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a b s t r a c t

Ground-penetrating radar (GPR) has shown good potential in providing valuable information for the eval-
uation of masonry structures. We used GPR to survey several stone arch bridges located in the Galician
territory in Spain. The results revealed previously unknown geometrical data and hidden characteristics
of the interiors of the bridges, including the presence of internal voids, ancient arches, and restorations.
However, many factors can adversely affect a GPR survey, such as ringing noise and signal attenuation.
These factors can make data interpretation complex. To assist in the interpretation, we employed numer-
ical modelling because it can play a very important role in extracting valid and useful information from
GPR data sets. The expected electromagnetic wave response can be simulated through the use of model-
ling tools. The obtained information can be useful for engineers, as it provides better structural knowl-
edge of the bridge.

! 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Ancient stone masonry arch bridges are still commonly in use
within the transport infrastructure. Many of these structures re-
quire special attention and monitoring. Increases in traffic load
and intense vibrations since they were designed can result in struc-
tural decay [1,2]. Therefore, ongoing diagnosis of their changing
structural integrity is required to provide information to help with
their preservation and restoration.

In the last several decades, there has been a continuous increase
in the use of non-destructive testing (NDT) to evaluate civil engi-
neering structures [3,4]. Ground-penetrating radar (GPR) is an
NDT method that is used for evaluating masonry bridges [5]. Nev-
ertheless, there have been are few published studies on testing
stone masonry bridges using GPR, with some notable exceptions

[6–12]. These studies have provided promising information about
the hidden geometry, bridge foundations, ring stone thickness,
moist zones, and fill conditions in masonry bridges.

There are many stone arch bridges in the Autonomous
Community of Galicia (northwest Spain) [13]. For this work, we
studied 36 stone masonry arch bridges located in the Galician ter-
ritory (Fig. 1). Our objectives were to analyse the viability and
effectiveness of GPR in obtaining previously unknown, inner de-
tails for the assessment of these structures. The knowledge of this
structural information is important for civil engineers engaged in
developing future conservation and strengthening techniques.

Many factors can adversely affect GPR waves, including ringing
noise, airwave events, and signal attenuation. Data interpretation
can become complex because of these unfavourable events. There-
fore, several factors should be taken into account to improve the
interpretation of the GPR data. These factors include the establish-
ment of survey objectives, compilation of all available structural
and geometrical information about the bridge, and knowledge of
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the building materials used and possible bridge restorations per-
formed. For example, knowledge of the arch span (Fig. 2) would
help to establish an estimate of the different radar wave velocities
in the stonework. Using this structural information, we estimated
the radar wave velocity for solid ashlars by adapting diffraction
hyperbolas [14] to the hyperbolic reflection produced by the
arch–air interface.

The analysis and interpretation of GPR data from heterogeneous
stone masonry structures can be complicated. To assist in the
interpretation, we employed numerical modelling. Processed GPR
data can be compared to models to aid in the interpretation of data
from complex environments [15]. Many numerical modelling
methods are available for simulating the propagation of GPR waves
in different media [16]. The finite-difference time domain (FDTD)
technique [17,18] has evolved into one of the most popular ad-
vanced modelling tools [16] and is used when a more sophisticated
interpretation is required. This modelling method allows for the
extraction of subtle information from the real data, such as diffrac-
tion events and the presence of reflection multiples [19]. However,
few studies using both FDTD modelling and field GPR data to eval-
uate masonry arch bridges have been published to date [20,21].

