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We describe a GPR methodology used to investigate the internal structure of three consecutive sections of the
cylindrical pedestal of a monument that had to be disassembled for relocation. We acquired constant-offset
circular profiles and non-standard variable-offset profiles at different heights along the pedestal. In the raw
data sections, the reflections of interest were hidden by significant environmental noise with frequencies that
overlapped those of the transmitted pulses and varied from trace to trace. We successfully eliminated the
noise by iteratively fitting sinusoidal waves in different x–t windows and by subtracting the results from the
traces. The resulting sections were interesting because they exhibited numerous and varied reflections. We
analysed these sections using a combination of procedures previously used for cylindrical structures and other
procedures adapted from protocols commonly used for plane semi-spaces. In particular, we evaluated the infor-
mation provided by the variable-offset profiles and determined how it complemented the information obtained
from the constant-offset profiles. In the variable-offset profiles, multiple reflections produced at the cylinder–air
interface were reliably distinguished up to the fifth-order of reflection by taking advantage of their distinctive
shapes. In the constant-offset profiles, this information was used to distinguish the multiples from possible
signals of internal structures or their multiples and from unwanted signals produced by the GPR system,
which can be confused with the multiples. We also considered obtaining the propagation velocity across the
structure with a high degree of reliability by including the travel times of higher-order multiples in the calcula-
tions. Fitting of the theoretical curves, migration and polar representations allowed for a thorough interpretation
of the reflectors present in the structures. Probable reinforcement bars, circular ties, natural veins of the material
and reflectors located in nearby sections of themonument were identified. The continuity of the reflectors along
the pedestal was determined. On this basis, an efficient disassembly and relocation plan for the monument was
designed and performed.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The ground-penetrating radar (GPR) method is being increasingly
applied to cultural heritage and engineering investigations. Some of
themost frequent objectives of thismethod in these areas are the detec-
tion and characterization of rebars, pipes, inclusions, fractures, voids,
moisture and layers (Alani et al., 2013; Benedetto, 2013; Catapano
et al., 2012; Saey et al., 2014; Stryk et al., 2013; Villela and Romo, 2013).

In contrast to the investigation of natural soils, GPRmeasurements in
cultural and engineering studies often have to be performed along sig-
nificantly curved interfaces. In the case of cylindrical structures, the
GPR responses are expected to be considerably different from those
obtained for flat or approximately flat semi-spaces, due to the large cur-
vature and the periodicity of the cylinder–air interface (Nuzzo and
Quarta, 2012; Pyakurel and Halabe, 2013; Radzevicius et al., 2004). In
ullo@df.uba.ar (D. Bullo),
a).
particular, the waves transmitted into cylinders can reflect multiple
times at the cylinder–air interface, producing reflection patterns with
very complex shapes in the data sections. Moreover, the reflections
due to small objects (or diffractors) and flat interfaces exhibit shapes
that significantly differ from the usual hyperbolae and straight lines,
respectively. The multiple cylinder–air reflections can have amplitudes
similar to the primary reflections and hide them. This masking process
occurs, for example, when the absorption of electromagnetic waves in-
side the cylinder is not too high and the cylinder–air permittivity con-
trast is significant, which are characteristics commonly found in many
building materials. Moreover, the negative permittivity contrast at the
cylinder–air interface can produce evanescent waves, which further
complicate both the reflection patterns and their interpretation
(Nuzzo and Quarta, 2012).

Cultural and engineering structures are often located in urban or
semi-urban sites with large amounts of radio-frequency noise. This
type of noise may influence the GPR records significantly, depending
on its characteristics (amplitude, frequency and polarization), the char-
acteristics of the GPR system (e.g., shielding and radiation patterns of
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the antennae), the cylinder–air interface (geometry and permittivity
contrast) and the surrounding media (distribution of reflectors,
reflectivities, etc.). For example, if the structure is submerged in air, as
is often the case with pillars, walls, etc., the ambient noise can travel
across the structure and reach the receiving antenna directly through
the front of its containing box, where there is no shielding. Noise can
also reach the receiver through gaps between the box and the structure,
due to the curvature of the latter (e.g., Radzevicius et al., 2004). The am-
plitudes of the noise can therefore be relevant in relation to the primary
reflection amplitudes; thus, the noise must be removed efficiently to
clearly observe the primary reflections. However, filtering may be diffi-
cult when the main frequencies of the noise are similar to those of the
radar pulses andwhen the noise frequencies vary from trace to trace be-
cause part of the relevant GPR information can be deleted if an inappro-
priate procedure is applied.

The GPR method has been applied to the investigation of cylindrical
objects in several works. In the area of natural sciences, themethodwas
used byMiller andDoolittle (1990) to locate knots and areas of incipient
rot in angiosperm species. Nicolotti et al. (2003) performed electric,
ultrasonic and perimeter GPR surveys to detect decay in trees and
compared the results with those of a penetrometer. Longitudinal GPR
scans were acquired by Halabe and Pyakurel (2007) to locate knots,
decay areas and embedded metals in wooden logs. Butnor et al. (2009)
acquired data along the circumference of conifers to detect defects in
wood. In the engineering and cultural heritage areas, Radzevicius et al.
(2004) derived a diffraction-summation migration algorithm for scans
performed around cylindrical interfaces and applied it to data obtained
around concrete columns. Leucci et al. (2007a) performed electrical
resistivity and GPR scans along the columns of the Cathedral of Otranto
in Apulia, Italy, with the aim of revealing the existence of fractures. They
also evaluated a linear inverse scattering algorithm to image the frac-
tures and compared it with standard processing (Leucci et al., 2007b).
Longitudinal and circular GPR and ultrasonic profiles were acquired by
Masini et al. (2010) to investigate the columns of the church of
San Giovanni al Sepolcro, in Brindisi, Italy. Nuzzo and Quarta (2012)
analysed issues related to the cylindrical geometry of the structures,
such as the production of air waves, multiple reflections, and non-
hyperbolic reflections caused by small objects, which are relevant dur-
ing the data processing and interpretation. Finally, Pyakurel and
Halabe (2013) discussed the use of 2D and 3D imaging techniques to
display the reflections caused by debonds and metallic rebars in cylin-
drical columns.

