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Abstract: Typical tree health assessment methods are destructive. Non-destructive Ground
Penetrating Radar (GPR) technique can provide a diagnostic tool for assessing the health status of
live tree trunks based on internal dielectric permittivity distribution. Typical GPR acquisition
technique—common-offset—is not helpful in providing robust and high-resolution quantitative
results. In the current work we evaluate the capabilities of GPR tomography on locating tree-decays
in a number of different tree species, imaging the interval structure of a healthy tree and quantitative
estimation of moisture content (MC) based on distribution of dielectric permittivity, directly related
to MC. The measurements described in this work were made on the trunks of live trees of different
species in different conditions: a “healthy” English oak (Quercus robur), a “dry” Siberian fir (Picea
obovata), a Horse chestnut (Castanea dentata) and a European aspen (Populus tremula) with rot
inside. The results of the suggested approach were confirmed by resistography. Different parts of the
trunk (bark, core, sapwood), as well as healthy and affected areas differ in moisture content, so the
method of GPR tomography allowed us to see both the structure of the trunk of a healthy tree, and
the presence and dimensions of defects.
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1. Introduction

Tree health assessment is used to preserve and maintain historical park ensembles, and for the
safety of the urban environment. The impact of negative factors such as stress or illness can lead to
changes in the physical characteristics of trees, and in rare cases—to the loss of a tree. Recently, in
addition to visual inspection, which may not reveal internal damage, instrumental methods became
popular, both destructive, with a probe/penetrometer [1], and non-destructive, such as electric
tomography and acoustic methods, including ultrasound and acoustic tomography [2—5].

The assessment of tree health requires visual assessment, and investigations of the internal
structure. Visual assessment includes both inspection of visible internal defects [6], as well as
instrumental measurements of defects and assessment of wood strength [7,8]. Instrumental
assessment includes both direct and indirect research methods. Among those are: resistography
method, when resistance to drilling is read by the device and converted into a resistogram, which
indicates the density of wood [9], electric tomography [4], acoustic tomography [3] etc.

The electric tomography method provides an image of the resistivity distribution in the section
of a live tree. Variations in resistivity values may indicate rotting processes or differences in the
properties of different sections of wood within a living tree [10]. The main drawback of this method
is low conductivity of the tree bark, and, as a result, unreliable voltage measurement.

Acoustic tomography is another method that can be used to produce an image of the internal
structure of a tree by recording the propagation speed of a sound wave. Past research [11] presents
the possibilities of the acoustic tomography in relation to the problems of numerical evaluation of
rotting volumes in the trunks of living trees. The accuracy of the result is affected both by the contact
of the sensors with bark and signal attenuation, in some cases it is necessary to introduce the sensors
under the bark.

Despite the informative nature of these methods in wood diagnostics, they have significant
disadvantages that prevent from being used widely: they are based on drilling, and can lead to a
death of a tree, since fungal spores can penetrate into the hole [12]. Electric tomography [4] is carried
out via electrodes placement into the tree to a depth of about 3 or 4 cm, and the resistograph requires
drilling and penetrates to a depth of 150 mm. Even acoustic tomography [3] carries some risks, since
during operation, nails are driven into the bark of a tree to install sensors. In addition, acoustic waves
treat voids as low-velocity anomalies. Therefore ray coverage in voids will be low, which leads to
incorrect estimation of velocity and anomaly dimension. The external bark of the tree may be
damaged during the measurements, which can negatively affect tree viability. Moreover, the acoustic
measurements are characterized by low resolution due to the wavelength range.

Ground penetrating radar (GPR) method has already become a widely successful method for
solving many engineering problems. The scope of GPR studies is steadily expanding, and progress
has been made in detection and 3D mapping of tree roots, assessment of their biomass [13-15],
assessment of damage to the basements of constructions caused by tree roots [16], etc. The use of GPR in
detecting rot in tree trunks is discussed in [17,5]. GPR wood investigations include the study of defects in
timber bridge girders [18,19], wooden logs [20], historic timber beam [21], investigation of dielectric
properties, anisotropy, and moisture in pine species [22]. However some papers [23] focus on difficulties
when using GPR in combined source and receiver mode which results in poor contact of antennas with
bark, difficulties in data interpretation [24], and high frequencies attenuation (1000 MHz). The
tomographic approach in GPR was previously used to determine the location of the root system [13].
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In this paper, we discuss the GPR tomography method, which was rarely applied to live trees.
GPR tomography has been successfully used to search for voids in engineering structures [25]. The
result of GPR tomography is quantitative as opposed to GPR in combined Source-Receiver mode
(common-offset method). The method involves recalculation of direct wave travel-times into velocity
values, and then into dielectric permittivity.