2. Methodology

We collected our data with a RAMAC GPR system, manufactured by MALÅ Geo-
science, using shielded antennas with centre frequencies of 250 and 500 MHz. We
chose these two centre frequencies in order to achieve both resolution and penetra-
tion for analysing the fill material and, the bridge foundations. For all of the bridges
we studied, we collected two parallel longitudinal profiles, in opposite directions
along the bridge, with each antenna (Fig. 3). We acquired the data using the com-
mon–offset mode with the antenna polarisation perpendicular to the data collec-

tion direction. The distance between the profiles was set to 1 m, as shown in
Fig. 3. In most cases, for the 250 MHz data, the in-line spacing and the total time
window were equal to 5 cm and 200 ns, respectively, and were defined by 516 sam-
ples per trace. For the 500 MHz data, the in-line spacing was equal to 2 cm, and the
total time window was set to 100 ns, which was also defined by 678 samples per
trace. We used an odometer wheel attached to the antenna to measure the profile
lengths. However, some of the bridges had intact ancient flagstone surfaces com-
posed of large irregular blocks (Fig. 3), which made measurements difficult as the
continuous movement of the survey wheel was interrupted. Therefore, we cali-
brated the wheel on-site to avoid inaccuracies in spatial trace positioning.

We processed our data with ReflexW v.5.6 software, and we applied the follow-
ing processing sequence: time-zero correction, dewow filtering, gain application
(Gain function (with linear and exponential part [14])), and spatial (Subtracting aver-
age). In some cases, a band-pass (Butterworth) filter was also applied. The objective

Fig. 1. (A) Stone masonry bridges surveyed from the Galician territory and (B) location of Galicia (northwest Spain) in Europe.

Fig. 2. Two-dimensional orthophotograph of the Traba Bridge showing the components and definitions used in masonry arch bridges.

Fig. 3. GPR survey, using the 500 MHz antenna, composed of two parallel profiles
through the Cernadela Bridge in opposite directions.

M. Solla et al. / Construction and Building Materials 29 (2012) 458–465 459



was to correct the down-shifting of the radar section due to the air–ground inter-
face and to amplify the received signal, as well as to remove both low and high-fre-
quency noise in the vertical and horizontal directions. In addition, we applied
corrections for topography and the tilt of the antenna when the bridge had an up-
ward arching profile to improve the accuracy in imaging subsurface features [22]. In
those cases, we performed topographic surveys to obtain elevation variations of the
GPR profiles. Without static corrections, the location of subsurface features can
change, and the shape of features becomes distorted. Table 1 shows the processing
sequences applied and the parameters most commonly used for the filters.

For some bridges, a three-dimensional model of the whole bridge was
constructed using photogrammetric or laser scanning methods. As a result of this
process, we created two-dimensional orthophotographs of the structure at the
locations where the main geometrical parameters were measured. The metric
information obtained allowed us to calculate accurate radar wave velocities for
granitic masonry in different zones of the structure. Knowledge of the most
appropriate radar wave velocity allows for a more exhaustive interpretation of
the GPR data. The velocity was estimated by adapting a diffraction hyperbola
[14] to the hyperbolic reflection produced by the arch–air interface. We
used the arch span geometry obtained to define the hyperbolic shape to fit.
Nevertheless, the reflections generated from the arch–air interface can present

an asymmetric shape on each side of the keystone (Fig. 2). This irregularity can
be caused by many factors, such as the presence of different fills on both sides
over the arch, in addition to irregular arch geometries such as segmental or gothic
pointed arches. Next, some difficulties can occur in fitting a model of a hyperbolic
shape to the reflection pattern generated. In such circumstances, we calculated
the average velocity by adapting a hyperbolic shape to each half of the reflection,
resulting in two different signal velocities.

Moreover, the precise geometry provided was used to elaborate on the FDTD
modelling. Our purpose was to design a realistic, large-scale, synthetic GPR model
of the entire bridge to assist in the interpretation of the processed field data. How-
ever, simulating large-scale and realistic models requires high performance com-
puting to obtain a result in a reasonable amount of time. The need to discretise
the volume of the problem space and the staircase approximation of curved inter-
faces to the real boundary result in excessive computer memory requirements and
large execution times. We created our synthetic models using a parallelised version
– based on MPI and Open MP – of GprMax [23], which is an electromagnetic wave
simulator for GPR using the FDTD method. Using a mixed model of parallelisation,
where different traces are computed at different nodes of a cluster, we obtained a
significant reduction in computational time. The FDTD algorithm was previously
developed using the MATLAB environment.

