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Abstract

The geometric characterization and evaluation of structural integrity are challenges for the preservation of historical buildings. The challenges are associated
to the lack of constructive records, material diversity, access and contact restrictions, and sample extraction. Non-destructive tests are indicated in these
cases. The objective of this paper is to evaluate the Ground Penetrating Radar (GPR) technique with 1.2 GHz antenna in the study of the determination of
material thickness and discontinuities in the masonry shells of the Theatro Municipal do Rio de Janeiro, a heritage built in early 20th century, with high histori-
cal and cultural value. With paintings by renowned artists on their intrados, the domes and vault of brick masonry were at risk of collapse in the 1970s due
to differential settlements in the supports and moisture, compromising their paintings. A strengthening intervention was carried out in 1976. Considering the
masonry of bricks the main component, the electromagnetic wave propagation velocity was determined as 0,15 m/ns in one of the support walls, allowing to
estimate the thicknesses of the elements ranging between 20 and 31 cm. Materials incorporated into the structure were identified: reinforcement, metal in-
serts and bricks. However, the frequency of the antenna did not allow the detection of damages. The application of the GPR to the characterization of materi-
als and investigation of the integrity of the domes of the Theatro Municipal highlights the potential of this technology to study heritage and other constructions.

Keywords: Ground Penetrating Radar (GPR), dome, vault, historical buildings, Theatro Municipal do Rio de Janeiro.

Resumo
E———

A caracterizagao geométrica e avaliagéo da integridade estrutural sdo desafios para a preservagao de edificios histéricos. Os desafios estdo associados
a escassez de registros construtivos, diversidade de materiais, restricdes de acesso, contato e extragdo de amostras. Nesses casos s&o indicados en-
saios nao destrutivos. Este trabalho tem como objetivo avaliar a técnica do Ground Penetrating Radar (GPR), com antena de 1,2 GHz, na determinagéo
de espessuras e descontinuidades nas cascas em alvenaria do Theatro Municipal do Rio de Janeiro, patriménio construido no inicio do século XX, de
elevado valor histérico e cultural. Com pinturas de artistas renomados em seu intradorso, as cupulas e abébada em alvenaria de tijolos estiveram risco
de colapso na década de 1970 devido a recalques diferenciais e umidade, comprometendo as pinturas. O refor¢o da estrutura com concreto projetado
foi realizado em 1976. Considerando a alvenaria de tijolos o principal componente, a velocidade de propagagéo de onda eletromagnética foi determi-
nada em 0,15 m/ns em uma das paredes de apoio, permitindo estimar a variagdo entre 20 e 31 cm nas espessuras dos elementos estudados. Foram
mapeados outros materiais incorporados a estrutura como armadura, chumbadores e tijolos, porém a frequéncia da antena nao permitiu a deteccao
de danos. A aplicagdo do GPR para a investigacéo de integridade e caracterizagdo de materiais das cupulas do Theatro Municipal mostra o potencial
dessa técnica para estudos de patrimdnio historico e de outras construgdes.

Palavras-chave: Ground Penetrating Radar (GPR), cupula, abdbada, construgdes histéricas, Theatro Municipal do Rio de Janeiro.
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1. Introduction

EE

According to the International Council of Monuments and Sites, the
preservation of heritage buildings has a multidisciplinary character
and a structural analysis can be useful for estimating the conserva-
tion status of the building, as well as for assessing the efficiency
of intervention techniques [1]. In this context, the characterization
and evaluation of the integrity of the structural elements become
fundamental, although it is a generally complex task due to the lack
of constructive records and interventions, as well as restrictions on
access, contact and especially sample extraction.

Non-destructive tests are investigative resources that do not cause
permanent damage to the tested element, causing no loss of its
resistant capacity. These tests are great value for the study of his-
torical heritage, which cannot be subjected to changes that com-
promise its authenticity. Without testimonials and without knowing
the material properties and element dimensions, the accuracy of
the information obtained in non-destructive testing is considerably
compromised. However, according to Balayssac et al. (2012) and
Milovanovic and Pecur (2016) [2,3]but several kinds of indicators
representative of the concrete condition need to be evaluated.
Combining NDT methods is currently considered as one of the
most appropriate ways to improve the quality of the diagnosis of
concrete structures. This paper describes a French project named
SENSO (Strategy of non-destructive evaluation for the monitoring
of concrete structures, the combination of various tests, care in
their execution and knowledge of the factors that influence results
can facilitate data interpretation and validate the estimation of de-
sired information.

