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This paper aims to explore potential and limits of the combined use of ground penetrating radar (GPR)
and electrical resistivity tomography (ERT) investigations for the characterization of reinforced masonry
samples. To this aim, both techniques were applied on two laboratory small-scale wall samples before
and after the application of a shear-compression diagonal load. Laboratory samples (1 � 1 � 0.25 m)
are made of bricks and tuff respectively and reinforced with a thin high-strength and high-conductive
fibre fabric. In order to improve the sample-antenna coupling in presence of conductive reinforcements,
a Plexiglas plate was added underneath the 2 GHz antenna. GPR data were acquired along profiles spaced
0.1 m apart and ERT measurements were executed on a 0.1 m regular spaced grid with a dipole-dipole
array operating in a three-dimensional configuration. GPR datasets were also analysed in non-
conventional mode, by means of the picking of the reflection time of the EM wave from the rear face
of the samples.
Results show that GPR and electrical resistivity tomography were both able to detect fractures and

weakness zones caused by the load application, even though with a higher resolution for the georadar
with respect to the geoelectrical method. The use of a dielectric material between the GPR antenna
and the investigated medium improves substantially the signal penetration in the case of shallow
high-conductive layers. Finally, three-dimensional synthetic simulations on the same samples validate
the experimental evidences. Therefore, we demonstrate that this approach can be a reliable tool to mon-
itor static load tests and it can be extended to the whole load cycle (before, during and after the
experiment).

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The application of geophysical non-destructive testing can be
an important tool for assessing the current state of a masonry
structure. In light of this, geophysical methods were applied during
last decades in order to detect and characterize structures without
any damage [18]. In particular, ground penetrating radar (GPR) has
been employed worldwide for evaluating the layer thicknesses [2].
It was also used for mapping of changes in materials or degraded
zones [9,24], evaluation of water content [6,10,22] or clay content
[7], and for location of reinforcing bars and metal elements in con-
crete bases or structures [5,31,39]. It was applied for characteriza-
tion of different constructive materials [34], detection of cracks
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Fig. 1. Tuff (a) and bricks (b) laboratory samples. The applied load is marked with ‘‘q”. Black arrows indicate the GPR profiles analysed in the text.

Fig. 2. Load test monitoring. Tuff sample before (a, reinforced face) and after (b, unreinforced face) the load application. Bricks sample before (c, unreinforced face) and after
(d, reinforced face) the load application.
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and fractures [3,29,28] and inspection of cultural heritage [14,20].
Through this method, a detailed image of the existent structures or
important information about the location of buried elements (cav-
ities, voids, fractures, reinforcements etc.) can be retrieved [21,12].
A review of GPR application for civil engineering can be found in
Benedetto and Pajewski [8].

Although being a high-resolution technique, the GPR signal
has the disadvantage of a lower depth of penetration in cases
of conductive media [13], a case that often occurs for structural
applications due to the presence of moisture, bricks or metallic
objects (e.g. reinforcements). Furthermore, in many practical
cases it is difficult to identify, with a sufficient degree of accu-
racy, the effective presence of fractures (mainly directed nor-
mally to the investigated surface), because the trace interval is
often too large compared to the limited thickness of the fracture.
In addition to this, it is not always feasible to establish a quan-
titative relationship between the GPR anomalies and the type of
construction materials or of fractures, particularly for structures



Fig. 3. Geophysical measurements on the masonry samples. (a) GPR investigation with a 2 GHz antenna and (b) 3D ERT investigation using 36 non-invasive cylindrical copper
plates as electrodes.

Fig. 4. Synthetic model of the laboratory tuff sample. Example GPR x-directed profile simulated at y = 0.5 m on the unreinforced face, before the load application without (a)
and with 10 mm of Plexiglas (b) and after the load application without (c) and with 10 mm of Plexiglas (d). The white dashed line indicates the rear face of the sample, the
white arrow the fracture location and the black arrows the location of mortar joints. Signal amplitude is normalised.
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built with small-sized and heterogeneous materials combined
together. In light of this, the integration of different geophysical
techniques can help to reduce the degree of uncertainty. Electri-
cal resistivity tomography (ERT) can be complementary
employed for understanding the resistive behaviour of the con-
struction materials, individuating defects or fractures, if any,
and validating the GPR evidences. Given the electrical conductiv-
ity of the structure from ERT, we can also reduce the uncertainty
in interpreting the low signal-to-noise ratio of the GPR data,
which can be due to high degree of heterogeneities of materials
or to an increase of conductivity. However, it is often difficult to
ensure a correct coupling between electrodes and the investi-
gated surface, using completely non-invasive electrodes, that is
mandatory for investigating archaeological and structural targets
without any damage. Moreover, the main disadvantage of ERT
technique is the rapid loss of resolution in depth, which makes
the detection of a small deep target impracticable. Therefore,
ERT is rarely employed for structural monitoring, even though
the use of ERT for archaeological application on masonries is
not infrequent [27,32,37,11].