The measurements described further, were made on the trunks of live trees of different species
in different conditions: a “healthy” English oak (Quercus robur), a “dry” Siberian fir (Picea obovata),
a Horse chestnut (Castanea dentata) with rot inside, and European aspen (Populus tremula) with rot
inside either. The result of GPR tomography represents high resolution distribution of dielectric
permittivity inside the trunk. Based on correlation relationships, we determined the distribution of
moisture content inside the trunk, and estimated rotten area in horse chestnut (Castanea dentata) and
European Aspen (Populus tremula). The result of GPR tomography investigation of European Aspen
(Populus tremula) was confirmed by resistograph measurements.

2. Materials and methods
2.1. Trees

The experiments were carried out in an urban environment on different trees species in different
health condition (after visual inspection). All measurements were carried out during a day time. The
photos of tree are provided in Figure 1.

2.1.1.  English oak (Figure 1A)

Visual inspection demonstrates that the oak was healthy. There were no external defects of the
trunk. There were no dry branches or dry leaves. The leaves were green without discoloration. Oak
bark was uniform. The height of the tree is about 7 m, the trunk circumference at 140 cm from the
ground is about 280 cm.

2.1.2.  Fir (Figure 1B: the leftmost tree)

The height of the tree is about 12 m, the circumference at 140 cm from the ground is about 165
cm. The tree was visually “dry”: about half of the branches with dried needles were orange, but
without trunk defects. The bark was uniform.

2.1.3. European aspen (Figure 1C)

Visually it is also a healthy tree, the height of the tree is about 10 m. Circumference at 140

cm from the ground is 178 cm. Photo of the European Aspen is shown in Figure 1C. Red colour

indicates the receiving antenna movement around the trunk. The photo shows a resistograph next
to the tree.
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2.1.4. Horse chestnut (Figure 1D)

The chestnut is about 10 m high, the trunk circumference at a height of 140 cm from the ground
is about 195 cm. The tree has internal trunk defects: a hole filled with humus is observed inside the
tree. The hole can be seen visually at a height of about 2 m, the hole depth is more than 1 m.
However, the tree is alive visually: there are no signs of disease, no dry branches and leaves, leaves
colour is uniform. In the photo, next to the chestnut tree there are the antennas that were used in the
study. The yellow line is the tape measure.

Figure 1. Photos of the trees under study: a “healthy” English oak (Quercus robur) —A; a
“dry” Siberian fir (Picea obovata) —B; the leftmost, European Aspen (Populus tremula) —C
with rot inside and a horse chestnut (Castanea dentata) with rot inside either—D.
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2.2. GPR tomography
2.2.1. Data acquisition and processing

The GPR survey was carried out at a height of 140 cm from the ground surface for all the trees
except the horse chestnut. To explore the variation of internal defect in the chestnut trunk,
measurements were taken at two heights: 150 cm and 95 cm.

GPR Zond-12e was used in data acquisition. Shielded bowtie antennas with a central frequency in
the air of 2000 MHz were used as sources and receivers. The acquisition geometry layout is shown at
Figure 2A. The measurement points were located in a horizontal plane along the perimeter of trunks.
The transmitting antenna (source) was placed manually by one person at the first transmitting point
against the trunk of a tree and the receiver was moved manually by another person along the
circumferential receiving line to acquire a complete radargram at the selected trunk level. At the next
step, the source is relocated by 10 cm from the second transmitting point and the receiver is moved
along the circumferential line to acquire the second radargram. The cycle is repeated at every
transmitting point around the trunk. It required two people and about half an hour to acquire the data
for one slice. To eliminate the nonwave component of electromagnetic field, the minimum distance
between the transmitting and the receiving antennas was 20 cm. The antenna orientation on the profile
was co-polarized broadside. The work was carried out in continuous mode and field trace spacing was
about 1 mm. To reduce the time spent during processing, the trace spacing was increased to 1 cm. The
traces positioning was performed using a tape measure and markers placed in 10 cm increments.

