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We investigated the percolation of water within a controlled environment in order to recover the EM properties
and the internal structure of the materials, and to better understand the drainage processes involved. We imple-
mented an analogue model that accurately replicates a green roof, from the construction materials to the geom-
etry.We acquired several common offset GPRdata sets on the entire surface of themodel, both before and during
different irrigation tests. We separately analyzed variations in the reflected amplitudes and in the EM velocities,
the latter of which were calculated by combining the measured thickness of the model with the arrival times of
the recorded reflections. The signal amplitudes obtained before and during irrigation are compared in order to
estimate the attenuation factor at the different stages of the irrigation process. We use the attenuation factor
and the EM velocities to estimate the relative permittivity of the topsoil mixture, from which we then calculate
the water content, the porosity, and the relative electrical permittivity of the solid matrix by applying well
known empirical formulas. The results were validated by comparing them with independent direct
measurements.

© 2021 Published by Elsevier B.V.
1. Introduction

Ground Penetrating Radar (a.k.a. Georadar or GPR) is a non-invasive,
near-surface, geophysical technique based on the propagation of EM
waves in the subsurface, which are emitted and detected by antennas.
By analyzing the amplitudes and travel times of the recorded signals,
it is possible to obtain both qualitative and quantitative information
about the materials and the structures through which the recorded sig-
nal propagated. GPR surveys have several applications in many fields,
including (A) archeology, to detect buried structures and voids, and to
perform pre-excavation mapping (Zhao et al., 2013); (B) engineering,
for non-destructive inspections of infrastructures, and to test the integ-
rity of construction materials (Kaur et al., 2016); (C) environment, to
map and monitor the migration of pollutants within the ground, and
for groundwater investigations (Jol, 2009); (D) forensic science, to lo-
cate buried targets (Almeida et al., 2014); (E) geology, to map the sub-
surface stratigraphy, and to detect structures such as faults, dykes, and
coal seams (Ercoli et al., 2014); and (F) glaciology, to map the internal
stratigraphy of glaciers and to estimate their mass balance (Dossi
et al., 2018).
1

In this paper, we focus on an innovative environmental application,
by monitoring water percolation though the topsoil of green roofs and
estimating their water content, both of which are of interest in the de-
sign of irrigation and drainage processes. A green roof (a.k.a. roof gar-
den, or vegetated-, eco-, or cool-roof) is a structure consisting of
different kinds of vegetation/plants growing on topsoil contained
within a waterproof system that is installed on top of a flat or slightly–
sloped roof. The use of green roofs is spreading in several countries all
over the world thanks to their multiple environmental, social and eco-
nomic benefits (Shafique et al., 2018). In particular, several studies dem-
onstrated that green roofs are efficient in (A) storm-water
management; (B) reducing urban heat islands; (C) improving urban
vegetation, wildlife habitats, and roof life; (D) enhancing the overall
air andwater quality; (E) decreasing the energy consumptions of build-
ings; (F) limiting the noise pollution; (G) offering recreational activities;
and (H) increasing the green areas and aesthetic value of urban environ-
ments (Shafique et al., 2018).

Similarly to natural soils, the soil substratum of green roofs is gener-
ally made of several components, which can be mainly grouped into
three distinct phases, namely a solid phase, a liquid phase, and an air
phase, with porosity values mostly ranging between 20 and 40% (Jol,
2009). Poreswithin soils can be occupied by air, water, or pollutants (ei-
ther gas or liquid) in different proportions that may change with time.
In GPR applications, the electrical permittivity ε and the electrical
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conductivity σ are the main factors governing wave propagation, while
the magnetic permeability μ is rarely influential, except when a signifi-
cant amount of ferromagnetic minerals is present (Jol, 2009). The pen-

