factor in the roots’
permittivity, it does not appear to be the only one. Further research is required to better
understand the bio-physical factors behind this permittivity variability and what factors

influence or define it.

This finding is consistent not just with what has been reported in the literature,
but also with the surveys presented in subsequent chapters. In surveys carried under
unfavorable conditions (such as the “Harborne Leaf Fall” survey in chapter 5.8), just a
small part of the root system is mapped, which was unsurprising. But even under
favorable conditions, using multiple high-frequency GPR antennas, some roots escape
GPR detection, and it is not always clear why. Granted, there could be other reasons
(resolution, noise, cluttered objects), but an insufficient contrast between roots and the
surrounding soil could help explain why even coarse, isolated roots are sometimes not

detected with GPR alone.

The permittivity and diameter parameters obtained through these direct
measurements, along with soil permittivity parameters existing in the literature were

used in the forward models presented in the following chapter.
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3.2.3 Forward models of tree roots

The median value was selectedfor models because it provided smoother curve than

the average or value (although there were no major differences, particularly at high

frequencies such as the ones used for GPR surveys here.

Sample comparison between average and median permittivity
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Figure 22. The average (red) and median (blue) relative permittivity values for one of the samples in the
entire 0.05 — 3 GHz frequency range. Values exhibit a typical variation curve, dropping down from higher
values at smaller frequencies.

The first models simulated simple reflections in various soil-root geophysical
contrasts, attempting to quantify the contrasts and what contrasts are detectable.
These models were considered an ideal, unrealistic scenario. Even with added
noise, the real-life soil environment is much more challenging to GPR surveys than
the forward models. Therefore, the models are considered as an indicator of what
can be seen in the field. If something cannot be detected or differentiated in the
models, it also cannot be detected in the field (where conditions are more difficult).
If something is barely detectable in the models, there is a chance it might also be

visible in the field, but this is not necessarily the case.

The following models (and those presented throughout the section) use a

discretization grid of 0.002 m in all directions (X, y, z), unless otherwise specified — a
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resolution that should be more than enough for the objective at hand.

The following scenario (where a root has lower permittivity than the surrounding
soil) was selected because in direct measurements, some roots were found to have very
low permittivity, and it seems plausible that they would have a negative permittivity

contrast compared to the surrounding soil (a scenario rarely explored in the literature).

Examples of different permittitivity contrasts for a
low-permittivity root

,;.. »
_

Figure 23. Three models of a root with a relative permittivity of 3, in clay with three different levels of
humidity: almost completely dry (top; permittivity 5), somewhat wet (middle; permittivity 8) and more wet
(bottom; permittivity 11). Here, contrary to conventional wisdom, wetter soils make the root more easily
detectable because although they lower the data quality, they accentuate the contrast between the root
andthe surrounding soil. The rationale of this model was to highlight this aspect.

Quantifying detectable contrasts remains challenging, but in surveys with
reasonable amounts of noise, it can be assumed that a permittivity contrast of 4 and
above might be detected (in a medium that is not particularly lossy). The mineralogical
components of the soil are also significant. Models in severalenvironments were created

to highlight this.
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The basic model presented in subchapter 2.7.3.4 was tweaked to consider different
clay/sand compositions and see how these compositions would affect the identification of
tree roots, using permittivity values existing in the literature (Hubbard et al., 1997; Davis
and Annan, 1989). Thankfully, gprMax offers a readily available algorithm to create a
randomizeddistribution of user-input clay-sand fractions, which is excellently suited for

this purpose.

The first models mimicked metallic pipes (perfect electrical conductors - PEC)
instead of tree roots, as a range of permittivities for tree roots had not yet been determined,
and this was meant to be a preliminary model. The following models show a GPR B-scan
(profile) of 3 such pipes of 1, 2, and 3 cm diameter in a mixture containing clay-sand

mixtures of 50-50%, 95-5%, and 5-95% (at the same humidity).

The GPR response for equal clay-sand components is presented as an example in
2.7.3.4. Here, a comparison between dominant clay and dominant sand distributions is

presented.

The sand composition yields a substantially stronger reaction, even at the same
water content. This is not surprising, due to the different dielectric properties of these soils

(sandy soils being much better suited for GPR surveys).

The models were subsequently transformed into SEGY files, to enable ReflexW

visualization and further processing.
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Figure 24. GPR responses for clay proportion 95% (above) and sand proportion 95% (below), as seen in ReflexW.

Unlike the gprMax interface, ReflexW also enables the user to process the
data.When simple processing is applied as would be the case in a regular survey (trace
stacking to reduce soil inhomogeneity effects, background removal, and static

corrections), the difference between clay and sand is even more noticeable.

98



Distance (decimeter)

0 1 2 3 T s s 5 7

Time (ns)

Distance (decimeter)

(1 28 1 &g 3 : 2% oo 6 _ 2

Time (ns)

2

Figure 25. GPR responses for clay proportion 95% (above) and sand proportion 95% (below), as seen in ReflexW
(with basic processing).

When instead of metal pipes, the model simulates roots (and instead of the PEC, a
realistic permittivity value for roots is inserted), this difference can become crucial in
determining whether tree roots can be identified or not. This is owed, in part, to the more
lossy clay environment, but also to the different permittivity values of soil and clay at the
same watercontent. It should be also considered that in the case of a dried root (such as a
diseased or inactive root), the roles might be reversed, and the contrast might be stronger
in clay versus sand (although the overall data will still have lower quality on the clay

environment).

The contrast should not be analyzed in a vacuum, however. In lossy
environments,where data quality is reduced, a similar contrast dielectric can be
harder to detect. Therefore, positive and negative contrasts are not equivalent: high-
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permittivity roots in low-permittivity soils are more likely to be observed than low-

permittivity roots in high-permittivity soils.

Longitudinal models of roots and root-infrastructure interactions were also created,
the rationale being that they could serve as an aid in visualization and interpretation of
real data. While it is unlikely that a GPR profile will occur exactly in the direction of the
root, these can still help in interpreting real GPR data (for instance, this type of profile
could be regarded as an interpolation between parallel profiles, or serve as an indication

as to what may be seen on a timeslice).

Figure 26. Longitudinal section of a thinning tree root in a clay-sand mixture.

Here, once again, the model started with a PEC structure, which was replaced with
realistic root permittivity values. As expected, the PEC structure yielded a strong

reflection.
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Figure 27. GPR response of a transversal PEC root-like structure.

However, when realistic permittivity values are introduced for a tree root, the
contrasts become less pronounced. In the following image, there is a permittivity

contrast of 6 between a homogeneous soil and the root depicted in Figure 26.
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Figure 28. Example of a GPR response of a root. Several different parameters for the soil and the root
were presented. Here, a dielectric contrast of 6 is depicted.

The thinning of the root is clearly exaggerated. However, this highlights the idea
that individual contrasts alone are not sufficient for root determination and lateral

continuity is essential for the identifying tree roots. It also showcases what type of
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reflection could be encountered in the unlikely case of a real survey in the direction of the

root.

Other scenarios more likely to be encountered in practice were also reproduced.
Another point of interest for surveys is the detection of potential damage to pipes, along
with potential leakage. The topic of GPR investigations for pipe leaks has been addressed
in the literature several times (Plati and Dérobert, 2015), but it remains challenging. The
interference of tree roots (which can often be the cause of damage or can exacerbate
existing damage, per Day, 1991) adds another layer of complexity, which has not been
addressed thoroughly yet. It is unclear if the existence of roots would potentially mask the
leakage. The following two models simulate this scenario in a 60 x 20 cm environment,

the rationale being that it could help surveyors know what type of contrast to expect.

60 cm

Figure 29. Depiction of the modelled environment. A root is penetrating a water pipe.

Several soil variations were considered for this task. Here, the soil was considered to
be a very wet clay. This parameter was chosen because one of the goals of this scenario
was to detect whether the leakage could be detected in a challenging, realistic urban

scenario.
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Figure 30. GPR response of the modelled environment. Again, the permittivity contrast between the soil and the root is 6,
but this shows up fainter than the model above, due to the lossy medium.

However, regardless of the permittivity of the soil or the root, cracks in the pipe
are not detectable. The overall impact of the PEC material is too strong and masks
potential cracks (which are also expected to be small in size). It might be possible to
reveal whether a root is in the close vicinity of the pipe, butassessing whether or not
the root has penetrated the pipe is likely not a realistic expectation. However, pipe

leakage is more likely to be detected, in the same scenario.

60 cm

Figure 31. Depiction of the modelled environment. A root is penetrating a water pipe, causing leakage in a
randomly distributed arrangement which has not homogenized.

This leakage does produce a response.
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Figure 32. GPR response of the modelled environment.

Whether or not this response is detectable (particularly at low amounts of leakage)
remains site-specific. The exact dynamic of the leakage is not fully known and therefore
models remain an approximation. Unsurprisingly, in drier soils, the leakage is more

readily detectable.

Although this does not explain whether the root itself is causing or exacerbating
cracking the pipe, this can be useful for monitoring at-risk pipes. Measurements can be
carried out, and if a root is detected in the vicinity of the pipe (or developing towards the
pipe), this can be a reason for concern — even without any leakage. If leakage is detected
and a root is nearby, it can be expected that the root will exacerbate the damage. In this
case, even it is a minor leak, it should not be ignored. The main conclusion of these
models is while establishing the proximity of a root to a pipe can be done, actually
identifying whether the root is protruding into the pipe is not realistic. Additionally, pipe

leakage may carry a specific signature that facilitates detection.

Other models were also produced to better understand the interaction between roots
and the damage they produce and to aid in particular interpretations of data. The rationale
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for these models comes from an unexpected question that arose during surveys: when a
GPR survey suggests that tree roots have penetrated a paved surface, is it the actual root
that is detected, the damage that the root causes, or both? The following set of models

explores this question.

Firstly, simple root models were simulated in a homogeneous material with
permittivity values of what you would encounter in asphalt. The more homogeneous the
subsurface environment, the easier it is to detect any geophysical contrast. Asphalt is a
more homogeneous environment than soil, and much less prone to changes (such as those
caused by rain or extended periods of drought). Although asphalt is not a perfectly
homogeneous environment, it was considered as such in the models. It should be
mentioned that modelling the diversity and complexity of asphalt, concrete, and other
materials used as pavement warrants additional study in itself, but this was not the goal

here.

A root with a diameter of 1.5 cm and permittivity 12 was used as a model. A
permittivity value of 6 was considered for asphalt, and a frequency of 1.5 GHz was used
for the antenna. The root is easily visible on the radargram in this scenario. Again, the

modelling box measures 0.6 x 0.2 m.
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Figure 33. GPR response to the above-mentioned scenario.

The data was again migrated into ReflexW, where a random noise distribution of
10% was added to make the data more realistic. Even without any processing (such as
stacking traces), the difference from the inhomogeneous soil is clear. However, when the
modelled root was replaced with a similar-sized air-filled hole, the results are similar.
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Figure 34. GPR response to a root neatly penetrating asphalt (top) versus a similar-sized hole (bottom).
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However, this is a result of the contrast between the modelled root and asphalt. If the
root permittivity value is closer to that of the asphalt, for instance at a value of 8 (as is the
case here), the contrast is much fainter. The following forward model aims to provide a
visual aid, depicting how the permittivity contrast can look fainter depending on the root

permittivity.
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Figure 35. GPR response of a root of permittivity 12 (top) versus 8 (bottom) in an asphalt of permittivity 6.

It is not even clear that such a faint contrast can be realistically detected in real
surveys; itis quite possibly that it will be obscured by other contrasts or noise. Essentially,
if the permittivity value of the root is too close to that of the asphalt, the contrast might be
too small to detect the root itself. This possibility cannot be ruled out, particularly as roots
under the asphalt are expected to be drier (as the asphalt is warmer and accelerates

transpiration).

However, roots are unlikely to protrude neatly into the asphalt, and are more likely
to produce cracks as they go in. Centimetre-sized cracks in asphalt are expected to
produce detectable results, although it should be added that cracks are not expected to be
perfectlycylindrical or follow a regular form, and therefore the GPR response will be

more challenging to interpret. Still, discontinuities of any shape (such as cracks or

107



fissures) are likely to make detection easier. This suggests that while detecting root-crack
systems is likely, it is not always easy to distinguish between the root itself and the

cracks, and caution should be employed when interpreting such data.

There is one indication, however, that might help distinguish positive from negative
contrasts (and to an extent, this might help differentiate roots from voids): individual trace
shapes. In a negative contrast (fissure), the negative side of the trace corresponding to the
contrast is expected to be dominant, whereas in a positive contrast, the opposite is
expected to happen. Similarly, in the scenario with the root with higher permittivity,
reflections indicative of both the top and the bottom are visible. In a practical scenario,
these differences can be hard to identify as the interferences are far more complex and this
is not always reliable, but it can be a pointer nonetheless. Yet, in a relatively common

scenario, presented below, even this information might not be useful.

Another common scenario was modelled next: a root buried under asphalt, causing a
bump deformation (something which is commonly encountered in urban areas in
Birmingham and presumably, in most places around the world). The goal was to assess
how this type of scenario would be visible on the radargram, and how different variations
would affect the GPR data. The asphalt features 2 layers (permittivity 4 and 6
respectively) in all situations, ascan be often encountered in practice (Conyers, 2004).

This scenario was selected because it was commonly encountered throughout surveys.

Figure 36. Depiction of described scenario with the two layers of asphalt and a root (brown) producing a
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bump in the second layer.
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Figure 37. GPR response of the above-described scenario.

However, although asphalt bumps are quite common, it is likely that not all of
them area caused by roots. Thus, the next forward model compared a bump caused by a

root, with a bump when no root is present. Background removal has been applied for

simpler visualization.
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Figure 38. GPR response of a bump deformation with root (above) versus no root (below).

The two radargrams appear very similar, and any existing difference is not
obvious. The contrast is slightly stronger when the root is present, but it is probably not
possible to assess the presence or absence of a root from this alone. Since there is a
positive contrast between the second and the first layer of asphalt,the pointer mentioned
in the previous example is also not useful. This is a significant conclusion: when

identifying a bump, it may be challenging to assess whether that bump is caused by a
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root or not.

It is worth reiterating that establishing lateral continuity is key to identifying tree
roots. Many of the GPR root surveys indicate the presence of roots through hyperbolae,
suggesting the existence of an actual object — but without lateral continuity, this might
only be an isolated inhomogeneity or some buried object (such as a pebbl or any other

object).

A timeslice was also generated from multiple such models, for comparison. This
was useful as an aid for interpretation, highlighting that often, roots appear on
timeslices as a negative (dark) anomaly surrounded by positive (white) stripes or
viceversa. Again, the contrast is stronger in the root section, but not much else can be
said. The bump itself doesn’t appear to produce a major difference in the simulated

timeslices.

X
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Figure 39. Simulated timeslice of bump with no root (above) and bump with root (bottom).

The above forward simulations assume that the root would penetrate the asphalt
“neatly”, without producing cracks or other deformations. In this case, the only

geophysical contrast would be between the root and the asphalt and the root. However,
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this is not necessarily always the case. Roots penetrating asphalt cause a series of
deformations, including cracks and bumps. The mechanical interplay between roots and
paved surfaces is not entirelyunderstood and again, only basic approximations of these

processes.

Another likely scenario was represented in the following forward models: a root
penetrating asphalt, causing a bump, as well as a system of small cracks (diameter: 1-4
mm) around it. The rationale for this is to create scenarios closer to what may be

encountered in real life.

Figure 40. Depiction of the above-described scenario. Cracks are represented around the root.

When the cracks are so small, the difference they cause is negligible. But in the presence of
water, the situation changes. When the same model is simulated but the cracks are filled with water,
the difference is notable, with water significantly amplifying the contrast. It is notable that once
again, water can facilitate detection rather than impede it (which is often the case in GPR).
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Figure 41. Comparison of the same system of cracks, air-filled (top) versus water-filled cracks (bottom).

Until now, the existence of water has been neglected in these simulations. Asphalt
(as most types of paved surfaces), is waterproof and should not allow the presence of
water.However, deteriorated asphalt, and particularly asphalt that has been penetrated by
a root, could have water-filled pores or cracks, whether due to transpiration from the root
or due to leakage. If this is the case, existing water can make an important difference, as
seen in Figure 41. The water-filled pores in the simulation cause reverberation-type

effects that have a visible impact.

As the simulated cracks become larger (and especially as they become closer in size
to the root itself) their impact will become more and more significant, regardless of
whether or not they are water-filled. However, it should be noted that water, commonly

an ‘enemy’ of GPR, can make this sort of contrast much more visible to the GPR.

These are a few representative scenarios replicated in forward models that
summarize what was learned over this process. Numerous variations (especially varying
permittivity contrasts and antenna frequency) were trialed and exemplifying them would
produce redundancy. The way tree roots affect the asphalt at a localized scale is not fully

understood — it is still unclear what type of fissure system they create when penetrating
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into the asphalt. Thislimits the utility of forward models as it is unclear what situation
should be replicated. Since subsurface voids are an early sign of deterioration, this is an
area of interest even without studying even without tree roots (Hoegh et al., 2015).
Should this gap be filled, the simulations would gain a layer of confidence. However, a

few conclusions can still be drawn.

The contrast between tree roots surrounding soils remains a major challenge in
detecting roots. However, on paved surfaces, it is unlikely that detection relies merely on
a contrast between the root and the surrounding paved surface because the root is
unlikely to protrude neatly into the surface, and is expected to create a system of fissures.
If these fissures are small and air-filled, they are unlikely to aid detection. If they are
large enough or water-filled, then they may be easier to detect than the root itself. In
addition, it is not always straightforward to determine whether a road or sidewalk

deformation is caused by a root or not.

The large variability of materials used in paved surfaces warrants further inspection.
These examples aimed to serve only as a reference, but having access to an encyclopedia-
type reference with simulated paved surfaces (and their interaction tree roots) would be
useful. This is expected to become a growing area of interest as there is already an
established interest in monitoring asphalt quality using GPR. The scenariospresented here
feature roots with permittivity values relatively close to those of the asphalt. However,
roots can easily have permittivity values two times larger, in which case, much stronger

contrasts are to be expected.

Ultimately, these forward models help in understanding and interpreting GPR data.
Overall, given the complexity of subsurface interactions and the knowledge gap regarding

root-infrastructure interactions, these models serve as a general indication and establishing
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a clear quantification of detectable contrasts and scenarios remains site-specific and

challenging.

3.24  Equipment development
For this study, both commercial and lab-developed equipment was used.

The available commercial resistivity meter only had 4 channels, which was unsuitablefor
the desired approach. Also, most commercial resistivity meters only allow for pre-
determined electrode configurations (Wenner, Schlumberger, etc.), which was also
unsatisfactory. So a box to switch electrode positions (from here on called a switchbox)
was developed to address this. In addition, the equipment developed here also comes at a

lower cost than existing commercial alternatives.

The switchbox featured 4 input channels, for P1, P2, C1, and C2, and 32 output
relays. The goal was to mimic and then improve multielectrode resistivity meters. The
power input came through a conventional 12V battery, and the connection to a computer
was done via USB. The box was commanded through a Matlab algorithm that directed the

geometry of the ERT.

In order to assess the accuracy and precision of the system, a simple test
environment was set up. The environment featured 13 resistors connected in series on a
breadboard. The switchbox outputs were connected to take measurements on these

resistors, mimicking a Wenner array.
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Figure 42. The test environment setup.

In total, 30 measurements were carried out to verify the precision and accuracy of
the setup. The average and median values were well within the resistors’ fabrication
variation value, and there was no significant variationbetween different iterations of the
same measurement. The minimum and maximum values of the 30 measurements were

also well within the resistor fabrication values:
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Figure 43. Results of one of the tests, featuring 42 measurements of 16 electrodes in a Wenner array (35
positions). Minimum and maximum results compared with resistor values.

115



| ¢ StDev

‘ ‘ | ——Linear (St Dev)
0 500 1000 1500 2000

Resistance

Figure 44. Average values, variance and standard deviation results (top right) and standard deviation plotted
as a function of resistance.

Thus, the equipment was deemed sufficiently accurate and precise for the task at

hand, with errors within +- 2% of the resistance value.

Over the course of the study, another switchbox was also developed using a
somewhat different approach approach. The reasons for a second such device were
twofold: first, it was to have a backup on hand in case the first one was damaged.
Secondly, there was a curiosity to see whether such a device could be made with a lower
cost and with more readily available materials. Geophysical equipment can be expensive,
and for such an approach to be routinely applied in a practical context, reducing existing
costs could prove to be an important consideration. While the first one was already
substantially cheaper than existing commercial opportunities, the second one was even

more So.

While the first switchbox was built by soldering relays onto the board, the second
one was designed using readily available relay boards and an Arduino Mega board. This

setup proved to be much more affordable and equally capable, precise, and accurate.

The ease of data acquisition was also considered. Unlike most commercial
equipment, which is cumbersome and heavy, this was more lightweight and can be
easilyused with a tablet or smartphone, as the algorithms were exported as stand-alone

applications. Tweaking the geometry with the ease of a smartphone or tablet proved to
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bea valuable advantage in the field. This not only enabled data acquisition in any
desired geometry, but also substantially facilitated the acquisition of resistivity data,

allowing monitoring and otherforms of long-term data acquisition.

Another approach was also considered for the acquisition of resistivity data. A
prototype developed in the lab conducted AC measurements, sending a sine wave into the

ground.

NI CDAQ 9184
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Figure 45. Simplified schematic of resistivity meter.

The prototype connected a computer with a National Instruments (NI) CDAQ 9184
4-Slot Ethernet Chassis. The chassis was designed for remote or distributed sensor and
electrical measurements. A single NI CompactDAQ chassis can measure up to 128
channels of electrical, physical, mechanical, or acoustic signals. The CDAQ 9184 contains
two modules, and analogue to digital and a digital to analogue. The digital to analogue is a
NI 9263 module, £10 V, analog output, 100 kS/s. This inserts a sine wave signal, through
a 1:1 non-grounded transformer. This then goes in a 10k resistor and splits on two
branches, each with an amplifier; one branch is connected to the batteries (resulting in the
C1 and C2 electrodes), while the other is responsible for the current sensing, through a 100
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ohm resistor. This current sensing then passes through an analogue to digital module, the
NI 9239, which has a 24-bit resolution. Two other channels from the N19239 are
responsible for the P1 and P2 electrodes. In order for this to work an effective ERT,
everything passes through a custom switchboard, which basically has an on and off relay

for each electrode, with a 40 dB on-off isolation. The frequency for the data is 775 Hz.

N
’rELECTRODE -
= CONNEC~T|IONS

SWITCHBOARD

Figure 46. Photo taken of the custom equipment on the field.

However, while the approach has promise and warrants a separate investigation, it
was not possible to eliminate all uncertainties from the system and therefore this
equipment was only used for preliminary surveys. A result with this equipment is

presented in section 4.6.

3.25  Software / algorithm development
In order for the switchbox to function properly, it must be controlled by an

algorithm. The main advantage here is the flexibility and customization: every geometry
and combination of geometries of ERT, be it regular or irregular, can be designed, at the

will of the operator.
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Figure 47. Screenshots from the software: profile initialization (top), geometry selection (middle) and current

electrode position (bottom).

The first operating algorithm was designed in Matlab and was trialled in various

situations, both in lab measurements and real-life scenarios, using different geometries. A

significant advantage of this algorithm is that it enables to operator to ‘see’ the

measurements in real time, which has practical advantages while doing measurements in

the field.

Conversely, for the second switchboard, algorithms were designed in the open-

source Arduino IDE, mirroring the Matlab ones. This second device was tested in the
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same lab environment, with a similar resistor test.

3.3 GPR surveys
GPR surveys are an integral part of this study. GPR is one of the most high-

resolution geophysical methods, can be carried over most surfaces (both natural soils and
man-made structures), offers excellent resolution (depending on the antenna frequency),
and is generally a fast method. Still, measuring something as minute and low- contrast as
tree roots is pushing the method to the very limit, and in many cases, the physical

limitations of the method become obvious.

There is no shortcut to developing an effective survey. All surveys require careful
planning, backed up by a sound understanding of the geophysical method, the objective,
and the environmental conditions. Careful consideration must be given to site-specificity
and the objective of the survey. Surveys were carried out over both natural soils (with or
without vegetation). The data acquisition methodology was not much different between

the two, though the processing and interpretation were somewhat different.

Two different commercial GPR systems were used for this research. The first one is a dual
system IDS GPR, incorporating a 250 MHz and a 750 MHzantenna. The second one is an UTSI
Electronics system. Two antennas were also availablehere, a 1.5 GHz and a 4 GHz antenna. Both
systems come without a console and require a computer or tablet running a designated software.
Both systems were tested over a known setup (pipes on campus thatwere clearly marked by the

construction crew) to verify their accuracy and precision.
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Figure 48. Typical soil survey using the 1.5 GHz Utsi antenna. Ropes and rulers were used to mark the survey
area and ensure profile data acquisition on the right trajectory.