Figure 2B demonstrates the forward problem solution: traveltime curves, predicted in isotropic tree
trunk (at constant velocity). The first arrival corresponds to air wave travelling at velocity 30 cm/ns. The
traveltime curve is a straight line. The second arrival corresponds to direct signal travelling through the
trunk. The traveltime curve is hyperbolic in isotropic case. The transmitter is stationary, the receiver is
moved along the circumferential receiver line. The arrival time increases with transmitter-receiver offset,
achieves maximum (when transmitter-receiver are located on opposite sides of a trunk, with offset equal
to the diameter) and decreases as the receiver approaches the transmitter.

As a result, for each “slice” of the trunks several thousands of traveltime samples were acquired.
Data processing involved geometry update, trace number reduction, and delay removal based on air
wave arrival time. After processing, the direct wave arrival time was determined. The picking was
performed on a maximum phase, and then shifted to the first break time. The traveltimes were used
to solve the inverse problem of ray tomography. The tree trunk was approximated by cylinder shape
(the tree trunk was assumed to be perfectly cylindrical). Calculations were produced in GeoTomCG®
software, the grid cell size was 2 by 2 cm.

Velocity values V in cm/ns were converted into the real part of complex dielectric permittivity €
according to the ratio:

B (30)2 )
e=(3 ™
The representation of the result in the form of the permittivity distribution is more obvious,

since its value is directly related to the volume moisture (there are several works that describe this
approach, for example [26,27]).
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Figure 2. A—Acquisition geometry layout [1: source point; 2: moving receiver; 3:
direct wave path (source number 1 and 13) and 4: receiver movement direction];
B—forward modelling.

2.2.2.  Moisture content calculation

Moisture content (MC) affects many properties of the wood itself and the tree live condition.
Moreover, high moisture may be associated with the risk of bio-deterioration—insect infestation or
fungi growth. Moisture value in live trees is time-variant (different seasons) and depends on layers of
the timber. Tree trunk moisture is always seeking equilibrium with the relative humidity of the air. As
the air humidity varies over time—so does the moisture in the tree trunk.

Moisture content in wood is water to wood material ratio. The formula defines moisture as the
weight of water in wood expressed as a percentage of oven-dry material weight:

_ Wtest — Wovendry

MC %100 % 2)

Woverdry
Wtest: weight of test wood; Wovendry: weight of oven-dry wood.

According to Equation (2), MC may range from 0% for oven-dry wood to over 100% when the
water in the wood weighs more than the wood substance. The maximum MC depends of tree species
and may achieve 140-150% [28]. The only direct method to determine MC in wood material is to
measure the water content in a wood sample and the weight of oven-dry sample.

Laboratory electrophysical properties measurements on wood samples at different frequencies [29,30]
showed that water is the main component that determines the electrophysical properties of wood, including
the dielectric permittivity. The distribution of dielectric permittivity values inside the trunk directly indicates
the distribution of moisture. A higher water content in wood results in increase in dielectric permittivity and
consequently decrease in velocity of electromagnetic waves. Sbartai et al. [31] have conducted sensitivity
studies of radar signals to moisture variation in wood material. The measurements were carried out using
1.5 GHz antenna on 3 wood samples (Spruce, Pine, and Spruce glue-laminated timber). The results
confirmed the effect of water and fibre direction on the dielectric permittivity of wood.
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In our work, to estimate the moisture content in trees, correlation relationship between the real
part of the dielectric permittivity versus moisture content were constructed. The calculation method
we used is approximative, as it is based on assumptions and rounding. The measured values for the
correlations were taken from [29]. In this book, the measured dielectric permittivity values versus
measured moisture content are given for wood for different densities, at different temperatures and
frequencies. The dielectric permittivity values are given only for 6 values of moisture content (0, 10,
20, 30, 60, 100%). In addition, average density values for different tree species growing on different
continents are given in the work [29].