Fig. 4. GPR results. (A) Processed radargram acquired with the 500 MHz antenna in the Lubians Bridge, showing the effect of a restoration performed over the second arch
and (B) processed data obtained in the Monforte Bridge using the 250 MHz, which illustrates the reflection produced by a pathway restoration.

Table 1
Data processing (ReflexW v.5.6 software) applied to the GPR data acquired with the 250 and 500 MHz shielded antennas.

250 MHz 500 MHz

Step Details Step Details

1 Time-zero correction 1 Time-zero correction
2 Dewow filtering 2 Dewow filtering
3 Gain function (linear 1.0 and exponential 0.5) 3 Gain function (linear 1.0 and exponential 0.4)
4 Subtracting average (150 average traces) 4 Subtracting average (200 average traces)
5 Band-pass Butterworth (low cutoff 100 MHz; upper cutoff 350 MHz) 5 Band-pass Butterworth (low cutoff 300 MHz; upper cutoff 900 MHz)
6 Topography correction based on velocity = 0.11 m/ns 6 Topography correction based on velocity = 0.11 m/ns
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3. Results and discussion

We obtained results that provided information from historical,
archaeological and civil-structural points of view. By observing
the anomalies in the reflection patterns, it was possible to detect
and map the remains of previously performed restorations of the
bridges, such as the reconstruction of arches (Fig. 4A) and the path-
ways of some bridges (Fig. 4B). In the case of the restored arch
(Fig. 4A), we can observe a different reflection pattern generated
just above this arch. This difference in reflection occurs when suf-
ficient contrast, in terms of homogeneity, exists between the origi-
nal fill materials and those used for the restoration. On the other
hand, a pathway restoration can be identified from the reflection
generated at the interface between the original and new fill mate-
rials (Fig. 4B), where the bridge structure may have been emptied
and later refilled with different fill materials than the original ones.
This reflection is a consequence of the high dielectric contrast be-
tween the fill materials. Additionally, differences in building mate-

rials in the same stonework were identified in some bridges. As in
the case of the Lugo Bridge, the existence of slate fill would prob-
ably be detected by the attenuation of the radar wave in compari-
son with granitic fill [21].

From an archaeological point of view, it was possible to identify
other interesting aspects, such as the presence of possible hidden
arches [12] or a different historical shape of the structure [21]. In
the case of a hidden arch, the signal response is a hyperbolic reflec-
tion (the same identified at the arch–air interface of visible arches),
and the polarity of the signal can show whether the arch is empty
or filled. A shift in the polarity, in relation to the signal at the arch–
air interface, could result because the arch is filled (an extended
explanation can be found in [12]). In some medieval bridges, the
former double slope profile had been filled to create a horizontal
pathway using a different fill material, which presents dielectric
properties with sufficient contrast, with respect to the original
material, to distinguish in the data. In these cases, we observed a
slightly sloping constant reflector at both margins of the bridge
structure [21].

Structural information was also interpreted. Solid piers for
bridge reinforcement were identified as a constant reflection at
the interface between the masonry and solid granite [12]. The
detection of variations in the inner materials was made possible
by their high dielectric contrasts. Rarely, we identified the ring
stone thickness (Fig. 5A), where a hyperbolic reflection is produced
by the fill-stone interface. This reflection is very similar to that ob-
tained at the solid stone–air interface. The main difference is the
expected consequent shift in the signal polarity produced at the
fill-stone interface. Nevertheless, in most cases, the fill-stone inter-
face is characterised by a fine signal due to the smaller dielectric
contrast between the media. We sometimes obtained information
about the nature of the bridge foundations. For example, when the
pier of the bridge is lies on bedrock, the reflection at the interface
showed a rather strong signal due to the large dielectric contrast
between the materials (Fig. 5B). However, when the pier was in a
sand river-bed, the reflections at the interface were not identified.