Fig. 5. Synthetic model of the laboratory bricks sample. Example GPR y-directed profile simulated at x = 0.5 m on the unreinforced face, before the load application without
(a) and with 10 mm of Plexiglas (b) and after the load application without (c) and with 10 mm of Plexiglas (d). The white dashed line indicates the rear face of the sample, the
white dotted line the end of the first row of bricks, the white arrow the fracture location and the black arrows the location of mortar joints. Signal amplitude is normalised.
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Furthermore, the investigation of existing masonry buildings,
widespread the historic centres, is requested because of their high
seismic vulnerability highlighted by the recent earthquakes
occurred in Central Italy (Summer and Autumn 2016), in order to
understand potential and limits of reinforcements applicable to
these structures. In this sense, laboratory load tests can help to
evaluate benefit and drawbacks of materials in controlled condi-
tions, for planning a future usage as reinforcement of masonry
buildings. During last decades, examples of load test monitoring
made by the analysis of electrical resistivity can be found in liter-
ature [33], even though the fracturing patterns occurring within
the masonry can remain unknown. A step forward in this sense
could be represented by the application of non-invasive methods
in order to retrieve 2D or 3D maps of the studied parameters
directly linkable with the cracks propagation.

Given the above mentioned open problems, the aim of this work
is to understand potential and limits of GPR investigation of
masonry, starting from the controlled laboratory conditions, where
tuff and bricks small-scale samples were built up and subjected to
a shear-compressional load. These materials had been commonly
employed in Italy for decades for the construction of masonry
building and consequently a large part of the historic centres,
prone to earthquakes, was built using tuff blocks or bricks. We also
aim to explore the change in the GPR response due to the different
construction materials (tuff, bricks and reinforcements) and the
benefit given by a dielectric layer, placed underneath the GPR
antenna, for detecting the different anomalies.

In the following sections, we will describe the masonry samples
together with the acquisition parameters and the processing pro-
cedures (Section 2), while results from both synthetic simulation
and field acquisition are presented in Section 3, also analysing
the benefit of the integration between GPR and ERT dataset for
improving the interpretation of geophysical models.
2. Materials and methods

2.1. Sample geometry and materials

In this study we present the experiment on two masonry samples (Fig. 1), built
with tuff blocks (330 � 110 � 240 mm) and bricks (225 � 50 � 100 mm). Overall,
the tuff sample is 1 m long, 1 m high and 0.25 m wide (Fig. 1a), while the bricks
sample is 0.95 � 0.95 � 0.25 m (Fig. 1b), both fibre-reinforced only on one face with
a thin (2 mm), high-strength basalt fibre fabric mixed with stainless steel micro-
wires [25] and embedded within a 10 mm thick mortar layer (Fig. 1). The reinforce-
ment has a mixed resistive (basalt fibre) and conductive (steel wires) behaviour,
even though overall it can be considered as a high-conductive material, as con-
firmed by 1D laboratory test, which we performed on small samples. Unlike the tuff
(Fig. 1a), bricks are disposed into one or two rows, as shown in Fig. 1b.

The static load tests were executed on both samples through the application of
a combined diagonal compression-shear load, that is a nominal capacity of
q = 250 kN applied in compression with an angle of 45� referred to the x-axis
(Fig. 1), following the ASTM-E519 standard [4] for diagonal load testing [25].

Geophysical measurements (GPR and ERT) were acquired before and after the
load application (under load was technically unfeasible, due to safety reasons), on
both samples. In Fig. 2 we report the images of the tuff and bricks samples before
(Fig. 2a,c) and after the load application (Fig. 2b,d), respectively.

The mapping of the construction materials and of the fractures was executed by
the visual inspection of the sample, before and after the load test.