relationships between the soil water content and the relative permittiv-
ity. The most commonly applied relationship was proposed by (Topp
et al., 1980):
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etration of GPR signals can reach hundreds of meters in low-loss
materials such as ice and dry sand, while it can be limited to tens of cen-
timeters to a fewmeters in highly conductivematerials such as clay and
sea water (Davis and Annan, 1989). The properties of the resulting soil
mixture are seldom proportional to the volumetric fractions of its con-
stituents, which makes the quantitative analysis of GPR data very diffi-
cult. Nevertheless, the presence of water dominates the EM response
within the 10MHz - 1 GHz frequency range (Jol, 2009) due to its higher
polarizability (εr≈ 80) with respect to othermaterials, as well as its ion
mobility, which increases the overall conductivity of the soil. In fact, due
to the large contrast in EM properties between water and other mate-
rials, radar velocity is primarily a function of the volumetric water con-
tent when such content is higher than 5% (Topp et al., 1980). The
relationship between electrical permittivity, electrical conductivity,
and volumetricwater contentwithin soils has been described by several
empirical models, such as the Topp relationship (Topp et al., 1980), var-
iations of Archie's law (Archie, 1942), the Bruggeman-Hanai-Sen (BHS)
model (Sen et al., 1981), the Complex Refractive Index Model (CRIM)
(Wharton et al., 1980), and many others with slightly different ap-
proaches and parameters.

Extensive reviews of GPR methods for the estimation of the soil
water content are given for instance in (Huisman et al., 2003;
Klotzsche et al., 2018). The first paper identifies four categories of GPR
methods to determine the dielectric permittivity, and consequently
the soil water content, namely (A) recovery of the reflected wave
velocity from single-offset and multi-offset measurements;
(B) determination of the ground wave velocity; (C) recovery of the
transmitted wave velocity between boreholes from zero-offset profiles
andmulti-offset GPRmeasurements; and (D) determination of the sur-
face reflection coefficients (Huisman et al., 2003). The second paper ex-
pands on such initial categories, citing new methods of GPR data
acquisition and analysis, improvements in the GPR measurement sys-
tems, and the rapid growth of computational performance, which al-
lows the use of inversion methods that were previously not feasible
(Klotzsche et al., 2018).

In this paper, we are interested in the first category of methods,
namely the determination of the reflected wave velocity from Common
Offset (CO) GPR data sets, whose antenna geometry is still the most
commonly applied. Lesswidely performed types of GPR surveys encom-
pass Multi-Offset (MO) techniques like Common Mid-Point (CMP) or
Wide-Angle Reflection and Refraction (WARR) measurements, which
allow the application of wave velocity analysis techniques such as re-
flection/diffraction hyperbola matching, normal move-out inversion,
or semblance analysis (Bradford, 2006; Kaufmann et al., 2020;
Diamanti et al., 2018; Angelis et al., 2019). However, MO techniques
are not useful in the study of green roofs, given the low depth-to-offset
ratio and the lack of large internal reflections within the topsoil. Con-
versely, in CO GPR data sets the subsurface velocity distribution is com-
monly recovered through diffraction hyperbola matching, migration
velocity analysis, or amplitude inversion (Schmelzbach et al., 2012;
Forte et al., 2014). Nevertheless, such techniques can also be difficult
to apply in the study of green roofs, since there are usually no diffraction
hyperbolas nor large internal reflections within the topsoil. Therefore,
for such applications, the velocity distribution is simply derived from
the measured thickness of the topsoil and the arrival times of the bot-
tom reflection, recorded along theCOGPRdata sets. A somewhat similar
approach is described in (Allred et al., 2016), where the bulk volumetric
water content of a sand layer across a golf green was estimated using
GPR, and then validated by independent Time Domain Reflectometry
(TDR) measurements.