The Ground Penetrating Radar (GPR) is considered by Benedetto
and Benedetto (2014) as one of the most efficient and promising
remote sensing technologies available for civil engineering appli-
cations [4]. Because it is non-invasive, it is a research technique
recommended by many researchers for inspection and diagnostic

work on foundations [5,6], concrete paving [7—9], concrete bridge
decks [10-14]. GPR is also used in ancient structures, especially
stone and brick masonry, to map internal characteristics of the
structure and to evaluate the homogeneity of the constituent mate-
rial [15—19]. Under appropriate test conditions, GPR can provide
realistic information on the shape and position of targets within
building elements.

The high-frequency antennas (= 1000 MHz) used for GPR data ac-
quisition allow the verification of structure geometry, the detection
of reinforcement, prestressing bars, metallic elements in general,
the presence of delamination and humidity [6], as well as indicating
areas affected by corrosion [13]. In masonry, the combination of
two-dimensional GPR reflection techniques with three-dimensional
techniques and other non-destructive testing methods enables the
detection of voids, thickness of walls, vaults, domes, arches and
fillings of bridge and shells, metal elements and damage [6].

One of the major references of Brazilian heritage, the Theatro Mu-
nicipal do Rio de Janeiro (TMRJ) (Figure 1), plays an important role
for Rio de Janeiro and national culture, being directed by Founda-
tion of Theatro Municipal do Estado do Rio de Janeiro. It was built
between 1905 and 1909, simultaneously with other monumental
buildings in the surrounding area, such as the Biblioteca Nacio-
nal, Museu Nacional de Belas Artes, former Caixa de Amortizagao,
which together are listed by the Instituto de Patriménio Histérico e
Artistico Nacional (IPHAN) as an architectural ensemble of Ave-
nida Central since 1973 [20]. In addition to these buildings are also
the Clube Naval and the Palacio Monroe (demolished in 1976),
built at the same time, in an effort by Mayor Pereira Passos to build
the Avenida Central for the modernization of the city, which was
the capital of the country. Cintra et al. describe the Theatro building
construction system and the history of the structural interventions
over the years [21].

With paintings by renowned artists such as Eliseu Visconti and Hen-
riqgue Bernardelli on the intrados, the side domes and vault built in brick
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Figure 1
(@) Augusto Malta photo of roof construction, 1906; (b) current facade
Source: O Theatro Municipal - Histéria. In: http://www.theatromunicipal.rj.gov.br/sobre/historia/, accessed: 10/12/2016
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Figure 2

Cross-section of the noble area of the
Theatro Municipal do Rio de Janeiro
Source: Adapted from architectural drawing [29]

masonry of the TMRJ (Figure 2) are objects of study of preventive struc-
tural monitoring in PUC-Rio, in a campaign of non-destructive tests to
characterize the structure, relied on the group of historical constructions
of the University of Minho to analyse the results of the GPR test.

This work aims at evaluating the GPR technique with 1.2 GHz an-
tenna for the determination of thickness and discontinuities of the
masonry shells of the TMRJ. The GPR technique was applied to
estimate the total thickness of the shells, their constituent layers
and to compare bricks dimensions with data from other tests. In
addition, the GPR can help detect any materials incorporated into
the elements and damage. The information obtained in the experi-
mental program was used in a subsequent numerical modelling
step for nonlinear analysis of the structure by the finite element
method to investigate possible causes of damage and to evalu-
ate the efficiency of intervention measures already performed.
Relevant concepts of the GPR technique are presented. The

Table 1
Electromagnetic properties of some materials

comprehension of these techniques is fundamental for proper ap-
plication in typical masonry of historical buildings. The work pro-
poses a survey methodology and data analysis for the historical
structure, as well as conclusions and suggestions for future works.