2.2. Data acquisition and processing

2.2.1. Ground penetrating radar
GPR survey was performed on both main faces (reinforced and not) on a regular

grid, spaced 0.1 m apart in both x- and y-directions (Fig. 3a). The data were col-
lected using an IDS instrument equipped with a 2 GHz antenna and set with a trace



Fig. 6. Synthetic model of the laboratory tuff sample. GPR time-slice before the load application without (a) and with 10 mm of Plexiglas (b), and after the load application
without (c) and with 10 mm of Plexiglas (d). Time slices are drawn at a depth of 50 ± 50 mm, considering both x- and y-directed profiles (colour scale in normalised units).
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increment of 3 mm, a sample rate of 0.03 ns with a time window of 15 ns and an
offset from the external boundary of 8 mm in the direction of acquisition and
10 mm in the normal direction. This configuration results in 9 GPR profiles for both
directions. Although a denser sampling of GPR profiles is theoretically possible, we
prefer to adopt a cost-effective sampling, directly applicable for common field sur-
veys, in order to strike a balance between resolution needed and costs.

Measurements were executed with the antenna directly on the wall surface
(configuration no. 1) and interposing a Plexiglas plate (1 � 1 m) having different
thicknesses: 2.5 (no. 2), 5 (no. 3) and 10 mm (no. 4), between the GPR antenna
and the wall surface. Therefore, we collected four dataset for each face of the two
samples (tuff and bricks), both before and after of the load application.

The recorded signals were analysed by means of three different steps. Firstly,
we executed a conventional data interpretation. To this end, data were processed
by moving the start time, applying a band-pass filter (100–3200 MHz), a linear gain
for trace amplitude equalization, a background removal for suppressing coherent
noise and recovering the energy losses with depth and a migration procedure using
the Stolt algorithm [36]. Then, time-slices (horizontal sections of the reflected and
diffracted energy at different times) were extracted from the three-dimensional
cube of GPR data, by averaging squared amplitude of GPR signal within a fixed
depth window (100 mm) and interpolating data related both to x- and y-directed
profiles [19]. For the time to depth conversion we used a constant velocity of
12 cm/ns for the bricks sample and 11 cm/ns for the tuff sample, obtained as the
mean velocity of the fitting hyperbola related to the diffraction produced by the
edge of the blocks and from the picking of the EM wave travel time to and from
the rear face of the sample.

In addition to this standard processing, we aimed to have an estimation of the
dielectric constant (or relative electrical permittivity, er) variation within the sam-
ples, as an effect of the load test. In fact, a decrease of the dielectric constant can be
related for unsaturated media to an increase of air-filled weakness zones or frac-
tures. This relation can be achieved taking into account the travel time to and from
the rear face of the sample ðtpÞ, before and after the load application, knowing the
thickness of the sample. In fact, under the hypothesis of dielectric media, that holds

for r2

xe

� �2
� 1, we have:
er ¼ c � tp
2s

� �2

; ð1Þ

where c is the speed of light and s the thickness of the sample (0.25 m in this case).
The above mentioned hypothesis holds for resistivity values >100Xm. Laboratory
1D electrical measurements (single quadrupole) performed on single tuff blocks
and bricks give a resistivity value around 500 and 300Xm, respectively. The picking
of the travel time tp was executed for each trace position (i, j) where i = 1, 2, . . ., N and
j = 1, 2, . . .,M, being N the number of traces andM the number of profiles. Once tp and
s are known, we calculated the dielectric constant through Eq. (1) and consequently
its variation within the samples, both before and after the load application. Any
changes of the dielectric constant can be due to different type or arrangement of
the building materials and to the presence of cracks and voids.

Finally, the variation of signal attenuation as a function of the quality (compo-
sition, degree of fracturing, etc.) of the sample was mapped. Practically we intro-
duced the mean absolute amplitude (MAA) of the recorded signal, calculated
within a time window extended up to tp . Therefore, we have for each point (i,j):

MAAði;jÞ ¼ 1

Lði;jÞ
XLði;jÞ
k¼1

Aði;jÞ
k

��� ���; ð2Þ

where A is the signal amplitude and L the number of time samples for trace i at the
profile j. Both calculations (dielectric constant and MAA) were performed on raw
data.

2.2.2. Electrical resistivity tomography
The geo-electrical dataset was acquired using 36 non-invasive cylindrical cop-

per plates as electrodes (diameter = 30 mm, thickness = 3 mm), fixed on the wall
through a 1 � 1 m Plexiglas plate, while clamps and a conductive gel contribute
to improve the electrodes-sample coupling (Fig. 3b). Thus, we achieved a good cou-
pling without any damage of the samples. The 48 electrodes were organized into 4
rows of 9 electrodes each, and they were progressively moved from the bottom to
the top of the sample, overlapping two rows for each position shift, in order to