Once we have calculated the reflected wave velocity, and therefore
the relative permittivity, from the GPR data set, we can recover the
soil water content by exploiting the existing empirical and physical
θ ¼ −5:3⋅10−2 þ 2:92⋅10−2εr−5:5⋅10−4ε2r þ 4:3⋅10−6ε3r ð1Þ

where θ is the volumetric soilwater content and εr is the relative electri-
cal permittivity (a.k.a. dielectric constant). Appropriate for the typical
frequency range of GPR (10 MHz - 1 GHz), this equation agrees reason-
ably well with the experimental results across a wide range of water
contents (~5–50%), however formore accurate results it requires the se-
lection of appropriate coefficients from the experimental data (Jol,
2009).

A simple linear relationship between the complex refractive index,
which is similar to

ffiffiffiffiffi
εr

p
, and the volumetric water content θ, was also

showed in (Topp et al., 1980). The generalized empirical equation pro-
posed by manufacturers for mineral soils (i.e. generic soils with low or-
ganic matter) is given by (Di Matteo et al., 2018):

ffiffiffiffiffi
εr

p ¼ 1:6þ 8:4θ ð2Þ

Nevertheless, the coefficients of this formula also require appropri-
ate calibration for specific types of soils (DiMatteo et al., 2018). Another
widely accepted, more general formula is given by (Annan, 1999):

εr ¼ 3:03þ 9:3θþ 146θ2−76:6θ3 ð3Þ

However, this equation is no longer applicable in the case of clayed
and organic soils, since the material is assumed to be low-loss and hav-
ing a dry state relative permittivity around 3–4.

A more theoretical relationship is given by dielectric mixingmodels,
such as the CRIM model, which uses the volumetric fractions and the
relative permittivities of the three main constituents of the soil (i.e.
solid, water, and air), and is given by the following equation (Birchak
et al., 1974):

εr ¼ θ
ffiffiffiffiffiffiffiffi
εr,w

p þ 1−ϕð Þ ffiffiffiffiffiffiffi
εr,s

p þ ϕ−θð Þ ffiffiffiffiffiffiffi
εr,a

pð Þ2 ð4Þ

where ϕ is the porosity.
By rearranging this equation, we obtain the following relationship

between the soil water content θ and the relative permittivity εr,
which recalls the linear relationship from Eq. (2):

θ ¼
ffiffiffiffiffi
εr

pffiffiffiffiffiffiffiffi
εr,w

p
−1

� �þ ϕ−1ð Þ ffiffiffiffiffiffiffi
εr,s

p
−ϕffiffiffiffiffiffiffiffi

εr,w
p

−1
� � ð5Þ

with

εr,a ¼ 1 ð6Þ

In order to use the CRIM equation, we must be able to recover the
porosity ϕ of the analyzed material and there are several possible
methods to achieve this. It is important to point out that the effective
porosity is limited to the connected pores, which allow fluids to flow
within the soil, while the total porosity also comprises unconnected
pores, as well as the space occupied by immobile water in clays 25]. A
simple method to calculate the effective porosity is to measure the dis-
placement within a water-filled tank after submerging dried soil sam-
ples and applying constant vacuum to eliminate bubbles (Conti et al.,
2019). Another technique integrates GPR attributes in order to calculate
the porosity from core samples, for example by using shadow zones
within the instantaneous amplitude and the instantaneous frequency
profiles to highlight higher secondary porosity zones in karstified car-
bonate rocks (Conti et al., 2019). A third method uses a simplified ver-
sion of the CRIM equation, considering fully saturated models, where
the volumetric water content is considered equal to the porosity,
while disregarding the adsorbed water (Causse and Sénéchal, 2006;



Bradford et al., 2009). In this paper, we also exploit fully saturated con-
ditions, as well as dry and partially saturated conditions, and by repeat-
ing the GPR measurements during the irrigation process, we can
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monitor the evolution of the water content and estimate the porosity
of the analyzed topsoil model.

