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Abstract— Street trees are broadly acknowledged to be an
essential asset of cities. Nonetheless, the growth of tree roots can
lead to critical damage, such as the uplifting or cracking of road
pavements and curbs, with severe implications on the
infrastructure’s safety. For this reason, the assessment and control
of tree root systems’ development have become crucial task in
forestry and urban management. Within this framework, Ground
Penetrating Radar (GPR) is widely recognised as an effective non-
destructive testing (NDT) method for the monitoring and
assessment of road infrastructures. This study aims to
demonstrate the capability of GPR in mapping the root system’s
architecture of street trees. To this end, a GPR system equipped
with a 700 MHz central frequency antenna was employed to
investigate the area around a street tree, located in the vicinity of
a flexible pavement structure. A novel processing framework
based on the analysis of the signal reflectivity was implemented, in
order to automatically identify the reflections from the pavement
layers and apply dedicated advanced signal processing techniques.
A multistage data processing methodology was employed to map
the tree root system architecture. Finally, information on the mass
density of roots at different depths was also provided. Results have
proven the potential of the proposed methodology to achieve an
automatic detection and mapping of roots under road pavements.

Keywords— Ground Penetrating Radar (GPR), pavement
damage, road safety, street trees, tree root mapping, tree root mass
density

I. INTRODUCTION

Street trees are an integral part of the urban environment.
Beyond the merely ornamental role they covered in the past,
trees nowadays play an active role for the welfare and economy
of the city, as well as for the social life of its inhabitants [1, 2].
Nonetheless, the coexistence of trees and built environment is
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often difficult. In particular, with regard to road infrastructures,
one of the main causes of pavement degradation in urban areas
is due to the uncontrolled growth of street tree roots. These can
cause severe damage and deformation to pavements and curbs,
such as uplifting and cracking [3-5], which can significantly
affect road safety conditions [6]. It is also important to
emphasise that poor design choices and lacks of proper road
maintenance activities can worsen the overall status of the
infrastructure [7].

The selection of species not suitable for growing in confined
environments, due to the trunk size at maturity [8, 9] or the root
system spread compared to the available volume of soil [10, 4],
can cause damage to the tree itself and to the road surface.
However, the soil volumes required for normal tree growth are
generally not available in an urban environment [2]. It is also
important to emphasise that, while tree root systems need porous
soils to prosper and expand freely [11], road engineering
requirements for the construction of an infrastructure impose a
load-bearing base, to support high traffic loads [12]. These
compaction levels prevent the roots from penetrating the soil,
and also limit their access to air, water and nutrients, inhibiting
their growth and development [13, 14]. However, tree roots can
find a more favourable condition for growth at the interface
between the pavement and the soil, or between the various layers
of the pavement itself [15-18]. This is due to the pavement’s
difference in temperature between day and night, which allows
condensation to form below the pavement structure [17]. This
optimal environment attracts roots, which quickly absorb
moisture [16], resulting in a humidity gradient that further
encourages root growth and thickening [17]. This process can
result in severe damages of the pavement structure and surface
[18].

For this reason, locating and tracing tree roots below a road
infrastructure is vital, in order to monitor the state of the
pavements and plan adequate maintenance. To this end, Ground
Penetrating Radar (GPR) is widely recognised to be a reliable
non-destructive testing (NDT) method for locating buried
objects and imaging the subsurface. Furthermore, it is a proven
and efficient method for investigating road infrastructures [19],
ranging from the evaluation of pavement layer thicknesses [20,
21], to damage assessment in hot-mix asphalt (HMA) layers



[22], load-bearing layers and subgrade soils [23]. Finally, recent
advances in the use of GPR include the assessment and
monitoring of tree root systems [24-26].

II. AIM AND OBJECTIVE

This research aims to demonstrate the capability of mid-
range frequency GPR antenna systems in providing three-
dimensional mapping of tree root systems in urban areas
(beneath the road surface).

To achieve this aim, the main objective of this research is to
improve upon existing methods for automatically locating and
mapping tree roots in high-reflectivity areas, such as road
infrastructures. A further objective is the provision of root
density maps at different depths, to facilitate the interpretation
of local variations of the root concentration, especially at the
transition areas between the natural soil and the road pavement
structure.