Fig. 7. Synthetic model of the laboratory bricks sample. GPR time-slice before the load application without (a) and with 10 mm of Plexiglas (b), and after the load application
without (c) and with 10 mm of Plexiglas (d). Time slices are drawn at a depth of 50 ± 50 mm, considering both x- and y-directed profiles (colour scale in normalised units).
The black ellipses indicate the location of the single row of bricks.
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obtain a homogeneous data coverage. Data were acquired using the IRIS Syscal Pro
48 resistivimeter with a three-dimensional dipole-dipole ‘‘snake” array for each
position, leading to 3426 apparent resistivity measurements for each configuration
(tuff and bricks, before and after the load test). The survey on the fibre-reinforced
face was unfeasible due to the high-conductivity of the reinforcement that pre-
vented the investigation of the deeper layers.

Apparent resistivity data were inverted using the VEMI algorithm [17], a
Matlab-based open-source algorithm included in EIDORS [1], able to invert 3D elec-
trical data, using a finite element approach with tetrahedral elements for solving
the forward problem [16] and a Gauss-Newton procedure with optimized damping
for inversion [15]. A Neumann-type boundary condition was imposed on all the
faces of the samples, in order to simulate the absence of current flow through the
air-sample interface, differently from a standard geo-electrical processing.
3. Results

Firstly, we discuss below the GPR synthetic modelling (Sec-
tion 3.1) and in a following section (3.2) the results of GPR and
ERT laboratory data.

3.1. GPR synthetic modelling

Since we know geometry and materials of the investigated
medium, we firstly performed synthetic simulations on the models
shown in Fig. 1, using the same acquisition parameters of the lab-
oratory data. Simulations were carried out through gprMax v.3
[38], using a value of the dielectric constant equal to 6 for tuff
blocks, 7 for bricks and 4.5 for mortar [26,30]. The complex fractur-
ing patterns detected after the load application (Fig. 2b,d) was sim-
ulated by adding a series of prismatic thin zones
(thickness = 4 mm) in which the free space condition (er = 1) was
imposed. In all scans, the GPR antenna was modelled using a
1.5 GHz ricker pulse, with a spatial discretization of 3.5 mm in all
directions and a time window of 7 ns. The synthetic dataset was
processed with the same procedures described above for the stan-
dard processing of laboratory data. The main goal of the synthetic
simulation was to assess the possible benefit of the Plexiglas inter-
position and to validate the interpretation of the laboratory data,
evaluating also the capability of the GPR system to detect fractures
for these construction materials. The simulation of the GPR survey
on the reinforced face was not practical, due to the high complexity
of the reinforcement, where a high-conductive material (steel
wires) is combined together with a dielectric material (basalt
fibre). Therefore, we present results from synthetic simulations
on the unreinforced face of the two samples.

Results of simulations are shown in Figs. 4 and 5 in terms of GPR
sections for both samples before and after the load application,
located as shown in Fig. 1, while in Figs. 6 and 7 the respective
time-slices drawn at a depth of 50 mm considering a window of
0–100 mm for the same configurations are shown.

The tuff radargrams (Fig. 4) show that the added value of the
Plexiglas interposition is negligible for simulations performed on
the unreinforced face. However, we have a loss of resolution using
Plexiglas, as expected, that prevents the detection of the mortar



Fig. 8. Laboratory tuff sample. Example GPR x-directed profile acquired at y = 0.5 m on the fibre-reinforced face, before the load application without (a) and with 2.5 (b), 5 (c)
and 10 mm of Plexiglas (d) and after the load application without (e) and with 2.5 (f), 5 (g) and 10 mm of Plexiglas (h). The white circles indicate the zones where the steel-
basalt fibre fabric is coupled with the GPR antenna.

Fig. 9. Laboratory tuff sample. Example GPR x-directed profile acquired at y = 0.5 m on the unreinforced face, before the load application without (a) and with 2.5 (b), 5 (c)
and 10 mm of Plexiglas (d) and after the load application without (e) and with 2.5 (f), 5 (g) and 10 mm of Plexiglas (h). The white arrows indicate the fracture location.
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joints between the blocks (black arrows), while the rear face of the
sample (dashed line) and the fracture are well detected (white
arrow) by both configurations.

Similar results were obtained for the bricks sample (Fig. 5),
where joints (blacks arrows) remains almost undistinguishable
using Plexiglas, while the discontinuity between the two rows of
bricks (dotted line) is clearly visible in all GPR sections.

The time-slices confirm the evidences early revealed by GPR
profiles for both samples.