2. Experimental setting
We constructed a model that reproduces a portion of a green roof,

particular, the irrigation process consisted in pouring several volumes
of water, respectively equal to 1, 2, 3, and 6 liters, over half of the topsoil
surface, at time intervals equal to approximately 20 min each. During

Fig. 2. Spatial positions of the GPR profiles recorded over the topsoil surface within the
plastic container. The measurements were performed along all profiles in dry conditions
and then repeated along just the longitudinal profiles (Pn) during the irrigation process.
Furthermore, profile P4 was acquired more than once between irrigation steps,
respectively 3, 7, 10, and 15 min after each pouring, while profiles P4 and P5 were also
repeated in fully saturated conditions. The light blue pattern represents the irrigated
area of the model. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
maintaining the structural geometry and using the same construction
materials, but we did not include living plants, roots, or any other or-
ganic matter, thus replicating the structure soon after emplacement.
The model is placed within a semi-transparent plastic container in
order to limit border effects during the GPR data acquisition and to
make the water percolation and drainage observable from the outside
in real time. The plastic container narrows at the base, being 72 ×
50 cm in size at the top and 65 × 45 cm in size at the bottom. The
model structure and filling materials, provided by Harpo S.p.A., include
from top to bottom: a 11 cm thick soil layer; a 0.5 mm thick filtering
towel; 4 cm deep bowls for water drainage; a 5–10 mm thick Harpo®
retainer filter; a few mm thick impermeable anti-root membrane; a
basal aluminum sheet used as reference for GPR signals; and the bottom
of the plastic container. On one side of the box two drains were fixed in
order to carry off excess water from the basal bowls (Fig. 1).

The soil layer is made of technogenic topsoil with known chemical
and physical properties (data from http://www.harpogroup.it/
verdepensile - in Italian), 80% of which consists of porousmineralmate-
rials, with a negligible content of water (during preparation). The max-
imum compaction reaches 20%, while the hydraulic conductivity is as
high as 20 mm/min (DIN 18035). The apparent density is within the
850–1000 kg/m3 range (UNI EN 13041), the electrical conductivity is
in the 5–25 mS/m range (UNI EN 13038), the pH is between 6 and 7.8,
and the cation exchange capacity is between 15 and 25 meq/100 g
(DM 11/05/92 met. 27). The artificial topsoil has a content of less than
3% for particles having a grain size smaller than 0.05 mm, less than 5%
(in mass) for organic matter, and does not contain toxic materials or
infesting plants seeds.

We performed the GPR measurements, both before and during irri-
gation, using a ProEx GPR system equipped with 2.3 GHz ground-
coupled bistatic Malå Geoscience shielded antennas, with a constant
transmitter-receiver offset equal to 4 cm. The data acquisition grid
used before irrigation included 8 longitudinal and 8 transversal GPR
profiles, with a space interval between them equal to 4.5 cm (Fig. 2).
During the irrigation process, we regularly repeated the 8 longitudinal
profiles, as well as 3 additional acquisitions along profile P4 (Fig. 2). In
Fig. 1. Pictures of the green roof model placedwithin its plastic container, which is used for the
include: A) a soil layer (substratum); B) a filtering towel; C) plastic bowls; D) a retainer filter; E)
(For interpretation of the references to colour in this figure legend, the reader is referred to th

3

such intervals we performed GPR measurements along the 11
controlled experiment (a; b), and the outline of the structure andmaterials used (c), which
an anti rootmembrane and an aluminumsheet; and F) the bottom of the plastic container.
e web version of this article.)

http://www.harpogroup.it/verdepensile
http://www.harpogroup.it/verdepensile


aforementioned longitudinal profiles, in order to observe the effects of
water percolation on the EM response of the topsoil.