The broad range of frequencies offers flexibility between depth of penetration and
resolution. With the detection of tree roots, the latter is much more important than the
former. As a result, the 250 MHz antenna offered little useful information, being usable
for only the coarsest of the tree roots. At the other end of the spectrum, the 4 GHz antenna
also proved to be limited in its applicability due to its extremely high frequency which
limits its depth of penetration to only a few centimeters in practical scenarios, rendering it

unusable in most situations.

3.3.1 GPR software and processing flow
In general, and perhaps moreso in urban areas than in other sites, GPR radargrams are

cluttered with noise and extraneous reflections. Consequently, they must be cleaned up before

interpretation (Guo et al., 2013). The general objective of GPR processing in this case was to
121



prepare an image that improved the signal-to-noise ratio, making it easier to interpret (per Daniels,
2004). The first advanced processing flow was described by Butnor et al. (2003), and Guo et al.
(2013) mention that in the literature, GPR surveys for tree roots include radargram standardization,

signal amplification, migration, and Hilbert transformation.

The guiding principles of data processing here were those discussed in Cassidy (2009a): “keep
it simple; keep it real; understand what you are doing; be systematic and consistent”. The GPR
processing was carried out in ReflexW, a commercially available software which offers a robust
filtering capability. After the raw data was imported into ReflexW, a number of processing steps
were applied. Depending on the site-specific requirements and conditions, some or all of the

following were applied:

e static corrections (geometry, start and end point, time cut);
e de-wow;

e butterworth bandpass (typically starting from 0.5x to 2x the central
frequency);

e gain;

background removal;

trace stacking (0-4 traces);

Kirchoff migration;

Hilbert transform.

All these filters and their parameters are described in great detail in the ReflexW

manual (https://www.sandmeier-geo.de/Download/reflexw manual a4 booklet.pdf).

Unless otherwise specified, all GPR surveys follow this general processing flow,
though not all steps are necessarily applied (ie some surveys did not include trace

stacking, or migration, etc).

Multiple alternative processing flows and various alternatives were trialed, often
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to comparable results. However, the above-mentioned were chosen as a standard flow
(though in some cases, the radargram appeared easier to interpret pre- migration and

Hilbert transform).

Ultimately, a 3D file was generated from 2D profiles in most situations, asthe
continuity of the root is essential in this type of identification (since roots can have
varying permittivity values which do not serve as a good diagnostic tool, this lateral
continuity was regarded as the best indication for identification of tree roots; the root can
be distinguished by man-made linear features such as cables or pipes based on strength of
reflection and, almost always, by irregularities in the linear geometry). As it has been
previously discussed (Jol, 2009), 3D visualization and time slices are an important aid in

interpreting data — especially in this type of scenario.

3.4 Resistivity surveys
Resistivity surveys have been used in a wide range of environments, with many and

varied objectives. The application of electrical measurements (particularly resistivity) to
identify a biological objective is unusual, however. The tree roots lie in the shallow parts
of the soil, so the surveys fall under the umbrella of near-surface geophysics.The objective
in case seems to be at the intersection of environmental and engineering geophysics. Tree
root measurements carry a resemblance to agricultural geophysics, but there are
differences in the scope, as well as environment. Agriculture geophysics focuses more on
determining soil parameters such as water content (Huisman, Hubbard, Redman, &
Annan, 2003) and conductivity (Corwin & Lesch, 2005). Even when the focus is on plant
roots, the emphasis is usually on the overall root biomass rather than individual roots

(Konstantinovic, Wockel, Lammers, Sachs, & Martinov, 2007).

This distinction is not just semantic, because the methodologies in the different parts
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of geophysics vary. Therefore, approaches from all areas were considered, and different

parameters were tried out (for instance distance between electrodes and type of array).

3.4.1 Resistivity equipment
The main measurement unit was a 4-electrode TAR-3 Resistance Meter from RM

Frobisher. The unit was designed specifically for archaeology resistance mapping
(reasonably similar in scope), and generally outputs data in a grid geometry. However, this
data was always discarded — only the resistance value was recorded directly, and the
geometry was noted separately. The equipment was tested in the lab, using a series of
resistors connected to abreadboard, confirming its precision and accuracy. For multi-
electrode and ERT measurements, the device was connected to a custom switchbox, as

described in subchapter 3.2.4.

The size of the electrodes was also a significant consideration. Since most
commercial electrodes on the order of size of the geophysical objective, an alternative was
used: thin, stainless steel pegs. Thick electrodes seemed to have a notable effect on

surveys, which is not present in the case of thinner electrodes.

3.5 Total station
Some surveys were accompanied by a total station survey. The usage of a total

station to track GPR movements is, while not a novel technique (Trinks et al., 2010), still a
state-of-the-art approach, helping to limit operator missteps and applying other corrections
(i.e. minor topography modifications) that would escape the open eye. Here, the total
station has also been used to map asphalt and concrete cracks caused by tree roots (for
comparison with geophysical data), as well as the deformations associated with cracks
(slight positive topography caused by the roots). The total station surveys were

temporarily brought to a halt by a campus-wide banon all laser usage.
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Ultimately, the goal of these surveys was to assess the feasibility of identification of
individual roots and the potential of ERT as a complement to GPR in identifying tree

roots.
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4. RESISTIVITY IMAGING OF TREE ROOTS

As any other geophysical method, GPR has inherent limitations and even without
these limitations, the permittivity contrast between tree roots and soils is sometimes
insufficient to allow detection (Mihai et al., 2019). As it is often the case, a second
geophysical method adds another dimension of subsurface understanding, and resistivity is

a viable (albeit more cumbersome) alternative.

Without using capacitive (or other types of non-contact) equipment, resistivity can
only be applied non-destructively on soil surfaces. Since capacitive method is still
insufficiently developed and matured to be applied robustly, only resistivity soil surveys
were considered for this study. Even so, in addition to the study of tree roots under these
soil surfaces, some deductions can be made about roots under paved surfaces. For
instance, the direction of roots penetrating into the sidewalk and asphalt can be

extrapolated from measurements on neighbouring soil surfaces.

4.1 Approach
Thanks to the recent increase in computation power, most modern geoelectrical

studies use some form of a multielectrode setup, which enables a more robust and capable
measurement system than just the 4 “traditional” electrodes. This allows more data to be
gathered in a short amount of time, and offers flexibility — tree root surveys benefit from
this just as any other type of survey. The data is acquired, processed if necessary, and
inputted into the software, where it is inverted. To test the suitability of the method, the
first surveys were carried in areas where root areas were visible on the surface (or their

position could be inferred from segments visible on the surface).
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Figure 49. Example of data inversion with Red2DInv, the lowest slice representing the final iteration with the lowest
errors. High resistivity anomalies can be interpreted as tree roots, with lateral continuity serving as an important
tool for identification. Here, the three black arrows indicate roots which were visible on the surface.

A number of different surveys were carried out. Not all are presented here —a

selection is made for the ones that hold distinctive results.

4.2 Survey 1
The first ERT surveys used an established methodology. The survey exemplified

here was carried around an apple tree (Malus genus) in Hornton Grange, in the campus of

UoB, close to the Gisbert Kapp building.
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Figure 50. Most surveys were carried out on the UoB campus, an urban area with some green spaces and
plenty of tree root-infrastructure interactions.

The purpose was to test the method in a practical setting in the detection of tree
roots. The terrain was flat, the soil was a wet clay, and one of the roots was slightly
visible on the surface. This was actually why the site was chosen as a test, because the

position of at least one root could be confirmed visually without any digging.

The survey essentially consisted of 4 parallel profiles carried out perpendicular to
the visible root, at a distance of 10 cm one to the other. The distance between consecutive

electrodes was 10 cm. A total of 16 electrodes were employed, using a Wenner Array.
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Figure 51. Depiction of the survey. Stainless steel pegs were used as electrodes and the root was partially
visible on the surface.
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Figure 52. Results from two profiles 15 cm away. The same three roots are visible on both profiles (highlighted by arrows),

but in the second profile, one root appears as two separate anomaliesResults in Res2DINV.

Aside from the root segment which was visible on the surface, two other roots were
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identified (and confirmed by scratching away the topsoil). However, they were not equally

visible on all profiles, and one profile seemed to depict one root as two separate contrasts.

The survey confirmed that the approach can indeed resolve at least some (thick)
individual woody roots in real-life conditions. However, while the presence of roots could
be inferred from the high resistivities and lateral continuity, there was significant
ambiguity regarding the exact position of the roots and their width, as well as uncertainty
regarding the potential to identify thinner roots. In different profiles, the position and
width of the root appeared to be somewhat offset. High lateral soil variation was also
experienced. However, it is plausible that these aspects are an artifact of the data inversion

and have no physical significance.

It also became apparent that resistivity anomalies overestimate the size of the roots,
this being potentially the reason why roots immediately below the surface appear, on

resistivity profiles, to extend to the surface.

4.3 Survey 2
After confirming the feasibility of the method in several situations, the shift focused

towards a mapping of the root system. The survey presented here involved a similar
methodology, though with more parallel profiles, so that the representation of a 3D area
would be possible. A similarequipment was used, using the same geometry, electrode

spread, and type of array.

However, for the data inversion and representation, a combination of BERT and

Paraview were used.

The measurements were carried out in the immediate vicinity of an apple tree
(Malus genus). No roots were visible on the surface, but given the proximity to the tree, it

was assumed that there were some roots beneath the surveyed area — an assumption which
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turned out to be true.

Since the data visualization is a bit more difficult to view on paper or in a still
medium, several images are presented below to depict the advantages (and disadvantages)
of this type of visualization. The data was visualized in BERT and Paraview as this offers

a way to add transparency into the models (see figure 55), which was deemed useful.

Figure 53. Data visualization showing the triangular discretization cells. Three root areas were identified and
confirmed by shallow soil scratching (highlighted in arrow). The overall shape of the data output by BERT is different
than “conventional” inversion software, being rectangular rather than triangular. However, since there is no
additional data, the extra parts (on the lower lateral sides) is gathered completely from extrapolation and was
therefore discarded. This is not a major aspect in this study, since the object of interest is in the shallow parts of the
surveyed area, but is important to keep in mind.

It is noteworthy that although the roots were not visible on the surface
(approximately 10 cm deep), they appeared to be on the surface when

visualized on theresistivity data.
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Figure 55. The same data, with added visual transparency. The transparency allows an excellent visualization
of the trajectory of the roots and any other elements in the subsurface.

At this stage, still only the Wenner array was used, highlighting that even this
simplearray (with only 35 data points per 16 electrode profile) is capable of imaging
roots successfully. Four individual coarse roots were successfully identified, as well as

an area which contained numerous thin roots. These individual thin roots could not be
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resolved individually, but the root area was revealed as an area of high resistivity.

Again, the position of the anomaly oversize the root itself, but nevertheless,
individual roots were resolved with resistivity measurements, proving the potential

applicability of this method.

4.4 Survey 3

Several comparison surveys were carried out with different arrays. In this type of
surveys, not only was the distance between electrodes very small (5 or 10 cm), but the
geophysical contrasts also vary sharply over small areas. This poses unique challengesto
ERT arrays, pushing the approach to its very limit. Consequently, it was not overly
uncommon for the inversion algorithms to produce larger RMS errors or even to not reach
a convergent solution. The OPM array was the most vulnerable to this type of scenario,
potentially owed to the fact that it concentrates its data points in some particular areas,
while leaving other areas sparser. Although the array seems to perform well at larger
electrode spacings and holds promise in multiple scenarios, it seems less well suited for
this type of survey. Unexpectedly, the Schlumberger array also reported similar errors.
RMS errors in an unacceptably high range of 15-20% were not uncommon for the
Schlumberger array, and were not owed to one or two anomalous data points. In order to
reduce the errors to an acceptable range, so many datapoints had to be eliminated that the
Schlumberger array became virtually indistinguishable from the Wenner. As a result, most
surveys focused onthe Wenner and Dipole-Dipole arrays. While this was mostly an
empirical conclusion, the Dipole-Dipole and Wenner arrays seemed to consistently yield

more reliable results.

The two arrays performed surprisingly similar, despite their noted differences. The
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Dipole-Dipole array tended to produce larger exaggerations of the root size but was more
sensitive to lateral changes across the entire profile, whereas the Wenner array had more
mixed results: sometimes, it produced more accurate representations of roots, but other
times, it appeared to not detect fine roots at all, or split a single root into two different
anomalous areas, suggesting the existence of two roots, where this is not the case. This is
excellently represented on the survey presented here. Overall, the Wenner array produces
surprisingly adequate data despite a reducednumber of data points. This is encouraging
and suggests that, given the short time of acquisition, the classic Wenner array is still a

consideration in this type of study.
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Figure 56. Comparison between a Dipole-dipole profile (top), a Wenner profile (bottom), and the actual
134



position and size of the roots (middle).

The middle root was indeed slightly visible on the surface in one point, as indicated
by both arrays in image 56. However, this was the only position where the middle root
was visible on the surface. The Dipole-dipole profile exaggerates the lateral dimension of
the roots even further. Meanwhile, the Wenner profile did not continue to separate the

anomaly from one root into two separate anomalies on other profiles (see following

image).
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Figure 57. Comparison between a Dipole-dipole profile (top), a Wenner profile (bottom), and the estimated
position and size of the roots (middle). The profile is parallel and 30 cm away from the previous one.

While the positive anomalies are indicative of the root positions, they don’t

135



completely coincide. However, this is likely to be an inversion artifact and not relevant in
a practical scenario given the scale of the surveys. Establishing the existence of roots is the

main objective, and this is possible using ERT.

Unlike the GPR surveys, the absolute values of resistivity are not of interest — the
geophysical contrast and detectability were the main objectives. In addition, the data
were migrated into Paraview, where several visual processingsteps were applied for
better data visualization (this being the reason for including this separate visualization).
A more complex survey of integrated GPR-ERT data is presented in subchapter 5.10

using these techniques.

Distance [m]

Figure 58. Applying a scalar clip to an ERT profile to highlight the position of the roots.

4.5 Box surveys

Several surveys were also carried out inside a test box filled with soil. The main
objective wasto test several scenarios in a controlled environment, since the resistivity
parameters of roots have not been thoroughly analysed. Experimental observations from
controlled and natural environments (Amato et al., 2009; Werban, Attia,& Rabbel, 2008)
suggest that coarse roots produce high-resistivity anomalies, but it is less clear what type
of resistive anomaly thin, conductive roots produce, particularly in relationship to the
observation of Zenone et al. (2008), that “the density of roots may be related to the

accumulation of capillary water and to the presence of low-resistivity haloes around the
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tree”. This was explored experimentally with one, and then up to 3 single thin roots. The
goal was to see what type of anomaly (if any) would be observed, and how pronounced it
could be. Even if no response would be observed (which turned out to be the case), this

can still be considered a positive result, as it underscores a limitation of the method.

A single type of soil was used: a clayrich in organic matter, commercially acquired.
It is worth noting that this cannot be assumed to be representative of all scenarios. The
sheer variability of soils, in terms of chemical and mineral make-up, water content,
porosity, and micro-ecosystem should not be underestimated. The impact that all these
parameters have on geophysical surveys is significant, and was not replicated here. We
must not fall into the trap of believing that one experimental setting is representative for
all real-life scenarios. Instead, this was only meant to serve as an indicator for
detectability. The electrode positions were marked with a drilled acrylic plate according to

themethodology described by Gerea et al. (2019).

Figure 59. The experimental electrode setup.

No significant resistive effect was noticed. Thin roots (diameter < 0.6 cm) were

buried but did not produce a detectable contrast, and are considered unlikely to be detected
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in a real scenario, if they are not detectable even under ideal conditions with no clutter or

noise. Thin conductive electrodes were also buried, and they were also not detected.
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Figure 60. Survey with the Dipole-Dipole array. Top: empty soil box. Middle: buried root. Bottom: buried
electrode. Nothing but the background values is detected.

The results may yet be noticeable under different environmental conditions (in some
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types of soil), but this suggests that detecting very thin roots is unlikely, and the
subsequent measurements were focused on coarse roots expected to produce a detectable

positive resistivity anomaly.

4.6 AC prototype
A proof of concept measurement was made using the prototype described in Chapter

3.2.4. The measurements were carried out in Hornton Grange, in the UoB campus.

Although the design prototype was not used in further surveys, it is worth noting as
it has a few specific strong points (discussed in the above-mentioned chapter), which
warrant its mention here. In addition to differences caused by differences between DC
and AC, the speed of data acquisition was much higher — a significant practical
advantage. As a result, this enabled the acquisition of a full tomography — with all
possible non-symmetrical electrode configurations in a reasonable amount of time. The

data was inverted and plotted in BERT. A representative profile is highlighted below.

The electrode spacing was 0.5 meters and a total of 32 electrodes were used for the

profile. The survey covered a large tree as well as a shrubbery area.
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Figure 61. A “full” ERT profile with all possible electrode configurations.

Several aspects are remarkable here. Notably, there is an area of high resistivity as
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well as an area of low resistivity. This could be owed to the fact that the roots themselves
produce a positive contrast, but some root absorptive areas ‘hold’ water around them,

producing a negative contrast.

The Wenner configuration produces results that are not too different, highlighting
once again that there is not a direct relationship between the number of data points and
dataquality. This relationship has been addressed in the literature and is an area of active

research; it was not expanded upon here, merely used as a comparison.

Resistivity/Ohmm
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Figure 62. A Wenner pseudosection over the same line.

4.7 Tree as electrode
Another approach which was considered was using the tree itself as an electrode, so

inserting current through the tree itself. This was not the first time this has been
considered (Cermék, Ulrich, K, & Koller, 2006), yet this approach remains understudied
and rather empiric. The quantitative replication of this approach has proven problematic
and there are still many unknowns regarding the flow of current in this scenario and the
potential utilityof this approach. Since it is used for establishing root area and not
distribution, it is not usable in its current state for the purpose at hand. However, this
remains a qualitative approach usable in some niche scenarios, as wasrevealed by a

number of preliminary surveys. In particular, a very simple method derived from this can
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be used to assess if a root has penetrated from one side of the asphalt to the other.

The method is straightforward but limited, and only works in a particular setup. It
relies on the conductivity of some roots, which has been verified. Given a tree in the
vicinity of a pavedsurface, if there is a suspicion that one or several of the roots of the tree
has penetrated the paved surface and reached another soil area, this can be tested thusly.
Current is injected through the base of the tree as described. The current is then measured
in the other soil surface. If the measurement is successful, this is an indicator that the root

has indeed reached the other side.

Current
measurement

Paved
Surface

Current
injection

Soil

Figure 63. Depiction of the method setup.

There are clear limitations to this method. First, the root must have penetrated the
paved surface completely to ensure conductivity between the two soil areas.Secondly, the
root must be active and not diseased or inactive, in which case they would likely not be
conductive. In addition, it must be ensured that the two soil areas are truly separated (and

are notcommunicating in any way beneath the paved surface, as is often the case).

This is a minor but potentially significant finding whose implications have not
been explored thoroughly. It has only been tested empirically, and more research is
required to establish the potentialand limitations of this method, as well as the full

range of potential applications. Nevertheless, it is not impossible to envision the method
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being applied in some scenarios as it involves a quick, low-cost setup, and can give
immediate results. In particular, the method could be considered in areas where trees

are planted in asmall patch of soil (as is often the case in many cities).

measurementl

soil 2 soil 1

Pavement subbase

Figure 64. Depiction of potential application scenario. If there is an active root from soil 1 to soil 2, current
will be measured in the soil 2 unit.

In addition, if the root area can indeed be assessed through the method described by
Cermak, Ulrich, K, & Koller (2006), some assumptions can be made about how far the
roots have spread. For instance, if the root area is calculated tobe too larger for a confined

tree, there is a significant chance that the roots have spread beyond the confinement.
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5. GPR IMAGING OF TREE ROOTS

The following will be a representative selection of GPR surveys, highlighting both
the positive results, as well as the shortcomings and challenges of this method.

5.1 Approach

The detection of tree roots has been addressed a few times in the literature, so that
was used as the starting point for GPR surveys: replicating the potential detection. The
initialsurveys started out in the close vicinity of trees, where the likelihood of tree roots
beneath paved surfaces was high, and areas where tree root damage was visible on the

surface.

After this, the mapping of tree roots was attempted on multiple types of surfaces,
both paved and soil surfaces. Emphasis was placed on realistic scenarios, attempting to
replicate a scenario in which a surveyor would attempt the mapping of tree roots and

potential root-associated damage.

Unfortunately, digging under paved surfaces and verifying the results directly was
not possible due to logistical reasons. In some cases, a shallow verification on soil surfaces

was allowed but on paved surfaces, it was not possible.

A number of surveys have been carried out. Representative results are presented

here.

5.2 Survey 1
Given the inherent variability between relevant environmental factors, numerous

surveys were carried out in various settings, attempting to characterize root detection in
multiple situations. Several of these surveys are presented in the following, highlighting

different situations and scenarios.
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Poplar Tree survey (Poplar 1)

The following survey was carried around a very large poplar tree (Populus genus) in
what was the North Gate parking lot in the Birmingham University campus. That part has
since been demolished but unfortunately, no access was permitted to see the actual

location of the roots during the demolition.

In total, 27 profiles spanning 6 meter in length were carried out (total area: 3.9 x
6m). The data was acquired in one direction, with a distance between profiles of 15 cm.
The 750 MHz antenna was used. No migration was applied. 2D profiles were merged

into a 3D file.

Figure 65. Image from the site with potential root damage visible on the surface.

Damage from the poplar tree roots was visible on the surface in some instances
(though it was not always clear if the damage was caused by roots). The goal was to assess
whether the GPR data correlates with surface observations, and if other tree roots can be
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detected. Another objective was to assess whether the tree root damage is shallow only, or

if it also extends in depth, which would also be an indicator of the position of the root.

Discontinuities in pavement continuity associated with a hyperbola were considered
a strong indicator for tree root detection, especially where lateral continuity could be

established. Such areas were “picked” in ReflexW.

As expected, the two areas where damage was visible on the surface were also

visible in GPR data.

Figure 66. Profile from the survey with A1 and A2 depicting hyperbola from tree roots causing damage to the
paved surface, and A3 depicting damage that appears unrelated to tree roots.

The areas highlighted in yellow (Poplarl_Az2 and Poplarl_A2) can serve as models
for tree root detection, with the pavement’s continuity is interrupted by the hyperbola
caused by the root. Meanwhile, the area highlighted in light blue (Poplarl_A3), while
also featuring a discontinuity, does not seem to be associated with a hyperbola and
therefore represents an area of degraded pavement, but it is not clear if a tree root is
causing the damage. This is consistent with the forward models simulated in chapter

3.2.3 — the damage to the asphalt is sometimes easier to detect than the presence of a
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root.

The extent of the damaged pavement area is presented below, largely but not fully

corresponding with the distribution of tree roots.

Figure 67. Yellow areas indicate root damage visible from the surface, orange area was not visible on the
surface.

The two areas highlighted in yellow (67.a, 67.b) were also visible on the surface,
but a third area (potentially consisting of two separate roots) also emerged, highlighted in
orange (67.c). The two roots appear to branch out from a larger one — one is in direct
continuation to the visible surface damage, whereas the other one branches at a slightly
different direction. This signal from the second root was, while detectable, much fainter.
The lateral continuity enabled its identification as a root which had not yet caused visible

damage to the surface.
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Figure 68. Profile from the survey. Unmigrated data.

Interpreting the data is challenging, and also provides lessons for future surveys.
The profiles and slices must be analysed together for better interpretation. A single
reflection is not sufficient to indicate a root, and lateral continuitymust be established.
Similarly, a faint or inconspicuous feature can be indicative of a rootprovided that it has
lateral continuity. Picking potential roots and then visualizing their projection can help to

delimitate roots.

Hyperbolae suspected of being roots were “picked” in ReflexW and the lateral
continuity of 3 roots was determined (although this was not always visible on the time

slices). This seems to suggest that the 67.c feature consists of two separate roots.

I

Figure 69. Plot of tree roots. Red dots are peaked apex of root-associated hyperbolae.
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Different colour scales can ease visualization. Here, blue and violet indicate
pavement degradation/discontinuities (not necessarily tree roots). Visualizing

timeslices at different depths can also help identifying the position of roots.

E— 3 actualmesice at 025000
calculated depth: 0.0125

Figure 70. Time slice at an estimated depth of 2 cm.
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Figure 71. The GPR slice map at a depth of 4.3 cm.

It should be noted that the visualization results can vary significantly with depth,

even within one centimetre.
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Figure 72. A similar map, at an estimated depth of 5.4 cm, using a different colour scale.

Discontinuities indicative of damage were observed until an estimated depth of 27-
30 cm. This is important because it can serve as an indicator for infrastructure managers,
indicating that “patching” the damage will be counterproductive, as the damage is deeper
and adding more material to the surface will add even more load, leading to more long-

term damage.