All our measurements were performed in Moscow in summer in sunny, moderately hot
weather, with average temperature 20°C. The following density values were used: English Oak
(Quercus robur) —0.68 g/cm’, Siberian Fir (A. sibirica) —0.36 g/cm’, American Chestnut
(Castanea dentata) —0.47, European Aspen (Populus tremula) —0.46 g/cm’. All density values
were rounded to tenths. Torgovnikov [29] considered only two frequencies from GPR range: 100
MHz and 1 GHz, and relevant parameters for those. We estimated the dielectric permittivity
value at 500 MHz as it corresponds to the dominant frequency of the direct wave signal
determined experimentally during our observations.

It is generally assumed that in the GPR frequency range the real part of complex dielectric
permittivity (¢”) does not depend on the frequency [29,31]. However, some studies have reported that
the €’ of wood decreases with frequency as much as 0—40% (at microwave frequencies) depending
on the humidity and type of wood [33-35]. Based on these results, we applied logarithmic
approximation to collate moisture content and dielectric permittivity at 500 MHz.

Dielectric permittivity, measured at frequency 10® and 10° Hz on wood samples with different
density and moisture content modified from [29], are given in table 1. Also, the table shows values
calculated at 500 MHz using logarithmic regression.

Table 1. Measured ¢ (adopted from [29]) and calculated pertmittivity for frequency 500 MHz (&s0).

Frequency, Hz MC (%) Density 0.4 g/cm3 Density 0.5 g/cm3 Density 0.7 g/cm3
€ €500 € €500 € €500

10® 0 1.7 1.7 1.9 1.8 2.3 2.2

10° 0 1.7 1.8 2.2

108 10 2.5 2.3 2.9 2.6 3.6 3.2

10° 10 22 2.5 3.0

10® 20 3.5 3.1 4.1 3.6 5.3 4.7

10° 20 2.9 3.4 4.4

10® 30 43 4.0 5.1 4.8 6.7 6.3

10° 30 3.9 4.7 6.1

10® 60 7.4 6.1 10.1 7.9 13.9 10.8

10° 60 5.6 6.9 9.4

10® 100 16.0 12.2 19.0 14.9 26.0 20.5

10° 100 10.5 13.1 18.1
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The dielectric permittivity versus moisture content for various substances and media, including
wood [27, 33, 36-38] at GPR frequencies can be expressed as follows:

e=aW3+bW?+cW +d 3

a, b, ¢, d: are coefficients selected individually in each case.

Three correlation relationships were constructed for 20°C, the frequency of 500 MHz, and
densities 0.4, 0.5, and 0.7 using the least squares method. In all cases, coefficient of determination or
R2 was greater than 0.999. The calculated values of dielectric permittivity/moisture content are close
to those cited in other papers [33,35].

2.3. Penetrometer

The penetrometer test was applied in this work because, until now, it is a standard method used
in the “non-destructive testing” of trees (for example, [39]). One test was carried out by the
Resistograph® 4 series at the investigated section of European Aspen. This test was made to verify
the results of GPR, but without destroying the tree. Drilling with a resistograph was performed
directly after GPR tomography. The drilling point was selected so that the profile was in the same
plane as the GPR result (Figure 1C, red line). Figure 5C shows the drill profile overlaid on the GPR
tomography to facilitate the comparison between the techniques.

3. Results

The results of observations are presented in the following order: live oak, dry fir tree, aspen
(comparison with resistograph measurements), and chestnut with two sections. This order is chosen based
on the following considerations: first we consider the distribution of dielectric permittivity and moisture
in a live, healthy trunk, paying attention to isolines pattern and moisture values. Then we continue with a
dry fir tree, then a section of aspen with rot inside, assessed by a penetrometer measurements. And in the
end, we will consider the distribution of moisture in two different sections of chestnut.

Figures 3A, 4A, 5A, 6A demonstrate the examples of data acquired on different trees. The data
is shown in variable density mode. The examples of two traces are also given: the first one obtained
at the minimum source-receiver offset, and the second obtained at one of the maximum offsets when
the source and receiver are on different sides of the trunk.

Two arrivals are highlighted in colour on radargrams: the air wave (first arrival) at velocity of
30 cm/ns is shown in purple, and the direct (target wave) is shown in white. Direct arrival
propagating inside the trunk can be easily distinguished from air waves by its apparent velocity and
apparent frequency, which are lower than that of air waves.