2. Theoretical and experimental aspects

of GPR tests
E—

GPR is a non-destructive technique based on the propagation
of radio frequency electromagnetic waves. It finds application in
the assessment of the integrity of wood and concrete structures,
tunnels, bridges and road pavements, as well as in the inspec-
tion of historical structures. The technique uses devices capable
of recording the transmission and reception flux of electromag-
netic waves that propagate in the medium and reflect when they
strike elements with contrasting properties. This makes it pos-
sible to identify discontinuities, profile layers of different materi-
als below a surface, or even to classify the geometry of a hidden
target as flat, long, thin, spherical or cubic under favourable test
conditions [25].

2.1 Physical principles

The technique is based on the fact that the velocity and amplitude
of electromagnetic waves vary significantly between materials.
Therefore, a signal transmitted in two different materials, travelling
the same distance, will arrive at different times. The speed and the
way waves propagate, reflect and attenuate in the medium depend
on the dielectric properties of materials related to the ability to store
electrical charge in the presence of an electric field. Table 1 pres-
ents typical values of relative dielectric constant and static electri-
cal conductivity for an antenna frequency of 100 MHz, as well as
wave speed and attenuation for common materials. The general
expression for the propagation velocity of a wave pulse in homo-
geneous and isotropic materials is given by Equation 1 [22,25]:

C

= 0

Uy =

Relative dielectric

Electric conductivity (c)

Wave speed (w) Wave attenuation (o)

Material corz:f)anf ms/m m/ns dB/m
Air 1 0 0.300 0
Water 78 (25°C) to 88 0.1t010 0.032 10 0.034 0.01
Sea water 81 1o 88 4000 0.032 10 0.033 103
Dry sand 3to6 10-4 1o 1 0.122100.173 0.01to1
Wet sand 10 fo 30 0.1t010 0.055 to 0.095 0.05t0 5
Dry clay 21020 1 to 100 0.067 to 0.212 10 to 50
Wet clay 15 to 40 100 fo 1000 0.047 10 0.077 20 to 100
Dry granite 5108 10-3to 10-5 0.106 10 0.134 05103
Wet granite 51015 1to 10 0.077 10 0.134 2to 5
Dry concrete 41010 11010 0.095 to 0.150 21012
Wet concrete 10 to 20 10 to 100 0.067 1o 0.095 10 tfo 25

Source: Adapted from Annan, Daniels and Cassidy [22, 23, 25]
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Figure 3

Relationship between GPR position (x),
target depth (d) during travel time (T)
Source: Adapted from Annan [22]

where,

v_— relative velocity of propagation of electromagnetic wave pulse
in a solid medium;

¢ — velocity of the electromagnetic wave in the air, equal to light
0,3 m/ns;

¢, — relative dielectric constant of the material.

The presence of moisture in the materials increases the relative
dielectric constant, which decreases the propagation velocity of
electromagnetic waves, as indicates in Table 1. Soluble salts or
saline water present in materials, very common in marine envi-
ronments, increase the electrical conductivity and the wave at-
tenuation, decreasing the penetration depth of the electromagnetic
signal, with significant loss of propagation energy. In such cases,
GPR research may be compromised [22].

According to Alsharahi et al. (2016) [24], as the wave propagates in
a medium, the contrast of the dielectric constant between the ma-
terials causes the reflection of the electromagnetic waves at the

interface, while the electrical conductivity attenuates the propaga-

tion of the waves. The incident energy is partially reflected and

partially transmitted, depending on the contrast between the rela-

tive dielectric constants of the adjacent materials. Metallic materi-

als tend to reflect all incident electromagnetic energy.

The time that the signal takes from its transmission through reflec-

Xo X, Xy Xy X4 Xyl g

do| dy | dy| dy | dy d, |4,

- -~

L5]

Figure 4
Hyperbolic distribution function
Source: Daniels [25]

tion on a target to its reception is called the round-trip time and
depends on the wave frequency and properties of the propagation
medium. Figure 3 represents the relationship between the position
of the GPR antennas and the depth of the target over the wave
travel time.

Figure 4 illustrates the hyperbolic distribution of the relationship
between spatial position, wave velocity and travel time, which, ac-
cording to Annan (2003) [22], is given by Equation 2, Equation 3
e Equation 4.