Overall, the GPR data confirms visual observations regarding tree root damage. The
data also highlights another patch of degraded pavement, without tree root damage, as
well as a tree root which has penetrated the pavement but has not yet caused visible

damage.

However, while the results are relatively clear and striking in this survey, it should
be noted that these were old poplar trees with massive roots (poplar trees are very tall and
they have strong roots that extend far). It would be too optimistic to assume that surveys

would have such large roots producing large contrasts.
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5.3 Survey 2
Pine Tree 1 survey

The following survey was carried out in a largely similar setting, around the UoB
campus. The survey was carried in the vicinity of pine trees, not poplar trees, and again,
root-caused pavement damage was visible on the surface. Parts of the root itself were

visible on the surface.

Here, both the 750 MHz and the 250 MHz antennas were used, and comparing the
results between the two antennas was one of the main objectives of this survey.
Although the latterwas not particularly well-suited for the task, it was also used to see
whether in practice it could also derive useful information. The surveyed area also
included a small pipe or cable, which was marked by a distinctive asphalt patch used to

cover it. Another unmarked pipe was identified after the survey.

The main objective of this survey was to locate individual roots, which were
expected to be quite large given the large height of the poplar trees (which have since
been removedfrom the UoB campus due to infrastructure re-planning). Significantly, a

comparison between the two antennas was also carried out.

Unsurprisingly, the 250 MHz antenna had a substantially lower resolution. The
differences between the two antennas were highlighted by timeslices. In particular,
there is one clear indication of a root that entirely escapes detection on the lower
frequency antenna. This confirms that the 250 MHz antenna can only be relied on to

detect the coarsest roots.
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Figure 73. Comparison between the same section with the 250 MHz antenna (bottom) and the 750 MHz
antenna (top). The lower frequency antenna also has lower resolution, this being the reason why it is “blind”
to a root present in the first meter of the GPR section. Timeslice from an estimated depth of 6 cm.

Another notable phenomenon is that one root appears to change its polarity over its

length.

5.4 Survey 3

Part A

Another relevant survey assessed the usability of the 1.5 GHz antenna. Two long
profiles of approximately 40 meters were carried out. The objective was to assess the
performance of the antenna in a real-life scenario and identify tree root damage not visible

at the surface using single profiles — without creating slices or any form of 3D results.
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Figure 74. Two GPR profiles carried out on a sidewalk in the UoB campus near the Gisbert Kapp building. Highlighted
in red are some potential tree roots or tree root damage. Red arrow indicates a pipe/cable. Static corections and
background removal had not been applied yet at this point.

While the results from this survey were encouraging and showed a clear
improvement in resolution compared to the 750 MHz antenna, it became clear that without

establishing lateral continuity, determining the presence of tree roots is very challenging.

Irregularities in asphalt (or other paved surfaces) can be detected, but attributing
whether these are caused by roots or something else is not possible. The profiles above
highlight several deformations (uplifts, downlifts, discontinuities), but while some of them

show strong indications of tree roots, the determination is ambiguous.

For the purpose of antenna testing, this survey was successful in highlighting the

antenna’s improved resolution compared to previous surveys.

The higher resolution appears to be better suited to this purpose compared to the 750
MHz antenna, however the depth of penetration was low, and at this point, it was unclear

whether this depth was sufficient in all cases.

Part B

Similar measurements were carried out in a neighboring area around the Gisbert
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Kapp building, attempting to also generate timeslices and try out different visualizations

techniques that facilitate the root of roots and asphalt damage.
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Figure 75. Simultaneous visualization of a GPR profile and timeslice can facilitate feature detection.

This confirmed the importance of establishing lateral continuity when it comes to the
roots (or the damage caused by roots), a theme that would define many surveys. In

particular, one area of asphalt damage was identified and highlighted.
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Figure 76. The same feature plotted on a 3D cube.

Lessons learned from these preliminary surveys were applied in the subsequent more
detailed profiles. However, the difference between the forward models and real data

becomes apparent here. The paved surface damage in Figure 75 is apparent, but it looks
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different (and not as neat) as the same scenario simulated in Figure 39. This speaks to the

more challenging interpretation of real data.

5.5 Survey 4
This survey involved the use of a total station for positioning. Before the GPR

survey was carried out, a general 3D mapping of the surveyed area was carried out. The
area was chosenwith visible tree root damage (bumps and cracks) on the surface. The
bumps were visible on the total station data. The distance between profiles was 10 cm.
Remarkably, however, the total station data also revealed some small bumps whichwere

not visible on the surface to the naked eye.

0 5 10 15 20 25

Figure 77. Tree root damage visible on total station data (topography not considered).

The data was gathered on a sloping area, which was also visible on the total station
data. This was a secondary objective of the study, to use total station data to correct for the

slope.
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Figure 78. Tree root damage visible on total station data (including topography).

The data integration was done seamlessly, and the slope did not seem to affect the

quality of the data. However, the GPR data itself was less clear.

The GPR data did not readily reveal the positioning of all these roots — with the
exception of the features which were clearly visible on the surface, few features could
reliably be identified. For instance, an area of approximately 2 x 4 meters is presented
below. The area features points corresponding to small bumps revealed by the total

station (in black dots),overlaid in Golden Surfer over GPR timeslices.
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Figure 79. GPR slices at estimated depths of 3, 6, and 10 cm deep. The position of tree root damage (bump) is
indicated with black dots. This position is only somewhat visible on the top section. This was the clearest
example of unclear GPR results.

While the central area is suggestive of root damage, it is not clear from the
radargrams if other two areas are also indicative of root damage. This survey is a good
example, highlighting that it is not always possible to detect roots using GPR alone,

showing the limitations of the method.

As a proof of concept for total station data integration, this survey was successful.
Total station substantially eased data acquisition and added an element of geometrical

certainty to the survey. Unfortunately, however, the total station surveys werebrought to a
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halt not long after this, due to a department-wide ban on all laser usage (which included

total stations).

Looking at this data through the lens of the simulated forward models, it appears

that general deformation in the paved surface (whether caused by roots or not) can mask

the presence of roots.

5.6 Survey 5

The subsequent survey was a short survey carried on a soil area, as opposed to a

paved surface. The area was surveyed with three available antennas (250 and 750 MHz

antennas). Surveys were carried out in perpendicular directions, at a distance of 10 cm.

As expected, roots on soil surfaces are generally harder to detect than on smooth

paved surfaces (with strong exceptions such as rebar concrete or paving cobbles). The

750 MHz antenna was again the better suited of the two, and several roots were

detectable.
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Figure 81. Representative profile for the 750 MHz antenna.

A \
IW‘\.;".QV‘J"' R s
:"1.\4.‘~’\‘_\_~-. e -,M

- A

The timeslices do reveal some tree roots, but interpreting the data is challenging.

Overall, while the earlier surveys revealed roots more clearly, this one highlights the
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type of difficulty and ambiguity that can be encountered in this type of surveys.

Figure 82. Two roots are visible in this GPR slice at 10 cm deep. Antenna frequency: 750 MHz.

The timeslices do reveal some tree roots, but interpreting the data is challenging.
Overall, while the earlier surveys revealed roots more clearly, this one highlights the

type of difficulty and ambiguity that can be encountered in this type of surveys.

5.7 Survey 6
A number of surveys were carried out in a similar context, with the results being

generally consistent: the 750 MHz antenna is well-equipped to detect coarse roots.The
thinner roots escape detection, but coarser roots can be resolved using this approach. In

this survey, all the three antennas (250, 750, and 1500 MHz were used).

Another particularity of the survey area, significant due to its implications, was that
there were two trees on the survey area — one of which had been cut down for several
years. It is unclear how cutting a tree would affect root detectability, but it is likely that

this does happen, and change the root-soil contrast, though it is not entirely clear how.

158



DISTANCE [METER]
8 9 1

- -”’l\ dqw"

' ih"’or'}\“'f' \! 'ﬁ~""
N' “‘1 A "f'/‘ W ‘
\ l \'.\’ hi\
WO 'N lil.‘ M.‘ .au u\. nyY "J'.' o o

TIME [ns]

“

[ .“'.'\'M.*',.r‘.l' |‘l|
“

“

L “O‘ "

20

Figure 83. Representative profile for the 750 MHz antenna.
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Figure 84. A slice at an estimated depth of 10 cm with the 750 MHz antenna (left) and the 250 MHz antenna
(right). Trees marked with brown ellipses (the “top” tree had been cut down). Two of the roots highlighted
with blue arrows.

The difference in resolution is clear. While the 250 MHz antenna does reveal a

feature (presumably a cable) running through the lower-left side of the survey, but when it
159



comes to the roots, the 750 MHz antenna does a better job at resolving features. This is
important as it suggests that in some scenarios, some thinner, deeper roots are undetectable
with most antenna frequencies: neither the higher and the lower frequency antennas have
sufficient resolution in the deeper parts of the survey. However, in the shallower parts of
the survey, the 750 MHz antenna does highlight other parts of the root system (highlighted

in red arrows).
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Figure 85. Timeslice at an estimated depth of 4 cm. Some roots are highlighted with red arrows. Living tree is

highlighted in green, cut down tree highlighted in purple.
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The roots from one tree, the living one, extend far beyond the canopy. However, not
much is visible from the other tree, the one that had been cut down. The most plausible
explanation for this is that its roots had started to rot and change their dielectric
properties,becoming less distinguishable from those of the soil. This has significant
implications for other surveys around trees that had been cut down for a long time, and
would suggest that if mapping the position of a root system for a cut down tree is of

interest, this is best done either before the tree is done or shortly after.

Measurements were carried out only in one direction (the short one in the image
above), which also helps to explain why most of the identified roots are on a perpendicular

direction to the profiles.

Measurements were also carried out with the 1500 MHz antenna. All the
measurements were taken on the same day, in a time interval of a few hours, in a day
without any precipitations. All the processing was done in the same way (a similar
bandpass of ¥ - 2 times the central frequency was applied, and all other steps were
similar). However, these revealed a surprising aspect: even at very shallow depths of a few

centimetres, the 750 MHz antenna can sometimes outperform the 1500 MHz one.
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Figure 86. Timeslice at an estimated depth of 4 cm. The same arrows as in the image above (Figure 85) are
overlaid overthe timeslice. Living tree is highlighted in green, cut down tree highlighted in purple.

Essentially, the roots on the 750 MHz time slice at this depth are more visible on
thetimeslice or the 1500 MHz antenna. Barring lower equipment quality and positioning
errors, this is most likely explained by the lossy environment in which the survey was
carried out (a rather wet clay, very compact, and highly anthropized), which is more
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unsuitable for higher frequencies.

Nevertheless, the higher frequency antenna did provide some advantages: it revealed
surprisingly thin roots. Identifying these was only possible on timeslices thanks to their
remarkable lateral continuity; one root, highlighted below in a blue arrow, turned out to

have a diameter of approximately 1 cm, which is very close to the limit of detectability.

Another Y-shaped root, indicated by a pink arrow, is also expected to be similarly
fine. The 1500 MHz antenna was also found to be much more sensitive to vertical
changes. Viewing these changes as a continuous animation can also aid root identification,
helpingthe interpreter determine that this it is not a false positive (though this is not

possible to reproduce on paper).
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Figure 87. Timeslice at an estimated depth of 3 cm. Thin roots not visible on the 750 MHz antenna
highlighted with arrows. Trees marked with brown ellipse.

This type of survey suggests that choosing antenna frequency is not a trivial step

and should not be done on the “higher is better”” assumption. No doubt, all things being
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equal, a 1500 MHz antenna has better resolution in the top 10 cm than a 750 MHz
antenna, but in an unfriendly environment, the opposite might stand true. This is
particularlysignificant on soil surfaces, and wet clays in particular. This type of
practical finding was not expected based on the forward models alone, showcasing the
importance of avoiding over-reliance on models when interpreting data.

The limits of the 1500 MHz antenna were further put to the test in the following

series of surveys.

5.8 A series of soil surveys in Harborne
The following is a series of surveys carried in the Harborne area in Birmingham.

Because of the numerous and often unpredictable construction works taking place on
campus, the area was preferred for these trials. Unlike the above-mentioned surveys,

which were carried out in the summer, these were carried out in the late autumn.

In principle, the Harborne area is just as well-suited for tree root surveys. There
are multiple green areas and parks, a large number of trees of varying ages and species,
and visible evidence of root damage to the infrastructure. Overall, this is an ideal setting
for surveysmimicking a real-life challenge of identifying roots and root damage. The
1500 MHz antenna alone was used in the following surveys. There were two different
types of surveys: the first part, carried on soil (or mostly onsoil), whereas the second

part focused only on paved surfaces (asphalt sidewalk).

Harborne 1

The survey was carried out in the Harborne area. The surveyed area was
approximately 7.1 m by 4.4 m. A relatively young tree was present in the survey area,
representing the main objective of the investigation. GPR profiles were carried in two

perpendicular directions (X and Y), at a distance of 10 cm between profiles. The areas
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covered by X and Y profiles were only slightly different.

007
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Figure 88. Depiction of the X and Y profile lines. The approximate position of the tree is visible from the gaps in the
profiles (the gaps are slightly different because the antenna wheel).

The imperfect overlap is partially due to an antenna asymmetry that was not
considered in the initial stages of the survey. However, a buffer distance was taken to
ensure that the features of interest are covered by profiles in both directions. The
following two surveys also followed a similarplan. This offset is also responsible for the
positioning of the tree and certain anomalies at seemingly different locations on the X

and Y profiles (because the ‘0’ of the two don’t coincide).

Studying the differences in data revealed by data on X and Y profiles was a
secondary research question of this survey; a point of interest was to see if there would
be any notable features between thetwo, or if the data would be identical. Additionally,
given a practical time constraint, would it be better to spread the profiles at twice the
distance, but cover perpendicular directions, or “thicker” profiles on just one direction?

Other facets were also of interest in this survey.

Several prior trial surveys have revealed that the presence of structural subsurface
elements (pipes, tunnels, etc) can mask the presence of closeby roots. So this survey

was also carried out in the vicinity of an active duct, which was clearly visible on the
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radargrams.

The survey was also carried out on two different surfaces: grass, pavement, and
grassagain. The survey was carried out to mimic a real-life situation in which the
objectivewould be to study the distribution of tree roots and potential damage done to

infrastructure.

Sunveyfareajrepresentation

paveament

Margaret Grove

Figure 89. Depiction of the survey area. Image not to scale.

The migration was a particularly challenging processing step. As is often the case in
this sort of survey, migration only offers marginal improvements, and in some cases, can
actually be make the results more difficult to interpret. In addition, migration is bound to
be imperfect since the survey covers two different subsurface environments (soil and
asphalt), so there is no one uniform migration speed. Nevertheless, migration was chosen
here as it seemed to produce a marginal improvement of the data quality (at least at the

visual level, in time slices).

Data gathered from both directions revealed largely similar structures. However,
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the results were not identical. From the very start, the different interpolation artifacts are
clearly visible on the two different directions. Below is a comparison of timeslices at a
depth of 1 cm. This falls inthe GPR’s so-called blind zone is not reliable or relevant for

subsurface information, and is presented only for comparison purpose.

Distance (meter)

Figure 90. Time slices on the X and Y directions at an estimated depth of 1 cm. Position of tree marked with brown
ellipse.

The data looks rather similar, as expected. But there are a few notable differences.
For starters, the bottom slice shows some structural elements of the duct (in black, on the
white rectangular shape). It also appears to offer a generally clearer view of the general
structure. However, more intriguingly, the above slice appears to depict a feature

(highlighted in yellow) moving from the close vicinity of the duct.

This feature appears completely absent on the other direction. This could be

discarded if it was only visible in only the first centimeter, but the trend continues at
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further depths.

Distance (meter)

Figure 91. Time slices on the X and Y directions at an estimated depth of 3 cm. Different tree location is owed to the
physical antenna impediments (ie the ‘0’ on the X and Y locations did not coincide), see Figure 88.

Again, the bottom timeslice reveals the details of the duct in much higher detail, but
the linear feature highlighted in yellow is completely invisible. Another interesting feature
emerges in the vicinity of the tree: potential damage to the road which, given the location,

is likely to be caused by the root system.

The feature is visible until an estimated depth of approximately 5cm.
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Figure 92. Time slices on the X and Y directions at an estimated depth of 4.5 cm.

Although the feature is not clearly distinct on all profiles, it is sufficiently visible on

some.
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Figure 93. Examples of X-direction radargrams depicting the highlighted feature on profiles 25-28.

At first, the feature was dismissed as a structural element related to the duct.
However, it does not seem to be separated from the man-made structure, and only located
in its vicinity. Furthermore, it appears to continue beyond the duct. It cannot be a pipe or
cable as it would not be so close to the surface. The duct itself and its main line are

visible in the above mentioned profiles.
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All this indicates that the feature is indicative of a shallow root passing through the
asphalt and damaging it. The lack of continuous visibility of the feature would suggest that
these are cracks rather than the root itself, although this could also be potentially explained
by variations in the dielectric permittivity of the root. In this situation, it can be inferred
that the root has penetrated the asphalt and caused damage to it. This is an important
finding, and if the root trajectory can be inferred to be directed towards the asphalt from

the soil part, then it would be a significant predictor of damage.

Another takeaway from this survey is that surveys on asphalt, and with man- made
structures in general, obstruct the visibility of tree roots. It seems therefore advisableto
carry or interpret surveys separately on soil and on asphalt, as mixed surveys (such as this

one) raise additional challenges if interpreted together.

An inspection of the profiles in the perpendicular direction shows that it is, indeed,
not possible to detect this feature with this setup. As expected, linear features are more

visible to profiles perpendicular on their direction.

Unfortunately, not much can be said about the distribution of the tree roots. A part of
the tree root system is visible in the vicinity of the tree. The features are not easily visible,
but are nonetheless distinguishable on profiles in the Y direction. The flow of consecutive
timeslices, however, does indicate the presence of root elements (images have been

flipped vertically).

172



X-DISTANCE [METER]
4

Y-DISTANCE METER]

X-DISTANCE [METER]
4

Y-DISTANCE METER]

X-DISTANCE [METER]
4

Y-DISTANCE METER]

Figure 94. Tree root area at depths of 5-7.5 cm, highlighted in green (Y direction). Tree position unmarked so as not to
distract or cover relevant data.
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These roots are also in the close vicinity of the asphalt, where they seem to have
caused detectable deformations. It is unclear to what extent these are the roots or
deformations caused by the roots, but it is very likely that they can be ultimately traced
back to roots. The area was “picked” in the ReflexW software to see the corresponding

areas in radargrams.

The areas are visible, but their nature is not clear. Therefore, lateral continuity is
crucial to their identification and analysis (as is almost always the case in the detection of

tree roots).

Distance (m)

Figure 95. Two profiles highlighting parts of the presumed area (picks are in red).
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Remarkably, however, the root area is not visible on the X profiles. A flow of slices

atthe same depth reveals very few noticeable features.

Distance (meter)

Distance (meter) Distance (meter) Distance (meter)

Distance (meter)

Figure 96. Time slices at depths of 5-7.5 cm (X direction).
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The asphalt-soil disparity appears much stronger than in the Y direction, potentially
due to anisotropic properties of the asphalt. From these slices alone, it would be
impossible to identify any features related to a tree. This also seems to suggest the utility

of acquiring data in two perpendiculardirections.

Another secondary objective was to compare the data quality at two different
distances between profiles: 10 and 20 cm respectively. The appearance of a significant
feature on profiles in one direction but not on profiles in the other direction is an important
indication to the necessity of carrying out profiles in perpendicular directions. For
comparison, 3D radar files were also generated as if the data had been acquiredat distances

of 20 centimeters (using both odd and even profiles).

Distance (meter)

o1 2 3 4 5 6

Figure 97. Timeslice at a depth of 1.2 cm with profiles at 20 cm (odd profiles — top, even profiles — middle)
and 10 cm (bottom).
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Figure 98. Timeslice at a depth of 1.2 cm with profiles at 20 cm (odd profiles — top, even profiles — middle)
and 10 cm (bottom) on the X direction.

The main features are visible in all the profiles, although resolution of the profiles at 0.1 cm is
significantly better. However, given the choice between more profiles in one direction or fewer in

both directions, the latter certainly seems preferable here.

The same thing can be noticed on the profiles in the Y direction: the resolution is

significantly better on the full data, but the general features are also visible.
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Figure 99. Timeslice at an estimated depth of 2 cm with profiles at 20 cm (odd profiles — top, even profiles —
middle) and 10 cm (bottom) on the Y direction.
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The improvement in resolution at a profile distance of 10 cm vs 20 cm is not
insignificant. Overall, this indicates that a distance no greater than 10 cm is preferable for
the purpose of tree root detection. However, given a very tight time constraint (for
instance, survey on a road temporarily closed down), the sacrifice in resolution is
preferable if profiles are gathered in perpendicular direction. Unless the orientation of the
objective is well known (in which case profiles should be carried perpendicularly to the
objective), profiles at a distance of 20 cm on both X and Y directions are preferable to

profiles at a distance of 10 cm in either direction.

Distance (meter)
1 2 » 3 4 5 ] 6

Figure 100. Timeslice at 1.2 cm, with profiles on both directions overlaid at 20 cm (odd profiles — top,
evenprofiles — middle) and 10 cm (bottom). Tree position not superimposed as not to cover data
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Overall, several features were identified on the radargram. In particular, one root
appears to be extending around the duct (and potentially to it), penetrating the asphalt.
However, few roots were revealed by the radargram (presumably the coarsest ones). This
is potentially owed to the high soil humidity, but can also be owed to low root-soil

contrast.

Harborne 2 (“Willow Tree”)

The survey was also carried out in the Harborne area, around a willow tree. The
objective was to assess the detectability of the willow’s roots. The site was chosen due to
the rather unusual tree species and its root characteristics, which are noteworthy in this
context. The tree is generally considered to produce an extensive and aggressive root

system. A University of Florida catalogue (https://edis.ifas.ufl.edu/st576) states that

willow “surface roots can lift
sidewalks or interfere with mowing” and that willows should not be placed in proximity to

septic tanks as they can cause damage.

Profiles were acquired in two perpendicular directions (X and Y).The surveyed area

was approximately 6.5 x 9 meters.
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Figure 101. An image of the pre-survey setup.

Although the survey could be carried out, the general conditions were were not
well-suited the survey. Although it had not rained for several days at the time of the
survey, the soil was still relatively wet. The soil was also rich in clay, with the
combination of clay and water being notoriously difficult for GPR surveys. These have
taken a toll on the results. Two representative profiles are presented below, highlighting

the reflections in thefirst 4 ns.
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Figure 102. Example profiles from the X (above) and Y (below) directions), relatively low quality data. Images are not to scale.

The X profiles reveal a part of the root area located very close to the surface (but not

exactly at the surface), as is depicted below.
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Figure 103. Time slice at an estimated depth of 2 cm on the X profiles. Tree position marked in brown ellipse. Tree size not
to scale.

The same root area also appears on the Y profiles, and is better represented on that

direction.

Figure 104. Time slice at an estimated depth of 2 cm on the Y profiles.

Strong reflections indicative of roots are visible in several directions, extending from

all around the tree area. However, while the tree root area is well represented (highlighted
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in yellow ellipse) and a few of the roots can be resolved individually (top and right of the

ellipse respectively), the left side of the area shows a root area rather than individual roots.

There also appears to be another small reflective area (highlighted in orange) of
unknown nature. It does seem to have some limited lateral continuity but is unlikely to be
connected to the willow tree. This does not appear to be a tree root and is therefore likely

not a feature of interest for this survey.

Similar observations can be made in slices a bit deeper on the X slices, suggesting

that these are indeed very thick roots. Unfortunately, no additional roots could be detected.

KOBTANCE VETER)
] ) 2 p 4 s L]

¥ OTANCE METLR]

Figure 105. Time slice at an estimated depth of 5 cm on the X profiles.

Overall, the survey results were very underwhelming. Few features can be
identified, and the existence of a root area around the tree can not be satisfying on its own.

these are indeed very thick roots. Unfortunately, few individual roots could be detected,
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and only in the vicinity of the tree.

Figure 106. Time slice at an estimated depth of 5 cm on the Y profiles.

The root area in the vicinity of the tree is detectable up to a depth of 10 cm. The X
profiles highlight a part of the root which was not visible at shallower depths, suggesting
that the root is sloping downwards (top right of timeslice). However, the visible root area

is still limited to the near proximity of the tree.
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Figure 107. Time slice at an estimated depth of 10 cm on the X profiles.

A similar trend is observed on the Y lines: some parts of the root system are more
visible a few more centimetres down.
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Figure 108. Time slice at an estimated depth of 10 cm on the X profiles.

However, after this depth, the quality of the data quickly degrades and no more

valuable information is revealed.