Fig. 10. Laboratory tuff sample. GPR time-slice before the load application without (a) and with 10 mm of Plexiglas (b), and after the load application without (c) and with
10 mm of Plexiglas (d). Time slices are drawn at a depth of 50 ± 50 mm, considering both x- and y-directed profiles (colour scale in normalised units).
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In fact we have for the tuff sample a higher resolution in the
model where Plexiglas (Fig. 6a,c) was not used; otherwise
(Fig. 6b,d) the joints remains visible, even though with less ampli-
tude compared to that of the fracture (Fig. 6d). The amplitude of
the GPR signal seen on the undisturbed configuration (Fig. 6a,b)
strongly depends on the direction and the location of the profile
compared with the object to be detected: in fact x-directed joints
are detected only where they are exactly superimposed with the
GPR profile (e.g. y = 0.5 m and 0.7 m).

For the bricks sample (Fig. 7), in which the small-sized objects
are included, the effect of the location of the GPR profile with
respect to the joint position is enhanced on the time-slices. In addi-
tion, a different response can be seen in the zone where the bricks
are elongated in the z-direction only one row of bricks, black
ellipses) with higher reflectivity with respect to the zone where
they are combined both in the x- and in the z-directions. In both
cases, Plexiglas improves the capability of detecting the fracture.
This improvement may involve the coupling effect and conse-
quently the spectrum of the radar pulse. In fact, according to Liu
et al. [23], the spectrum centroid of a radar pulse experiences a
downshift during propagation as a result of linear frequency
dependence of attenuation. The centroid downshift is proportional
to the integral of an intrinsic attenuation coefficient with respect to
length along the ray-path. By assuming that the process of wave
propagation can be described by linear system theory, if the ampli-
tude spectrum of an incident wave is S(f), and the medium and
instrument response is G(f)�H(f), then the received amplitude spec-
trum R(f), may be, in general, expressed as:

Rðf Þ ¼ Gðf Þ � Hðf Þ � Sðf Þ; ð3Þ
where the factor G(f) includes geometric spreading, instrument
response, source and receiver coupling to the medium, antenna
radiation pattern, reflection and transmission coefficients, and the
phase accumulation due to propagation, and H(f) describes the
attenuation effect on the amplitude. Frequency-dependent attenua-
tion causes a change in the amplitude spectra. For a linear model
and a Gaussian spectrum the difference in centroid frequency
between the incident input and transmitted output waves is pro-
portional to the integrated attenuation multiplied by a scaling fac-
tor [23]. The coupling effects of two electric dipoles on an interface
was analysed by Slob and Fokkema [35]. They determined for the H-
plane receiver, a drop of the peak amplitude by more than a factor
of 2 when the antenna is on the surface of a er = 5 half-space com-
pared to an antenna in air, and by a factor of 4 when changing from
er = 5 to er = 10. This is all due to interference differences. For er = 10
the antenna separation is more than a dominant wavelength and



Fig. 11. Dielectric constant calculated for the laboratory tuff sample before the load application, without (a) and with 10 mm of Plexiglas (b), and after the load application
without (c) and with 10 mm of Plexiglas (d).
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increasing the permittivity further results in amplitude decrease
that can be understood from the separate arrivals of the direct air
and ground waves.

Therefore, the main benefit of the Plexiglas interposition is the
reduction of the drop of the peak amplitude at the cost of a fre-
quency downshift that can affect resolution.

Thus, results of synthetic examples highlight the pivotal role of
the masonry composition and heterogeneity in the GPR response
and the improvement on identification of fractures thanks to the
Plexiglas layer.

3.2. Laboratory test

3.2.1. Tuff sample
At first, we explore thoroughly the benefit of the Plexiglas inter-

position between surface and antenna by the analysis of the GPR
profiles acquired on the fibre-reinforced face of the tuff sample
(Fig. 8). The radargrams are related to the GPR mid-profile
(y = 0.5 m in Fig. 1) acquired with the four Plexiglas configurations,
both before and after the load test.

Results demonstrate that the Plexiglas interposition can
improve substantially the antenna coupling and consequently the
capability to detect the fractures and the rear face of the sample
(Fig. 8d and h), despite losing resolution. In fact, we are able to
identify the rear face of the sample only using the 10 mm thick
Plexiglas plate (Fig. 8d and h), otherwise the unreinforced face
remains undistinguishable (Fig. 8a and e) even with thinner layers
of Plexiglas (Fig. 8b, c, f and g). The reverberation shown after load
(Fig. 8e-h at x = 0.6 m) is located in correspondence of the main
fracture, where the mortar layer was removed in order to investi-
gate directly the integrity of the fabric after the loading process.
Consequently here the GPR antenna is directly coupled with the
steel-basalt fabric.