III. METHODOLOGY

A. Test Site and Equipment

The survey was carried out in Gunnersbury Park, Ealing,
London (United Kingdom). A number of 21 semi-circular scans
were performed around the investigated tree, starting 0.50 m
from the bark and spaced 0.30 m from one another. Therefore,
an overall area of 175.67 m? was surveyed around the tree, with
an outer radius of 7.66 m and an inner radius of 1.66 m. This
particular setup was designed to include a road section covered
with a flexible pavement structure within the investigated area,
to gather data both from natural soil and asphalt-covered road
surface (Fig. 1).

The survey was carried out using the Opera Duo ground-
coupled GPR system, manufactured by IDS GeoRadar (Part of
Hexagon). The system is equipped with 700 MHz and 250 MHz
central frequency antennas. Data were collected using a time
window of 80 ns, discretised across 512 samples. The horizontal
resolution was set to 3.06 x 102 m. In order to achieve the
optimal effective resolution, only data collected using the 700
MHz antenna were analysed. This choice was due to the need to
achieve a depth of investigation such as to include the whole tree
root system, without overly affecting the signal resolution.

B. Data Processing Methodology
1. Signal Processing Stage

The need to automatically detect horizontal reflections
linked with the horizontal multi-layered configuration of the
road pavement has led to the development of a multi-stage signal
processing algorithm. To this purpose, a first stage of data
cleaning was carried out, to increase the likelihood of root
detection and reduce false alarms by removing unwanted
reflections and increasing the signal-to-noise ratio (SNR).
Subsequently, an innovative method based on the analysis of
data reflectivity was employed, in order to automatically identify
the geometry of the pavement layers. The rationale behind the
use of this latter step is due to the horizontal reflections affecting
only part of the dataset (i.e. the section with the road pavement
layers). This prevents the use of the same signal processing

Fig. 1. The investigated area

methodology over the whole dataset and allows to use dedicated
signal processing frameworks as per the structure investigated.
Based on the result of the reflectivity analysis, it was in fact
possible to limit the application of the Singular Value
Decomposition (SVD) filter to concerning areas. This filter is
particularly effective in reducing the effects of the horizontal
features (e.g. the layers of a road pavement) from GPR data. The
concept on which an SVD filter is based is that a GPR image can
be decomposed into different sub-images (eigenimages), each of
which contains part of the primary image information with
increasing correlation. Signal components such as ringing noise
or reflections given by road pavements are accounted as highly
correlated attributes, as opposed to the response of the target,
which is a less correlated component. The division into sub-
images, therefore, allows for a targeted elimination of the
horizontal features, without affecting the target response and
increasing the SNR.

The steps of the signal processing stage are as follows:

e Preliminary data processing: a sequential application of
i) zero-offset removal, ii) bandpass filtering and iii)
time-varying gain was carried out;

e Analysis of the signal reflectivity: each B-scan was
tested to evaluate changes in the signal reflectivity, so
as to highlight the presence of the road pavement’s
different layers;

o Targeted application of SVD filter: in the areas
identified in the previous step, the SVD filter was
applied to eliminate horizontal reflections without
altering the reflections due to the target of the
investigation (i.e. tree roots).

2. Tree Root Tracking Algorithm

Following the signal processing stage, a semi-automatic
algorithm was employed in order to locate and track the tree
roots based on the revised B-scans. Data are analysed and
processed by means of an iterative procedure, in order to to
compare the amplitude values at different positions of the three-
dimensional domain and find a spatial correlation between them.
The phases of the iterative procedure are as follows:



o Target detection: the amplitude values are compared
with a preset threshold value throughout the analysed
domain, to identify the candidate reflections from the
tree roots;

e Spatial correlation: a potential correlation is sought
between the identified targets, based on their position in
the three-dimensional space;

e Tracking of the roots: vectors are used to connect the
targets, thus creating the spatial development of the
individual roots;

e  Reconstruction of the root system architecture in the 3-
D domain: the vectors are placed in a three-dimensional
environment, therefore creating an inclusive rendering
of the root system.