Although the size of the previous list is not negligible, the number of
workswhere the GPRmethod is applied to the investigation of cylindri-
cal surfaces is very small compared to the thousands of works related to
flat or approximately flat surfaces. Clearly, there is a need to study other
cylindrical systems producing electromagnetic responses different from
those described in previousworks. The analysis of these cases should be
useful for GPR interpreters and shed light on new problematic issues.
New specific techniques are also required to process and interpret the
data acquired on this type of structure (e.g., Leucci et al, 2007b; Masini
et al, 2010; Pyakurel and Halabe, 2013; Radzevicius et al, 2004). For
example, using the travel times of the multiple reflections produced at
the cylinder–air-interface to calculate the propagation velocity v as a
function of the azimuth should produce more accurate and complete
results than simply using the signals of sparse small reflectors. In partic-
ular, Nuzzo and Quarta (2012) used the primary and first multiple
reflections in constant-offset circular profiles and variable-offset longi-
tudinal profiles to calculate this velocity. Including the direct wave
and higher-order multiples in the calculation should further improve
the estimation of v. In this respect, multiple reflections have charac-
teristic shapes that can be identified much more easily in circular
variable-offset profiles than in other types of profiles. As a result,
the variable-offset sections can be used to support the interpretation
of constant-offset sections, as well as to estimate vwith a higher degree
of reliability.
In this work, we study the internal structure of three consecutive
sections of the cylindrical pedestal of amonument. One of the objectives
of our work is to detect the structural elements and determine their
continuity along the pedestal. This information is useful for designing
an efficient disassembly plan prior to relocating the monument. We
present examples of data sections that include significant amounts of
ambient noise and noticeable quantities and varieties of reflectors,
complementing the examples presented in previous works on cultural
and engineering cylindrical structures (Leucci et al, 2007a,b; Masini
et al, 2010; Nuzzo and Quarta, 2012; Pyakurel and Halabe, 2013;
Radzevicius et al, 2004). We describe how noise with frequencies over-
lapping those of theGPR andvarying from trace to trace can be efficiently
removed in these applications. We integrate techniques already applied
to cylindrical structures, such as acquisition along constant-offset circu-
lar profiles (Masini et al, 2010; Nicolotti et al, 2003; Nuzzo and Quarta,
2012; Pyakurel and Halabe, 2013; Radzevicius et al, 2004), comparison
between these data and simulated patterns (Nuzzo and Quarta,
2012) and migration of these data (Masini et al, 2010; Pyakurel and
Halabe, 2013; Radzevicius et al, 2004), with other techniques, such
as acquisition along variable-offset circular profiles and fitting of
theoretical curves to these data, with the aim of producing an
exhaustive interpretation of the observed reflections. The comple-
mentary information provided by the variable-offset circular profiles
is evaluated and used during the interpretation. In particular, we
take advantage of the distinctive shapes of the multiple reflections
in these profiles to identify them reliably and subsequently to sup-
port the interpretation of the constant-offset profiles. We use this in-
formation to avoid typical misinterpretations of the constant-offset
profiles. Finally, we evaluate the process of obtaining the propaga-
tion velocity across the structure with a high degree of reliability
by including the travel times of the higher-order multiples in the
calculation.

2. Theoretical remarks

This section summarizes a number of theoretical issues that are
relevant to the interpretation of our work. Further information on
these issues can be found in the references mentioned in this paper.

2.1. Electromagnetic responses obtained around cylindrical structures

GPR responses obtained with antennae moving on homogeneous
cylindrical surfaces are more complex than those obtained for plane
surfaces (e.g., Nuzzo andQuarta, 2012; Radzevicius et al, 2004). In addi-
tion to the electromagnetic signals of the directwaves propagating from
the emitter to the receiver through the air and soil, the GPR responses
obtained for cylinders include signals of waves simply and multiply
reflected at the air–cylinder interface. These waves can also exhibit
evanescent behaviours due to the negative permittivity contrast at the
cylinder–air interface (e.g., Nuzzo and Quarta, 2012). For example,
Fig. 1a represents a variable-offset circular scan and the ray-paths com-
posed of n = 4 straight segments, i.e., waves that are reflected three
times at the air–cylinder interface. The first parameter in the labels of
the paths corresponds to n, the number of straight segments (the
order of reflection plus one), whereas the second one corresponds
to k, which distinguishes between different paths with the same n.
Fig. 1b shows a path composed of n = 2 straight segments and an
arc-shaped part between them, in which the wave is evanescent. In
this case, a prefix e is added to the nomenclature to indicate the
characteristic.

Fig. 1c shows theoretical curves for the travel times of the most in-
tense waves propagating between the transmitter and receiver in a cir-
cular scan as functions of the perimeter position of the receiver uR (the
transmitter is kept at the origin, i.e., uT=0). The radius of the cylinder is
r=0.89m and the propagation velocity v=0.102m/ns. The black lines
in the figure correspond to waves with ray paths composed of only



Fig. 1. a) Ray paths composed of n=4 straight segments; b) a ray path composed of n=2
straight segments and an arc-shapedpart between them, inwhich thewave is evanescent;
c) theoretical propagation times for themost intense n,kwaves as functions of the perim-
eter position of the receiver uR (uT = 0). The radius of the cylinder is r= 0.89 m, and the
propagation velocity is v = 0.102 m/ns. a1 and a2 indicate the direct waves by air. 1,1
indicates the direct wave across the cylinder. θC is the critical angle. The brown dashed
lines correspond to the waves that would propagate if the cylindrical surface were trans-
formed into a plane surface.