The investigation of the samples on the unreinforced face is
directly comparable with the synthetic examples of Figs. 4–7.
Therefore, for these cases, we fully apply the processing procedure
(radargrams, time-slices, maps of the dielectric constant and of the
mean absolute amplitude). GPR x-directed profiles, acquired at
y = 0.5 m, are represented in Fig. 9 and are comparable with the
respective synthetic radargrams of Fig. 4.

The reinforced face is always well-detected (Fig. 9) without sig-
nificant differences among the different thickness of Plexiglas, as
expected after the simulations (Fig. 4). The joints between the
blocks are not clearly detected, compared to the synthetic exam-
ples, due to the roughness of the surface and the heterogeneity
of blocks. After the load test (Fig. 9e-h) the first part of the radar-
gram (t = 0–2 ns) is more reflective due to the weakening of the
mortar and to the presence of fractures. On the basis of the results
shown by the GPR profiles, we decided to narrow the following
analysis only considering the configuration no. 1 (without Plexi-
glas, Fig. 9a,e) and no. 4 (10 mm, Fig. 9d,h), for the sake of simplic-
ity. The respective time-slices, drawn at a depth of 50 ± 50 mm, are
depicted in Fig. 10.

The results confirm the main issue underlined by the numerical
simulations (Fig. 6): where the antenna is placed directly on the
sample surface (Fig. 10a) we have a higher resolution and a higher
reflectivity at the joints although signal is more scattered, com-
pared with the case where Plexiglas is used (Fig. 10b). After the



Fig. 12. Mean absolute amplitude calculated for the laboratory tuff sample before the load application, without (a) and with 10 mm of Plexiglas (b), and after the load
application without (c) and with 10 mm of Plexiglas (d).

Fig. 13. 3D ERT inverted model for tuff sample before (a) and after (b) load application. Horizontal slices are drawn at a depth of 50 ± 50 mm.
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Fig. 14. Laboratory bricks sample. Example GPR y-directed profile acquired at x = 0.5 m on the fibre-reinforced face, before the load application without (a) and with 2.5 (b), 5
(c) and 10 mm of Plexiglas (d) and after the load application without (e) and with 2.5 (f), 5 (g) and 10 mm of Plexiglas (h). The letter ‘‘R” indicates the end of the first row of
bricks.

Fig. 15. Laboratory bricks sample. Example GPR y-directed profile acquired at x = 0.5 m on the unreinforced face, before the load application without (a) and with 2.5 (b), 5 (c)
and 10 mm of Plexiglas (d) and after the load application without (e) and with 2.5 (f), 5 (g) and 10 mm of Plexiglas (h). The letter ‘‘R” indicates the end of the first row of bricks
and the white arrows the fracture location.
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application of the diagonal stress (Fig. 10c,d), both configurations
are able to detect the main fractured zone and, as a consequence
of the load application, the sample is divided into two main zones
(above and below the main fracture), indicating how the stress has
acted differently on the sample. The evidences of the time-slices
are confirmed by the maps of the dielectric constant (Fig. 11), made



Fig. 16. Laboratory bricks sample. GPR time-slice before the load application without (a) and with 10 mm of Plexiglas (b). GPR time-slice after the load application without (c)
and with 10 mm of Plexiglas (d). Time slices are drawn considering both x- and y-directed profiles (colour scale in normalised units). The black ellipses indicate the location of
the single row of bricks. (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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using Eq. (1) starting from the picking of the EM wave travel time
(tp) on the deep reflector (rear face of the sample). In fact the GPR
response, before load application, is mainly triggered by the sam-
ples geometry, while after the load test the sample has been rear-
ranged as an effect of the stress undergone.

Before the load application (Fig. 11a,b), the tuff sample has a
mean value of the dielectric constant around 7 (discarding the high
values > 8, due to the effect of an adjacent steel beam located at
x = 0.1–0.2 m). The effect of the steel beam is also visible on the
x-directed radargrams of Fig. 9 as the diffraction hyperbola seen
at x = 0.1–0.2 m. This effect causes an over-estimation of the EM
wave travel-time and consequently of the dielectric constant (Eq.
(1)).