2V/x2 + d? (2)

v
4x2
T= viZJ’ T3 ®)
2d
To=— @

where,

T — round-trip wave time;

x — the projection of GPR position relative to target;

d — reflection target depth;

v — propagation velocity of the electromagnetic wave in the material;
T — travel time when GPR is directly over the target.

2.2 Instrumentation

A typical GPR system consists of the components and mode of

operation [17], illustrated in Figure 5:

a) control unit, which is an electronic device consisting of a pro-
cessor and memory for configuring storage, responsible for

Data storage
device

Display unit

Control unit

Transmit Receiving

antenna antenna T
Pulse S Material 1
spread / /" (v, £1)
N / Reflected
LY / energy
Refracted /,’
energy \\‘/
\
Energy |\ ¥ Material 2
dissipated | (. &)
]
Figure 5
Components and mode of operation of a typicall
GPR system

Source: Adapted from Fernandes [17]
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Table 2

Depth of penetration, resolution and typical application of the usual centre frequency

Frequency (f) Wave length (1)
MHz

Depth of penetration

Vertical resolution Typical application

cm m m
10 3000 50 7,500 it
eotechnics
25 1200 30 3,000 and geology
50 600 10 1,500
Geotechnical,
100 300 510 20 0.750 environmental
and mining
Geotechnical,
250 120 2to7 0.300 environmental
and structures
500 60 1to4 0.150
1000 30 0.5t01.5 0.075
1500 20 0.5 0.050 Structures
2000 15 0.4 0.035
2700 11 <04 0.025

Source: Adapted from Annan and Fernandes [17,22]

generating thousands of electrical pulses per unit of time and
sending them to the transmitting antenna, as well as receiving
test data for processing;

radar antennas, which consist of transducers whose function
in the transmitting antenna is to convert electrical current into
electromagnetic pulses to be radiated in a controlled manner
on the investigated surface, and the reverse occurs in the re-
ceiving antenna, which picks up the reflected electromagnetic
pulses that are converted to an electric current;

display unit, consisting of a screen to display the graphical rep-
resentation of time and distance data recorded in the test;

d) data storage device.

There are different modes of operation of GPR antennas, with the
antennas being kept fixed or moving relative to the target. The
mode adopted in the present research and the most common ac-
cording to Annan (2003) [22], is called common-offset. The anten-
nas move along the surface, but the distance between the trans-
mitting and receiving antennas is constant and known, and the
antennas are coupled to a protective plastic case equipped with an
odometer, called a mobile unit.

The wave is transmitted, received and recorded each time the mo-

c)

Antenna position

ST R Ty Rx
II r._._ ) '.'[I ]
LY s |
| ?_ N ‘j \ | Material 1
| f — ERCH)
' arget
' ‘.‘ Targ
. L Material 2
Section direction ©)
Figure 6

bile antenna unit is moved, in a register called “trace”. The spac-
ing between traces should be adopted depending on the size of the
target to be studied and the research objectives. A one-dimensional
trace does not provide much information, but several traces dis-
played side by side forms a two-dimensional time-distance record of
GPR or GPR cross-section or radargram showing the variation of re-
flections relative to the surface. Traces can also be arranged so that
they represent three-dimensional blocks of the studied element [25].

2.3 Resolution

According to Daniels (2004) [25], the signal emitted by the trans-
mitting antenna is a frequency spectrum, where the peak corre-
sponds to the central frequency of the antenna (f). Such frequency
may vary between 10 MHz and 2700 MHz and the choice of the
appropriate working frequency depends on the application type,
material, depth and possible dimensions of the targets to be
studied. There are three key aspects to the decision making pro-
cess: vertical resolution, which corresponds to the ability to dis-
tinguish two near-vertical points; spatial resolution, referring to
the ability to distinguish two points at the same depth; and the

Antenna position (cm)

Surface

Interface

between

materials

A

Time (ns)

Wave reflection on a target (a) methodology and (b) resulting radargram

Source: Adapted from Fernandes [17]
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Figure 7
Wave pulse polarity
Source: Adapted from Annan [22]

minimum depth from which objects can be detected without ob-
structing the direct wave reflection signal [6]. Table 2 represents
the penetration depth, expected resolution and typical applications
for the centre frequency of radar antennas under favourable condi-
tions. The lowest frequencies are applied in the geotechnical area
(< 250 MHz) and the highest frequencies in the area of structures
(250 a 2700 MHz) [17,22].