3N. Bonomo et al. / Journal of Applied Geophysics 113 (2015) 1–13
straight sections. The total propagation time for these waves can be
calculated from simple geometric considerations and some algebra
(e.g., Nuzzo and Quarta, 2012). The total propagation time is
given by:

tn;k ¼
n

ffiffiffi
2

p
r

v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− cos

2π k−1ð Þ þ uR=r
n

� �s
; ð1Þ
with 1 ≤ k ≤ n. The magenta lines correspond to waves with evanes-
cent parts. In particular, the curves in the figure correspond to n=2,
with travel times given by:

te2;k ¼
4r cos θCð Þ

v
þ 4rθC−pk

c
; ð2Þ

with 1 ≤ k ≤ n, θC as the critical angle, and

p1 ¼ 2πr−uRð Þ;2πr−4rθC≤uR≤2πr;

p2 ¼ uR;0≤uR≤4rθC ;
p3 ¼ − 2πr−uRð Þ;
p4 ¼ −uR:

The light blue lines correspond to the direct waves by air (a1 and
a2). For comparison purposes, we included dashed brown curves for
the travel times of the waves that would propagate in a semi-space
(direct waves by air and soil, airPS and soilPS, respectively). The compar-
ison shows that the GPR responses obtained for homogeneous cylinders
are much more complex than for homogeneous semi-spaces. Even the
direct waves exhibit more complex shapes in the first case than in the
second one due to the curvature and periodicity of the cylindrical
structure.

In Fig. 2, we show a set of basic models and the corresponding
numerically simulated responses. The models consist of identical cylin-
drical structures and a number of objects placed at different distances
from the centres; in Fig. 2a, the objects are cylinders with small radii,
and in Fig. 2b, the objects are plane reflectors. In both cases, T and R
aremoved around the cylinder, keeping a constant offset off=0.2mbe-
tween them. The parameters of the cylinders are the same as in Fig. 1.
The simulations were performed using a Matlab code. The transmitted
pulses are characterized by a central frequency of 1.0 GHz and a band-
width of 1.5 GHz. Multiple reflections were not included in the simula-
tions to make the primary reflections clearer.

Fig. 2c and d shows the results of the simulations performed on the
basis of themodels shown in Fig. 2a and b, respectively. The colour axes
in the figures correspond to the amplitude of the waves. To compare
with a plane interface model, in Fig. 2c, we included theoretical curves
for diffractors located in a semi-space at similar depths as in the
model in Fig. 2a (brown dashed lines). The travel time in this case is
given by:

tDplane ¼
1
v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uT−uDð Þ2 þ dD

2
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uR−uDð Þ2 þ dD

2
q� �

; ð3Þ

where uD and dD are the position of the diffractor and its depth, respec-
tively, and uT − uR = off. Additionally, for comparison purposes, in
Fig. 2e, we show simulations for plane reflectors located inside a semi-
space at similar depths to those in Fig. 2b. From the comparison of the
responses in Fig. 2c, it is clear that the reflections corresponding to the
cylindrical and planemodels are similar only for a small interval of u lo-
cated just on the target and that out of this interval, they are significant-
ly different (e.g., Nuzzo and Quarta, 2012; Radzevicius et al., 2004). The
differences between the cylindrical and plane cases are also evident
when comparing Fig. 2d and e.

2.2. Calculation of the velocity of propagation

There are different methods of calculating the propagation veloc-
ity in cylindrical structures. Most of these methods are derived from
standard procedures used for plane semi-spaces (Nuzzo and Quarta,
2012).

Fitting theoretical curves to the diffraction signals in the data sections
is one of these methods. Possible deviations from the assumed point-
reflector model are the main limitation to this procedure. In simple
cases of non-point reflectors (e.g., homogeneous rods with appreciable



Fig. 2. a) and b) Models used to show themain characteristics of the responses obtained for typical reflectors in homogeneous cylinders. c) and d) Simulated responses for themodels in
panels a and b, respectively (r=0.89m, v=0.102m/ns, off=0.2m, central frequency f0= 1.0 GHz). In panel c, the brown dashed lines are theoretical travel times for diffractors located
in a semi-space at the same depths as those in panel a. e) simulated responses for flat reflectors located in a semi-space at the same depths as those in panel b.
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radiuswith respect to themainwavelength), adding one ormore param-
eters to the fit can improve the result. In other cases, modelling the
reflectors with sufficient accuracy can be difficult or impossible. Numer-
ous homogeneously distributed diffractions lead to more complete
pictures of v across the structure than scarce irregularly distributed
diffractions. Diffractions that are extensive along the data sections are
preferable to short diffractions for the same reason; in addition, more
reliable results are obtained for largerfit intervals. Fitting is usually easier
and more reliable when performed in the constant-offset sections be-
cause in the variable-offset sections, the direct wave 1,1 and low-order



Fig. 3.Main geometrical characteristics of the studied pedestal and locations of the survey lines: a) plan view and b) lateral view. Survey lines L00–L06 were acquired using 1000 MHz
frequency antennae, and L10–L16were acquired using 500MHz antennae. c) Acquisition of a constant-offset profile (L03). An odometer was used in the constant offset profiles to trigger
the acquisition.
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multiples tend to overlap the diffractions of interest, which limits their
visibility and the fit intervals.

As an alternative, the propagation velocity can be calculated from
the travel time of the direct wave 1,1. In constant-offset surveys, an
angular separation between the transmitter and receiver, γ = π, pro-
vides a representative set of ray-paths across the structure and maxi-
mizes the travel time differences between the wave 1,1 and the
nearest waves (a1/a2, 2,1/2,2, 3,1/3,3, etc., Fig. 1c). Nevertheless, if r is
too small or v approaches 2c/π, then these differences decrease, and in
Fig. 4. Profile L00: a) raw data and b) processed data. In a), the peak frequencies of the
sinusoidal noise are below the useful range of the transmitted pulses. A band-pass filter
was applied in b) to eliminate this noise and other useless frequencies. Background sub-
traction and high-pass spatial filtering were used to remove the direct wave.
some cases, the waves cannot be resolved (Nuzzo and Quarta, 2012).
For values of γ below γ= π, the travel time differences decrease to neg-
ligible values or become zero.