It is slightly surprising that not much more can be said about the willow’s root
structure — a testament to how much unsuitable conditions can affect the measurements,
and even the root system a large tree expected to have thick, woody roots, cannot be
reliably mapped. A root area in the immediate vicinity of the tree was identified, but no
roots extending more than a couple of meters from the tree were detected. It is unlikely
(though not impossible) that the tree did not have roots extending beyond this range.
Instead, it is more likely only the coarsest roots could be detected, and not the thinnest
ones — despite the high-frequency antenna. This would suggest either a lack of dielectric

contrast, strong signal attenuation, or most likely, a combination of the two.

An important mention is to be made regarding the soil. The dielectric properties of
the soil indicate that this is not similar to “natural” soil (soil from un-altered rural areas).
The soil appears to be more compact, with a higher electromagnetic velocity, and riddled

with noise. These factors are significant in detecting tree roots and highlight once again
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the added difficulty of urban surveys. From the forward models alone, this type of

unfriendly scenario would be hard to anticipate.

There is no indication that the tree is affecting nearby paved surfaces, particularly
given the significant distance from the willow tree to any paved surfaces. If this was a
diagnostic survey, there would be no reason to suspect impending damage in the near

future.

Harborne 3 (“Leaf fall”)

The survey was also carried out in the Harborne area, but had a different secondary
objective. The survey was purposely carried out in rough conditions, in the leaf fall
season, in soil with a high moisture levels, and on a surface of fallen leaves. To my
knowledge, no prior survey had been specifically designed to deal with these conditions.
Given the fact that this season accounts for approximately 2-3 months of the UK year, it
could be important to assess the feasibility of a survey over fallen leaves. It is unclear to
what extent the fallen leaves interfere with the GPR signal and to what extent a survey
under these conditions would beadvisable (or if it would be better to remove the leaves or
delay the survey to a later time), but it was expected that this would make for a very

difficult GPR survey.

The survey spanned the area around two large linden trees (Tilia genus) in the
Harborne area. Profiles were acquired in two perpendicular directions (X and Y). The
surveyed area was approximately 16.1 x 6.4 meters. The distance between profiles was 10
cm in both directions. However, upon processing, it became apparent that due to a
technical malfunction, the profiles on the X direction were unreliable as some of the files

were corrupted. Nevertheless, this was treated as an instructive survey, using only the
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files on the Y direction. The quality of the data was visibly lower than in other

neighbouring areas.

Several variations were trialed in an attempt to improve the quality of the data, but
yielded limited success. In a separate processing flow, a Hilbert Transform was also
applied to improve visibility in some instances. This processing flow was applied to all the

surveys presented here.

The Y profiles are partly successful at revealing a part of the tree root area in the

immediate vicinity of the trees. As expected, there is a thick root area around the trees.
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Figure 109. Time slice at an estimated depth of 2 cm. The position of the trees is represented by brown-blue
circles.

188



However, it is very challenging to accurately assess the distribution of roots in the
subsurface. While an area believed to be associated with roots is visible, this is probably
only representative of the thickest, coarsest roots. Again, this is a case of low-quality data

with few identifiable features.
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Figure 110. Time slice at an estimated depth of 6 cm (left) and 8 cm(right). The position of presumed root
areas is highlighted in yellow rectangles.

Analysis of individual radargrams does not reveal much additional information.

There are numerous reflections of different intensities and shapes, but the distribution
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appears to be chaotic, with few discernible patterns that could lead to root identification.

This is comparable with what was obtained in the previous survey.
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Figure 111. An example of a profile in the surveyed area. Data are processed and migrated, Hilbert transform

not applied. Of note is the noise and overall low quality of this data.

Given the size of the trees, the presence of numerous roots can be safely inferred.
Nevertheless, these roots are not apparent in radar data and lateral continuity cannot be
established with accuracy. This could happen due to the dielectric properties of the soil
(given that it is Autumn time, the soil is moister than usual), or potentially due to the
fallen leaves on the ground. Since the trees were old and quite large, it is also possible
(though purely speculative) that the trees’ roots created a thick mesh all around the soil,

making detection of individual roots more difficult.

Overall, the quality of the survey data can be considered very low. There is some
useful information that can be derived, but useful data is very limited. Nothing but the
coarsest roots can be reliably detected, and even for those, there is a substantial degree
of uncertainty. It is not entirely clear if the issues are also related with the urban nature
of the soil. Nevertheless, given these results, it seems advisable to not carry additional

surveys underthese conditions.
Already, several preliminary conclusions can be drawn at this point.

Carrying out GPR surveys on soils featuring fallen leaves is not advisable.

Identifying thin roots cannot be guaranteed, even with a high-frequency antenna,
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especially in a non-friendly environment. Acquiring data on both directions seems
desirable, but a distance between profiles of 20 cm and higher is also not advisable.
Interpretation of the data is challenging, and using the position of the tree as a
geometrical indicator is a useful indication. However, this opens an interesting question:
if the trees had been completely removed but the roots had been left in place, would

identification of the roots still be possible?

The above question, made under the assumption that roots will have the same
dielectric properties, is moot. If the root system is no longer connected to the living tree, it
will dry out and start to rot. This would change the roots’ dielectric properties. More
research at the junction of biology and soil science is required how to understand just how
this process would happen, and how it would happen differently for different species. This
is likely a function of tree species, soil moisture, and soil biosphere. For instance, the sap
of coniferous trees is a good preservant and can help maintain roots for a longer time. A
moist soil rich in fungi and decomposing microorganisms can accelerate the decay of a
root, but again, the timeline and physical changes associated with this decay are not well
known. For practical purposes, it can be assumed that the longer a decaying root spends in
soil, the more likely it is to mimic the properties of the soil even more. However,there is a
time window shortly after the tree was fallen where the roots dry out and have not yet
started to decay — in this situation, detection is expected to be significantly easier as the

dielectric contrast would be stronger.

Overall, however, the data in these surveys is significantly lower quality than that
presented in survey 6, for instance. If this is an indication, then all these above-mentioned
considerations fade in the face of a simple survey acquisition parameter: the time of year.
While it is unclear whether the contrast between the roots and soil is larger in the colder or

warmer time, it is clear that, especially in a climate and soil system such as England’s,
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summer is a significantly better time for survey acquisitions. Winter, autumn, and early
spring are more likely to produce wetter soils, which worsen the detectability of all
subsurface features, including tree roots. This is unsurprising, but it was worth putting to
the test to see if potentially stronger contrasts outweigh this disadvantage. This is not the

case.

5.9 A series of Harborne asphalt surveys
An additional set of surveys was carried out on paved surfaces (essentially, on

sidewalks and walkways). These were mostly small surveys, of only a few parallel profiles
(in one direction), carried out to assess potential damage to the paved surface. The survey
areas were chosen where longer profiles could be carried out on a direction perpendicular

to the presumed root direction.

These surveys would mimic a low-cost, quick survey designed to assess potential

root damage.

Harborne asphalt 1

The survey was carried out in the Harborne area. Parallel profiles were carried out
ata distance of 10 cm, going in one direction and returning from the other. Special
attention was paid to the positioning of the profiles — and in particular to the antenna

positioning.

For a simpler analysis, the profiles (which are over 15 meters long) were split into

two halves.
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Figure 112. Depiction of profile geometry. The even profiles were arranged to depict the real position of the
antenna. Image not to scale. Half 1 corresponds to Figure 113, Half 2 corresponds to Figure 116.

Some damage associated with tree roots was visible on the surface, and the position
of this damage was noted. The focus was exclusively on the top 10 centimeters. All

potential tree root damage appeared limited to this interval.
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Figure 113. Time slice of the first half of the survey at an estimated depth of 3 cm.

The orange highlight (d) marks the position of tree root damage that was visible at

the surface. It can be observed in all the radargrams, although the interpolation algorithm
193



suggests gaps or discontinuities (this is, perhaps, an indication that a 10 cm separation
between profiles is too much). However, the fact that even tree root damage which is
visible on the surface produces such faint contrasts is telling to how difficult the detection
of these roots can be. The other suspected areas of root damage are much harder to

interpret.

A few areas (most notably, the one highlighted in yellow) could suggest incipient
Several reflections can be noticed in the first half, particularly on the middle profiles, but
given their lack of lateral continuity, these cannot be assumed to be roots. This was
interpreted as an area that potentially has incipient damage, but it is not possible to trace

this to tree roots.

However, there are two areas which could potentially be associated with roots
(highlighted in teal ellipses). The first one (a), around the 1 meter mark, is reflected by
what appears to be a series of irregularities with potential (but unconfirmed) lateral
continuity. It is not clear what thesecould represent — it is unlikely that they represent
actual roots, but could be associated with roots in the form of cracks or asphalt

deformations.

In this case, investigating individual profiles can help reveal the nature of this

contrast.
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Figure 114. Profile 3 (at x = 0.2 m). The teal ellipses indicate probable deformation areas highlighted in the
time slices. The pink ellipses indicate apparent deformations which do not exhibit lateral continuity.
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The profiles highlight apparent irregularities in the asphalt, including some at the
verysurface level (which was not visible on the surface). However, it is not clear if this

is related to tree roots, but it is an indicator of stress on the asphalt nonetheless.

The second (b), around the 6 meter mark, represents a thin line; on the profiles, it
appears as a very subtle but distinguishable deformation in the surface layer of the asphalt.
This is quite likely associated with tree roots, although is only barely visible in the time
slices. It is an example when, even without lateral continuity, there are strong indications

of existent tree root damage.
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Figure 115. Profile 9 (at x = 0.8 m). The orange ellipse indicates damage visible on the surface (not the visible large
discontinuity in the asphalt surface), and the teal ellipse indicates presumed deformations associated with tree
roots. This was not visible on all profiles.

There are a few notable things about the visible crack as well. The crack was only 1-
2 cm wide, but it appears much wider on the profile. Additionally, the root itself is not
visible on the radargram.

In the second half of the surveyed area, there are even more areas of interest where

tree root damage is suspected, though data interpretation is challenging.
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Figure 116. Time slice of the second half of the survey at an estimated depth of 3 cm.

While not evident at first glance, there are several features that are likely correspond to tree
root damage. The orange ellipseindicates root damage that was visible on the surface, and this area
was not analyzed here since it was already visible. However, five other areas were identified (a-e),

highlighted here in teal ellipses.

The ‘c’ ellipse may exhibit tree root damage, as it showcases two potential lines
associated with tree roots. These areas are visible as discontinuities and clear reflections
on the profiles, indicating that there is indeed asphalt damage. The lateral continuity
suggests and corresponding profiles exhibit a potential root connection. Individual
profiles are also consistent with tree root-caused damage. This area was interpreted as

likely to have root-induced damage.

Figure 117. Example of deformations in the ‘c’ area.

The ‘a’ and ‘b’ areas shows radargram features similar to the ones in the first half
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(vertical deformations), but unlike a “messy” radargram, they are more hyperbolic in
nature, and more suggestive of an intrusion. These both seem indicative of asphalt

damage, which is likely root-related.
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Figure 118. Example of deformations in the ‘a’ and ‘b’ areas.

These areas have some similarities to the forward models produced in Figure 41,
though if this is indeed the scenario present in this area, it appears that the fissures are
not water-filled.

Similarly, the ‘d’ and ‘e’ area are indicative of asphalt damage, but it is less clear
whether this could be caused by tree roots. The ‘e’ area, despite being less clear on
individual profiles, appears to have lateral continuity, which is consistent with root

damage.

Figure 119. Example of deformations in the ‘d’ and ‘e’ areas.
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Deeper timeslices were analysed and interpreted in a similar fashion. However, no
additional features were identified, suggesting that asphalt damage is mostly limited to the

very surface parts, as was expected.

It is also important to note that since surveys were only carried out in one
direction, it is possible that root deformations parallel to the survey directions were
completely missed by the GPR data. The chosen direction was perpendicular to the
expected directionof the tree roots. It is also important to consider that asphalt also tends
to accumulatedamage and distortions, even without tree roots. Not every such feature

should be associated with a root.

In the end, the areas most likely to be associated with tree-root damage were
identified, and highlighted in teal eclipses below. Had this been a monitoring survey, in
addition to the areas where root damage was visible on the surface (highlighted in
orange ellipses), these would have been the areas of maximum interest (teal ellipses,
corresponding to a and b in the first half of the survey, and ¢ and e in the second half of

the survey):
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Figure 120. 3D visualization with the most likely root-associated areas (highlighted in teal). Orange ellipses indicate a
buried cable and a root that was visible at the surface (and therefore not revealed by geophysical surveys). Image is
not to scale.

Harborne asphalt 2

The second survey was also carried out in the Harborne area, and also consisted of
6 long parallel profiles carried out in one direction, at a distance of 10 cm between
profiles. As the profiles are around 34 meters long, they were split into 3 parts. The data

was notmigrated, which in this case, aided interpretation of data.

The first part of the surveyed area shows more signs of degradation than the
previous survey. Emphasis was placed on features which were likely to represent root-

associated damage or roots themselves.
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10

Timeslices at estimated depths of 3 cm (top) and 4 cm (bottom). Brown circle marksthe position of a tree.
Teal ellipse marks area of root-associated damage.

As expected, the vicinity of a tree is more likely to lead to pavement root damage.
The arrow indicates a signal very likely to be associated with a root. It has lateral
continuity, a relatively strong contrast. Around it is another area which could be
indicative of asphalt damage. This interpretation is confirmed by individual profiles,

which show a root penetrating into the asphalt.
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Figure 121. Section of all 6 profiles depicting what was interpreted as a root penetrating the asphalt (in teal
circle).

The root appears to be visible on all 6 profiles, to an extent. It appears hyperbolic as
the data is not migrated. However, it appears to be becoming less visible towards the later
profiles, suggesting that the damage is less severe as we move away from the tree. In the
6" profile, it is hardly visible at all. Overall, this is interpreted as compelling evidence of
active root damage, and this damage is largest in the area closest to the tree. This
conclusion could only be reached by analyzing both the profiles and the timeslices in
conjunction. Other deformations consistent with tree root damage can be seen in this area

of the survey. Multiple hyperbolae potentially consistent with tree roots were identified.
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Figure 122. A radargram from profile 4. The areas that can potentially represent tree root damage are highlighted.

However, despite such a large number of suspected areas, their lateral continuity
cannot be established and therefore, it can also not be established whether they are tree-
root-related or not. As a whole, however, the entire area appears to be actively affected

by tree roots, or at the very least, appears damaged.

Two other areas appear consistent with tree root damage. They both appear to have

some lateral continuity but appear very faint.
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Figure 123. Timeslices at estimated depths of 3 cm (top) and 4 cm (bottom).
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Figure 124. The same areas highlighted on profile 4.

The second part of the survey revealed three additional areas consistent with root

damage. Two are highlighted in the larger ellipse (with white hues), and one in the smaller

one (black hue).

Figure 125. Time slice at an estimated depth of 4 cm. Position of the tree is marked.

These areas are also faint, but do exhibit lateral continuity, as exemplified below, which makes

them like to be incipient areas of tree root damage.

DISTANCE [METER]

Figure 126. The same areas highlighted on profile 2.
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It is important to note, when analysing tree root damage, the distance to existing
trees (and in some cases, tree roots that may have belonged to felled trees). However, the
distance at which urban tree roots can spread should not be underestimated. This survey
was carried out in an area where trees were essentially surrounded by asphalt, and only
had access to a small soil surface area. In these conditions, roots can extend far beyond

into the asphalt, and the roots of mature tree can easily reach 10 meters or even more.

The third section of the survey is dominated by two duct areas. These areas were
paved with a different material than the rest of the sidewalk. They were very clearly

visible, but no root areas of tree root interest were identified.

20 30

Figure 127. The two areas are the only remarkable features on the survey are both man-made.

Most of the detected roots are in shallowest areas — most often, the first 5cm. This is
natural, as roots have little incentive to spread into the deeper parts of the ground, where
water is scarcer (unlike soil, water does not permeate through asphalt, so roots have an
extra incentive of nearing the surface). However, roots do tend to penetrate in the lines of
minimum resistance, and can go to deeper areas in some conditions. Another important
mention is that in thecase of leaking pipes, the roots can go deeper in the direction of the

extra humidity. However, this does not appear to be the case here.
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In general, these surveys support the idea that tree root surveys can be more
successful when carried on paved surfaces than on soil, as tree roots tend to mimic the
dielectric properties of the soil they are in. In addition, urban soils are also more
challenging to work with. This type of soil is often a much more compact (as highlighted
by different speeds in urban soils compared to reference natural soils) and inhomogeneous
material (at least in most of the situations studied here). However, even on paved surfaces,
detection remains challenging. In this particular cases, what roots are causing asphalt
damage appear to be thin. The interpretation is difficult and is unlikely to identify all the
root-affected areas, especially areas of incipient damage. However, even in this case,
areas of interest can be highlighted for further monitoring, and some areas likely to be

roots have been identified.

Lastly, it is worth mentioning that roots themselves can change soil properties for
decades (Pawlik and Kasprzak, 2018), and this mechanism has not been sufficiently

investigated in urban areas.

5.10 An integrated GPR/ERT example
Lastly, an example of a mixed survey using both GPR and ERT is presented. Here,

the complementarity of these methods was put to the test in an area suspected of tree root

damage.

The surveys were carried out in the Harborne area, near a mature linden tree (genus

Tilia) suspected of causing damage to nearby asphalt.

Two separate GPR surveys were carried out in the vicinity of the tree, one on the
paved surface (GPR 1), and another on the soil area between the tree and the asphalt (GPR
2). An ERT survey was also overlaid on the second GPR survey for additional

information.

205



The primary objective of the surveys was the mapping of a root that was visible in
the very vicinity of the tree, and then seemed to continue underground in the direction of
the asphalt. However, on a more general level, the mapping of all present roots was

desired.

Figure 128. General depiction of the survey area. The survey areas are not to scale.

The GPR surveys were carried out with a 1500 MHz antenna, with a transect
spacing of 5 cm. Although the 5 cm separation was found to bring marginal improvements
compared to 10 cm, this was preferred as a precaution to ensure data quality. The ERT

was carried out using the Dipole-Dipole array, with an electrode distance of 10 cm.

The design of the survey drew from previous experiences. The GPR profiles were

approximately 5 meters long, whereas the ERT profiles are 1.5 meters long.

[9)

PR1

Several areas potentially indicative of root damage were identified on this survey.
Root-like features were observed on several radargrams. Nevertheless, the lateral

continuity was rather unusual. Instead of exhibiting clear lateral continuity, it appeared
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That an entire area was exhibiting deformations.

Two areas appear potentially indicative of a root area. Potential trajectories were

identified, but the radargrams were not clear enough todraw definite conclusions.
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Figure 129. Time slice from an estimated depth of 4 cm from GPR 1.

GPR 2

The data gathered on the soil surveys proved less conclusive. Although the surveyed

area was in the vicinity of the tree and the roots were there certainly coarse, both the

radargrams and the time slices did not show irrefutable evidence of tree roots.
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Figure 130. Time slice from an estimated depth of 4 cm. Same areas as above are highlighted.

In one profile, where the root was extremely close to the surface (which was
confirmed subsequently by a small-scale soil dredge), there are visible reflections

consistent with the observations in GPR 1.
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Figure 131. Profile example from GPR 2.

However, given that the lateral continuity is unclear, it is difficult to make strong
claims. Indeed, there is little to differentiate the highlighted areas above from other areas,
and establishing the lateral continuity of roots is not possible (other areas also appear

indicative of roots, but this area alone was focused on in this study).

It should also be said that at the time of the survey, the soil appeared quite wet, and

was riddled with pebbles, which made for rather unsuitable GPR surveying conditions.

In order to aid data interpretation, an ERT survey was also deployed.

ERT

A total of 8 parallel ERT profiles (perpendicular on the presumed direction of the
roots) were deployed. The dipole-dipole array was used.The electrode positioning was
ensured by acrylic plates with holes drilled at regularintervals as per Gerea and Mihai

(2019).The RMS errors are all within 2%.

w100
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Figure 132. ResiPy representation of the RMS error of the 8 different profiles is very similar. Points represent
iterations for every profile.
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All profiles show strong positive anomalies. Although the absolute values for
inverted resistivity are somewhat varying, this was considered an artifact of inversion

rather than an indicator of the true resistivity values of roots and their surrounding areas.

As with the previous example, the positioning and dimension of the anomaly is
approximate. The resistivity anomaly tends to exaggerate the dimensions of the root, and if

a root is very close to the surface, the anomaly stretches directly to the surface.

Unlike the GPR measurements, however, lateral continuity is readily apparent.

Severalanomalies are readily visible on all the profiles, although their strength varies.
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Figure 133. Porfiles 1, 2, and 3 of the ERT.

Interpreting whether individual anomalies are indicative of a single root or two roots
is not a simple task. A look at profile 2 above, for instance, suggests that the left-hand
anomaly is indicative of 2 roots (seemingly having 2 high-resistivity areas). However,
profile 3, for instance, is more ambiguous. The central anomaly also appears to have 2
distinct areas on profile 3, but this is misleading — as was subsequently revealed by

shallow digging verifications, it was indeed a single root in the centre.
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The data was also migrated into 3D using BERT. As previously, the 3D data is
approximate in terms of volume and position, but it does highlight nonetheless the
existence of at least three different roots. The results were plotted in Paraview and clipped
so that the high values are highlighted. The resulting data highlights the estimated position

of the roots.

Resktivity (log10)
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E 29846

Figure 134. The estimated position of roots from ERT data visualized in Paraview.

There are a few differences when comparing with individual profiles, which
highlight some of the potential shortcomings of 3D ERT data (and why individual profiles
should still be analysed if 3D data exists). In particular, one of the roots (the one that
appears ‘incomplete’ above) is visible individually on all single profiles — but it does not
appear continuous on the 3D data. This happens due to a reduced contrast on some of the
profiles, but also due to significant background variation on some of the profiles

(presumably due to localized differences in moisture).

It is worth mentioning that as they use different inversion and meshing mechanisms,
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BERT and Resipy can sometimes have different resistivity results — and this is also the
case here (which is why results from two different packages are presented). The Resipy
inversion seems to be more clearly contoured here, as is also indicated by the fact that the
positive anomalies appear under the surface on Resipy (as was true of the roots), whereas

on BERT, they appear on the surface.

Integrating GPR and ERT data

Integrating both GPR and ERT data proved to be particularly fruitful. For instance,
when the ERT profiles are overlaid on the GPR profiles, there is a good correlation

between the suspected root areas on the GPR and the ERT positive anomalies.

DISTANCE [VETER]

TIME [ns]

Figure 135. GPR profile 2 and ERT profile 2 overlaid.

The suspected root areas from the GPR correlate with ERT anomalies, which is a

reliable root indicator.

The ERT contrasts (highlighted in yellow below) also correlate with visible GPR
features. These features, however fade and unclear, appear consistent on multiple profiles.
Therefore, they seem to exhibit some lateral continuity, visible on individual profiles
(although not in time slices), even though it is not readily apparent from the GPR data

alone.
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Figure 136. GPR and profile 2 overlayed, with GPR and ERT contrasts highlighted.

This highlights how well GPR and ERT data can work together and complement
each other. It is easy to over-interpret or under-interpret GPR data, especially in realistic
scenarios, where the urban soils are often inhospitable and unpredictable, frequently
containing pebbles and other objects to serve as noise. ERT can serve as an excellent

complement to this method, confirming GPR findings.

Given the difference in data acquisition time, it is best if GPR is used as a main

method, and if the data is ambiguous, ERT can be employed to add more certainty.

In this case, the geophysical integrated data suggests the existence of not one, but
four roots extending into the asphalt. Of course, the surveys on soil cannot exhaustively

prove that the roots are extending into the asphalt, but if they extend to the very edge of

the asphalt, then it is very likely that some damage has already happened or will happen in

the near future.
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Figure 137. The root trajectories inferred from geophysical surveys.

After the survey, very small, centimetre-sized patches were dug manually, and the
existence of 4 roots was confirmed in the area of interest. This confirms the advantages of
joint usage of GPR-ERT surveys in the detection of tree roots.

Just as in previous GPR surveys in the literature, the method alone does not appear
able to resolve and map all present tree roots. However, this recommends the use of ERT

as a complementary geophysical method.
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6. CONCLUSIONS AND RECOMMENDATIONS

The thesis analysed the use of geophysical methods to study and detect tree roots in
an urban environment, and the potential to assess structural damage to man- made

structures. GPR and ERT were the two geophysical methods selected for this purpose.

The study employed a multidisciplinary and approach, attempting to bridge together
information from multiple fields, using a variety of approaches. This has proven a

challenging but rewarding task.

As this study progressed, it became clear that from this multidisciplinary puzzle of
geophysical study of tree roots, several pieces are missing, and there are significant
knowledge gaps. The biophysical understandingof tree roots is incomplete and the
peculiarities and site-specificity of urban soils pose extra difficulties to detection. The
mechanisms and behavior of roots penetrating man-made paved surfaces is also
understudied. As a result, general conclusions are difficult to draw, and most findings
should be interpreted in their own context. Still, the thesis strives to address general
issues regarding the geophysical studyof tree roots in general. Negative and unclear
findings are also discussed, as these can alsoprove useful directions for future research

and can also help shed light on the task at hand.