Fig. 5. GPR results acquired with the 250 MHz antenna. (A) Processed radargram obtained from the O Freixo Bridge, which reveals the ring stone thickness and (B) processed
data collected at the Areas Bridge, where the bridge foundations are interpreted to be on bedrock because of the strong signal at the pier-bedrock interface.

Fig. 6. Distribution of the calculated radar wave velocities for granitic masonry.
These values were determined from all the bridges studied. The differences
between the published average velocity in dry granitic masonry (13.5 cm/ns) and
the calculated velocities are also illustrated.
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Moreover, a probable cavity was detected in one pier of the Traba
Bridge [24], and the associated anomaly was a strong signal (with
greater amplitude) from the high dielectric contrast between the
masonry and the water.

The average velocity for granitic masonry was calculated in dif-
ferent zones of the structures. We estimated these velocity values
using the external geometry of the bridge. The procedure for the
calculations was explained in a previous section, and an average
velocity was determined for each bridge. Fig. 6 shows the distribu-
tion of all of the estimated radar wave velocities, which ranged
from 8.0 to 13.5 cm/ns. The typical average velocity in dry granitic
masonry is reported in the literature as approximately 13.5 cm/ns
[8,25]. However, the velocities in some of our case studies were
much lower. The differences between the published and calculated

values are illustrated in Fig. 6, where the average difference was
2.7 cm/ns. These velocity differences may be a consequence of
inhomogeneities in the masonry (such as differences in composi-
tion and density), in addition to the probable presence of moist
zones in the stonework. Other authors have also reported lower
values of 10.5–11.5 cm/ns in wet granitic masonry [8]. In this work,
the identification of cracks and voids within the bridge structure
was not possible using GPR because of the confluence of the reflec-
tions from the non-homogeneous fill material. However, the exis-
tence of moist areas can be related to faults existing in the
stonework.

We obtained additional structural information from the GPR
data, including the identification of modern materials, such as rein-
forced concrete (Fig. 7A), which is frequently used in pathway con-
struction for reinforcing the bridge subsurface. A reflection pattern
was differentiated in the form of consecutive small hyperbolas. The
same reflection pattern was also observed in other cases [24].
These new materials used for restoration could be an important
cause of signal attenuation and loss of target resolution. As an
example, Fig. 7B shows the GPR data acquired with a 250 MHz an-
tenna in the restored San Alberte Bridge. Although this bridge has
two large arches (see photograph in Fig. 7B), any hyperbolic reflec-
tions from the arch–air and air–water interfaces were identified in
the radargram. This severe signal attenuation was most probably
caused by the presence of a soil–cement mix used for sub-grade
reinforcement and protection. All of this information can be useful
for civil engineers in developing future strengthening measures.

Other factors that can adversely affect a GPR survey, and conse-
quently data interpretation, include ringing events that are likely
caused when GPR signals interact with a metal object, such as sew-
ers pipes buried in the bridge (see Fig. 7A), creating repeated
reflections within the object, and airwave events associated with
leaking waves above the air–bridge interface. Part of this leaking
energy reflects back and is recorded by the GPR receiver. Fig. 8A
shows the 250 MHz data recorded in the Sarela Bridge, where
the rare ‘‘X Marks the spot’’ could be identified. This effect most

Fig. 7. GPR results acquired with the 250 MHz antenna. (A) Processed data collected at the Loña Bridge, showing the effect of the reinforced concrete and (B) processed results
gathered at the San Alberte Bridge, where no reflections were identified (the severe signal attenuation was probably produced by the presence of soil–cement in the
pathway).