Information resolution or accuracy of GPR survey results improves
with increasing antenna frequency capacity, but is hampered by
decreased signal propagation speed, decreased wavelength and
decreased frequency peak due to the influence of the properties.
dielectrics of solid materials. Generally, the resolution is enough if
the dimensions of an object are larger than V4 of the wavelength (A)
of the incident radiation if no material non-linearity interferes with
the wave propagation. In order to properly detect hidden elements,
Annan (2009) [26] suggests that the horizontal (Ax) and vertical
(At) distance between consecutive sampling points are defined by
Equation 5 and Equation 6.

A< v
= 6f. ®)
1
A< — 6
6f,
where,

Ax — interval in space between consecutive sampling points;

At — time interval between consecutive sampling points;

v — velocity of the electromagnetic wave in the medium;

fc — antenna centre frequency.

Radiation energy losses related to GPR equipment may affect the

electromagnetic signal. According to Daniels (2004) [25] and Fer-

nandes (2006) [17], these losses may occur due to:

a) inefficiency of the antennas to transmit and receive the
entire signal,

b) instability that occurs in the coupling of antennas on uneven
surfaces, which interferes with the radiation pattern of the an-
tenna because it is a directional beam;

c) geometric scattering of the energy beam along with the depth;

d) dispersion of the electromagnetic signal from the incidence on
the target itself;

e) signal attenuations due to the dielectric properties of the propa-
gation means.

Prior to the test, it is necessary to limit the round-trip transit time of

the signal (T) according to the estimated depth of characteristics

Time

Time

Negative polarity

and targets present to avoid storing unnecessary data outside the
expected time and speeding up field measurements.

2.4 Data analysis and interpretation

Turning GPR data into specific and applicable information can go two
ways, according to Annan (2009) [26]. The first and most common
one considers the measurements of a flat section or volume traces
to indicate the spatial position of the target. The second determines
quantitative variables from wave properties such as velocity, attenua-
tion, impedance and converts them into specific quantities applicable
to material properties, which is the tendency for GPR to evolve.

If the dielectric properties of materials have adequate contrast
(Figure 6a), the GPR section can be considered a two-dimensional
representation of the studied element and can be interpreted to
define the internal characteristics of the element. Figure 6b depicts
a typical GPR section where the horizontal axis is the distance
travelled along the surface of the element under study and the ver-
tical axis is the wave round-trip time that can be converted to depth
if the wave velocity or dielectric constant of the material is known.
Figure 6b represents the pattern of some of the features observed by
Fernandes (2006) [17] in GPR sections of historic masonry. Isolated
hyperbole reflections indicate the presence of individual and small
embedded elements (targets) such as metal, wood or other mate-
rial with dielectric property in contrast to masonry. The depth of the
target can be determined by considering the vertex of the hyperbole.
The presence of a significant area with a large number of reflections
indicates the presence of deteriorated or heterogeneous material,
such as cracks, voids, detachments. Long reflection signals parallel
to the data acquisition surface correspond to the interface between
different material layers, peelings or cracks in masonry.

As an estimate of the wave propagation velocity in the material,
Annan (2003) [22] and Cassidy (2009) [23] suggest fitting a hyper-
bolic shape with known parameters that coincides with a reflection
hyperbole in the GPR section, as represented in Figure 6b. From
the combination of velocity (v) and propagation time (T0), it is also
possible to estimate the depth (d) of the target.

GPR signal polarity may be useful in interpreting the data. Annan
(2003) [22] suggests that a positive waveform has the shape of the
letter "M" and the negative pulse has the shape of the letter "W".
Figure 7 describes the basic elements of a GPR measurement as
signals that travel directly through the air (direct wave A) and first
reach the receiving antenna with positive polarity (M). Then some

IBRACON Structures and Materials Journal * 2020 « vol. 13 * n° 2
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Figure 8
View of the infrados of the shells of the Theatro

signals travel directly through the material near the surface (direct
wave G), with negative polarity (W). Finally, signals that are reflect-
ed at the interface of a target within the element (R wave reflection)
and take longer to reach the receiving antenna may have positive
or negative polarity (M or W).