In the end, this thesis attempts to provide contributions to the field and fill some of
these knowledge gaps and with new insights and directions. It is hoped that this effort can
inspire additional research in relevant fields and make a practical impact, contributing to

making tree root surveys a more reliable and usable tool for urban planners.
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6.1 Research questions
In the first part of this study, several research questions were asked. These

questions guided the work presented here, and answers (or at least partial answers)

can be given.

Main research questions:

a) Is there a reason to study the interaction between tree roots and

infrastructure with geophysics?

Yes. This part was answered during the literature review, presented in Chapter 2.
The destructive interactions between tree roots and paved surfaces can be seen in most if
not all urban areas, and this interaction comes at a significant, quantifiable cost, which can
be reduced through timely interventions. The need for these interventions can be assessed

through geophysical methods.

Tree valuations show that root-infrastructure interactions are significant factors to be
considered. Geophysical methods can direct assessment and interventions, with practical
and financial implications, and can therefore become a consideration when assessing the
economic value of urban trees. In addition, as a “side effect”, studying these interactions
can also aid the understanding of other aspects of tree roots (such as disease or carbon

storage).

It is hoped that geophysical surveys can become a more integral part of tree
management intervention in urban areas, particularly as costs can be reduced for said

SUrveys.

b) What are the relevant and useful physical parameters of tree roots that can

be used for detection, and what methods can detect them?
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Tree roots tend to resemble the soil environment they are in. Physical contrasts are
therefore small, which, combined with the small size of most roots, makes geophysical
detection very difficult. To make matters even more difficult, urban areas pose unique

challenges in terms of geophysical surveys.

Two methods that seem to offer the most potential are GPR and geo-resistivity
(especially in the form of ERT). These methods offer the best results in terms of
resolution and potential applicability in urbanareas of interest. Therefore, permittivity

and resistivity are the parameters of interest. Afew mentions should be made:

- root size is an important parameter, in addition to the geophysical contrast;
resolution is a key challenge in this application, and the smallest of roots can often escape
detection in realistic surveys. Even in high-frequency GPR, the resolution might not be

sufficient to resolve sub-centimetre roots;

- the two geophysical methods have some similar challenges, and some different
ones. GPR offers much better resolution, applicability, and speed, but may not always be
able to detect the faint contrasts between the root and its surrounding subsurface. ERT is
slower and has worse resolution, but relies on a different geophysical contrast. Adding
another geophysicalmethod, even with these limitations, can help to remove substantial
uncertainty and resolve tree roots even in difficult conditions. As modern resistivity
methods (particularly non-contact methods) become more performant and robust, it is
believed that electrical methods can play an even more important role in these surveys. A

complementary use of these two methods offers better results;

- in the case of resistivity, coarse roots can be considered resistive, producing strong

positive anomalies. However, thin roots can easily escape detection;

- in the case of GPR, high-frequency antennas should be used. Antennas in the 700-
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1500 MHz perform adequately, whereas a 4000 MHz antenna does not have sufficient
resolution to detect any thinner roots. It is not out of the question that an antenna in the
1500-4000 MHz interval might be useful in some scenarios, where only the first few
centimetres are investigated. Having access to two antennas of different central

frequencies can be very useful.

C) What is the span of information we can derive by using these methods?

This was the most complex question to answer, and to an extent, it still remains an
open question. This is a multidisciplinary study and therefore must consider multiple
parameters and conditions from multiple different areas (geophysics, biology, soil science,
civil engineering). Therefore, the range of derivable information is variable and site-

specific.

It is important to be aware that there is no guarantee that all roots, even all coarse
roots, can be detected with geophysical methods. This is largely owed to the small
geophysical contrast as well as thesmall size of the root. Direct dielectric measurements
show that roots exhibit great permittivity variability, and the root permittivity value can be
very close to that of the soil.lt is possible that there is a lack of dielectric contrast between
roots and the surrounding soil, which hampers GPR surveys on soil. Surveys on paved
surface also depend on the type of surface. While some mediums (such as rebar-enforced
concrete) are extremely inhospitable and can even render such GPR surveys useless, most
paved surfaces are better suited for GPR surveys than soils. However, it can sometimes be
difficult to differentiate between the roots themselves and damage caused by the roots (or
external factors). In fact, fissure systems created by tree roots inside paved surfaces may

be easier to detect than the roots themselves, especially if the fissures are water-filled.

218



Where GPR produces uncertain results on soil, ERT can serve as a complement.
Where these two methods are applied in conjunction, coarse roots (centimetre-sized
diameter) are very likely to be detected. While it cannot be said with certainty that all such
roots will be detected, the complementarity of these two methods means that positive

results can usually be expected.

The determination of root size is still challenging. The challenges of determining the
size of objectives using GPR are well known in the literature, and ERT is very unreliable

when it comes to estimating sizes, tending to greatly overestimate the size of roots.

d) Is there a way to predict and/or characterize the structural damage that tree roots

will do using geophysical techniques?

Assessing tree root damage to paved surfaces using GPR is a realistic expectation in
most scenarios, though it is not possible to fully eliminate uncertainty. Cracks around the
tree root (particularly if they are water-filled) can facilitate detection. With some notable
exceptions (such as paved surfaces that include cobbles or rebar), detection of subsurface
roots is more advantageous on paved surfaces compared to soil surfaces. Determining
lateral continuity is key to determining whether the damage is root-related or not, as
individual profiles are not always conclusive. However, structural deformations that are

unrelated to roots can also have continuity, and this can lead to some false positives.

Incipient damage can also be linked to roots, as long as the detected damaged is
traced back to a root. The prediction of tree root damage is challenging but can be
attempted. It will result in a prediction with likelihood, not certainty, but this can help
direct early interventions. Roots can be mapped around the paved surface (or building),

and if the roots are in the immediate vicinity, there is a high likelihood of existing or
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future damage. It is possible that the roots would simply change the direction of
growth (ifthey have space to grow in other directions). This is where electrical
measurements taken in the immediate vicinity can be most helpful to confirm the

potential existence of roots extending into the structure.

Overall, while a layer of uncertainty cannot be completely eliminated, it appears
that geophysical surveys can direct early or preventive action toreduce tree root damage

to infrastructure.

6.2 Other conclusions and secondary research questions

The suitability and applicability of the two discussed geophysical methods in the
detection of tree roots in urban areas were assessed. The two methods were analysed
separately and several surveys (as well as lab experiments) were carried out. Herein, the

secondary questions served as a guide to delimitate the problem and the findings.

In terms of GPR, frequency selection is crucial. The range of frequencies should be
selected based on a careful estimation of the expected soil/paved surface conditions, as
well as the expected size of the objective. In scenarios that resemble a typical urban area,
the range of 750-1500 MHz is excellently suited for this purpose, although the thinnest of
tree roots might also escape detection. In this case, bigger is not always better — in some
cases, particularly for soils with water-rich clays, a frequency towards the lower end of
this spectrum might be desirable. This is not to say that frequencies lower than this cannot
be useful in tree root surveys. The lower the frequency goes, the lower the resolution —
which brings a cap on what root sizes can be detected. However, low frequency antennas
can also be used in detecting coarse roots. Ideally, two antennas of different frequencies

will be used in conjunction. For surveys on more favourable paved surfaces, antennas of
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higher frequencies typically yield better results.

The direction of GPR surveys may also be significant. Ideally,profiles in two
perpendicular directions should be carried out, at distances no larger than 10 cm. If the
direction of the objective is known, then profiles perpendicular on that direction can
suffice. In some instances, and in particular if accurate positioning can be ensured,

profiles at lower spacing can increase data quality

In a scenario where acquisition time is also significant (as traffic may need to be
stopped, for instance) and the direction of the objective is completely unknown, it is
recommended tocarry profiles on X and Y perpendicular, even at the cost of increasing
the distance between profiles (ie profiles at a distance of 20 cm in both directions are
recommended over 10 cm in just one direction). Total station (and other high-precision
positioning systems) can be an excellent aid to GPR positioning, and might even resolve
surface bumps that are not readily visible to the naked eye, therefore aiding surface

damage even without other geophysical methods.

Forward models can also aid survey planning and data interpretation, by helping
the surveyor know what type of response to expect. When an unexpected response is
encountered, forward modelling could help the surveyor understand what type of
structure created said response. When it comes to GPR data processing, a flow consisting
of geometric corrections, de-wow, bandpass, gain, background removal, and potentially
stacking, migration, and Hilbert transform can help improve the signal-to-noise ratio.
Different sites may require different tweaks in this flow and every site should be treated

individually, with different flows compared for assessment.

The measurements of tree root permittivity revealed substantial variation across

roots from the same tree, and even different segments from the same root. There is a
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realistic chance of the permittivity of the root to approximately coincide with the

permittivity of the surrounding soil, in which caseroots cannot be detected.

Urban soils have also raised unexpected challenges. They have noted geophysical
differences compared to natural soils and are rich in pebbles and other types of
geophysical noise. Generally speaking, surveys carried out in drier soils tend to yield
better results. The matter of when a survey should be carried out is not clear, and this is
often direct by need, and flexibility is not possible. However, when the season can be
chosen, summer (and drier seasons in general) should be favored. A wet soil covered in

fallen leaves was found to be extremely unfavourable to this type of survey.

Geo-resistivity can also aid in the detection of tree roots on soil surfaces (future
progress in terms of practical equipment is underway and may soon expand the
applicability to paved surfaces). The distance between electrodes cannot always be
expected to be on the same order of magnitude as the root itself, but should generally lie in
the 5-20 centimetre range. Coarse tree roots can be resolved in this way, although the
process is time-consuming. Low-cost custom-made equipment was built and used in this
purpose, successfully accelerating and improving data quality through the implementation
of non-conventional arrays. This is an avenue that warrants further investigation and could
be improved upon. Despite significant advancements, the classic Wenner array is still a
worthy consideration. Complementary to GPR, ERT might yield the best results in wetter
seasons,when soil resistivity is lowest, but this is unlikely to be a major concern. It is
recommended to integrate data from these two methods by first carrying out a GPR survey
and identifying the areas of interest, and then following up with an ERT in that particular
area. The results are consistent with published literature, highlighting that tree roots can be
mapped geophysically, but challenges still remain. Joint ERT/GPR surveys for resolving

individual roots (as opposed to the entire root area) are very rare in the literature and
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represent a good opportunity to address and reduce knowledge gaps. Permittivity data

from direct measurements can also help understand why some roots escape detection.

In order to assist surveyors or city planners in the attempt to detect tree roots, a
simple guide has been developed. The guide aims to be of practical use for geophysicists
and non-geophysicists as well. This is presented in Annex E and aims to serve as a stand-

alone practical guide for surveys.

Ultimately, the task of detecting tree roots through geophysical methods remains
challenging and site-specific. It something that should be considered by city planners
in the case of root-infrastructure interactions, and in many cases, it can saveimportant

resources and make significant financial impact by facilitating timely intervention.

6.3 Recommendations for future work
This thesis also strives to help further research and help open up new avenues or

further develop the existing findings and incorporate them in a practical scenario. The
most immediate consideration is the application of routine surveys for tree root
detection and damage assessment/prediction. At the current time, given the costs
associated with the survey, it is unrealistic to expect this to be deployed at a large
scale. However, it is presumably cost-effective in some particular areas, where the
risk of tree root damage is particularly high and/or the cost of repair intervention is
high. For instance,a historic or heavily circulated area in the vicinity of several old
trees, particularly trees with ‘aggressive’ roots, would warrant surveys and/or regular
monitoring. The issue mightalso warrant investigation in the case of old or leaky
pipes, where the damage can be exacerbated by tree roots expanding the leak, with
costly results. Lastly, surveys are also recommended where there are concerns of

potential damage to buildings (even in private gardens, for instance). The roots might
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be causing direct damage or subsidence, and this has taken a toll in the past. Although
most structures can withstand roots, older buildings (as is often the case in the UK)
can be affected, especially by trees with large and strong roots such as pine or palm
trees. Some soils are also more susceptible to this type of damage, as are some types
of trees with more vigorous and penetrant roots. In all cases, a prior assessment
should be carried out, to evaluate the existing risk and the potential of a geophysical
survey. In time, the cost of geophysical equipment (and geophysical surveys) can be
also expected to drop, while the cost of infrastructure interventions can be expectedto
rise. This trend could make surveys more robust and increase positioning accuracy,
which is often a contentious matter. Ultimately, smart sensors could potentially be
deployed to continuously monitor at-risk areas. High-resolution non-contact

resistivity equipment could offer new avenues on paved surfaces.

The geophysical methods could also be used in different scenarios, such as orchards
or nurseries. While this was not explored in great here, it seems that diseases, pests, and
other environmental threats change the physical parameters of the roots, and this change
might be detected with proper survey. For instance, a diseases root is expected to have
lower permittivity than normal and become inactive in time. Again, the matter of
developing this in a cost-effective manner can be challenging, but given an analysis of said
parameters, sensors can be deployed in place to monitor changes, saving resources in the
long term. Regular GPR surveys can also be used to monitor changes. This is already used
in some situations for soil monitoring, and can be adapted for root monitoring with
relative ease. This could be used in conjunction with sensors that monitor other relevant
parameters (such as soil humidity and porosity). Electrical methods seem like a better fit
here, since they are generally cheaper and easily applicable in this scenario.

This approach may also help offer a better understand COz absorption by trees,
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which is strongly directed by roots. While this is still speculative, it is plausible that
increased absorption can affect the parameters and growth of the root. This matter is of
upmost importance in a world where man-made global warming is one of the most

important and difficult challenges mankind must face.

Confirmation digging is something that is lacking in this work. Setting up a
realistic scenariowhere roots would cause real damage is challenging and time-
consuming to set up, and controlled environment simulations would need extreme
complexity to replicate the entiresystem complexity. Therefore, it would be more
practical to detect these scenarios alreadyhappening and study them extensively. This
has proven impossible in this case. However, using a combination of geophysical
methods, interdisciplinary approaches, and forward modelling, the author is helpful
that the work can serve as a useful resource for future study. Setting up such study

areas can help fill some of the knowledge gaps described here.

Lastly, this type of study could be used to better understand the potential and
limitations of geophysical methods (which are seldom used for such minute objectives)
and thephysical parameters of tree roots. For the important role that they have placed
since the dawn of humanity, tree roots have received surprising surprisingly little
attention, especially in terms of physical studies, and our understanding of roots (and
their interactions with other elements) is still incomplete. This is not just a purely
scientific pursuit, but given the impact of trees in society, it can also have a substantial

role in improving sustainability and can still be greatly expanded.

As climate change can accelerate tree growth and pose new environmental pressures
on both trees and urban ecosystems, and as infrastructure is becoming more and more

expensive, geophysical studies on tree roots are expected to become more significant and
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prevalent.
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7. APPENDICES

Appendix A: MATLAB functions and scripts

Array Slayer: select the type of geometry, plot the measurements real-time, and save geometry in

afile

clear

if exist ('(RS232Port','var’)
fclose(RS232Port);
clear('RS232Port;
TheCOMPort = 'Closed’
end

%%9%0%9%0%%%%%%% %% %% %% %% %% %%%%%% SELECT A COM PORT
%09%9%0%0%0%0%%%%%% %% %% % %% %% %% %% %%

Array_Type = menu('What is the COM
port?','COM1''COM2''COM3',COM4''COM5','COM6','COM7','COM8',COM9','COM10','COM
11''COM12Y;

switch Array_Type
case 1

RS232Port =
serial('COM1','BaudRate’,9600,'DataBits',8,'Parity’','none','StopBits',2,'FlowControl’,'none’, Termin
ator','CR/LF);

case 2

RS232Port =
serial('COM2','BaudRate’,9600,'DataBits',8, Parity','none’,'StopBits',2,'FlowControl','none’, Termin
ator','CR/LF;
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case 3

RS232Port =
serial('COM3','BaudRate’,9600,'DataBits',8,'Parity’','none’,'StopBits',2,'FlowControl’,'none’, Termin
ator','CR/LFY;

case 4

RS232Port =
serial('COM4','BaudRate’,9600,'DataBits',8,'Parity’','none’,'StopBits',2,'FlowControl’,'none’, Termin
ator','CR/LFY;

case 5

RS232Port =
serial'COM5','BaudRate’,9600,'DataBits',8,'Parity','none’,'StopBits',2,'FlowControl’,'none’, Termin
ator','CR/LF;

case 6

RS232Port =
serial('COM6','BaudRate’,9600,'DataBits',8,'Parity’','none’,'StopBits',2,'FlowControl’,'none’, Termin
ator','CR/LFY;

case 7

RS232Port =
serial('COM7','BaudRate’,9600,'DataBits',8,'Parity’','none’,'StopBits',2,'FlowControl’,'none’, Termin
ator','CR/LFY;

case 8

RS232Port =
serial('COMS8','BaudRate’,9600,'DataBits',8,'Parity’','none’,'StopBits',2,'FlowControl’,'none’, Termin
ator','CR/LF;

case 9

RS232Port =
serial'COM9','BaudRate’,9600,'DataBits',8,'Parity’,'none’,'StopBits',2,'FlowControl’,'none’, Termin
ator','CR/LF;
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case 10

RS232Port =
serial('COM10','BaudRate',9600,'DataBits',8, Parity’,'none’,'StopBits',2,'FlowControl','none’, Termi
nator','CR/LF");

case 11

RS232Port =
serial('COM11','BaudRate',9600,'DataBits',8, Parity’,'none’,'StopBits',2,'FlowControl','none’, Termi
nator','CR/LF");

case 12

RS232Port =
serial'COM12','BaudRate',9600,'DataBits',8, Parity’,'none’,'StopBits',2,'FlowControl','none’, Termi
nator','CR/LF");

otherwise
disp("You need a COM Port")
end

%%%% %% %% %% %% %% %% % %% % %% % %% %% % %% % % %% % %% %% % %% % %% %%
%%%%%%%%%%%% %% %% % %% % %% % %% %%

iteration=0;

NumberOfElectrodes = 16;

WennerProfiles = 0;

SchlumbergerProfiles = 0;

DipoleProfiles = 0;

OptimizedProfiles = 0;

FileName = sprintf('Report_%s.txt', datestr(now, mm-dd-yyyy HH-MM");

RaportWrite=["Number of electrodes:";num2str(NumberOfElectrodes)];
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while 1

Array_Type = menu("Would you like to carry a measurement?',"Yes','No");

if exist (RS232Port','var")
Intermediate_Port=RS232Port;
fclose(RS232Port);
clear('RS232Port;
TheCOMPort = 'Closed’
end
switch Array_Type

case 1
iteration=iteration+1
RaportWrite=[RaportWrite;"Profile number "];
RaportWrite=[RaportWrite;num2str(iteration)];

CurrentMeasurement = 0;

Array_Type = menu("What type of array do you want?','Wen','Sch’,'Dip-dip’,'Opt");

% Handle response
switch Array_Type
case 1
disp([Array_Type ' Doing a Wenner array'])
WennerProfiles = WennerProfiles+1;

RaportWrite=[RaportWrite;"Wenner"];

%% Wenner

%%
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ElecrodePositions = zeros(10000,4);
Elecrodelndex = 0O;

for ArrayIncrement = 1:(NumberOfElectrodes-1)/3 %Distance between

electrodes
for C1Electrode = 1:(NumberOfElectrodes-3*Arraylncrement)
P1Electrode = C1Electrode + Arraylncrement;
P2Electrode = P1Electrode + Arraylncrement;
C2Electrode = P2Electrode + Arraylncrement;
Elecrodelndex = Elecrodelndex + 1,
ElecrodePositions(Elecrodelndex,1) = C1Electrode;
ElecrodePositions(Elecrodelndex,2) = C2Electrode;
ElecrodePositions(Elecrodelndex,3) = P1Electrode;
ElecrodePositions(Elecrodelndex,4) = P2Electrode;
end
end
% Reduce size of the array

ElecrodePositions = ElecrodePositions(1:Elecrodelndex,:);

changing_rows=1;
position_matrix_wenner_initial = ElecrodePositions;
position_matrix = ElecrodePositions;

%Fix so consecutive P's (M,N) are moved around so the device measures

for fixing = 1:100;
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for invers = 1:(length(position_matrix)-1);
invers_2=invers + 1,

invers_O=invers - 1;

if position_matrix(invers,3) == position_matrix(invers_2,3) | position_matrix(invers,4) ==

position_matrix(invers_2,4)

position_matrix([changing_rows, invers],:)=position_matrix([invers, changing_rows],:)

changing_rows=changing_rows+2;
end
end
end
position_matrix_wenner = position_matrix;

ElecrodePositions = position_matrix;

case 2
disp([Array_Type ' Doing a Schlumberger)
SchlumbergerProfiles = SchlumbergerProfiles + 1;
TypeOfProfile = 'Schlumberger’;
RaportWrite=[RaportWrite;"Schlumberger"];

%% Schlumberger %%

ElecrodePositions = zeros(10000,4);
Elecrodelndex = 0;
for Arraylncrement = 1.5; %Distance between P1P2

for ArraySpread = Arraylncrement:(NumberOfElectrodes-Arraylncrement-1)/2
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%Distance between C and P
for C1Electrode = 1:(NumberOfElectrodes-2*ArraySpread - Arraylncrement);

C2Electrode = (C1Electrode + 2*ArraySpread + Arraylncrement);

P1Electrode = (C1Electrode + ArraySpread);

P2Electrode = (P1Electrode + ArrayIncrement);

Elecrodelndex = Elecrodelndex + 1,
ElecrodePositions(Elecrodelndex,1) = C1Electrode;
ElecrodePositions(Elecrodelndex,2) = C2Electrode;
ElecrodePositions(Elecrodelndex,3) = P1Electrode;
ElecrodePositions(Elecrodelndex,4) = P2Electrode;

end
end
end

% Reduce size of the arr

ay

ElecrodePositions = ElecrodePositions(1:Elecrodelndex,:);

changing_rows=1;

position_matrix_schlumberger_initial = ElecrodePositions;
position_matrix = ElecrodePositions;

%Fix so consecutive P's (M,N) are moved around so the device measures
for fixing = 1:100;

for invers = 1:(length(position_matrix)-1);

invers_2=invers + 1,
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invers_O=invers - 1;

if position_matrix(invers,3) == position_matrix(invers_2,3) | position_matrix(invers,4) ==

position_matrix(invers_2,4)
position_matrix([changing_rows, invers],:)=position_matrix([invers, changing_rows],:)
changing_rows=changing_rows+2;
end
end
end
position_matrix_schlumberger = position_matrix;
ElecrodePositions = position_matrix;
case 3
disp([Array_Type ' Doing a Dipole-Dipole array'])
DipoleProfiles = DipoleProfiles + 1;
TypeOfProfile = 'Dipole’;
RaportWrite=[RaportWrite;"Dipole"];
%% DipoleDipole %%
ElecrodePositions = zeros(10000,4);
Elecrodelndex = 0;

for ArrayIncrement = 1:(NumberOfElectrodes-2)/2; %Distance between

electrodes
for C1Electrode = 1:(NumberOfElectrodes-2*Arraylncrement - 1);
C2Electrode = C1Electrode + Arraylncrement;

for P1Electrode = (C1Electrode + ArrayIncrement + 1):(NumberOfElectrodes -

ArraylIncrement);
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P2Electrode = P1Electrode + Arraylncrement;
Elecrodelndex = Elecrodelndex + 1;

ElecrodePositions(Elecrodelndex,1) = C1Electrode; % Position of C1 current

injection electrode

ElecrodePositions(Elecrodelndex,2) = C2Electrode; % Position of P1 voltage

sensing electrode

ElecrodePositions(Elecrodelndex,3) = P1Electrode; % Position of P2 voltage

sensing electrode

ElecrodePositions(Elecrodelndex,4) = P2Electrode; % Position of C2 current

injection electrode

end

end
end

% Reduce size of the array

ElecrodePositions = ElecrodePositions(1:Elecrodelndex,:);
changing_rows=1;
position_matrix_dipole_initial = ElecrodePositions;
position_matrix = ElecrodePositions;
%Fix so consecutive P's (M,N) are moved around so the device measures
for fixing = 1:100;
for invers = 1:(length(position_matrix)-1);

invers_2=invers + 1,

invers_O=invers - 1;

if position_matrix(invers,3) == position_matrix(invers_2,3) | position_matrix(invers,4) ==

position_matrix(invers_2,4)
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position_matrix([changing_rows, invers],:)=position_matrix([invers, changing_rows],:)
changing_rows=changing_rows+2;
end
end
end
position_matrix_dipole = position_matrix;
ElecrodePositions = position_matrix;
case 4
disp([Array_Type 'Doing an Optimized array'])
OptimizedProfiles = OptimizedProfiles+1;
TypeOfProfile = 'Optimized’,
RaportWrite=[RaportWrite;"Optimized"];