3. Tree Root Density Estimation

In the last phase, root density is estimated based on the
reconstructed root system architecture. Employing a polynomial
fitting, the root path was better approximated in a continuous
domain and, as a result, it was possible to calculate the length of
each root. This led to the definition of an index for the
calculation of the root density, which evaluates the length of the
roots in a reference volume (in this case equal to 0.3 m x 0.3 m
x 0.3 m):

?:1 Li
= (D
where d is the density [m/m’], n is the number of roots
contained in a reference unit of volume [m?] and L; is the length
of the root [m].

d =

IV. MAIN RESULTS AND SHORT DISCUSSION

The use of a pre-processing phase on the GPR data allowed
for an effective reduction of the noise and a significant
improvement in target detection. As an example, Fig. 2 shows a
longitudinal B-scan collected along the seventh scanline. Fig.
2(a) shows the B-scan before the application of the processing,
whereas Fig. 2(b) shows the B-scan after the application of the
main data processing techniques. The presence of road layers is
clearly visible on the left side of the B-scans. In this regard, the
analysis of the signal reflectivity has shown effectiveness in
automatically detecting the presence of a road structure (Fig.
2(c)), thus allowing for a targeted application of the SVD filter

(Fig. 2(d)).

Subsequently, the algorithm for the analysis of the spatial
correlation and the automatic tracking of the roots in three-
dimensional space was applied to the processed data. Fig. 3
shows the result of this procedure in a 2-D planar view (a) and
in a 3-D environment (b). To simplify the interpretation of the
results, the shallow-buried roots (i.e. within the first 25 cm of
soil) have been represented in green, while the deeper roots (i.e.,
beyond a depth of 25 cm from the soil surface) have been
highlighted in brown. Results clearly show the potential of the
algorithm to reconstruct a comprehensive rendering of the root
system. For the sake of consistency, the point coordinates were
double-checked against the positions of the focused targets,
through the analysis of the single B-scans.
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Fig. 2. An example of GPR data pre-processing. a) Unprocessed B-scan, b)
B-scan after main processing techniques, c¢) analysis of the signal reflectivity,
showing a maximum value at the road pavement section, and d) B-scan after a

targeted application of SVD filter
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Fig. 3. Reconstruction of the root system architecture of the surveyed tree: a)
2D planar view and b) 3D reconstruction
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Fig. 4. Root density map, related to a depth from 0.50 m to 0.60 m

At the final stage, the root density at different depths was
examined using Eq. (1). The investigated domain was divided
into reference volumes and analysed to estimate the total length
of roots per reference unit. Fig. 4 presents an example of the
outcomes of this processing stage, in the form of a density map
at a depth range from 0.50 m to 0.60 m.

V. CONCLUSION

This study reports a demonstration of the potential of Ground
Penetrating Radar (GPR) to detect tree roots growing underneath
road infrastructures using an automatic data processing
methodology. The primary aim of the study was to demonstrate
the GPR potential in providing effective three-dimensional
mapping of the root systems of street trees located under the road
surface. A multi-stage interpretation algorithm was presented,
aiming at reconstructing the patterns of tree roots using GPR.
The proposed methodology is based on the collection of circular
measurements expanding radially from the tree trunk. Initially,
a pre-processing step was applied to eliminate noise-related
features and enhance the response from the real targets.
Subsequently, the analysis of the signal reflectivity was carried
out to automatically identify the presence of the pavement layers
and apply a Singular Value Decomposition (SVD) filter in a
targeted way. Afterwards, a tracking algorithm was used in order
to locate and automatically outline viable root paths. Lastly, the
identified roots were expressed through the use of continuous
functions, and the root density was analytically derived. A case
study is presented, in which the proposed methodology was
successfully applied to a tree, with the root system partially
located underneath a road infrastructure. Both shallow (i.e.
within the first 25 cm of soil) and deep (i.e. below 25 cm from
the surface of the soil) root structures were successfully
identified, supporting the statement that GPR is an effective
NDT method for the assessment of street trees’ roots.
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