After the load test (Fig. 11c,d), the mean value drops to 6 (dis-
carding the high values > 7 located at y = 0.8–0.9 m, due to the
effect of the adjacent steel beam, repositioned after the load test
on the top of the sample) as a result of the intense fracturing
occurred within the sample. Here, the sample is divided into two
main zones, as seen before: above the main fracture, with relative
lower values of er (5.5–6.5) and below it, where the dielectric con-
stant is slightly higher (6.5–7.5). Therefore, the high scattering,
early highlighted in the upper-right zone by the time-slice in
Fig. 10c,d, is mainly due to the noteworthy presence of micro-
fractures in that weakness zone, with a consequent lowering of
er in Fig. 11c,d.

At the end, the MAA maps calculated with Eq. (2) for the undis-
turbed tuff sample (Fig. 12a,b), confirm the generally uniform
response among the different configurations (with or without Plex-
iglas), observed before. After the load test the main fracture is
clearly visible (in particular with the Plexiglas interposition,
Fig. 12d). The low MAA values, visible at x = 0.1–0.2 m (before load
test, Fig. 12a,b) y = 0.8–0.9 m (after load test, Fig. 12c,d) are due to
the presence of the adjacent steel beam. Overall, we have higher
MAA values after the load application (Fig. 12c,d) compared to
those obtained before the load test (Fig. 12a,b).

Finally, GPR results are validated by the results of 3D ERT inver-
sion, analysed in terms of the shallowest horizontal section
(Fig. 13, depth = 50 ± 50 mm), directly comparable with the GPR
time-slices of Fig. 10. In fact, since the resolution of the ERT
method rapidly decrease with depth, the deeper sections have a
degree of resolution not compatible with these goals. The undis-
turbed model (Fig. 13) is almost homogenous denoting a mean
resistivity of 700Xm, comparable with the values obtained in
the laboratory on single tuff blocks. After the load application,



Fig. 17. Dielectric constant calculated for the laboratory bricks sample before the load application, without (a) and with 10 mm of Plexiglas (b), and after the load application
without (c) and with 10 mm of Plexiglas (d). Maps are drawn considering both x- and y-directed profiles. The black ellipses indicate the location of the single row of bricks.
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higher resistivity values (>1000Xm) are retrieved in correspon-
dence of the fractures and of the weakness zones (top-right). These
results confirm the GPR data results (decrease of dielectric con-
stant and increase of reflectivity in the top-right part of sample),
validating the hypothesis that this part of sample suffers more
deformation then the other.

3.2.2. Bricks sample
Similarly to the tuff case, only using 5 and 10 mm thick Plexi-

glas plates, we are able to detect the rear face of the sample on
the GPR profile acquired on the fibre-reinforced face (Fig. 14a,b,c,
d). After the load application (Fig. 14e,f,g,h), the rear face of the
sample is not visible at all, even using the dielectric layer. How-
ever, the 10 mm thick Plexiglas layer helps in detecting the frac-
ture (Fig. 14h), that remains hidden on the other configurations
(Fig. 14e, f and g).

The GPR profiles acquired on the unreinforced face (Fig. 15) help
to identify the interface between two rows of bricks (letter ‘‘R”)
and the rear face of the sample with all the four configurations,
accordingly to the respective synthetic radargrams (Fig. 5). The
corresponding time-slices (Fig. 16) show that the response strongly
depends on the samples geometry, confirming the evidences of the
synthetic simulations (Fig. 7). In fact, where the z-directed bricks
are juxtaposed, the signal is more scattered (black ellipse), as seen
before for the respective synthetic example (Fig. 7a,b).

After the load test, the fracture mainly propagates within the
joints, where we have high-scattering values (Fig. 16c,d), even
though a clear correlation between the fracture and the GPR
anomalies is not evident without Plexiglas (Fig. 16c) and barely
visible using the 10 mm of Plexiglas (Fig. 16d). The high scattering
seen in Fig. 16c (x = 0.6–0.8 m and y = 0.3–0.6 m) are maybe due
local heterogeneities (micro-fractures within joints) of the bricks
sample, enhanced with the absence of Plexiglas. The worse distin-
guishability of the main fracture, with respect to the tuff specimen,
is therefore due to the higher heterogeneity of the bricks sample,
both in terms of dimension and geometrical layout of the single
component. In this sense the maps of dielectric constant should
clarify the effective distribution of the fractured zones, being this
index more sensible to the degree of fracturing of the whole sam-
ple. In fact, the undisturbed bricks sample (Fig. 17a,b) displays
higher er values (red zone) in correspondence of the single row
of bricks (grey ellipse), while elsewhere er is lower. Overall the
mean dielectric constant is around 7.5, higher than the tuff as
expected. The applied stress causes a rearrangement of the dielec-
tric constant into two main zones (Fig. 17c,d): in the upper-right
part we have higher er values with respect to the bottom-left,
where the fracturing is more intense. However, this effect is not
seen in the respective time-slices of Fig. 16c,d. At the end the Plex-
iglas layer does not produce a remarkable effect on these maps.