3.1. English oak (Quércus robur)

A three-phase wavelet corresponds to direct arrival, with high amplitude against the background
of noise (Figure 3A). Besides direct and air wave we can also pick other events corresponding to
refracted multiples from the boundaries inside the trunk. The dielectric permittivity distribution reflects
the concentric structure of the trunk of a living tree (Figure 3B). Various layers of the trunk can be
distinguished inside: the core, sapwood, cambium, and bark. There are no abnormal zones, in terms of
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structure and dielectric permittivity and moisture content values. The average dielectric permittivity is
18 with standard deviation 8.5%, the range of dielectric permittivity variation is from 14 to 44.
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Figure 3. a) Example of Oak trunk GPR tomography data. Purple dotted line: air wave,
white dotted line: direct wave; b) dielectric permittivity and moisture content and (c)
distribution in the oak trunk.
3.2. Fir tree

In comparison with the data acquired on the oak (Figure 3A), the following features can be
distinguished at the data from fir tree (Figure 4A): the direct wave arrival time is lower, and the
amplitude is greater. Refracted multiples are not observed. This wave pattern indicates increased
velocity values and reduced attenuation of electromagnetic waves inside the trunk and indirectly
denotes that the fir is drier than the oak. This conclusion is also endorsed by the result of
tomographic inversion (Figure 3A): the average dielectric permittivity is lower (11 with standard
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deviation 2, 7) than in live oak (18), and low-permittivity (less than 10) areas are detected. The
structure of the trunk is heterogeneous, the structural layers are not so clearly distinguished, but the
core, sapwood, bark could be still distinguished.

3.3. European aspen

The radargrams acquired on aspen (Figure 5A) are characterized by a low signal-to-noise ratio
compared to the previous data. The amplitude of the direct arrival is lower, and hardly detected against
the background of refracted multiple arrivals. Diffraction is observed in the center of the record.

The graph of resistance to drilling (penetrometer record) is co-rendered with the result of GPR
tomography. A zone with zero resistance is observed. According to the results of resistography, this
zone is defined as a zone of decay. This zone is exactly the same as the area with moisture content is
160% or higher. It is outlined with a thin brown line. This area can be considered to be an area of rot
identified using GPR tomography, and confirmed by resistograph. In the South-Western part of the
section at the border of this area, a large moisture gradient is observed, which indicates a
fundamental change in the properties and structure on this side. It can be concluded that the boundary
of the rotten area, with high moisture content not typical to live tree, coincides with the boundary of
high gradient zone.

3.4. Chestnut

The data acquired on chestnut are also characterized by a low signal-to-noise ratio, as well as on
aspen (Figures 6A and 7A). The wave travelling through the trunk of a chestnut tree (shown in white)
is not as distinct as in the case of fir and oak. The dielectric permittivity and moisture content
sections demonstrate a zone of increased values with an increased gradient on the boundary,
corresponding to water and humus-filled cavity. The shape and size of the cavity at a height of 150
cm are approximately known from visual inspection. They coincide with the area that is highlighted
in the moisture section according to previously mentionned characteristics: high moisture content
and a high gradient at the boundary. In case of a section at height of 150 cm, the boundary of the
rotten area coincides with the contour of moisture value of 143%. The size of the cavity is about 50%
of the cross-section area.

In accordance with the same criteria, the boundary of the rotten area is also drawn along the
contour line of 143% on the section at height of 95 cm. The rotten area dimensions decrease with
depth, and the moisture content inside increases. At the same time, in the south-southwestern part of
the section, it is observed at the surface of the trunk. This seems to be a calculation error, most likely
due to insufficient accuracy of the trunk geometry or a failure to take into account its
three-dimensional structure.

Table 2 shows the moisture content obtained for different trees: average, minimum and maximum
values are presented. Similar moisture content values are given in other papers. For example, MC of
sound wood is about 100% [24] while for decayed wood it ranges from 100 to 400%.
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Figure 4. a) Example of fir trunk GPR tomography data. Purple dotted line—air wave;
white dotted line—direct wave; b) dielectric permittivity and moisture content and c)
distribution in the fir tree trunk.
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Figure 6. a) Example of Chestnut trunk GPR tomography data obtained at height 150
cm. Purple dotted line—air wave, white dotted line—direct wave, b) dielectric
permittivity and moisture content and (c) distribution in the Chestnut trunk. The decayed
area is outlined in brown.
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Table 2. Moisture content in sections of investigated trees according to the GPR tomography.