A third possibility for calculating v consists in using the travel times of
the direct reflections 2,1/2,2 in the calculation (e.g.,Masini et al., 2010). In
constant-offset surveys, setting γ = γmin and choosing the largest ray-
path across the structure provides a representative view of the whole
section. Because this configuration is the standard configuration used
in GPR applications for cylinders, no additional surveys are necessary.
Nevertheless, as in the previous option, waves e2,1, e2,2, 3,1 and 3,3 can
overlap waves 2,1 and 2,2 when r is small, so they cannot be resolved.

An alternative to the previous procedures is to use the travel times of
the best-resolved higher-order multiples in the calculation, e.g., 3,2 and
4,2/4,3 for γ= π and γ=0, respectively (Fig. 1c). Because of the larger
travel times involved, this option could also improve the result preci-
sion. Nevertheless, higher-order multiples are sometimes difficult to
identify due to their low amplitudes, which are a consequence of the at-
tenuation of the waves when they are reflected multiple times and
propagated along long trajectories.

Finally, adjusting the theoretical curves to n,kwaves in the data sec-
tions can improve the reliability of v. Adjusting these signals in the
variable-offset sections is probably simpler and more reliable than in
the constant-offset sections due to their distinctive shapes. Fits simulta-
neously performed to various n,k waves can optimize the results. In
practice, once the data have been acquired and the n,k waves have
been identified in the data sections, it is possible to select well-resolved
n,k waves and then use either a simultaneous theoretical-curve fit or
pick a set of travel times on them to calculate v. In Section 4, we explore
these procedures and apply them to real data.

2.3. Migration of data acquired around cylindrical structures

Standardprocessing algorithmsdesigned for semi-spaces are not gen-
erally valid for cylinders (see, for example, Masini et al, 2010; Nuzzo and
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Quarta, 2012; Pyakurel and Halabe, 2013; Radzevicius et al, 2004). The
main reason for this lack of general validity is that the u–t shapes of the
reflections are very different in both cases, as shown above. As a result,
the algorithms designed for semi-spacesmust bemodified or substituted
with appropriate algorithms to obtain the correct results for cylinders.

For example, the standard equations used for summation duringmi-
gration in plane or approximately plane geometries are the following:

tplane ¼
1
v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u−uD−off =2ð Þ2 þ dD

2
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u−uD þ off =2ð Þ2 þ dD

2
q� �

ð4Þ

dD ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vt0ð Þ2−of f 2

q
ð5Þ

where u is the position of themidpoint between the antennae. For cylin-
ders, Eqs. (4) and (5) must be substituted with the cylindrical geometry
analogues:

tcylinder ¼
1
v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u−uD−off =2ð Þ2 sinc2 αR=2ð Þ 1−dD=rð Þ þ dD

2
q�

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u−uD þ off =2ð Þ2 sinc2 αT=2ð Þ 1−dD=rð Þ þ dD

2
q � ð6Þ

dD ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vt0ð Þ2−of f 2 sinc2 βð Þ

q
þ off β=2ð Þ sinc2 β=2ð Þ

� �
ð7Þ

αR ¼ u−uD−off =2ð Þ=r ð8Þ

αT ¼ u−uD þ off =2ð Þ=r ð9Þ

β ¼ off = 2rð Þ ð10Þ
Fig. 5. a) Profile L04, raw data. The peak frequencies of the noise are at the boundary of the
GPR interval used. b) Data after applying a band-pass filter to eliminate this noise and
other useless frequencies. The sinusoidal noise was partially eliminated through this pro-
cedure. Background subtraction and high-pass spatial filteringwere applied to remove the
directwave. c) Data after fitting sinewaveswith suitable frequencies to the traces of panel
b and subtracting the results from the latter. The sinusoidal noise that remained in panel b
was eliminated using this procedure.
to obtain the correct results. Expressions (6) and (7) are reduced to
expressions (4) and (5) when r → ∞, i.e., when the cylindrical surface
becomes a flat surface. Equations equivalent to Eqs. (6) and (7) have
been used, for example, by Radzevicius et al. (2004) to image concrete
columns, with very good results. The main difference between both
types of formulations is that Eqs. (4)–(10) are expressed as functions
of the tangential coordinates u and off, as is usual in data representa-
tions, instead of the angular variables of the transmitter and receiver
(Radzevicius et al., 2004).
3. Data acquisition and filtering

Three coaxial cylindrical structures, with radii of 0.77 m, 0.86m and
0.89m and heights of 0.08m, 0.19m and 0.36m, respectively, compose
the part of the pedestal under study, as shown in Fig. 3a and b. A square
cross-section structure is located below these structures, and a statue is
located above them (not sketched in Fig. 3a–b). These structures were
not investigatedwith GPR because of their very irregular surface shapes.
Each section of themonument was apparently constructedwith a block
of marble, using the same type of marble for all of the sections.

We acquired data along circular profiles (perimeter coordinate u),
which were located at different heights along the pedestal (coordinate
z). Fig. 3b shows the positions of the survey lines shown in this article.
In contrast to the works of Halabe and Pyakurel (2007), Leucci et al.
(2007a,b), Masini et al. (2010) and Pyakurel and Halabe (2013) involv-
ing the investigation of elongated columns and trunks, we did not
acquire longitudinal profiles because of the small heights of the studied
Fig. 6. a) Profile L16, rawdata. Themain peak frequency of the noise is approximately con-
stant andwithin the range of the transmitted pulses. b) Data after fitting sinewaves to the
raw traces and subtracting the results from the traces. Some sinusoidal noise remained in
some parts of the radargram. c) Data after fitting sine waves in different u–twindows and
for adequate frequencies and then subtracting the results from the traces. Most of the re-
maining sinusoidal noise was removed using this procedure. Dewow was applied to re-
move low frequency fluctuations.
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structures in relation to the size of the antennae. The antennae were
placed one after the other along the survey lines, with their dipoles
aligned perpendicular to them. This orientation was selected to empha-
size possible reflections at vertical elongated objects, particularlymetal-
lic objects as rebars (e.g., Nuzzo and Quarta, 2012; Radzevicius et al.,
2004), and to determine their continuity along the pedestal.