Reflection of a wave is caused by the change in electromagnetic
impedance at the interface of materials. A target with an impedance
greater than medium produces a positive pulse reflection, while a tar-
get with lower impedance produces a negative pulse reflection. Usu-
ally, rocks and voids represent high impedance materials and gener-
ate positive reflections in GPR. While metal is a very low impedance

material and will always give rise to the negative reflection wave [22].
Properly displaying data is fundamental to analysing it. The choice
of display parameters is an integral part of the interpretation of the
GPR section. It is often impractical to display data as traces. The
most common mode of a two-dimensional representation of data
is a scanner image called a radargram. This consists of assigning
colours (or varying the intensity of a single colour) to indicate the
amplitude variation in the traces [22].

During the GPR test, data can be collected with unwanted incorpo-
ration of information that is not relevant to the research objectives,
causing data overlapping effects that impair the desired target

Figure 9
Photos of the reinforcement of the shells in the 1970s
Source: Schiros [27]
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signals. Such noises can come from sources such as vehicles, elec-
trical cables, metals, telecommunications systems, mobile phones,
pipelines, and natural electrical and magnetic phenomena [25].

The basic processing of the GPR section is the application of filters
and gain, such as bandpass filters, DC removal, automatic gain
control (AGC), among others available in the processing software.
The relationship between signal and noise can be improved by
applying filters that delimit the display of an appropriate frequency
band for the antenna used. The gain application allows equalizing
the amplitudes of each trace to compensate for signal attenuation
due to depth propagation in solid materials [26].

3. Data acquisition at the
Theatro Municipal do Rio de Janeiro
—

3.1 Description of domes and vaults

On the upper floor of the TMRJ, near the centre of the main fagade, is
the so-called noble area. As shown in Figure 8, there is the foyer, a well-
decorated hall for the reception of the public and covered by a cradle
vault with plan dimensions of the extrados of the 6.83 m x 17.48 m and
2.60 m rise, built-in double-layer brick masonry laid with cement mortar
and lime. The two side roundabouts have a spherical dome ceiling with
a diameter of 6.28 m on the extrados, 2.75 m rise and were built in solid
ceramic brick laid and covered with cement mortar and lime.
The domes and vault were built in 1907, supported on walls and
pillars. The weather, festive events, vandalism, leaks on the roof,
surrounding construction works, such as the nearby subway,
among other occurrences, damaged the building. In 1976 they
were reinforced with reinforced concrete. Schiro reports that the
entire intervention was performed in three days, without stepping
on the peels, without shoring so as not to damage the paintings on
the soffit and consisted of the following steps [27]:
a) Step 1 - Construction of side beams and a superimposed shell
in reinforced sprayed concrete to support part of the weight of

Figure 10
GPR fest: (a) dome of Av. Rio Branco and (b) vault

the original shell, as shown in Figure 9a. In concreting, priority
was given to the creation of arches over the largest transverse
cracks (Figure 9b);

b) Step 2 — epoxy injection into the cracks to restore shell mono-
lithism employing plastic traps as shown in Figure 9b;

c) Step 3 — anchoring of metal inserts immersed in epoxy-filled
holes to promote adhesion between the original masonry shell
and the new concrete shell as Figure 9¢ and Figure 9d.

The vault of the foyer and the dome of Av. Rio Branco are the

objects of study. It is covered by a waterproofing blanket which,

although deteriorated and detached from the shell in some parts,
cannot be removed. performed on the blanket. The dome of Av.

Treze de Maio was not studied due to its inaccessibility, so its char-

acteristics are considered similar to the one on Av. Rio Branco.

3.2 Methodology

All data collection with GPR was performed in the extrados of the shells,
after superficial cleaning and marking of the axes mesh with white
chalk, avoiding stepping on the shells. The MALA GeoScience system
consisting of 1.2 GHz frequency antennas coupled to a wheeled mobile
unit was used. Antenna displacement data were acquired through an
odometer connected to the left rear wheel of the mobile unit.