Moisture content, %

Tree specie

Average + standard deviation Max Min
English oak (Quercus robur) 116 £22 174 83
Siberian fir (Picea obovata) 97+11 150 61
European Aspen (Populus tremula) 160 + 38 224 72
Horse chestnut 150 cm

127 £ 20 224 78
(Castanea dentata)
Horse chestnut 95 cm

136 + 33 224 78

(Castanea dentata)

4. Discussion

The GPR mode allows users to select the distance between observation points arbitrarily small,
which is especially important in tomographic technique, when accuracy of the solution depends on
ray coverage of the area under study. The acquisition geometry, with the source and receivers points
located along the perimeter, and not just on two or three sides, ensures uniform ray coverage of the
entire section of the trunk. Therefore, a positive result of delineation of the trunk internal structure
which matches the results of resistography was expected.

On the other hand, to solve the problem of detection of the rotten area in the trunk, a full cycle
of observations and tomographic inversion may not be necessary. A single observation cycle is
sufficient to draw the conclusions. In a healthy tree, the direct wave amplitude is consistently high,
with an apparent velocity of about 7 cm/ns. The data are characterized by good quality. In a dry tree,
good quality data may also be acquired, the amplitude of direct arrival is much higher than the
amplitude of air wave, and the apparent velocity ranges from 10 cm/ns. For example, in a tree with
wet rot inside, the quality of data deteriorates, the signal-to-noise ratio is close to 1. From the point of
view of the electromagnetic wave theory, this can be explained by reflection losses at the boundary
of the rotten zone, and scattering due to inhomogeneous structure, and conduction currents due to
high moisture content.

In other words, poor data quality is the first criteria of decay in the trunk. In addition to this
feature, we identified other features that can be used to detect rot in the trunk: moisture content
greater than 140% and increased gradient, which indicates a fundamental change in the structure at
the boundary of healthy wood.

A relatively broad range of moisture boundary values is obtained because the moisture content
estimate based on correlation relationships is approximate and needs to be calibrated. Moreover, the
moisture inside the tree reacts not only to its health condition, but also to weather, shade in the
vicinity of a tree and other external and internal factors, affecting the result. Therefore, high moisture
content alone is not enough to determine the size of the rot. The range of moisture content calculated
for different types of trees corroborates this conclusion (Table 1).

GPR tomography is interesting and promising in moisture content monitoring in healthy trees and
estimation of dimensions of physiological parts of the trunk. As we demonstrated, healthy trunk is
characterized by circular outlines (presumably the core) and rings (presumably sapwood and bark), which
differ not only in moisture content, but also in its gradient. The potential of the technique is associated with
increasing the number of observation points and building three-dimensional models of trunks.
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It is difficult to draw any conclusions on the dry fir tree and give interpretation of the structure
without additional information. To calibrate the GPR method, measurements must be carried out on
trees which are supposed to be cut down. The obtained values of dielectric permittivity and moisture
content do not contradict the data on dielectric properties: the average, minimum and maximum
moisture content obtained for fir is the smallest.

Possible errors in determining the dielectric permittivity and moisture content in trunks are
related to velocity estimation and assumptions about the cylindrical structure of a trunk. To obtain a
more accurate result, a detailed evaluation of tree trunk geometry is needed. Unfortunately, the
authors of the paper had no such opportunity.

In conclusion of the discussion, we have to note that, in comparison with more frequently used
common-offset GPR, tomography is a much more labour-intensive method. In order to apply it
commercially, some hardware modifications as well as specialized software are required.

5. Conclusions

GPR tomography was used to determine the distribution of dielectric permittivity in the trunk,
which is directly related to the moisture of wood. Different parts of the trunk (bark, core, sapwood),
as well as healthy and affected areas differ in moisture content, so the method of GPR tomography
allowed to see both the structure of the trunk of a healthy tree, and the presence and dimensions of
defects. The method has been tested on a small number of trees, therefore our general
recommendation is to expand a database of dielectric permittivity vs moisture of tree trunks at a
range of densities and temperatures.
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