Althoughwater started to flow from the drains after the last 6 l were

polarization (dielectric relaxation) caused by the changing electric
field; (B) wavefront expansion, which involves the spreading of the en-
ergy initially emitted by the antenna over an ever-increasing surface;
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poured, initially suggesting that the topsoil was fully (or almost fully)
saturated, preliminary results from the recorded amplitudes indicated
that this was not probably the case, since the calculated porosity values
were significantly lower than the ones obtained from independent di-
rect measurements. Therefore, in order to make sure that the topsoil
was actually fully saturated, the experiment was repeated after placing
the plastic container inside a larger plastic tub, which was then filled
with water up to the topsoil surface, allowing water penetration from
the bottom through the two basal drains. The GPR measurements
were then repeated along profiles P4 and P5, with the calculated poros-
ity reaching values consistent with the independent direct
measurements.

We analyzed the peak amplitudes and arrival times of the basal top-
soil reflection in the recorded longitudinal profiles, by applying an auto-
mated picking procedure (Dossi et al., 2015a; Dossi et al., 2015b; Forte
et al., 2016) to each data set, thus ensuring the accurate sampling of
the peak amplitudes in all the GPR traces (Fig. 3). The reflected ampli-
tudes obtained after each irrigation step are plotted in Fig. 4, and they
clearly show the water propagation from one end of the container to
the other, based on the amplitude decaymeasured in different positions
and at different stages.

3. Theory and methods
Several factors can reduce the amplitude of GPRwaves during prop-

agation, including: (A) intrinsic attenuation, which is associated with
energy loss due to electric currents (conductivity) and molecular
Fig. 3. Example of automated picking applied to one of the GPR profiles acquired over the to
corresponding cosine phase profile (B). The horizon marking the main phase of the reflection

4

(C) scattering, which is caused by the interaction of the EM signals
with soil particles (e.g. granules within sediments, crystals within
rocks, or voids within both) having dimensions comparable with the
wavelength, resulting in the EM signal being re-emitted in all direc-
tions; (D) partial reflections, which involve the partitioning of the signal
energy at various interfaces with different EM impedance contrasts.

Considering a single-frequency, linearly polarized, EM plane wave
propagating through a homogeneous material and reflected by a single
interface, its propagation is described by the following equation for the
electric field:

E r, tð Þ ¼ E0R
1þ r

eαrei βr−ωtð Þ ð7Þ

with

α ¼ αo þαs ð8Þ

v ¼ ω
β

ð9Þ

where E0 is the initial amplitude of the emitted signal, R is the reflection
coefficient at the interface, the 1

1þr factor describeswavefront expansion,
r is the travelled distance, v is the propagation velocity,ω is the angular
frequency, β is the wavenumber, i is the imaginary unit, andα is the at-
tenuation factor, made of a conductive part αo and a scattering part αs.

In the case of our model, the reflection interface is between the top-
soil and an air layer made up of the water drainage plastic bowls, there-
fore the signal velocities in the two layers are given by:
psoil model in dry conditions. The figure shows the amplitude profile (A), as well as the
from the bottom of the topsoil is superimposed in (B).



v1 ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x
2

� �2 þ H2
q

TWT
ð10Þ

By dividing the two recorded peak amplitudes A1 and A2, it is possi-
ble to isolate the difference in the attenuation factors:

h i

Fig. 4.Amplitudes of theGPR signals reflected from the bottomof the topsoil, shown at different stages of the irrigation process, namely the dry case (A), and after 1 (B), 3 (C), 6 (D), and 12
(E) liters of pouredwater. The blue rectangles highlight the irrigated half of themodel.We can easily notice thewater propagation from one end of the plastic container to the other, based
on the decrement of the reflection amplitudes from (A) to (E). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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v2≈c ð11Þ

where x is the transmitter-receiver offset, H is the thickness of the top-
soil layer, TWT is the two-way traveltime of the recorded signal, and c is
the radar velocity in air (i.e. about 30 cm/ns). In the fully saturated con-
ditions, when the model is placed within a water-filled tub, the air
within the drainage bowls is completely replaced by water, therefore
the EM velocity v2 within the second layer becomes equal to 3.3 cm/
ns (Davis and Annan, 1989).