We used a PulseEkko Pro unit and bistatic 1000 MHz and 500 MHz
antennae to acquire the data. A frequency of 1000 MHz was selected
to obtain better target resolution, and 500MHzwas selected to increase
the penetration and to view high-order multiple reflections. Constant
offset surveys were performed along lines L00 to L05 (1000 MHz) and
L10 to L14 (500 MHz), and variable offset surveys were performed
along L06 (1000 MHz) and L16 (500 MHz). In the constant offset
surveys, the offset was set to the minimum (offset500 = 0.225 m and
offset1000 = 0.145 m) and an odometer was used to trigger trace
acquisition (Fig. 3c). The interval between traces was 0.01 m for the
1000 MHz antennae and 0.02 m for the 500 MHz antennae. The time
window for the 1000 MHz antennae and the 500 MHz antennae was
45 ns and 100 ns, respectively. To reduce the gaps between the anten-
nae and the curved surface of the pedestal, we held the antennae and
the odometer individually, without using a skid plate (Fig. 3c); this
way, we expected to improve the coupling and reduce the influence of
ambient noise. In the variable offset surveys, the receiver was moved
along u while keeping the transmitter steady. In this case, traces were
triggered manually, with a spatial interval of 0.1 m between them.
Trace stacking was 16 in all cases. We used software developed by our
research group on the Matlab platform to process and view the data.
Fig. 7. Comparison of profiles acquired using different settings and located at similar heights. a)
a constant offset; c) L16, 500 MHz and a variable offset; and d) L10, 500 MHz and a constant
homogeneous cylinders. 2,1 and 2,2were interpreted as theprimary reflections at the cylinder–a
of 2,1/2,2; the blue ones indicate reflections with trajectories that resemble those of point refle
arrows indicate signals that occur after the arrival of 2,1/2,2 and that exhibit slightly higher pe
Fig. 4a is an example of the acquired data, corresponding to sur-
vey line L00, one of the constant-offset profiles acquired with the
1000 MHz antennae. A noticeable amount of sinusoidal noise with
frequencies similar to those of the GPR and with varying amplitudes is
observed in the radargram. This type of noise affected all of the profiles.
In the case of L00, each trace exhibited a single amplitude peak for
the noise in the frequency domain, with peak frequencies between
0.29 GHz and 0.32 GHz, depending on the trace. Because this interval
is below the useful range of the transmitted pulses (0.4 GHz to
1.8 GHz, for the 1000 MHz antennae), the sinusoidal noise was satis-
factorily removed by applying a standard band-pass filter with a trans-
fer function that gradually decreased outside the interval [0.6–1.6] GHz
(e.g., Yilmaz, 2001), which also eliminated other useless frequencies, as
shown in Fig. 4b. The direct wave has been removed by applying
background subtraction and a high-pass spatial filter with a cut-off
frequency of 2 m−1 (e.g., Annan, 2009; Daniels, 2007).

Fig. 5a shows the data acquired along line L04 (1000 MHz antennae
and constant offset). As in the previous example, each affected trace of
L04 exhibited a single peak of sinusoidal noise, with a peak frequency
in the interval [0.51, 0.52] GHz, depending on the trace. As this interval
is at the boundary of the transmitted GPR spectra, band-pass filtering
the data only removed part of the noise, as shown in Fig. 5b. Using a sim-
ple notch filter to remove the remaining noise is not appropriate in this
case because this would simultaneously eliminate part of the relevant
information of the GPR pulses. As an alternative, we fitted sine waves
with suitable frequencies to the traces and subtracted the results from
the latter. This type of procedure is commonly applied in different
Profile L06, acquired using 1000MHz antennae and a variable offset; b) L01, 1000MHz and
offset. The yellow arrows indicate reflections similar to the waves n,k that propagate in
ir interface. The blue andmagenta arrows indicate reflections that occur before the arrivals
ctors, and the magenta ones indicate reflections due to elongated discontinuities. The red
riods and fluctuating shapes than the previous ones.
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areas of research (e.g., Acharya and Ray, 2005; Sayed, 2008), so we
applied this procedure for this particular application. The result of
applying the procedure to the data of Fig. 5b is shown in Fig. 5c. The fig-
ure shows that the noise has been removed and the relevant informa-
tion preserved.

The last example of this section corresponds to profile L16 (500MHz
antennae and variable offset). As in the previous examples, the rawdata
of L16 exhibits sinusoidal noise along several traces (Fig. 6a). In this pro-
file, themain peak frequency of the noise is nearly constant for all of the
traces and is approximately 0.41 GHz. Because this frequency is includ-
ed in the range of the transmitted pulses (0.1 GHz to 1.4 GHz, for these
antennae), a band-pass filter or a notch filter are not suitable to remove
the noise. Next, as in the L04 example, we fitted sinewaves to the traces
and subtracted the results from them. The procedure resulted in the
radargram shown in Fig. 6b. Some remaining sinusoidal noise can be
observed in different areas of the figure. The peak frequency of the
remaining noise varied in the interval [0.39, 0.43] MHz, depending on
the trace. We then fitted sine waves again, in different u–t windows
and for adequate frequencies, and subtracted the results from the traces.
We additionally eliminated low-frequencyfluctuations byusing dewow
(e.g., Annan, 2009; Daniels, 2007). The result of these procedures is
shown in Fig. 6c. Most of the remaining sinusoidal noise was observed
to be satisfactorily removed from the traces.