%% Ideal Measurements thingie %%

%% Generate an array of data collection connections

P1=11111122222233333344444455555566666677777788888899
99991010101010101111111111111212121212121313131313131414141414
1415151515151516161616161617 1717171717 1818181818 181919191919 19
202020202020212121212121222222222222723232323232424242425252526
26271617111131215181111131518111762111413191221141019252
1211141111411622137172123113517132714224711682112184331
1043364721311211121341101455441917325111321375391310123
4674432013112073411612161191410451383195145231917111325
410101151461011731172523142533796156572133111775481023
19151044256625112333288512132246191254541859133123837621
8114167842111021518619177597521111959512456161027123141
13351231231045131737631662417238569496111313771032520217
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15349681411141137667561312591596655814211415883145316213
7124267131814110171234510954621441137625101313441457974
181127181224266112316897106144114101575499155517578611447
322010212213313];

P2=122222233333344444455555566666677777788888899999910
10101010101111111111111212121212121313131313131414141414141515
151515151616 1616161617 171717 17171818 18 18 18 18 1919 19 19 19 19 20 20 20
20202021212121212122222222222223232323232324242424242525252526
262627272821831531631218313414441541013 51151253191443191716
2243426915513512416541714431062096781161351151638797127512
1018759144181764445121477102111661011146358156135987613689
10710917204315515576613891318165477111161262119342413892711
14697614771281016125101682276681271014311579141451786101757
1210158119851555491381011199118109715116419209910154721612
137831091151413678108111371517699107131517109620812456187 15
61382212358182312825312142651192041199111015671491410147147
911201471664716816111045616211661818714911758121013718510108
81381914131085913131381282232018451291077156715711101110711
1515101117151712109111542126212912917138176613817126159761911
95123241452981414178827101961481422108111448111017613139923
1339292013309413951671912121016101651371267181171111161112217
11101612101012492113929304 16 129 10];

M=[34567845678956789106789101178910111289101112139101112
1314101112131415111213141516121314151617131415161718141516 17 18
1915161718192016 1718192021 171819202122 181920212223192021222324
2021222324 252122 2324 25 26 22 23 24 25 26 27 23 24 25 26 27 28 24 25 26 27 28 29 25
26 27 28 29 26 27 28 29 27 28 29 28 29 29 13 29 16 28 15 28 14 27 28 13 27 1927 18 17 27 16
2621262026191228271712282827291513169 222527 18 26 19 26 15 27 17 14 27 26
14 11252128 2522 23 24 25 20 26 18 26 20 27 11 24 23 24 22 25 21 19 26 24 27 22 17 24 26
132727191314 1417 2526 21 22 25 28 25 21 20 24 25 26 20 10 17 23 26 18 25 16 24 23 22
1825192223242124242728141126 1626162118 18 2522 23 2527 26 15 13 20 20 24
241925192827101229252223720242517222117251919242123262415242621
281918172124192325924152022252514262117 232614192423 262223232016
2614 1512 212520222327 222320222120252416112727222122251219 2816 24
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2418201022 2123142524 171821232023241825261622212218242526222116
271923111417261825162419282391319262823192982325617 132220271122
20202221251617242124222417241720222724172515111725202523211013
15252725152626172420221713192321241826 13212118 18231826 24232218
122123232318231928927261113221920161624141624162120212016212424
2021252425222019212410272952219221925231825141423 182522142419 16
1426222012227 28231221172323251717921261423172327201721239172120
25142222181828228182326227181022181124152621211924192412221521
1315252015202024202127152019242119192110182722182181024221919],

N=[4567895678910678910117891011128910111213910111213141011
1213141511121314151612131415161713141516 1718141516 1718 1915 16 17
18192016171819202117181920212218192021222319202122232420212223
24 252122 23 24 25 26 22 23 24 25 26 27 23 24 25 26 27 28 24 25 26 27 28 29 25 26 27 28 29
30 26 27 28 29 30 27 28 29 30 28 29 30 29 30 30 25 30 24 30 20 30 18 30 30 18 30 28 30 26 23
3020 30 28 30 26 30 23 19 30 29 25 14 30 29 30 30 19 20 21 11 27 30 29 22 30 26 29 19 29 20
17 30 30 16 20 30 27 30 29 29 28 30 30 24 29 24 29 30 30 13 28 30 30 26 30 24 29 28 30 30 27
2429 29 18 30 29 23 1529 23 27 29 30 25 28 28 30 28 30 27 30 29 28 27 20 24 27 29 20 30 19
27283021 302626272827 272828292214 3026 28 20 26 23 22 30 28 26 28 29 30 21 18
24 252728272827 303011 18 30 27 27 28 11 25 30 30 19 27 29 22 30 21 23 30 26 27 28 27
183029 27 30 24 26 20 24 30 22 29 29 17 26 23 28 26 27 28 17 30 25 22 30 30 16 24 30 26 29
2926 30 24 30 27 25 23 24 24 29 22 26 28 29 25 25 26 24 26 28 30 29 18 21 29 30 29 23 27 30
14 26 2921 28 27 21 25 12 25 26 27 20 29 28 26 20 28 28 23 29 26 23 29 28 19 27 25 27 22 30
272926 27 22 30 22 26 13 23 28 30 24 28 23 28 23 30 25 10 19 21 30 30 27 23 30 24 28 26 10
29152523 301224 2422262429 26202826263027222922252629301930241521
29 282930 2527 2520 27 30 28 19 29 28 24 25 24 28 24 18 25 30 27 27 29 29 14 23 28 23 23
27 22 3029 28 28 20 22 30 25 26 28 21 26 29 29 11 28 27 14 16 25 22 24 19 18 28 24 21 26 20
2524 242520 23 29 29 22 26 30 27 30 26 23 25 26 30 21 29 30 27 23 26 28 23 29 28 26 30 17
1524 28 28 24 16 30 27 2519 30 27 30 13 29 26 30 26 26 22 19 25 27 27 22 21 10 28 28 26 28
2026 3021 24 2928 2518 27 27 26 17 24 27 24 2229 24 132024 30 27 8 19 12 252523 28 19
2724 25232722 28152821 2522 24 3022 16 26 22 29 24 23 28 17 26 26 26 27 20 24 27 14
20292921231011 253028 21];

position_matrix = [P1(:), P2(:), M(:), N(:)];

position_matrix_initial=position_matrix;
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Xx=1;

changing_rows=1;

Number_extra_rows=0;

%Remove rows over number of electrodes

pos = [P1; P2; M; NJ;

pos_invers = pos’;

fori=1:670

if (P1(i)<=NumberOfElectrodes)
if(P2(i)<=NumberOfElectrodes)
if(M(i)<=NumberOfElectrodes)
if(N(i)<=NumberOfElectrodes)
A_n(x)=position_matrix(i,1);
B_n(x)=position_matrix(i,2);
M_n(x)=position_matrix(i,3);
N_n(x)=position_matrix(i,4);
X=x+1;
end
end
end
end
end
position_matrix = [A_n; B_n; M_n; N_n]’;

num_pos = numel(position_matrix)/4;
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position_matrix_optimizat = position_matrix;
%Fix so consecutive P's (M,N) are moved around so the device measures
for fixing = 1:100;
for invers = 1:(length(position_matrix)-1);
invers_2=invers + 1,
invers_O=invers - 1;

if position_matrix(invers,3) == position_matrix(invers_2,3) | position_matrix(invers,4) ==

position_matrix(invers_2,4)
position_matrix([changing_rows, invers],:)=position_matrix([invers, changing_rows],:)
changing_rows=changing_rows+2;
end
end
end
ElecrodePositions = zeros(10000,4);
Elecrodelndex = 0;
for Arraylncrement = 1:num_pos; %Distance between electrodes
C1Electrode = position_matrix(Arraylncrement,1);
C2Electrode = position_matrix(Arraylncrement,2);
P1Electrode = position_matrix(Arraylncrement,3);
P2Electrode = position_matrix(Arraylncrement,4);

Elecrodelndex = Elecrodelndex + 1;

ElecrodePositions(Elecrodelndex,1) = C1Electrode; % Position of C1 current

injection electrode
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ElecrodePositions(Elecrodelndex,2) = C2Electrode;

sensing electrode

ElecrodePositions(Elecrodelndex,3) = P1Electrode;

sensing electrode

ElecrodePositions(Elecrodelndex,4) = P2Electrode;

injection electrode

end
% Reduce size of the array
ElecrodePositions = ElecrodePositions(1:Elecrodelndex,:);
otherwise
disp(‘Aborting")
%ending of switch cases%
end
Comment3 =",
%% Initialise switching network communication

%Array_Type = menu('What is the COM

% Position of P1 voltage

% Position of P2 voltage

% Position of C2 current

port?','COM1''COM2''COM3''COM4''COM5','COM6','COM7','COM8','COMY9','COM10','COM

11''COM12Y;
%switch Array_Type
% casel

%

%RS232Port =

serial('COM4','BaudRate’,9600,'DataBits',8, Parity','none’,'StopBits',2,'FlowControl’,'none’, Termin

ator','CR/LF;

%
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% Open Port

RS232Port = Intermediate_Port;

fopen(RS232Port);

fprintf(RS232Port,'reset\n’);

%% Display to user the position of the electrodes to be connected

PreviousElectrodePositions = zeros(1,4);

for Elecrodelndex = 1:length(ElecrodePositions)
pause(1);
% Draw a picture
FigurelHandle = figure(1);
set(FigurelHandle,'Color','w")

OutlinePositionsX = 1:NumberOfElectrodes; % X Positions
OutlinePositionsY = zeros(size(OutlinePositionsX)); % Y Positions
plot(OutlinePositionsX,OutlinePositionsY ,'k+','MarkerSize',15,'LineWidth',2)
xlim([0 NumberOfElectrodes+1]);

ylim([-1.6 +1.6]);

%%%%%%%%%%%%%%% C1-1//C2-2//P1-3//P2-4 %%%%%%%%%%%%%%

C1 = ElecrodePositions(Elecrodelndex,1);
C2 = ElecrodePositions(Elecrodelndex,2);
P1 = ElecrodePositions(Elecrodelndex,3);
P2 = ElecrodePositions(Elecrodelndex,4);

hold on
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CurrentMeasurement = CurrentMeasurement + 1;

% Use red markers for current injection and blue markers for voltage sense
plot(C1,0,'ro','MarkerSize',15,'LineWidth',2)
plot(C2,0,'ro','MarkerSize',15,'LineWidth',2)
plot(P1,0,'bs','MarkerSize', 15, LineWidth',2)
plot(P2,0,'bs','MarkerSize', 15, LineWidth',2)

title(['Current Measurement ',num2str(CurrentMeasurement),' );

% Use text to label the electrodes
text(C1,-0.2,'C1','Horizontal Alignment','center’)
text(C2,-0.2,'C2','Horizontal Alignment','center’)
text(P1,0.2,'P1','Horizontal Alignment','center’)
text(P2,0.2,'P2','Horizontal Alignment','center’)

% Add block for current injection

line([C1 C1],[0 1],'LineWidth',2,'Color','r")

line([C2 C2],[0 1],'LineWidth',2,'Color’,'r")

BoxX1 =C1 + (C2-C1-2)/2;

BoxX2 = BoxX1 + 2;

line([C1 BoxX1],[1 1],'LineWidth',2,'Color’,'r')
line([BoxX2 C2],[1 1],'LineWidth',2,'Color’,'r")
line([BoxX1 BoxX2 BoxX2 BoxX1 BoxX1],[0.7 0.7 1.3 1.3 0.7],'LineWidth',2,'Color', ")
text(BoxX1+1,1.1,'Signal’,'Horizontal Alignment','center")

text(BoxX1+1,0.9,'Generator','Horizontal Alignment','center’)
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% Add block for voltage sense

line([P1 P1],[0 -1],'LineWidth',2,'Color','h")

line([P2 P2],[0 -1],'LineWidth',2,'Color','b")

BoxX1 = P1 + (P2-P1-0.8)/2;

BoxX2 = BoxX1 + 0.8;

line([P1 BoxX1],[-1 -1],'LineWidth',2,'Color','b")

line([BoxX2 P2],[-1 -1],'LineWidth',2,'Color','b")

line([BoxX1 BoxX2 BoxX2 BoxX1 BoxX1],[-0.7 -0.7 -1.3 -1.3 -0.7],'LineWidth',2,'Color','b")

text(BoxX1+0.4,-1,'RX",'Horizontal Alignment','center")

hold off

% Control switching network - switch relays on if there is to be a change

if ElecrodePositions(Elecrodelndex,1) ~= PreviousElectrodePositions(1),
RelayMessage = ['c1,' num2str(ElecrodePositions(Elecrodelndex,1)) ,on\n';
fprintf(RS232Port,'%s',RelayMessage);
pause(1.1);

end

if ElecrodePositions(Elecrodelndex,2) ~= PreviousElectrodePositions(2),
RelayMessage = ['p1," num2str(ElecrodePositions(Elecrodelndex,2)) ‘,on\n7;
fprintf(RS232Port,'%s',RelayMessage);
pause(1.1);

end

if ElecrodePositions(Elecrodelndex,3) ~= PreviousElectrodePositions(3),

RelayMessage = ['p2,' num2str(ElecrodePositions(Elecrodelndex,3)) ‘,on\n'];
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fprintf(RS232Port,'%s',RelayMessage);
pause(1.1);
end
if ElecrodePositions(Elecrodelndex,4) ~= PreviousElectrodePositions(4),
RelayMessage = ['c2,' num2str(ElecrodePositions(Elecrodelndex,4)) ',on\n';
fprintf(RS232Port,'%s',RelayMessage);
pause(1.1);
end
if mod (CurrentMeasurement, 10) ==
pause(4);
end
if Elecrodelndex < length(ElecrodePositions),
% Control switching network - switch relays off if there is to be a change
if ElecrodePositions(Elecrodelndex,1) ~= ElecrodePositions(Elecrodelndex+1,1),
RelayMessage = ['c1,' num2str(ElecrodePositions(Elecrodelndex,1)) ',off\n"];
fprintf(RS232Port,'%s',RelayMessage);
pause(0.001);
end
if ElecrodePositions(Elecrodelndex,2) ~= ElecrodePositions(Elecrodelndex+1,2),
RelayMessage = ['p1," num2str(ElecrodePositions(Elecrodelndex,2)) ',off\n];
fprintf(RS232Port,'%s',RelayMessage);
pause(0.001);

end
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if ElecrodePositions(Elecrodelndex,3) ~= ElecrodePositions(Elecrodelndex+1,3),
RelayMessage = ['p2,' num2str(ElecrodePositions(Elecrodelndex,3)) ',off\n];
fprintf(RS232Port,'%s',RelayMessage);
pause(0.001);
end
if ElecrodePositions(Elecrodelndex,4) ~= ElecrodePositions(Elecrodelndex+1,4),
RelayMessage = ['c2,' num2str(ElecrodePositions(Elecrodelndex,4)) ',off\n"];
fprintf(RS232Port,'%s',RelayMessage);
pause(0.001);
end
end
PreviousElectrodePositions = ElecrodePositions(Elecrodelndex;:);
end
disp('Wenner Profiles:";
disp(WennerProfiles)
disp(‘Schlumberger Profiles:";
disp(SchlumbergerProfiles)
disp(‘Dipole-Dipole Profiles:");
disp(DipoleProfiles)
disp(‘Optimized Profiles:");
disp(OptimizedProfiles)
fclose(RS232Port);

clear('RS232Port";
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otherwise
disp('Thanks, buh-bye!");
break

end

end

Results = fopen(FileName,'w");

fprintf(Results, '%s\r\n\r\n’,RaportWrite);
%fclose(FileName);

%% Clear the tasks

% Close the switching network comms - close serial port
fclose(RS232Port);

clear('RS232Port";

Transfer real permittivity data from coaxial probe to a csv

data=ans;

emptyCells = cellfun('isempty’, data);
data(all(emptyCells,2),:) =[]
data(:,2) = [J;

freq = data(1:101,1);

tabel = cell2table(data);
writetable(tabel,'bun2.csv");

perm = data;
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perm(:,1) = [I;

perm2 = reshape(perm,[101,40]);
c=[freq,perm2];

d=cell2table(c);

writetable(d,'datele.csv');

Transform gpr-Max files to SegY (readable by Reflex)

file=hdf5read(‘all_roots10_all.out', /rxs/rx1/EZ)
file_t=file.'

WriteSegy(‘all_roots10.segy’, file_t, 'dsf', 5, 'revision',1);
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Appendix B: GPR-max model examples (both in old and new format)

A few representative models are presented here. GprMax changed its framework at some point
over this project. Some files are in legacy format.

Simple 3 cylinder model (example)

#title: B-scan from a metal cylinder buried in a dielectric half-space
#domain: 0.60 0.20 0.002

Domain size in meters

#dx_dy_dz: 0.002 0.002 0.002

Discretisation in meters

#time_window: 4e-9

in seconds

#time_step_limit_type: 2D

#pml_cells: 1010010100

Insulating box

#material: 6 0 1 0 half_space

material: relative permittivity, conductivity, relative permeability, magnetic loss, name
#material: 9 0 1 0 test_material

#waveform: ricker 1 0.8e9 my_ricker

type of waveform (ricker, gaussian, gaussiandotnorm...), amplitudine, frequency Hz, nume
#hertzian_dipole: 2 0.020 0.170 0 my_ricker

polarization (X,y,2), X, Y, z al antenei, nume

#rx: 0.060 0.170 0

receiver Xy z

#src_steps: 0.00200

#rx_steps: 0.00200

increments pentru moving source

box: 000 0.6 0.170 0.002 half_space

X'y z pentru lower left corner si X y z pentru upper right

box: 000 0.240 0.100 0.001 test_material

249



#soil_peplinski: 0.05 0.95 2.0 2.66 0.001 0.25 my_soil

sand fraction, clay fraction, soil density, sand density, clay water, sand water, identifier

#fractal_box:0000.60.20.002 1.51 1150 my_soil my_fractal_box
#cylinder: 0.150 0.100 0 0.150 0.100 0.002 0.010 pec

X,Y,Z pentru o fata, X y z pentru alta fata, diametru, material (pec e prebuilt)
#cylinder: 0.300 0.100 0 0.300 0.100 0.002 0.020 pec

#cylinder: 0.450 0.100 0 0.450 0.100 0.002 0.030 pec

#geometry view: 0 0 0 0.60 0.20 0.002 0.002 0.002 0.002 3cylinderclay n

Water with water-filled holes

#title: 4 hole

#domain: 0.80 0.20 0.002
#dx_dy_dz: 0.002 0.002 0.002
#time_window: 8e-9
#time_step_limit_type: 2D
#pml_cells: 1010010100
#material: 6 0 1 0 half_space
#material: 4 1.0 1.0 0.0 asphaltl
#material: 2 1.0 1.0 0.0 asphalt2
#material: 80 1.0 1.0 0.0 apa
material: 16 0 1 O pine

material: 48 0 1.0 0.0 rootpine
material: 80 0 1.0 0.0 water
material: 6 0 1.0 0.0 concrete
pine at 40% moisture

#waveform: ricker 1 0.7e9 my_ricker

#hertzian_dipole: z 0.020 0.020 0 my_ricker
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#rx: 0.034 0.162 0

#src_steps: 0.00200

#rx_steps: 0.0020 0

#box:
#box:
#box:
#box:
#box:
#box:
#box:

#box:

0000.60.170 0.002 half_space

0.000 0.000 0 0.800 0.200 0.002 free_space
0.000 0.000 0 0.800 0.160 0.002 asphaltl
0.000 0.000 0 0.800 0.094 0.002 asphalt2
0.100 0.151 0 0.110 0.160 0.002 apa

0.260 0.151 0 0.280 0.160 0.002 apa

0.440 0.141 0 0.452 0.161 0.002 apa

0.628 0.141 0 0.648 0.160 0.002 apa

geometry_view: 0 0 0 0.60 0.20 0.002 0.002 0.002 0.002 9monthtreepipel n

Simple concrete model

MEDIUM

#medium: 6 0.0 0.0 0.01 1.0 0.0 soil

#medium: 12 0.0 0.0 0.01 1.0 0.0 concrete

#medium:; 80 0.0 0.0 0.01 1.0 0.0 water

DOMAIN

#domain: 0.6 0.2

#dx_dy: 0.003 0.003

#time_window: 0.4e-9

#abc_type: pml

#pml_layers: 8

GEOMETRY

#box: 0.025 0.024 0.574 0.141 soil
#cylinder: 0.060 0.059 0.028 pec
#cylinder: 0.555 0.067 0.018 pec
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#cylinder: 0.136 0.057 0.033 concrete
#box: 0.182 0.065 0.515 0.094 concrete
#box: 0.198 0.070 0.207 0.080 water
#box: 0.218 0.074 0.279 0.080 water
#box: 0.321 0.074 0.389 0.078 water
#box: 0.294 0.068 0.304 0.087 water
____________________ ANALYSIS .
#analysis: 52 concrete.out a
#line_source: 1.0 1000.0e6 ricker MLSource_1
#tx: 0.038 0.145 ML Source_1 0.0 0.4e-9
#rx: 0.059 0.144

#tx_steps: 0.010 0.000

#rx_steps: 0.010 0.000

#end_analysis:

#messages: y
#title:

#geometry_file: concrete.geo

Root sections with different permittivities
#title: cylinders and fun

#domain: 0.60 0.20 0.002

#dx_dy_dz: 0.002 0.002 0.002
#time_window: 4e-9
#time_step_limit_type: 2D

#pml_cells: 1010010100

#material: 6 0 1 0 half_space

#material: 24 0 1 0 pine

#waveform: ricker 1 0.8e9 my_ricker
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#hertzian_dipole: z 0.020 0.020 0 my_ricker

#rx: 0.060 0.02 0

#src_steps: 0.00200

#rx_steps: 0.0020 0

#soil_peplinski: 0.5 0.5 2.0 2.66 0.001 0.25 my_soil
#fractal box:0000.60.20.0021.511150my_soil my_fractal_box
#cylinder: 0.020 0.100 0.002 0.120 0.100 0.002 0.060 pine
#cylinder: 0.120 0.100 0.002 0.220 0.100 0.002 0.040 pine
#cylinder: 0.220 0.100 0.002 0.320 0.100 0.002 0.030 pine
#cylinder: 0.320 0.100 0.002 0.420 0.100 0.002 0.020 pine
#cylinder: 0.420 0.100 0.002 0.440 0.100 0.002 0.010 pine
#cylinder: 0.440 0.100 0.002 0.460 0.100 0.002 0.008 pine
#cylinder: 0.460 0.100 0.002 0.480 0.100 0.002 0.006 pine
#cylinder: 0.480 0.100 0.002 0.520 0.100 0.002 0.004 pine
#cylinder: 0.520 0.100 0.002 0.560 0.100 0.002 0.003 pine
#cylinder: 0.560 0.100 0.002 0.600 0.100 0.002 0.002 pine

Asphalt water-filled fissures
_____________________ MEDIUM ..
#medium: 24 0.0 0.0 0.01 1.0 0.0 rootpine
#medium: 24 0.0 0.0 0.01 1.0 0.0 water
#medium: 6 0.0 0.0 0 1.0 0.0 concrete
_____________________ DOMAIN
#domain: 0.6 0.2

#dx_dy: 0.002 0.002

#time_window: 4.0e-9

#abc_type: pml

#pml_layers: 8
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____________________ GEOMETRY .. ..
#box: 0.411 0.089 0.479 0.120 rootpine
#box: 0.347 0.094 0.411 0.116 rootpine
#box: 0.307 0.100 0.348 0.110 rootpine
#box: 0.016 0.016 0.305 0.152 concrete
#box: 0.256 0.101 0.308 0.108 rootpine
--TruUSx--

#triangle: 0.258 0.107 0.258 0.103 0.238 0.103 rootpine
#box: 0.478 0.082 0.582 0.123 rootpine
#box: 0.246 0.091 0.263 0.095 water
#box: 0.258 0.111 0.281 0.113 water
#box: 0.285 0.087 0.299 0.094 water
#box: 0.288 0.117 0.296 0.118 water
#cylinder: 0.296 0.110 0.005 water
#cylinder: 0.277 0.088 0.007 water
#cylinder: 0.248 0.110 0.005 water
#cylinder: 0.233 0.089 0.006 water
#cylinder: 0.226 0.104 0.006 water
#cylinder: 0.241 0.116 0.004 water
____________________ ANALYSIS .

#analysis: 1 filename.out a

#end_analysis:

#messages: y
#title: model of...