From the velocities v1 and v2,we are able to recover the reflection co-
efficient at the bottom topsoil-air interface using the following Fresnel
equation:

R ¼ sin θt−θi½ �
sin θt þ θi½ � ð12Þ

with

θi ¼ tan−1 x
2H

h i
ð13Þ

θt ¼ sin−1 v2
v1

sin θi

� �
ð14Þ

where θi and θt are the incidence and transmission angles, respectively.
Considering the topsoil model and two signals recorded in the same

position at different irrigation times, the recorded peak amplitudes are
given by the following equations:

A1 ¼ A0R1

1þ r
eα1r ð15Þ

A2 ¼ A0R2

1þ r
eα2r ð16Þ

with

r ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x
2

� �2
þ H2

r
ð17Þ
α1−α2 ¼ −
ln A1R2

A2R1

r
ð18Þ

If we assume that the peak amplitude A1 is recorded in absence of
any intrinsic or scattering attenuation, which in this case would be be-
fore the irrigation process, when the water content is negligible, then
the attenuation factor for the peak amplitude A2 is given by the follow-
ing equation:

α2 ¼
ln A1R2

A2R1

h i
r

ð19Þ

with

α1≈0 ð20Þ

We can disregard the scattering attenuation, this being a realistic as-
sumption when grain dimensions are smaller than the dominant wave-
length, and thus we can approximate the attenuation factor with just
the intrinsic attenuation. In fact, considering for example a 2.3 GHz
single-frequency EM wave propagating though a homogeneous me-
dium with a velocity of 10 cm/ns, the corresponding wavelength is
equal to 4.3 cm, which is about one order of magnitude larger than
the average grain size for the analyzed model. Under these conditions,
we can use the following equations to describe the wave propagation
(Jol, 2009):

α ¼ ω

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
με
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ σ

ωε

� �2
r

−1

" #vuut ð21Þ

v ¼ cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μrεr
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ σ

ωε

� �2q
þ 1

� �s ð22Þ

These two equations can be combined in order to obtain the formu-
las for the relative electrical permittivity εr and the electrical conductiv-
ity σ:



εr ¼ ω2−α2v2

μ0ε0v2ω2 ð23Þ

permittivity of the solid matrix of the topsoil using the following equa-
tion, obtained by rearranging the CRIM equation:

Fig. 5. Recorded reflection amplitudes (A) and travel times (B) along the 8 longitudinal
GPR profiles acquired over the topsoil in dry conditions. The graphs show fairly
repetitive data, except for some border effects at the ends of each profile, especially in
the profiles acquired near the borders of the plastic container (i.e. P1 and P8). The travel
times in (B) show a moderate increase towards the center of the container, indicating a
deformation of its plastic bottom, which was caused by the weight of the topsoil.
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σ ¼ 2α
μ0v

ð24Þ

with

ε ¼ ε0εr ð25Þ

μ ¼ μ0 ð26Þ

where the relative magnetic permeability μr is considered equal to 1 for
non-ferromagnetic materials. If we set the attenuation factorα equal to
0, the permittivity and conductivity equations are further simplified as:

εr ¼ c
v

� �2
ð27Þ

σ ¼ 0 ð28Þ

with

c ¼ 1ffiffiffiffiffiffiffiffiffiffi
μ0ε0

p ð29Þ

4. Results and discussion

In this section, we mostly discuss the results obtained from profile
P4, for whichwe have the largest number of data sets (i.e. 18 recordings
in total). The results from this profile can be considered representative
of the results obtained from the whole model, given the repetitiveness
of the GPR system. In fact, Fig. 5 highlights this repetitiveness, showing
negligible changes in the average reflection amplitudes, except for lim-
ited border effects. The GPR traceswere not acquiredwith a numerically
controlled positioning system (e.g. (Delgado et al., 2019)) and the
match between trace locations in different profiles is not perfect. We
therefore used as input amplitudes in Eq. (19) the average values of
the amplitudes recorded in the irrigated half of the model (Fig. 2), in
both the dry and wet conditions. We then calculated the relative per-
mittivity (Eq. (23)) and the electrical conductivity (Eq. (24)), and the
results are shown in Table 1, with both values significantly increasing
with wetness, as expected. Moreover, if we use the relative permittivity
estimated in the fully saturated case in the Topp equation (Eq. (1)), we
obtain awater content equal to 32.6% for profile P4, and 34.4% for profile
P5. Both values are consistent with independent direct measurements,
which give a value equal to 33.4% for the water content, and they can
also be considered estimates of the porosity of the saturated topsoil, as-
suming that theGPR profiles acquired before the irrigation processwere
made in perfectly dry conditions. More specifically, we estimated the
volume of each part of the model (i.e. the topsoil, the plastic bowls,
and the retainer filter, while the volume of the filtering towel was con-
sidered negligible). We then compared the reference values for water
retention given by Harpo S.p.A. in the saturated conditions (i.e. 4 L/m3

for the topsoil, 4 L/m3 for the water drainage bowls, and 2 L/m3 for
the retainer filter) with the direct measurements of the total amount
of water needed to saturate themodel. For this latter estimate, wemea-
sured the weight of the model, including its plastic container, both be-
fore the irrigation process and after its saturation by immersion in a
water-filled tub. As previously discussed, the results from the GPR pro-
files are in quite good agreement with the direct measurements. This is
an important result, since we were able to recover the porosity of the
topsoil by performing just two GPRmeasurements, in dry and saturated
conditions, respectively.

If we combine the estimated value of the porosity with the CRIM
(Eq. (4)) and Topp (Eq. (1)) equations, we can calculate the relative
εr,s ¼
ffiffiffiffiffi
εr

p þ θ−ϕð Þ ffiffiffiffiffiffiffi
εr,a

p
−θ

ffiffiffiffiffiffiffiffi
εr,w

p
1−ϕ

	 
2

ð30Þ

The results are shown in Table 1, with a mean value of εr, s equal to
3.97 and a slight increase in the estimated value with wetness, while
for comparison the relative permittivity of the mixture in the dry case
(Eqs. (10) and (27)) is 5.37.

Another way to calculate εr, s is to fit Eq. (5) to the graph of the soil
water content as a function of the square root relative permittivity, as
shown in Fig. 6, which selectively analyzes the four central GPR profiles
(i.e. profiles 3, 4, 5, and 6) in order to avoid border effect from the plastic
container (Fig. 2). The resulting permittivities of the solidmatrix εr, s are
very similar, being respectively equal to 2.57, 3.06, 3.15, and 2.45, but
they are significantly different from the value of 3.97 calculated earlier.
In fact, these results strongly depend on the Topp equation (Eq. (1)),
which is used to calculate the water content from the permittivities,
and thus leads to the highlighted linear trends (Eq. (2)).

The proposed method is quite robust, since the estimates obtained
for the same irrigation step at different times are in fact coherent,
with the exception of a few outliers. In particular, a significant increase
of the electrical conductivity for increasing water contents is apparent,
while the corresponding increase of the electrical permittivity is rela-
tively smaller (Table 1). This behavior could be related to the water re-
laxation process, which at frequencies higher than about 1GHz causes



remarkable energy dissipation due to the increase of the overall electri-
cal conductivity (Annan, 2005). However, the correlation between the
electrical permittivity and the water content is also apparent and it

5. Conclusion

We constructed a model of a green roof and studied its behavior at

Table 1
Calculated values for the relative permittivity εr, the electrical conductivity σ, and the relative permittivity of the solid matrix εr, s, the latter being estimated using a porosity of 34.4% in
Eq. (30).