The peculiar behaviour seen on the previous plots is confirmed
in Fig. 18, where the MAA maps are represented. In fact, signal is
strongly attenuated in presence of a single row of bricks (Fig. 18b),
mainly due to the higher conductivity of the bricks with respect to
the mortar and to the lower presence of reflections from the mor-
tar joints, while higher values can be observed elsewhere.

As a result of the load test, the brick sample shows a higher sig-
nal amplitude in the bottom-left part of the sample (Fig. 18c,d),
accordingly with the evidences of Fig. 17.



Fig. 18. Mean absolute amplitude calculated for the laboratory bricks sample before the load application, without (a) and with 10 mm of Plexiglas (b), and after the load
application without (c) and with 10 mm of Plexiglas (d). The black ellipses indicate the location of the single row of bricks.
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Lastly, ERT inverted models, represented in Fig. 19, substantiate
the GPR results. We can see a rather heterogeneous undisturbed
model, with a mean resistivity around 700Xm and a conductive
zone (x = 0.15–0.3 m, resistivity q = 300Xm) due to the presence
of the single row of bricks. After the load test the main fracture
is clearly visible (q > 1000Xm). Therefore, also in this case high
resistivity corresponds to high values of MAA and low values of
dielectric constant.

4. Conclusions

In this paper, we present an application of the GPR and ERT
methods for monitoring a load test executed on masonry samples,
built up in the laboratory controlled conditions using tuff and
bricks (widespread materials employed in Italy for decades for
masonry buildings). The samples are reinforced with a conductive
fibre fabric. Firstly we analysed the GPR response, due to the differ-
ent construction materials and to the effect of the load application,
through synthetic simulations with the additional goal to under-
stand the benefit given by a dielectric layer, placed underneath
the GPR antenna, for reconstruction of anomalies. The results
demonstrated the capability of the method to detect the different
geometry of the masonry sample (orientation of bricks, joints)
and, after the load test, to clearly detect the fractures, even though
the benefit of the Plexiglas layer was limited for acquisition made
on the unreinforced face of the samples. The corresponding labora-
tory data display similar results, both in terms of detectability of
anomalies and of the role played by the dielectric layer.



Fig. 19. ERT inverted model for bricks sample before (a) and after (b) load application. Horizontal slices are drawn at a depth of 50 ± 50 mm. The black ellipse indicates the
location of the single row of bricks.
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On the contrary, GPR laboratory data acquired directly on the
reinforced face of samples, clearly demonstrate that using the
dielectric layer can improve substantially the coupling and conse-
quently the capability to detect fractures and to reach the rear face
of the sample in the case of conductive materials, despite losing
resolution. In this sense a further development of this research
should involve a deeper analysis of the benefit of the Plexiglas
interposition through theoretical and numerical studies. Therefore,
this add-on, once specifically engineered and sized, will be easily
implementable with a standard GPR system and will allow the
investigation of high-conductive media (reinforcements, bars or
with high moisture contents), in order to improve the detectability
of hidden objects.

Mapping the GPR data in terms of the dielectric constant and
mean absolute amplitude is particularly diagnostic to detect the
effective fracturing pattern, after the application of the diagonal
load. In fact we have lower dielectric constant together with higher
amplitudes in presence of a high degree of fracturing. In addition to
this, the capability to detect the fracturing pattern of the whole
sample only using the standard GPR processing decreases as a
function of the heterogeneity of the masonry, whereas small-
sized elements (e.g. micro-fractures within the joints) can produce
a high-scattering response leading to misunderstand the overall
degree of fracturing of the sample. Consequently, for such cases
the maps of dielectric constant and MAA can reduce the degree
of uncertainty in the detection of the main fractures or, addition-
ally, of voids and cavities. The ERT technique can be complemen-
tary used to validate the GPR evidence, where more resistive
zones are associable with the presence of fractures and weakness
zones. In fact, given the low resolution of the electrical method,
it cannot be employed for these purposes as a standalone
technique.
At the end, this paper demonstrated that the integrated applica-
tion of GPR and ERT investigations can be a reliable tool to monitor
static load tests, due to the complete non-invasiveness, the cost-
effectiveness and the high-resolution achieved by these methods.
Therefore, this procedure can be extended to whole load cycle
(before, during and after the experiment), with the primary aim
to have a quantitative assessment of the effective distribution of
fractures within the sample during the load application.
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