Preliminary tests allowed to verify the pattern of visualization of me-
tallic inserts, the adequate speed of movement and the coupling of
the mobile unit of the antennas to the surface of the shells. The mo-
bile unit odometer was also calibrated by comparing the length mea-
surements a 5 m graduated measuring tape with 0.01 m accuracy.
It was observed that the direct contact between the wheels of the
mobile unit and the surface of the shells along the lifting path was im-
paired by the roughness of the projected concrete and mortar in the
case of the dome, aggravated in by the waterproof blanket overlap.
Thus, a 3 mm thick ethylene vinyl acetate (EVA) synthetic foam strip
was used to facilitate the movement of the wheels of the antenna
mobile unit over the shells as illustrate in Figure 10a and Figure 10b.
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Reflections caused by the presence
of the metallic mesh

Attenuated signal

gt T £

Figure 11
Three-dimensional investigation
with an unsatisfactory result

For the regularity of data acquisition in the GPR sections, the
moving speed of the mobile antenna unit was kept as constant as
possible, which was manually conducted in the horizontal course.
In the vertical direction, the acquisition unit was manually driven
from the base of the shell to where it was possible to reach the
hands. From there the vehicle was driven with the help of a string
until it reached the vertex, following the marked axis lines while
avoiding stepping on the dome and vault.

Data acquisition was performed in 24 sections of the Av. Rio
Branco dome, 12 sections of the foyer vault and two sections in
masonry sidewalls. 3D surveys were also performed in each of
the studied elements, but the radargrams were not considered sat-
isfactory for analysis due to the high reflection of the metal mesh
and consequent signal attenuation in all areas below the mesh as
shown in Figure 11.

The thicknesses obtained by the GPR test were used in a sub-

sequent stage of research for the development of the numerical
model for nonlinear analysis of the structure by the finite element
method in order to investigate the vulnerability of structural ele-
ments, the causes of damage in the 1970s and the efficiency of
previous intervention measures.

3.3 Results

Reflex2DQuick software, version 3.0, was used for processing
two-dimensional radargrams and Reflex3DScan software for pro-
cessing three-dimensional acquisitions. In the processing of two-
dimensional radargrams, the Dewow filter required for the MALA
system data and gain function to compensate for signal attenu-
ation along the depth [28] were applied. In three-dimensional ac-
quisitions, the Dewow filter was also applied, as well as the Back-
ground Removal to eliminate direct wave interference.

The standard procedure for calibrating the electromagnetic wave
propagation velocity in a material is by measuring the round-trip
travel time in the section by positioning a sheet metal on the oppo-
site surface of the element. However, due to difficulties in accessing
the opposite surface of the dome and vault, such procedure was
unworkable in the present study. These elements are composed
of several materials, so the speed of masonry was adopted as the
standard for the section since this is the predominant material in the
constitution of the dome and vault. The wave velocity in the masonry
was estimated at 0.15 m/ns, from the round-trip time recorded in
the radargram of the sidewall of Av. Rio Branco dome (Figure 12a).
This survey was done near a shaft, where the brick masonry was
exposed and its thickness could be measured (Figure 12b). The ad-
opted velocity is compatible with those determined by Fernandes
(2006) [17] in the ceramic brick masonry of historical buildings.

The electromagnetic signal lost energy when it finds the bars of
the wire mesh. Because of that, a significant dispersion occurs
along the shell section, which impaired the determination of its to-
tal thickness and its constituent layers in most radargrams. Only
in the sections where the reinforcement rate was lower or where
the reinforcement was transverse to the antenna path the signal
was propagated sufficiently along the section and it is possible to
estimate the thickness of the dome and the vault. Therefore, it is
available to estimate its layers, as well as to estimate its layers the
size of the masonry units.