#geometry_file: asphalt water.geo

Fractal clay-sand mixture with cylinder roots

#time_window: 4e-9
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#time_step_limit_type: 2D

#pml_cells: 1010010100

#material: 6 0 1 0 half_space

#material: 16 0 1 0 pine

#material: 48 0 1.0 0.0 rootpine

#material: 80 0 1.0 0.0 water

#waveform: ricker 1 1e9 my_ricker
#hertzian_dipole: z 0.020 0.020 0 my_ricker
#rx: 0.0150.02 0

#src_steps: 0.00200

#rx_steps: 0.0020 0

#box: 000 0.6 0.170 0.002 half_space
#soil_peplinski: 0.5 0.5 2.0 2.66 0.001 0.25 my_soil

#fractal box:0000.60.20.002 1.51 1150 my_soil my_fractal_box

#box: 0.411 0.089 0 0.479 0.120 0.002 rootpine

#box: 0.347 0.094 0 0.411 0.116 0.002 rootpine

#box: 0.307 0.100 0 0.348 0.110 0.002 rootpine

#cylinder: 0.212 0.101 0 0.212 0.101 0.002 0.034 pec

#cylinder: 0.212 0.100 0 0.212 0.100 0.002 0.023 water

#box: 0.256 0.101 0 0.308 0.108 0.002 rootpine

#triangle: 0.258 0.107 0 0.258 0.103 0 0.238 0.103 0 0.002 rootpine
#box: 0.478 0.082 0 0.582 0.123 0.002 rootpine

#geometry_view: 0 00 0.60 0.20 0.002 0.002 0.002 0.002 andrei2 n

Complex, noisy subsurface model with roots
[Not fully included as it contains over 1400 lines]
#box: 0.002 0.000 0 1.172 0.270 0.002 soil

#box: 0.002 0.000 0 0.064 0.270 0.002 concrete
#box: 0.000 0.224 0 0.301 0.270 0.002 concrete
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#cylinder: 0.693 0.186 0 0.693 0.186 0.002 0.032 pec
#cylinder: 0.447 0.192 0 0.447 0.192 0.002 0.019 pec
#cylinder: 0.693 0.186 0 0.693 0.186 0.002 0.032 pec
#cylinder: 0.951 0.236 0 0.951 0.236 0.002 0.009 pec
#eylinder: 0.446 0.191 0 0.446 0.191 0.002 0.013 water
#box: 0.847 0.199 0 0.892 0.270 0.002 treeroot

#box: 0.855 0.159 0 0.880 0.199 0.002 treeroot
--Start_imageC--

#cylinder: 0.862 0.205 0 0.862 0.205 0.002 0.015 treeroot
--End_imageC--

--Start_imageC--

#cylinder: 0.862 0.205 0 0.862 0.205 0.002 0.015 treeroot
#cylinder: 0.880 0.205 0 0.880 0.205 0.002 0.015 treeroot
--End_imageC--

--Start_imageC--

#cylinder: 0.880 0.205 0 0.880 0.205 0.002 0.015 treeroot
#cylinder: 0.868 0.193 0 0.868 0.193 0.002 0.015 treeroot
--End_imageC--

--Start_imageC--

#cylinder: 0.868 0.193 0 0.868 0.193 0.002 0.015 treeroot
#cylinder: 0.873 0.191 0 0.873 0.191 0.002 0.015 treeroot
--End_imageC--

--Start_imageC--

#cylinder: 0.873 0.191 0 0.873 0.191 0.002 0.015 treeroot
#cylinder: 0.867 0.174 0 0.867 0.174 0.002 0.015 treeroot

[..]
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Appendix C: Abstracts from attended conferences

Symposium on the Application of Geophysics to Engineering and Environmental
Problems (SAGEEP)

Andrei Mihai and Gerea Alexandra
Detecting Tree Roots in an Urban Environment with a 400 MHz GPR Antenna

Here, we present the results of Ground Penetrating Radar (GPR) surveys carried with a
relatively lower frequency antenna (400 Mhz) in an urban environment. The aim of the
study was to determine if this frequency can be used to detect tree roots in urban soils and
in different types of pavement, and what are the pros and cons of applying this method in a
real environment. While GPR studies on tree roots are not novel, applying the method in
an urban environment, with realistic challenges is substantially more different and

challenging.

EGU General Assembly 2017

Geophysical Research Abstracts
Vol. 19, EGU2017-6867, 2017

The use of Ground Penetrating Radar to detect tree roots in an urban setting
Andrei Mihai and Alexandra Gerea

Here, we discuss the application of Ground Penetrating Radar (GPR) in the detection of tree roots
using a broad range of frequencies (from 250 MHz to 4GHz) and several processing flows,
assessing the applicability of the method, with its advantages and limitations, using GPR models as
well as practical surveys. For many years, geophysical techniques have been successfully applied
in a range of environmental, engineering and geotechnical sectors. Especially in urban areas, the
rise of near-surface geophysics has been challenging, as not only are the investigation targets often

much more subtle and difficult to study remotely, but man-made materials typically make
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investigations much more difficult. Tree roots account for between 10 and 65 % of the total
biomass, depending on factors such as age, species, soil type, water availability and competition.
However, tree roots have rarely been studied with GPR in real, urban environments, despite the
fact that they can cause significant damage to buildings, bridges, roads, and sidewalks. We carried
out hundreds of profiles over several surfaces and structures commonly found in urban
environments and around various species of trees, of different ages and heights and we report on
the success and shortcomings we encounter. Several relevant models were developed to aid the
study, focusing especially on the minimal detectable geophysical contrast. To our knowledge, GPR
(or any other geophysical method) research was not used by any municipality or policy maker to
study tree root hazard. We propose it as a means to better understand said hazard as well as to

assess the development of trees in urban areas.

Near Surface Geoscience 2018

The Use of Geophysical Methods in Identifying Tree Roots in Urban Areas
Andrei Mihai and Alexandra Gerea

In recent years, geophysical techniques have been increasingly used for environmental and
engineering applications. As a result, there is growing demand for geophysical studies, particularly
in urban areas, where surveys have been traditionally difficult to carry. An area of potential
interest has been the study of the interaction between tree roots and infrastructure. Trees are
generally a welcome sight in urban areas, as they provide a number of environmental services such
as pollution mitigation (Escobedo et al. 2011) and even crime reduction, as Kuo and Sullivan
(2001) suggest. However, trees can also interact negatively with infrastructure. In particular, tree
roots can cause significant damage to buildings (Biddle, 2001), as well as to roads and sidewalks
(Randrup et al. 2001). This process often goes unseen before the damage becomes evident on the
surface. Assessing infrastructure damage in the early stages of the process, or even predicting it,
could be valuable for urban planning and infrastructure management and repair. However, this
remains challenging. Here, we use two geophysical methods, Electrical Resistivity Tomography
(ERT) and Ground Penetrating Radar (GPR), describing their usage in the detection and study of
coarse tree roots in urban areas. We use a mixture of forwards models, lab measurements, and
practical surveys in reallife, non-ideal settings, to assess the span of information that can be
derived. We also present a custom-made ERT electrode switchbox that can work on any desired

tomography configuration; we used this to work with non-standard configurations, such as the
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ones proposed by Wilkinson et al. (2006). For the GPR, we used four different antennas, with very
different central frequencies (250 MHz, 750 MHz, 1500 MHz, 4000 MHz).

International Geoscience Student Conference (2019)

The use of different GPR frequencies to study tree roots under paved areas
Andrei Mihai and Alexandra Gerea
Summary

In recent years, near surface and environmental geophysics have greatly developed and expanded
their scope. However, urban studies remain challenging due to several reasons (noise owed by
human infrastructure, lack of site delimitation in circulated areas, difficulties in applied methods
on paved surfaces, etc.). Ground Penetrating Radar has recently emerged as an excellently-suited
method for such urban areas, especially thanks to its speed of data acquisition and excellent

resolution.

Appendix D: Journal paper

ABSTRACT

Ground penetrating radar has been used extensively in near-surface studies to detect
underground objects and features typically located within a few metres beneath the surface. In
urban areas, ground penetrating radar is widely used to study buried utilities such as pipes and
cables. A more recent and unconventional application of ground penetrating radar is the detection
of tree roots, which can interact negatively with the human infrastructure in a number of ways.
However, the geophysical study of tree roots has proven quite challenging and site-specific. Most
tree roots (even coarse roots) have a small diameter and are hard to resolve through geophysical
methods. In addition, the sheer amount of potential variability regarding the tree species, age, size,
health and the subsurface environment (e.g., soil or a man-made material such as concrete or
asphalt) makes it very hard to implement a one-size-fits-all approach. This is where robust, easily
customizable forward models can be of assistance, indicating the range of detectable geophysical

contrast and the limitations of the method, as well as the suitable antenna frequencies. Here, a
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vector network analyser with a commercial open-ended coaxial probe was used to take direct
measurements of the relative permittivity of freshly cut tree root segments at frequencies from 50
MHz to 3 GHz. The results were used as inputs to ground penetrating radar forward modelling
using gprMax open source software, depicting various realistic scenarios which could be
encountered in actual field surveys. The developed models help better understand the applicability,
potential and limitations of ground penetrating radar surveys for detecting tree roots in different
environments, aiding the development of future surveys. The notable variability in the tree roots is

a significant consideration for surveys and forward models.

Key words: GPR, gprMax, tree root.

INTRODUCTION

Trees are essentially ubiquitous in both rural and urban areas, where they provide a
number of environmental and social services (Gillner et al. 2015; Mcpherson, Doorn and Goede
2016). Roots are a key structural component of trees, offer-ing anchorage as well as water and
nutrient absorption and distribution. However, tree roots can also destructively inter act with
human infrastructure, causing structural damage to roads, sidewalks and buildings, and causing or
enlarging pipe fissures (Randrup, McPherson and Costello 2001; Mullaney, Lucke and Trueman
2015). In urban areas, trees can pose sig-nificant risks, with the damage to infrastructure ranging

from simple cracks or bumps to serious structural damage (Day 1991).

Roots are more difficult to study than the rest of the tree in situ since they are inaccessible
and generally buried beneath the soil. Roots are also actively exchanging chemical substances with
the surrounding soil (through absorption and respiration), which tends to mask their geophysical
contrast. Along with their small size, this makes the in situ geophysical detection and study

especially difficult.

Ground Penetrating Radar (GPR) is a potential method for detecting tree roots (Butnor et
al. 2001; Bassuk et al. 2011). GPR is a non-destructive geophysical method which can be operated
relatively fast and is generally well suited for urban surveys. Studies have shown that coarse roots
can be mapped in some cases (Hruska, Cermak and Sustek 1999; Butnor et al. 2003; Guo et al.
2013), but the extent to which smaller roots can be detected remains unclear and since past studies
generally focus on individual case study scenarios, a certain degree of uncertainty exists even in
the case of coarse root detection. The suitability of detecting different types of roots in different

types of soils with GPR remains a matter of active research. Most studies have been carried out
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under controlled conditions or forest/orchard settings, and signifi-cant differences between these
soils and urban soils can be expected (Lehmann and Stahr 2007), which could have important
implications for the GPR detection of roots. However, it is in the urban areas where the interaction
between roots and human infrastructure such as roads, pavements, buried utilities and buildings is

more likely.

The usage of GPR in tree root detection has fundamen-tal limitations (Hirano &
Yamamoto, 2009),and given the inherent variability of parameters in soils, roots and
environmental conditions, a signification variation in detection rates can be expected. Root
orientation also affects the detectionaccuracy of GPR (Tanikawa, Hirano and Dannoura, 2013),
which adds another layer of uncertainty to surveys.

Several studies describe different scenarios in which tree roots have been detected using
GPR, with varying degrees of success (Cermak et al. 2000; Butnor et al. 2003; Morelli et al. 2005;
Bassuk et al. 2011; Ow et al. 2012; Zhu et al. 2014; Butnor et al. 2016). However, these usually
focus either on experimental scenarios (Barton and Montagu 2004; Bassuk et al. 2011), or natural
soil environments like a forest (Morelli et al. 2005; Hirano and Yamamoto 2012). Real-scenario
studies in urban settings, which have differences to natural landscapes (more compaction, erosion,
higher temperatures, potential elements of human infrastructure or other artefacts), have generally
used relatively low frequencies of 400 (Ow and Sim 2012; Zhu et al. 2014) or 500 MHz (Nichols,
McCallum and Lucke 2017), which can only resolve the coarsest roots. Notably, Yokota et al.
(2011) found that even a frequency of 800 MHz has difficulties resolving roots with a diameter

under 3 cm.

However, the literature does not focus on the dielectric properties of the roots (for clarity,
and hereafter, the term ‘permittivity’ is used to refer to the real part of the relative permittivity).
Furthermore, potentially unsuitable frequencies are still chosen in practice, leaving some roots
outside of the detectability range. Hence, establishing a range of expected permittivity values and a
generally detectable contrast could allow GPR operators to better design surveys by anticipating
the limitations of different antenna frequencies (i.e. resolution and depth of penetration) and the
contrast between roots and soil. A robust model in which parameters for local soil are in-troduced
could provide an indication to what antenna is best suited for the survey. Similarly, developing
robust forward models in which one needs only to insert the permittivity val-ues of the root and the

soil could help with the interpretation of often complex subsurface scenarios.

This paper presents direct permittivity measurements over a substantial range of root

samples (and a few branch samples), from trees belonging to four common species: Sycamore
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(Acer pseudoplatanus), Pine (Pinus sylvestris), Ash (Fraxinus excelsior) and Oak (Quercus robur).
These trees are commonly widespread in temperate climates in urban areas and are likely to be
encountered by a surveyor in a real-life setting.

These experimental data are integrated into GPR forward models using gprMax,
presenting several relevant scenarios, including the permittivity of common soil types and of the
measured roots, potentially serving as a foundation for a better understanding of GPR tree root
detection in urban areas. The geophysical mapping and characterization of these tree roots could
be used to assess or predict interactions with human infrastructure, enabling city councils to make
better urban planning decisions regarding trees. Ultimately, with sufficient development and
increasing technological affordability, these measurements could be integrated in a smart city

system, with sensors monitoring the potential interactions of tree roots and infrastructure.

This is a cross-disciplinary study with multiple consider-ations from biology, civil
engineering and geophysics. Special emphasis is given to the geophysical standpoint, though other

implications are also considered.

METHODOLOGY
Sample collection

A great deal of emphasis was placed on the health and well-being of the trees. All the
root samples were collected from mature, healthy trees and only small segments were cut. Roots
under 2 cm in diameter were selected and analysed, since the main purpose of the study was to
assess roots that would be more difficult to detect. This also ensured that no structural damage was
done to the tree by cutting any of its major roots. Root segments were collected close to their
termination, so as not to disturb a longer segment of the root. All harvested roots were gathered
from the shallowest part of the topsoil (depth <2 cm). The areas from which the roots were
harvested were heavily shaded, with very few patches of sun, and no roots were taken from these
sunny patches, to avoid a potential source of water content variation. Roots were harvested at a

distance of 3-4 m from the trunk.

All root samples were harvested from an urban area around Harborne, Birmingham (UK);
freshly cut roots were labelled, placed in air-tight plastic containers and quickly transported to the
laboratory where measurements could be taken. The root is a living part of the tree. From the

moment it is separated, it starts to undergo a series of changes. Sig-nificantly, it starts to slowly

262



lose some of its water content. Since the measurements could not be carried out in situ, it was

therefore imperative to perform them as quickly as possible, within 30-60 minutes.

Root samples were cut into segments approximately 10 cm long. Their shape was
sometimes irregular which made measurements more difficult, so samples were cut into smaller

segments, but never smaller than 5 cm.

Measuring permittivity

The permittivity measurements were carried out with an 85070E dielectric probe, an
open-ended coaxial probe (Keysight Technology). The 85070E can measure complex permittivity
over a broad range of frequencies. Most measurements were normally taken from 50 MHz to 3
GHz, and sometimes from 100 MHz to 3 GHz, which is a broad frequency range for ground

penetrating radar measurements.

While measuring, the transversal part of the root was firmly pressed on the probe surface.
The transversal part was cut smoothly to minimize the presence of small pockets of air which

would cause lower permittivity values to be measured.

To further reduce uncertainty, 40 individual measurements were taken for every sample,
allowing any anomalous measurements (likely resulting from imperfect contact between the probe
and the root segment) to be safely eliminated. In most instances, 40 satisfactory measurements
were obtained, and in all occasions, at least 30 valid measurements were obtained for each root

segment.

Initially, some measurements were taken as a proof-of-concept, as we wanted to assess
the feasibility of the method and the potential of using branches as root substitutes for lab
measurements (which turned out to not be the case). For subsequent measurements, samples were
also weighed on a high-precision scale, placed into an oven at 105°C for 24 hours, after which they

were weighed again to calculate the water content.
Forward models

The data obtained were introduced into forward models produced using the gprMax
software; gprMax is an open-access software that simulates electromagnetic wave propagation,

using the finite difference time-domain method.
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Through its nature, gprMax encourages robust models, as key parameters (such as tree
root permittivity, in this case) can be changed, often by modifying a single line of code. Its lat-est
version (based on Python) makes it relatively easy to script more complex scenarios, although the
models presented here are reasonably simplistic. Overall, given the inherent complexity of ground
penetrating radar (GPR) data, developing forward models can be extremely challenging, but
gprMax offers a readily available open-source software solution.

Generally, three-dimensional model calculations are significantly more computationally
intensive, particularly for high resolution models involving GPR antennas operating at high
frequencies. Hence, for the purpose of this study, only two-dimensional models were developed, as
the identification of tree roots is primarily done on GPR profiles.

Several variations of the initial models were carried out, highlighting the robustness of
the models, which can be easily tweaked based on existing environmental and root conditions.
Easily changeable parameters include the permittivity of the roots and surrounding soil, potential
soil layers, root size, position and shape, antenna frequency and waveform. Additionally, gprMax
offers the possibility of designing a fractal box with a complex mixture of sand and clay with

varying water contents.

Several simplifying assumptions were made. The roots were considered to be cylindrical;
although they have irreg-ularities, they still follow a cylindrical shape, and the irregu-larities are
unlikely to have a significantly effect. All surfaces were considered to be flat and regular.

Two antenna frequencies were used for these models: 750 MHz and 1.5 GHz. These
frequencies were selected as relevant to the practical applicability in GPR surveys and the potential
of detecting roots. Both the depth of penetration and the resolution are governed by the GPR
wavelength in a trade-off relationship: higher frequency means higher resolution and lower depth

of penetration. For this type of study, the vertical and lateral resolution must first be considered.

In order for root detection to be possible, the vertical distance between two reflectors
must be at least 1/8 to 1/2 of the wavelength A (Mller and Vosgerau 2006). The two important
parameters to consider here are wave frequency and velocity, the latter of which can vary
significantly in different mediums. Wave theory indicates that the best vertical resolution can be
achieved at one quarter of the dominant wavelength (Sheriff 1977). Applying this to clays with
relative permittivities ranging between 5 and 40 will yield propagation speeds of 4.7-13 cm/ns
(Overmeeren 1994), which for the two antennas yield vertical resolutions of 1.765-4.5 cm and

0.77-1.97 cm, respectively.
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Of course, this theoretical range can be worsened in practice by many factors, such as
scattering, energy losses or the return centre frequency being typically lower than the nominal
centre frequency due to greater attenuation of higher frequen-cies (Neal 2004). Given a reasonable
velocity of 10 cm/ns, the theoretical vertical resolution for the 750 MHz and 1500 MHz antenna

can be expected to be 3.5 cm and 1.6 cm, respectively, (Mancuso 2012).

Horizontal resolution, regarded as the minimum distance which should exist between two
reflectors to allow detection, is more difficult to calculate, as it also depends on the trace interval,
the beam width, the radar cross section of the reflector and the depth of the target (Rial et al.
2009). This horizontal resolution is also determined by the area illuminated by the GPR antenna,
the so-called antenna footprint. It is typically worse than the vertical resolution as it includes the
M4 factor as well as another factor dependent on depth. The most common approximation for the
antenna footprint, which is used to define the horizontal resolution (Vega, Ramon« and Di Capua
2008) is

where h is depth and ¢ is the average relative permittivity to depth h.

This effect is diminished since with the exception of tap roots, the vast majority of roots
are located within the first 20 cm, but is still significant. For the clay interval, considering a depth

of 10 cm, this adds another 1.6-5 cm to the vertical resolution.

The increase in lateral resolution with depth is an important factor in tree root study. Neal
(2004) discusses the detailed aspects which can influence practical lateral resolution, including

horizontal spacing between GPR profiles (which of course, is not considered on a single profile).

In theory, using higher frequency always seems desirable, but in practice this is not

always the case as the depth of penetration is reduced to only a few centimetres due to high
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scattering in the topsoil. In the field, topsoil is a heterogeneous and lossy complex medium, with
greatly varying dielectric properties (Zhu et al. 2014), which can create an unsuitable medium for
very high frequency antennas (2 GHz and above).
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The 700-1500 MHz interval range therefore seems like a realistic range for the study of
coarse tree roots (thicker roots which have undergone secondary thickening and have a woody
structure). While the 700 MHz antenna will be incapable of detecting thinner roots, it is still a
frequency commonly used in practice (along with even lower frequencies), and the models

highlight the limitations of these lower frequencies.

RESULTS
Experimental results

A set of initial measurements was carried out to assess the suitability of using branches

instead of roots, which would have been more easily accessible. However, it was found that
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branches and roots have very different permittivity values (as illustrated in Fig. 1), and therefor

branches cannot be used as a proxy for roots.

Although there may well be a correlation between the permittivity of roots and branches

(influenced by species, overall health and activity of the tree or water content), results indicate that

branches are not an accurate proxy for roots.

(?), wet weight (g), dry weight (g) and water content (%)

Table 1 General characteristics of the measured root segments, including the diameter

la 1b 2a 2b 3a 3b 4a 4b 6a 6b

Spe

cies yc yc yc yc yc yc ak ak ak ak
)

(mm) 0 0
Wei

ght (g) 68 41 .05 41 2 68 27 35 .06 4
Dry

W (g) .89 .55 12 49 .89 .64 1 17 .99 .53
Wat

er % .38 .39 .48 .46 .53 54 51 5 51 .55
Per

m 0.5 GHz 51 45 2 35 5.3 7.8 5.1 8.1 8.4 3
Per

m 1 GHz 35 2.9 1 2.2 35 6 25 6.1 6.3 1.2
Per

m 1.5 GHz 3 2.4 0.6 2.1 3 5.3 1.6 55 5.6 0.5

6c 6d 7a 7b 8a 8b 9a 9b 10a 10b

Spe

cies ak ak yc yc yc yc yc yc yc yc
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Figure 1 shows measurements on roots and branches ap-proximately 1 cm in diameter

from a mature Sycamore tree. The curves follow an expected shape, with permittivity values

slowly declining with frequency.

The initial measurements also revealed two other aspects: firstly, a minority of the roots

have a very low, almost negligible permittivity (<4). Although the water content was not measured

for these first samples, they were visibly drier, and possibly diseased or inactive. Secondly, it was

immediately visible that the root permittivity values were spread over a wider range and did not

cluster around a single value.

There was also a large difference in permittivity between roots and branches of similar

diameters, further suggesting that branches are not good substitutes for roots.

Several smaller scale measurement campaigns were carried out, gathering 2-4 roots or 2-

4 segments of the same root. Since this was time-consuming and logistically challenging, all

surveys but one (describe in the following section) were carried out in this fashion. Additionally,

since there is a reasonable reason to believe that environmental conditions such as soil moisture

can change the permittivity of the roots, surveys conducted on different days were analysed

separately
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A larger survey

The largest and most comprehensive survey was carried around the Harborne Walkway,
in Birmingham, UK. A total of 20 root segments were successfully harvested and analysed (two
segments from eight individual roots, four segments from one individual root). Another four
segments from a different root yielded very low permittivity values and were discarded. This
ensured that there was time to carry the measurement be-fore the root samples start drying up. All
samples were taken from the same soil unit (a wet clay), over a distance of under 1 km, with
depths ranging from 0 to approximately 2 cm, from three species: Sycamore, Pine and Oak. Roots
were la-belled from R1 to R10. Out of the samples, R5 segments were discarded as very dry and
potentially diseased/inactive, and four segments were harvested from R6 (R6a, R6b, R6c, R6d).
From all other roots, two segments were harvested (a and b). The diameter, weight and dry weight
were measured. It was attempted to harvest root segments both from the surface and right beneath
the surface. All the ‘a’ segments were visible on the surface. The ‘b’ segments were on the same
root section as the ‘a’ segments, in their direct continuation, but right be-neath the surface (<2 cm),
which did not appear to have a consistent effect on permittivity. For the R6 root, only the ‘a’

segment was partially visible on the surface.
Table 1 shows the characterization parameters of the tree roots analysed in this study.

Segments from the same root tended to have more similar water content values, typically
within 1-2%, although one sample varied by up to 4% (R6 in Table 1). Water content also did not
appear to be correlated with diameter.
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Figure 2 Median permittivity values for root segments R1-R10.