4. Interpretation of data sections

To highlight the GPR responses obtained in the survey and their
interpretation, we analysed a set of profiles located at similar heights
and obtained with different acquisition settings. We applied standard
analysis and interpretation procedures (Annan, 2009; Daniels, 2007;
Yilmaz, 2001), adapted for cylindrical geometries; in particular, we
compared the simulated patterns with the data and fit the theoretical
Fig. 8. Classification of the reflections in Fig. 7. The yellow lines are theore
curves to them. The complementary information obtained from the
variable-offset circular profiles is analysed and used during the
interpretation.

Fig. 7 shows data sections for the following profiles: a) L06, ac-
quired with 1000MHz antennae and variable offset; b) L01, acquired
with 1000 MHz antennae and constant offset; c) L16, acquired with
500 MHz antennae and variable offset; and d) L10, acquired with
500 MHz antennae and constant offset. For an easier comparison be-
tween the sections, we indicated the limits of the 1000 MHz window
also in the 500 MHz sections (green lines). The colour scales of the
figures were somewhat saturated to highlight the relevant low-
amplitude reflections.

Four types of signals can be distinguished in Fig. 7. First, in the vari-
able offset profiles of Fig. 7a and c, reflections with shapes similar to
those of the waves n,k that propagate in homogeneous cylinders
(Fig. 1c) are observed. A number of these reflections are marked
with yellow arrows in the figures, particularly two signals that can
be interpreted as primary reflections, 2,1 and 2,2. Examples of the
second and third signal types are marked in the constant offset pro-
files, Fig. 7b and d, with light blue and magenta arrows, respectively.
These signals correspond to reflections that occur before the arrival
of waves 2,1/2,2 due to discontinuities located inside the cylinder
or, perhaps, reflectors located in air. The light blue arrows indicate
signals that exhibit some characteristics of the reflections produced
by small objects (Fig. 2c). The signals marked with magenta arrows
are characterized by more elongated shapes (Fig. 2d). The fourth
type of signal consists of reflections that occur after the arrival of
waves 2,1/2,2 and have slightly larger time periods and fluctuating
shapes. A few of these signals are marked with red arrows in the
figures.

A classification of the main signals in Fig. 7 is shown in Figs. 8 and 9.
The colour codes in these figures are similar. In particular, the yellow
tical curves for n,k waves propagating in homogeneous cylinders.
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lines in Fig. 8 correspond to a simultaneous fit performed to the
detected n,k reflections, as described in Section 2.2. Good matching
was obtained for v = 0.102 m/ns, up to n = 6, i.e., the 5th-order of
reflection. Note that the waves n,k are easily identifiable in the vari-
able offset profiles due to their characteristic shapes, but not in the
constant offset profiles, where they are rectilinear. As a consequence
of their rectilinear shapes, thesewaves can be confused with reflections
at interfaces parallel to the air–cylinder interface (circular reflectors),
multiples of them, or spurious signals produced by the GPR system.
Some n,k waves can alternatively go unnoticed because their ampli-
tudes and the amplitudes of the surrounding signals are similar along
the entire sections (e.g., thewaves 4,1; 4,2; 4,3; 5,1; 5,4; 6,1). Identifying
n,kwaves in variable offset profiles also helps to recognize these waves
in constant offset profiles and thus avoid possible misinterpretations.
The very good agreement observed between the theoretical curves of
the waves propagating in homogeneous cylinders and the data indi-
cates that the investigated cylinder is approximately homogeneous
along a wide range of ray paths and that only small fluctuations in its
permittivity and small size anomalies are possible.

The simultaneous fit of theoretical curves to n,k waves provided a
first reliable estimation for v. An alternative approach of calculating v
consists in selecting points along the n,k reflections, at positions where
these waves are well resolved, as explained in Section 2.2. Fig. 10
shows a set of travel times selected from the n,k reflections identified
in Fig. 8, plotted as functions of the theoretical propagation distances
in a homogeneous cylinder:

dn;k ¼
n

ffiffiffi
2

p
r

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− cos

2π k−1ð Þ þ uR=r
n

� �s
: ð11Þ
Fig. 9. Classification of the reflections in Fig. 7. The light blue lines are segments of theoretical cu
subsequent reflections with slightly larger periods and fluctuating shapes.
The points in the figure correspond to uR = off and uR = πr, i.e., the
minimum andmaximumoffset, respectively. The solid line in the figure
is a linear fit performed to the dataset. The resulting velocity is v =
0.1020 ± 0.0006 m/ns. Very good agreement is observed between the
fitted curve and the data, with an average time difference of 0.8% and
a maximum time difference of 2.9%. These values confirm the low-
velocity fluctuations along these ray paths.

Thepropagation velocity obtained from thefits shown in Figs. 8a and
c and 10 is similar to the value expected for marble (approximately
10 m/ns). It is clear that including the direct wave, the primary reflec-
tion and several n,k multiples in the calculation makes the estimation
of v more reliable than if only one or two of these waves are included.
For example, if only the primary and first multiple reflections are avail-
able (Nuzzo and Quarta, 2012), the result of the calculation performed
with the latter procedure is v = 0.0975 ± 0.0004, which is a value dif-
ferent from that obtained using the additional waves shown in Fig. 10.
The fitting performed in Fig. 10 can be useful not only for reliable veloc-
ity calculation but also to calculate the remaining offset in the time zero
with precision. Once calculated, this offset can be deducted from the
vertical scales of the figures to correct them. This procedurewas applied
to the figures before including them in this article (an alternative proce-
dure for calculating the time zero and v can be found in Nuzzo and
Quarta, 2012).