Figure 12
Dome sidewall () radargram (b) thickness determination
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Figure 13
Cross section of Av. Rio Branco dome:
(o) constructive detail; (b) radargram

Figure 13a represents the constructive characteristics of the Av.
Rio Branco dome and Figure 13b shows a typical radargram. Fig-
ure 13b indicates that the total shell thickness has a ranges from
22 and 25 cm at the vertex. The thickness tends to grow linearly
towards the base, which appears to be about 2 to 5 cm larger. In
several radargrams there was a pattern of small consecutive para-
bles with spacing between 8 and 10 cm in the alignment of the sof-
fit. It indicates that the vertical joint between bricks has dimensions
compatibles with the correspondent joint found in thermograms
and apparent bricks in the adjacent wall. The bars of the wire mesh
has a spacing of 10 cm, information confirmed in a pacometry test
and described in the Schiro’s report [27]. No intermediate layer
was identified, which confirms the existence of only one bricklayer.
Figure 14a represents the constructive characteristics of the foyer
vault and Figure 14b shows a correspondent typical radargram. Fig-
ure 14b indicates that the total shell thickness has a ranges from
20 and 23 cm at the vertex. The thickness tends to grow linearly
towards the base, which appears to be about 5 to 8 cm larger. In
some radargrams there was a pattern of small consecutive parables
spaced in the alignment of the soffit. This spaces ranges from 16 to
20 cm, indicating the bricks, whose dimensions are compatible with
those found in thermograms. The bars of the wire mesh have spac-
ing between 10 and 11 cm, information confirmed in a pacometry
test and described in the Schiro’s report [27], as well as the pres-
ence of metal pins, with a typical spacing of 20 cm. An intermediate
layer was identified, confirming two bricklayers described by Schiros
[27], possibly with a thickness between 10 and 12 cm.

As they are elements composed of several materials, it was not
possible to detect damage such as voids and cracks in the peel
investigated by GPR with 1.2 GHz antennas. For this purpose, it is
suggested to use higher frequency antennas, whose resolution is
most appropriate

From the shell thickness information evaluated by the GPR test
and data obtained from other tests, the numerical model of the
structure was elaborated in FX + for Diana software and nonlin-
ear finite element analysis was performed in Diana version 10.2

software (Figura 15), whose results go beyond the objectives of
the present work.

4. Conclusions

EE—

The GPR technique with 1.2 GHz frequency antenna was applied
to the reinforced masonry dome and vault of the Theatro Munici-
pal do Rio de Janeiro, aiming at estimating the total thickness of
the elements and their layers, confirming constructive character-
istics, measuring the brick dimensions with data from other tests
and identify embedded elements. As these are structural elements
composed of various materials, the speed of masonry was adopt-
ed as the standard for the section, as it is the predominant material
in the constitution of the dome and vault. The wave velocity in the
masonry was estimated at 0.15 m/ns, from the round-trip time re-
corded in the radar of the sidewall of the Av. Rio Branco dome, an
element composed only of brick masonry, where it was possible to
access to determine its thickness.

The dome had a thickness ranging between 22 and 29 cm, con-
sisting of a bricklayer. The vault had a thickness between 20
and 31 cm, consisting of two layers of bricks. Such information
served as a reference for the development of a numerical model
used for nonlinear analysis of the structure by the finite element
method, the results of which go beyond the objectives of the
present work

It was not possible to detect damage such as voids and cracks.
For this purpose, it is suggested to use antennas with larger fre-
quency, whose resolution is more appropriate to the dimensions of
the element.

The electromagnetic signal lost energy by focusing on the bars
of the wire mesh, generating significant dispersion along the shell
section, which impaired the determination of its total thickness and
its constituent layers in most radargrams, especially in 3D surveys.

extrados
Total thickness | | Total thickness
between 28 and between 20 and
3lem 23em

Distance between ><
bars 10to 11 cm
Distance between
bricks 16 to 20 cm

Figure 14
Vault cross section: (a) constructive detail;
(b) radargram
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Figure 15

Numerical model: (a) detail of shell thickness; () vertical displacements (mm) of physical nonlinear

analysis considering two constructive phases

Only in the sections in which the reinforcement was transverse to
the antenna path the signal was propagated along the section, al-
lowing to estimate the desired information.

The survey of GPR in old structures is still unusual, probably due
to the difficulty in interpreting the images generated by the inves-
tigation of complex elements, which requires time and dedication
to acquire knowledge and practice to properly use the technique.
A prior study is necessary to know the construction process and
any interventions suffered by the studied element, in order to have
a prediction of the type of elements expected in the visualization
of radargrams, as well as the verification of information collected
by other complementary tests, documents or other means.

The present study seeks to contribute information to improve the
GPR assay methodology and experimental data for structural pres-
ervation work in similar constructions, especially masonry shells.
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