Water poured
[L]

Elapsed time
[min]

εr (Eq.
(23))

σ [mS/m] (Eq.
(24))

εr, s (Eq.
(30))

Water poured
[L]

Elapsed time
[min]

εr (Eq.
(23))

σ [mS/m] (Eq.
(24))

εr, s (Eq.
(30))

1 3 5.37 39.7 3.74 6 3 7.77 118.4 3.99
7 5.57 37.4 3.78 7 9.50 126.6 4.05
10 5.53 35.2 3.77 10 8.86 121.5 4.03
15 5.54 35.1 3.77 15 8.96 122.6 4.04

3 3 5.51 51.9 3.77 12 3 8.85 167.2 4.03
7 7.95 74.0 4.00 7 10.16 237.5 4.07
10 7.81 70.8 3.99 10 9.58 247.2 4.05
15 7.82 73.6 3.99 15 10.68 291.1 4.08

Full 18.52 462.3 4.34

The parameters were obtained from the reflected amplitudes and travel times recorded along profile 4 for increasing times (i.e. 3, 7, 10 and 15 min) after each irrigation step. The last
parameters where obtained in the fully saturated conditions.

Fig. 6.Graphs of the soil water content plotted as a function of the square root relative permittivity, as calculated from the profiles P3 (A), P4 (B), P5 (C), and P6 (D), whichwere specifically
selected in order to avoid border effects from the plastic container. The red dots in (B) and (C) were calculated in the fully saturated conditions. Notice that profile P4 (B) has manymore
data points, due to the larger number of repeated GPRmeasurements (i.e. 18 in total). (For interpretation of the references to colour in this figure legend, the reader is referred to theweb
version of this article.)
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only shows a limited dependence on the position of the collected GPR
profiles. With the exception of some border effects, all the profiles
lead to very similar and consistent results at each irrigation step. Fur-
thermore, the estimated water contents are consistent and comparable
with the values independently obtained using the parameters, which
were measured in laboratory by Harpo S.p.A.. However, in order to
infer realistic porosity values, it is essential to ensure that the analyzed
topsoil actually is in dry and saturated conditions, before comparing
the respective reflected amplitudes.
different stages of irrigation using GPR, in order to recover its EM prop-
erties, as well as its internal structure. The irrigation was limited to half
of themodel, and the water diffusion to the other half was clearly iden-
tified in the GPR profiles through the resulting amplitude attenuation.
From the attenuation factor, we then obtained the relative permittivity
of the topsoil mixture, its water content, its porosity, and the relative
permittivity of the solidmatrix. All such information can be used to bet-
ter understand irrigation and drainage processes within green roofs. In
particular, non-destructive measurements of the aforementioned



properties might be very useful to assess the long-term changes in the
performance of the technological substrates used for green roofs,
which can be affected by environmental and biological agents operating

Archie, G.E., 1942. The electrical resistivity log as an aid in determining some reservoir
characteristics. Trans. AIME 146, 54–62.

Birchak, J.R., Gardner, C.G., Hipp, J.E., Victor, J.M., 1974. High dielectric constant microwave
probes for sensing soil moisture. Proc. IEEE 62 (1), 93–98.

M. Dossi, E. Forte, S. Andri et al. Journal of Applied Geophysics 190 (2021) 104336
in such artificial ecosystems. GPR survey of green roofs might also help
in optimizing the irrigation strategies, which are the key for
implementing green roof technologies in arid-prone habitats, while
also ensuring a sustainable use of irrigation water. Furthermore, the
measurements and calculations reported in this study might be very
useful in other contexts, such as natural or agricultural ecosystems char-
acterized by a shallow topsoil above the underlying bedrock, which rep-
resent a challenging environment for vegetation growth and are prone
to a decline in productivity and vegetation cover, especially due to
droughts connected with the global climate change. Non-destructive
and highly repeatable (both in space and time) measurements of
water infiltration rates, water content, and related physical parameters
would potentially provide important information on the vulnerability of
such natural systems with respect to the changing climate.
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