The solid and dashed blue lines in Fig. 9 are theoretical curves calcu-
lated from Eq. (6) for point reflectors, using the average velocity v =
0.102 m/ns. A few curves exhibit good agreement with the data
along almost the entire u range, as occurs with reflections A and B.
Other curves only exhibit agreement at intervals, which indicates dif-
ferences between the correspondent reflectors and the point-
reflectormodel (e.g., differences in size, shape, homogeneity), as occurs
rves for point reflectors. Themagenta lines indicate elongated reflections. The red lines are



Fig. 10.Travel times selected from the n,k reflections in Fig. 8 as functions of the theoretical
propagation distances in a homogeneous cylinder. The red line is a linear fit performed on
the data.
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with reflections C to I. Finally, there are reflections that exhibit agree-
ment along a short interval, whose continuity cannot be established,
as occurs with those marked with dotted lines. In all of these cases,
we considered possible reflections due to objects located outside the
pedestal by fitting curves with v = c, the propagation velocity in
vacuum (curves not shown). No match was observed for this velocity
in any case.

Small reflectors located close to the centre of a cylinder produce
almost rectilinear reflections in constant-offset data sections
(e.g., Nuzzo and Quarta, 2012; Radzevicius et al., 2004). If the prop-
agation velocity is approximately c/3 (as in this work), these signals
can be confused with those of perimeter waves by air, a1 and a2, due
to their similar shapes and travel times. In variable-offset circular
sections, both types of waves exhibit rectilinear shapes but different
slopes. This difference can be used to distinguish between these waves.
For example, in Fig. 8a and c, a1 and a2 are identified. These waves are
visible for separations between antennae less than 0.5, which corre-
spond to the shorter path between them. These waves do not complete
a turn around the cylinder, probably because r is not small enough and
because of the satisfactory coupling between the antennae and the sur-
face of themonument. It is clear in Fig. 9a and c that reflection B exhibits
a different behaviour than those of a1 and a2 and that it is similar to the
reflection of a small object located close to the centre of the cylinder.

The elongated reflections detected inside the cylinder, for example, J,
K and L (magenta lines), are characterized by low amplitudes. In partic-
ular, the elongated reflections are less intense than reflections A and B,
or waves n,k, in spite of the fact that some of these waves travelled
much larger distances and were multiply reflected at the cylinder–air
interface, as was the case with 4,2, 5,2, etc., and were thus more
Fig. 11.Migration of profile L00. a) Unmigrated data, b) migrated data and c) migrated d
attenuated (total reflection and focusing can however moderate total
attenuation for some n,k). The low reflectivity of these linear reflectors
is compatible with the idea of a homogeneous cylinder that includes
low contrasting interfaces or small size anomalies. Several marble
veins and a number of fractures were observed on the surface. These
veins could be the origin of the irregular-shaped linear reflections in
the profiles, such as K and L. Halabe and Pyakurel (2007) observed sim-
ilar reflections from longitudinal surveys performed along trunks due to
local inhomogeneities in the dielectric constant of the wood (knots).
The possible presence of narrow veins in the marble also agrees
with the fact that these reflectors have been detected only with the
shorter-wavelength antennae (1000MHz), probably because the reflec-
tivity of these thin anomalies significantly decreases with wavelength.
In relation to reflector J, the possibility of a groove appears to be more
probable because this reflector exhibits a very regular shape along the
profiles, besides low reflectivity. However, it is rather unlikely that
fractures similar to those observed on the surface of the pedestal
could be detected using our GPR system, mainly because of their very
small thickness (one millimetre or less) compared to the transmitted
wavelengths (approximately 10 cm) and the dry weather conditions
during the three weeks previous to the survey.

Finally, among the signals with slightly larger periods and later
arrivals, marked in Fig. 9 with red lines, some of these signals exhibit
square symmetry, such as M, N and O, and others circular symmetry,
such as P and Q. We determined that the former originate in the mar-
ble–air interface of the lower square-section part of the pedestal, just
below the investigated part, and the latter originate in the cylindrical
plate above it. We speculated on the existence of a linking material be-
tween the sections of the pedestal that attenuates the highest transmit-
ted frequencies, thus increasing the wave periods.

5. Migrated data

Migrated sections often contribute to data interpretation because
they provide direct images for the reflectors. This situation is particularly
relevant in cases with complex reflections that cannot be fully under-
stood from data sections. Nevertheless, migrated images are affected by
inaccuracies in the migration procedures, making it always important
to exercise care when interpreting them.

The first example of the migration process based on Eq. (6) is
shown in Fig. 11. The figure shows polar representations for a) the
unmigrated L00 data, b) the migrated data, and c) the migrated
data with the areas inwhichwe expected to find the signals of the re-
flections marked in Figs. 8 and 9. In the conversion from rectangular
to polar coordinates, only the upper part of the sections was consid-
ered (i.e., from the surface of the cylinders to their centres). As a re-
sult of the time-to-distance conversion, the signals became wider
near the surface of the cylinder.

The reflections shown in Fig. 11a appear in Fig. 11b–c as areas of
higher amplitudes. These areas exhibit characteristics that can be
ata with the areas expected for the signals of the main reflections marked in Fig. 8.
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associated with different types of reflectors. For example, anomalies A
and B indicate isolated small reflectors. In contrast, anomalies J, K and
L indicate elongated reflectors. E, F, H and I appear to be parts of this
type of reflectors. Note that the relationship between E–I and the elon-
gated reflectors could be more clearly established from the migrated
sections than from the data sections, which is an advantage of the imag-
ing process implicit in migration. The characteristics of anomalies C, D
and G are slightly different from those of the other anomalies. C and D
consist in apparently isolated reflectors with larger sizes or more com-
plex structures than those of A and B. Finally, it is unclear whether G
is part of a linear reflector or not.
Fig. 12. 1000MHzmigrated sections: a) L05, b) L04, c) L00, d) L01, e) L02 and f) L03. The section
structure (Fig. 3).
In the next example, we analyse consecutive 1000 MHz migrated
sections to complete the analysis of the main reflectors in the pedestal
and evaluate their continuity along it. Fig. 12 shows the results of
migrating data sections L00 to L05. The sections are ordered from the
top to the bottom of the pedestal. The first two sections (L05 and L04)
exhibit an evident circular reflector, labelled R, located at 65 cm from
the centre of the cylinders. Other linear reflectors, but with irregular
shapes, are observed in the shallower parts of these sections and inside
area S. The L04 profile also includes a second circular reflector, labelled
T, located at 44 cm from the centre of the cylinder. The following four
sections (profiles L00 to L03) exhibit the continuity of several of the
s are in the order inwhich they appear along thepedestal, from the top to the bottomof the
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reflectors discussed in Figs. 8, 9 and 11, particularly reflectors A, B, C
and D and linear reflectors E, F, I and K. Other reflectors appear to be
discontinuous, such as G, H, J and L; nevertheless, a comparison of
the correspondent data sections (not shown) indicates that G is actu-
ally continuous along the pedestal. When the sections in Fig. 12 are
analysed as a whole, a clear discontinuity between the reflectors in
the first two and the remaining four profiles is observed. This result
is important when designing a disassembly and relocation plan for a
pedestal because the pedestal can be divided at this point with less
difficulty.