The range of frequencies over which the segments were measured was 50 MHz-3 GHz,

with measurements taken at 101 individual frequencies. The first and last five extreme

measurements were eliminated, and the median value was calculated.

Figure 2 shows the median permittivity values for root segments R1-R10; the lack of

smoothness in the curves is com-mon when taking vector network analyser measurements with

open-ended coaxial probes and can be caused by imperfect contact between root sample and probe

and possibly by sub-optimal calibration of the probe (note that the measurements shown in Fig. 2

were taken on the same day). However, be-cause all the curves followed a similar shape, we

interpret this to be an artefact of the probe measurement, and these irregularities do not affect the

conclusion derived from the analysis.

The wide spread of the permittivity values is remarkable. At 1 GHz, permittivity values

range from just over 10.9- 31.1. This interval is significant because the permittivity of the soil is
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likely to be within this range (Curioni, Chapman and Metje 2017). If the permittivity of the soil is
similar to the permittivity of the root, it is unlikely that ground penetrating radar can detect it.

Permittivity at 1 GHz

g

4 -
= [ ]
E -~
L

2 o
a

= L
T L]

B o ¥.]°
i H}

u il

Water content (%)

Figure 3 Permittivity values for RLDR10 at 1 GHz. Permittivity values at other

frequencies yielded similar trends, which cannot be grouped by any readily available parameter.

Similarly to the water content (see Table 1), the permittivity values show no correlation

to the root diameter or tree species.

In most instances, different segments of the same roots had very similar values -- but this
was not always the case. Figure 3 shows the relationship between water content and permittivity at
1 GHz.

Although a positive relation exists, the data are spread out and do not appear to follow a
predictable behaviour. This suggests that several different factors other than water content are
affecting the permittivity value of the roots, producing a notable spread.

The trend did not become clearer when grouping the data points by diameter, tree species
or other available characterization parameters. This suggests that unlike other materials (for
example soils), tree root permittivity cannot be estimated based on water content alone, and other
factors need to be considered.

However, a thorough explanation of this variability was not attempted here as it was not

the primary objective of this study and is an area of interest for future work.
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The root density and the electrical conductivity caused by sap flow at the time of the
sampling are potential parameters which could have played a significant role in affecting the
measured permittivity, as suggested by Cermak et al. (2000).

Forward models

The root permittivity values described in the previous section were inserted into the

forward models using gprMax.

Two virtual two-dimensional boxes of 0.8 m x 0.3 mand 0.6 m x 0.2 m, respectively,
were constructed in gprMax. The antenna was not modelled, and a simple Tx-Rx system was used,
as is readily available in gprMax (Warren, Giannopoulos and Giannakis 2016). Both the
permittivity values of the roots and the soil can be changed with ease. Additionally, a complex and
real-life mixture of clay and sand can be modelled as an existing feature of the software.

The soils from which the roots were harvested were loamy and clayey. The permittivity
values considered in the models cover a broader range, from 2 (a very dry and sandy soil) to 20 (a
very wet, clay-rich soil). The values were extracted from existing literature (Daniels 1996) and
input into the models (Peplinski, Ulaby and Dobson 1995). Forward models were generated with a
time window of 8 ns; discretization step (dx dy dz): 0.001 m; waveform: Ricker; spatial increment

for sources and receivers: 0.001 m.

20cm

L 1
’ 60 cm

-

Figure 4 A visualization of a virtual box (0.6 m x 0.2 m) with three crossing roots of
different diameters. The box features a fractal mixture of clay and sand with modifiable water
content (Warren et al. 2016), using the Peplinski model (Peplinski et al. 1995). All models
generated in this manner feature a 50D50% clay/sand mixture using a stochas-tic distribution of
dielectric properties and thestandard gprMax parameters as currently presented at
http://docs.gprmax.com/en/ latest/examples_advanced.html (a volumetric water fraction range of
0.001-0.25, bulk density 2g/cm3, sand particle density of 2.66 g/cm3). Time window: 8 ns;
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discretization step (dx dy dz):

0.001 m; Ricker wavelet; spatial increment for sources and receivers: 0.001 m.

For simplicity, the modelled roots were kept horizontal, and most of the generated ground
penetrating radar (GPR) profiles were kept perpendicular to the root. However, profiles along the
direction of the root were also generated.

After the forward models were outputted, they were imported into ReflexW, where some
filtering was applied. Since the data are synthetic, there was no need for processing steps like
dewow or bandpass filters, but static corrections (moving start time), background removal
(standard ReflexW settings), hyperbola-based migration and Hilbert transforms (standard ReflexW

envelope) were applied.
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Figure 5 Synthetic radargram generated using data obtained from roots R1abR6b,
including permittivity and diameter values for the roots. Estimated permittivity for the clay from
which they were extracted is 20. Radar frequency: 1.5 GHz. The gprMax box geometry (a);
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resulting data, with background removal and static corrections (b); migrated data (c); and Hilbert
transform (d). Some roots are easier to distinguish than others, depending on the permittivity
contrast. Notably, size plays a secondary role B roots with a larger diameter are not easier to detect
if the permittivity contrast is not strong. No type of noise was added, thus all results can be
considered an ideal case for GPR detectability.

Figure 5 depicts how segments through R1-R6b would generate a GPR response if placed
next to each other, in the same soil type, at the same depth. The visual differences caused by a
range of real, different permittivity contrasts are presented, using a common processing flow. If the
contrast is strong enough, it overshadows the impact of root size, and if the contrast is low enough,
detectability becomes much more difficult, and potentially impossible.

2cm

2¢m

5 cm 5 cm
(c) (d)

Figure 6 A forward model simulation in a 0.6 m x 0.2 m virtual box for three roots with

varying permittivity values (R3a, R6a, R10b) in a wet clay with a permittivity of 20 (radar
frequency: 1.5 GHz). Results show a homogenous root (a) and a root with a 1 mm bark (b), in

unmigrated (top) and migrated (bottom) sections.

Some models were also developed with varying bark thickness (Fig. 6 represents a zoom-
in section of such a model). However, plausible bark thickness (around 1-2 mm) did not appear to
have a major effect, though it did make the contrast slightly more pronounced. In a more realistic
soil scenario (which is heterogeneous), data migration can become problematic, potentially
causing unwanted effects (migration artefacts). For the practical purpose of a GPR survey, it seems
that using non-migrated data may be more useful in the case of resolving tree roots.
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As expected, models with a lower permittivity (which mimicked a drier soil) yielded an
overall better quality. This was also visible in the Peplinski soil model in Fig. 4: when the fraction
of clay (especially wet clay) was higher, the quality of the data was reduced.

It is important to also note that urban soils also have a great variability in terms of
permittivity. In addition to the root variation, soil variation is potentially equally significant. In
Fig. 7, adry root is presented in different homogeneous soil conditions, mimicking a very dry clay,
a very dry loamy soil, a fertile soil and a wet clay.

1cm

5em

(b)

1em

(d)

Figure 7 Zoom-in section of a dry root (permittivity value 3) is presented in four
different soils, with different permittivity values (2, 3.5, 10, 20 for a, b, ¢, d, respectively). Radar
frequency is 750 MHz.

The unlikely case of carrying out a GPR profile along the line of a tree root is depicted in
Fig. 8. Here, the heterogeneous soil is kept unchanged, and instead, the root permittivity value
takes different values.
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In both cases, when one member of the root-soil system changes permittivity values, the

contrast becomes more pronounced as the difference increases. Tree roots can be detected if they

have a permittivity contrast to the surrounding soil, regardless of whether it is a positive or
negative contrast. In the absence of a permittivity contrast, even a large root can be difficult to

detect.

Figure 7 shows that even a dry root, which a surveyor might believe to be easily

detectable, is almost completely invisible in the case of very dry soils, though the contrast becomes

evident in the case of soils with a higher permittivity. Strong permittivity contrasts (be they

positive or negative) make tree root detection possible. In other words, it is the relative permittivity

value (between the root and the soil) that enables GPR detection, not the absolute value. This is, of

course, a fundamental principle of geophysics, but becomes particularly important here due to the

range of permittivity of the target (tree root) and the environment (soil), which can have significant

overlap.

Figure 8 shows the type of signal that can be expected in the case of a GPR profile

carried in the line of a tree root which thins out towards its termination.
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Figure 8 A mixture of sand and clay and a simplified root, which grows thinner from the
tree to its termination (a). Different permittivity values are given to the root (12, 16, 20, 24 for b, c,
d, and e, respectively). Radar frequency is 700 MHz.

DISCUSSION

Tree roots are complex and highly variable. They exhibit a broad range of permittivity
values, depending on factors that do not seem solely limited to water content. The permittivity
contrast to the surrounding soil environment critically dictates the ability of ground penetrating

radar (GPR) to detect tree roots, which is a practical concern.

Even within a single soil unit, in similar environmental conditions, root permittivity can
be spread over a large interval. This permittivity interval has substantial overlap with that of many
soil types and therefore there is a high chance that some of the roots will have a permittivity value
close to that of the soil, making detection more difficult or, in some cases, impossible. This also
explains why GPR seems “blind” to some roots, as the root permittivity is masked by that of the

surrounding soil.

Root permittivity does not seem to be correlated with diameter. This suggests that in
some scenarios, larger roots can be more difficult to detect than smaller roots, if their permittivity
happens to be closer to that of the surrounding soil. Neighbouring segments of the same root can

also have varying permittivity values.

Permittivity values for branches show no correlation with permittivity values for roots.

Appealing to this proxy is unreliable and not recommended.

The permittivity contrast between the root and the sur-rounding soil is the defining factor
which impacts detectability. This contrast, defined by the permittivity values for the soil and the
root, is the parameter which should be most care-fully considered in the forward models. It is
recommended that a range of permittivities be simulated. The diameter of the root should be
considered for the selection of a suit-able survey antenna. As expected, results suggest that the
1500 MHz is much better suited for studying finer tree roots, due to its higher resolution. This

should also ensure a sufficient depth of penetration in most scenarios.

The root can exhibit a positive or a negative permittivity contrast to the surrounding soil.

The positive or negative nature of the contrast does not have a strong impact on detectability,
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although, in practice, a negative contrast suggests a higher soil permittivity, where GPR data

tendsto have lower quality.

The above does not necessarily hold true for paved sur-faces, where it is possible to
detect roots even when they exhibit similar permittivity values to the surrounding environ-ment as

they generate a system of small cracks and fissures which might be detected with GPR.

The presence of bark does not always ensure detectability. Roots with a thin bark (1-2
mm) are only slightly easier to detect, this effect being most significant in a higher permittivity
soil, which ensures a higher bark-soil permittivity contrast. If the bark is thin enough, some of the
signal is reflected by the root, while some of it passes through the root, which is why sometimes,

some roots exhibit a double hyperbola response.

Some roots (including diseased or inactive roots) have an extremely low permittivity
(<5). This could be useful, for instance, in an orchard setting, to detect potential health problems of

the roots and subsequently, the trees themselves.

Water content, while certainly an important parameter, is not the only influential factor
responsible for tree root permittivity. Permittivity might also vary dynamically with water/nutrient
uptake and sap flow. Hence, repeating a GPR survey at different times, or under different
environmental conditions, could yield different results. A general correlation between the soil and
the root permittivity can be assumed and with all things equal, wetter soils (with a higher
permittivity) will generally contain wetter roots (also with a higher permittivity), though this does

not appear to cancel out the root permittivity variability, just offset it.

The results presented in the study can give surveyors an awareness of the spread of
permittivity values of tree roots, and a more realistic expectation of what can be detected,
including the fact that some roots may remain undetected even in the case of a well-designed and
carefully carried-out survey. This range of permittivity can be then input into forward models
along with a predicted or measured value for the soil unit to aid in the understanding of the range
of detectable contrasts and the overall expected signal (with the mention that models will provide
an ‘optimistic’ version of detectability; low contrasts barely distinguishable in the simplified
forward models are unlikely to be detectable in a real-life scenario). This is an inexpensive,

relatively easy way of improving a pre-survey assessment and overall survey design.
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Tree root forward models can also aid in the interpretation of GPR data. The
identification of tree roots on radar-grams and differentiation from other subsurface reflectors
relies on the root’s continuity. However, permittivity variation within a single root could mask this
continuity. This can be particularly impactful in surveys which map the proximity of tree root
growth to elements of infrastructure such as pipes, one of the main objectives of the geophysical
study of tree roots. The removal of such tree roots is an expensive and delicate intervention, and a
thorough geophysical interpretation could assess whether such an intervention is necessary, saving
costs and time. Ideally, pre-emptive surveys would be carried out enabling such interventions

before any damage has been done.

Finally, should all the underlying parameters determining root permittivity be
determined, a simple, non-invasive radar-gram could reveal important aspects about these
parameters and subsequently, about tree health. For instance, it is plausi-ble that diseased tree roots
have lower permittivity, and GPR could provide a relatively fast and non-invasive way to help
assess the disease spread.

CONCLUSION

The ground penetrating radar (GPR) detection of tree roots remains a difficult and site-
specific task. A range of permittivity values for tree roots is introduced, and the impact on

detectability is discussed.

This is the first study to combine direct measurements of permittivity and GPR forward
modelling techniques. Harvesting and measurement of tree root permittivity is possible, though the
process is time-consuming and must be done carefully. The contact between root segment and
probe remains a potentially problematic issue, although this can be overcome by collecting a large

number of measurements and removing any potential outlier.

Tree root permittivity has a broad range of values, even in the same ground condition. In
one of the surveyed areas, the roots’ relative permittivity varied between 10.9 and 31.5. Some
roots will have a value closer to that of the surrounding soil, which makes detection much more
difficult. This infor-mation is useful in several ways: it can help develop more realistic survey
expectations, it can aid GPR data interpretation, and it can offer a better understanding of the root-

soil system from the standpoint of a GPR surveyor.
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Whilst the generated synthetic models here have featured a root-soil dynamics, the same
type of models can be adapted with relative ease to depict tree root damage to man-made structures
(such as concrete or sidewalks) and better under-standing this potentially destructive interaction, or
used to monitor trees in a controlled setting (such as an orchard).

This study can serve as a starting point for a more thorough understanding of the
biophysical parameters of tree roots, which can in turn affect their geophysical detection and
characterization. The permittivity variation between the same root segment remains an intriguing

finding which warrants further exploration.

The imaginary part of permittivity, not analysed here, deserves further investigation, to

see whether it follows the power-law trend described by Jonscher (1977).

Future research should focus on including more complex models that resemble the
reality, for example by including more complex root structures and man-made structures, in
addition to soil. Additional experimental studies and collection of real data are needed to confirm
the findings of this research and shed light on the reasons why tree roots exhibit the large
variability measured here, ultimately providing a more effective guidance for tree root detection
using GPR.
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Appendix E: Surveying guide

This is meant to serve as a standalone guide for geophysical surveys attempting to detect
or study tree roots. The guide is aimed at geophysicists and other surveyors as well and

can be distributed freely.

Two geophysical methods can be used in root surveys: Ground Penetrating Radar (GPR)
and Electrical Resistivity Tomography (ERT). Out of these two, GPR is by far the more

robust and is recommended in most cases. Nevertheless, both methods are described here.

GPR

GPR is an electromagnetic method that can be applied on all smooth surfaces, paved or
soil. The method relies on detecting dielectric contrasts between subsurface materials.
Surveyors must be aware that in the case of soil surveys, this contrast might be very small

or might not exist at all..

a. Equipment selection

Ideally, more than one frequency will be used to survey tree roots: a lower and a higher
frequency. The high-frequency antenna will produce high resolution under good survey
conditions in the very topsurface (first 10 cm), whereas the lower frequency will have a
higher depth of penetration, and will still be reliable under worse survey conditions. In
practice, this would mean an antenna of 400-750 MHz, and another of 1000+ MHz.
Thankfully, mixed systems have become much more common today and can be deployed
efficiently.

Surveyors must pay attention to the lateral and vertical resolution that their antennas can
provide, and have realistic expectations (see Mihai et al., 2019). Surveyors should be
aware of the potential as well as the limitations of the method, and also be aware that on

paved surfaces, cracks might sometimes be more visible than the root itself.
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However, the luxury of choice is not always available. In these scenarios, where there is a
limited antenna accessibility, surveyors must first consider if the antenna(s) has (have) the
capacity to satisfy expectations -- only then, should the survey proceed. Otherwise, there is

a good chance of wasting time with inadequate results.

It should be considered that while roots generally have a higher permittivity than their
surroundings, this is not necessarily always the case. A strong contrast is required for

detection, but this contrast could be both positive and negative.

Resolving individual roots is not always possible for thin roots. However, a root area in
the vicinity of the tree should generally be detectable, and this can give indications as to
the direction of the roots and the likelihood of existing or impending damage.

b. Survey design

Survey design is crucial. Tree root detection is very site-specific, and any peculiarities of
the site should be considered. Several steps can be take to reduce the risk of unwanted

noise and improve the chance of a high-quality survey.

First, the survey area must be considered. If the area includes different types of surfaces
(ie, soil and asphalt areas), it is ideal if a different survey is carried out for every individual
surface. This will only slightly increase the data acquisition time, and will make data
processing much simpler (and more reliable). The reason for this is that different surfaces
can obstruct one another with higher-contrast reflections, and joint data interpretation is
hampered. Some processing softwares can split the survey into different areas, but this
greatly depends on the type of GPR data and processing software. This can also be done in
the files, directly, but is laborious and time-consuming. For simplicity, splitting the
profiles is best. In addition, it is best of profiles are relatively short, to minimize human

positioning errors.

When detecting tree roots, the distance between profiles should not be greater 10 cm.
Sometimes, this is unavoidable, but the quality of the data can decrease sharptly at greater

distances.
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If the direction of the tree roots is known (or if there is one particular direction of interest),
profiles should be carried our perpendicular to that direction. In the vast majority of cases,
however, this direction cannot be known. Therefore, it is recommended to carry out
profiles on perpendicular directions. Given a strict time constraint and no preferential
direction, coarser profiles on perpendicular directions are preferred to denser profiles on

one direction.

If a total station or another means of precise positioning exists, this can be used with great
success, both for the profile geometry and to detect slight elevation (bumps) that might not

be visible with the naked eye.

Given the very small dimensions of tree roots in general, the GPR settings should be
enabled to improve resolution. It is recommended that the number of scans per trace, and

the number of overall traces is increased to the maximum (which may produce files

Some periods of the year are better than others for this type of survey. Autumn, winter,
and periods with heavy rain, in general, are not recommended for GPR (especially in clay-
rich soils). However, this is of less consequence on paved surface surveys . For intance,
fallen leaves can add additional noise to surveys. It is likely that in some yearly conditions,
the contrast between roots and surrounding area is increased -- but it is not entirely clear
when these periods are. Roots are complex systems that tend to mimic their surroundings.
As a rule of thumb, surveys carried out in the summer (over drier parts of the season) tend

to have better results.

c. Data acquisition

After the equipment is selected and the survey is designed, the data must be collected
carefully. Notes must be taken of any object or structure of interest (bumps, cracks, ducts,
etc). The position of any surrounding trees should also be noted.

Special attention must be given to antenna positioning. If the antenna system is
asymmetrical (ie there is a wheel ahead or behind the antenna) and meandering profiles

are acquired, this should be addressed as a static correction, as there will be an offset
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between the real antenna positioning between back and forth profiles.

Operators should be very careful to maintain a steady course. Tapes or strings should be
used to help guide the operator and minimize profile deviations (shorter profiles can help).
Any positioning anomalies should be dully noted or re-done, if possible.

Surveys on soil should be carried in the same day, in the same meteorological conditions.
If a survey is not finished in a day and continued the next one(s), it is best to split this into

separate areas, as the soil properties can change significantly from day to day.

d. Data processing

This may vary from case to case as some GPR producers offer proprietary software.

However, in most cases, processing should follow a few general steps.

Survey geometry and static corrections are the first steps. This needs to be checked with
great attention, to avoid any errors. A frequency filter should be applied as a bandpass.
Although every antenna has a frequency, that is only the central frequency, and data is
gathered across a much broader spectrum. Therefore, the data should be filtered from 1/2x
to 2x the central frequency. The filter can be narrowed somewhat, but this must be done
with extreme attention to ensure that no useful data is removed. As a general rule, noise
tends to be more present in the higher frequency, and that is where narrowing the filter is

likely to be more effective.

Gain is generally required to compensate for signal attenuation. The type and intensity of
gains varies from site to site, but it should be done in a way that reveals as much
information as possible from the deeper parts of the survey, while keeping in mind that
data quality tends to decrease with depth.

Dynamic corrections and "dewow" filtering can also be considered. A form of background

removal (or average subtraction) can also be very useful, highlighting features of interest.

Lastly, migration of data should also be considered. This can be double-edged and data
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should always be compared pre-migraton and post-migration. The main advantages of
migration is hyperbola collapse and depth estimation. However, hyperbolae can be useful
in differentiating roots from other features, and accurate depth estimation is not as
important since we are dealing with the first centimeters. Especially on paved surfaces, un-
migrated data can be more useful than migrated data. This is counterintuitive but is a

significant consideration in tree root surveys.

e. Data interpretation

The key to root identification is lateral continuity. Roots exhibit lateral continuity,
although not necessarily in a very straight line. Therefore, timeslices are important to
detect tree roots.

However, timeslices are not always sufficient for identification. Every profile must also be
analysed individually. Areas suspected of being tree roots (or root damage) should be

identified both on profiles and on tree roots.

Since there is so much variability in tree root surveys, the interpreter's ability is very
important. Features are not always obvious, and identification can be difficult. Experience

in GPR interpretation is very useful in this scenario.

Lastly, it is very likely that some areas will be uncertain -- they will be 'suspects’ of tree
roots, but with some uncertainty. The surveyor should communicate this accordingly, and
the expectations should also consider that this sort of survey will likely carry a degree of
uncertainty. While this uncertainty can be reduced through careful planning, acquisition,
processing, and interpretaion, it cannot always be eliminated. Expectations should not deal

in the absolute.

f. Other GPR considerations

GPR surveys for tree root damage identification (or prediction) can be a way to save
money through timely interventions. As surveying costs have decreased significantly over

the years, and the value of infrastructure and environmental services has increased, the
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"sweet spot” where surveys are useful has also expanded. These surveys can direct
interventions where roots are starting to damage elements of infrastructure. Where
suspicions exist, preventive surveys should be carried out and repeated every few months.
This might not be feasible in all areas, so the cost of the survey and the cost of potential

damage should be balanced.

Root detection can be carried out in conjunction with overall asphalt assessment, which is
carried routinely in some areas. This could also direct timely interventions through

thorough assessments.

Infrastructure damage is not the only potential application of this type of survey. While
there are substantial knowledge gaps in the literature, there are reasons to believe that GPR
surveys could also be used in orchard settings or forestry to detect root health and potential

diseases. More research is required into these fields.

g. Using ERT as a complement

In areas of interest, where GPR data is inconclusive (or another layer of certainty is

required), ERT may be used as a complement to GPR.

Given existing technologies at the time of this writing, ERT is much more time-consuming
than GPR and should likely only be carried out as a complement to GPR, or deployed

where time is not a constraint.

The applicability of different ERT arrays is site-specific. Optimized arrays (such as those
discussed by Wilkinson et al., 2006) can be deployed. However, in most situations, a
combination of Wenner and Dipole-dipole arrays is sufficiently robust (and is provided by

most commercial equipment.

If the goal is to resolve individual roots, the electrode spacing should not be larger than 10
cm. This means that for instance, in an array of 16 electrodes, only 1.5 meters will be
covered at a time. In order to cover a surface of 1.5 x 1.5 meters, this means 16 profiles at
a distance of 10 cm between profiles. This can be expected to take several hours. The

distance between profiles can be increased, but it should be again considered that lateral
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continuity is essential to the identification of tree roots. The classic Wenner array is a
worthy consideration here. It has a reduced number of datapoints, which means a low time
of acquisition, and often produces high-quality results.

With existing ERT equipment, the method can only be robustly applied on soil surfaces.
Since the goal of the survey is to assess or predict root damage on paved surfaces and ERT
cannot be used directly on paved surfaces, the best applicability is on soil surfaces right
next to paved surfaces (for instance, when trees are surrounded by pavement). In this case,
if a root is detected all the way up to the paved surface, then it can be assumed that
damage is likely to happen soon or has already happened.

In the case of electrical data, not as much processing is required as with GPR. Eliminating
anomalous datapoints is often sufficient. The peculiarities of data inversion should be kept

in mind.

ERT and GPR data can be integrated on profiles or in 3D. The results can be compared to
confirm the existence of roots on GPR profiles which are often uncertain. However,
realistic expectations should be had in the case of ERT surveys of tree roots.

In most situations, it is difficult to justify the use of electrical methods in the detection of
tree roots given the constraints. Nevertheless, it can be deployed in some scenarios where

digging the topsoil is not possible or not desired and where time is not a strict constraint.

As the available equipment and methodology progresses, it is expected that this method

will become more prevalent.
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