The 500 MHz migrated sections (Fig. 13) show less details than the
1000 MHz migrated sections due to the lower resolution. Linear reflec-
tors with irregular shapes tend to lose continuity and take on the
Fig. 13. 500MHzmigrated sections: a) L14, b) L13, c) L10, d) L11 and e) L12. The sections are in
ture (Fig. 3).
appearance of a series of isolated reflectors because the reflectivity of
these probably thin anomalies diminishes when the wavelength is
increased. In Fig. 13b, circular reflector R is still clearly visible; this
observation indicates that this anomaly is thicker than the other linear
reflectors or has a more contrasting permittivity. This reflector can
also be observed in Fig. 13a, although its shape is largely distorted due
to the poor coupling between the antennae and the cylinder, as the cen-
tres of the antennae exceed the height of the studied plate (Fig. 3c). In
the following figures, reflectors A, B, and C can be observed, and their
continuity through the sections is verified. Other reflectors are hardly
distinguishable or have disappeared from some of the migrated sec-
tions, such as D, E, F, G, H, I, J, K, L and T; nevertheless, D, F, G and K
are still visible in the correspondent data sections (not shown).
the order inwhich they appear along the pedestal, from the top to the bottom of the struc-
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In relation to the possible structural elements in the pedestal, reflec-
tors A and B exhibited small radii and longitudinal orientation along the
lowest investigated section of the pedestal, which is compatible with
the possible presence of reinforcement bars. Reflectors C andD exhibited
larger radii, and their disposition was similar to that of reflectors A and
B; as a result, they cannot be ruled out as additional structural objects.
In fact, reflectors C and D exhibit characteristics compatible to those
reported by Masini et al. (2010), Pyakurel and Halabe (2013) and
Radzevicius et al. (2004) for rebars. Finally, it is also possible that ring-
shape reflectors J, R and T are structural objects, in particular, some
type of circular tie, such as those mentioned by Masini et al. (2010).
6. Conclusions

We performed a GPR investigation of the cylindrical pedestal of a
monument. We acquired constant-offset circular profiles and non-
standard variable-offset circular profiles at frequencies 1 GHz and
500 MHz at different heights along the pedestal. The data sections
exhibited significant amounts of ambient noise, with frequencies over-
lapping those of the GPR and that varied from trace to trace. We satis-
factorily removed this noise by iteratively fitting sine waves to the
traces and by subtracting the results from the latter.

We analysed data sections with numerous and varied types of
reflections. To interpret the data, we applied procedures that have
already been used for cylindrical structures and adapted other proce-
dures commonly used for plane semi-spaces. We evaluated the infor-
mation provided by the variable-offset sections as a complement to
the information provided by the constant-offset sections. Four types
of reflections were distinguished. In the variable offset sections, we
observed n,k multiples up to the fifth-order of reflection, which could
be easily identified because of their particular shapes. The resulting
travel times were useful for identifying these multiples in the constant-
offset profiles, thereby avoiding relatively common misinterpretations
in terms of spurious signals produced by the GPR system, reflections at
circular interfaces or their multiples.We also took advantage of the com-
plementary information provided by the variable-offset sections to dis-
tinguish between the signals of the reflectors located close to the
centre of the cylinders and the possible perimeter waves propagating
by air. The importance of acquiring variable offset profiles was demon-
strated in spite of the relatively large times necessary for this purpose.

We considered determining the propagation velocity across the
structure by including the travel times of the higher-order multiples
in the calculation in addition to the direct wave and the first-order
reflection. We tested two methods of performing such calculations:
1) we selected points at well-resolved parts of the n,k waves and
then performed linear fitting to the resulting travel time vs. theoret-
ical distance of the propagation dataset, and 2) we simultaneously
fitted theoretical curves to all of the n,k waves in the variable-offset
data sections. Because the direct wave and several n,k waves were in-
volved in these calculations, the resulting values for v were more
reliable than those calculated from only one or two of these waves or
from fits performed to reflections of small objects. Moreover, the first
procedure also allowed for determination of the remaining offset at
time zero with high precision, which was useful for correcting the
data and obtaining reliable results. The obtained velocities agreed
with the expected values for marble, the construction material of the
monument.

A number of irregularly elongated reflections were detected in the
data sections and interpreted as being probably produced by marble
veins. A few reflections with regular shapes, probably due to structural
elements such as rebars and circular ties, were also detected, as well
as a set of lower frequency reflections produced at the pedestal–air in-
terfaces of nearby sections of the monument. Diffraction-summation
migration was performed on the data, and the results were plotted on
polar graphs. The analysis of the migrated sections supported the inter-
pretation of the data sections. As an advantage of the focusing and relo-
cation processes implicit in migration, many ambiguous reflections
could be associated to diffractive parts of elongated anomalies, thus
ruling out the possible presence of independent objects. The applied
methodologies led to a thorough interpretation of the relevant reflec-
tions. The continuity of the reflectors along the pedestal was deter-
mined. On this basis, an efficient disassembly and relocation plan for
the monument was designed and later performed.
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