Fig. 8. (A) 250 MHz data from the Sarela Bridge showing the ‘‘X Marks the spot’’ in
addition to the arch–air (R1) and air–water (R2) interfaces, and (B) GPR data after
applying the ‘‘Butterworth’’ band-pass filter (150/350 MHz).
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frequently appears when the GPR system is placed closed to a long
wire, such as fence or cable, because the energy couples from the
transmitter onto the wire [26]. The hyperbolic reflections from
the arch–air (R1) and air–water (R2) interfaces are also observed
in Fig. 8A. However, the reflection pattern generated by this event
can make the identification of important smaller reflections diffi-
cult. Fortunately, we were able to remove all of the unwanted
GPR signatures by applying appropriate signal processing tech-

niques. In the particular case of the Sarela Bridge, the ‘‘X Marks
the spot’’ was mostly removed after applying a ‘‘Butterworth’’ tem-
poral band-pass filter (Fig. 8B). We defined this filter by setting the
low-cut and high-cut frequencies to 150 and 350 MHz,
respectively.

We developed synthetic models by considering the external
geometry of the bridge and the orthophotograph produced by
the photogrammetric or laser scanning data. We used these syn-
thetic models to extract subtle information and to assist in the
interpretation of the field GPR data. An example is presented in
Fig. 9, which shows an FDTD synthetic radargram of the Carracedo
Bridge generated by the corresponding orthophotograph. The mod-
el was created with a small spatial-step equal to 5 mm, and the
excitation pulse was a Gaussian of 250 MHz centre frequency.
The trace step and the total time window were 0.12 m and
100 ns, respectively. The relative permittivity assumed for the fill
ranged from 4.0 to 9.0. Our purpose was to simulate a heteroge-
neous medium. We calculated these values using the GPR wave
velocities provided by the field data. These values are similar to
those proposed in the literature [25–27]. An FDTD algorithm was
also developed, using the MATLAB environment, to correct our syn-
thetic data for topography. Observing the synthetic results in

Fig. 9. The Carracedo Bridge. (A) Two-dimensional orthophotograph of the bridge (from the upstream side) generated from the laser scanning data, and (B) synthetic profile
of the whole structure based on the orthophotograph, where the reflection of the stone–air interface (R1), reflection multiples produced from the arch (R2), and reflections
caused by the proximity between the arches (R3) were identified.

Fig. 10. Processed 250 MHz data from the Carracedo Bridge showing the interpretation of the main reflections identified, including those at the stone–air and air–water
interfaces (R1, R3), reflection multiples from the arch (R2), and corner reflections (R4).

Fig. 11. Ringing noise caused by the reverberation of the GPR wave in a metal
sewer. Comparison between synthetic (A) and field (B) 250 MHz data.
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Fig. 9B, we identified the presence of reflection multiples produced
from the arch (Fig. 9B:R2) and because of the proximity between
arches (Fig. 9B:R3). These reflection multiples were also observed
in the field GPR data (Fig. 10:R2). Moreover, the real data showed
more complex reflections, such as those from the heterogeneous
fill material between the arches and the corner reflections
(Fig. 10:R4) from the perpendicular interfaces between the top of
the vault and the water level [28]. Sometimes, more detailed FDTD
models were needed to verify the interpretation of the field data;
an example is the case of the Loña Bridge (Fig. 7A), where and addi-
tional model was used to analyse the ringing noise produced by the
presence of a metal sewer pipe. We built a synthetic model by
assuming a spatial-step of 16 mm and a 250 MHz centre frequency
antenna. The trace step and the total time window were 0.01 m
and 80 ns, respectively. The relative permittivity considered for
the sewer pipe was 30.0. Fig. 11 shows both the synthetic (A)
and field data (B), where the consequent ringing noise produced
by the reverberation of the radar wave showed similar reflection
patterns. All of these complex reflections, if unrecognised, can hin-
der the detection of other interesting reflectors.

4. Conclusions

A survey methodology to evaluate stone masonry bridges is
presented in this work. We surveyed several masonry arch bridges
using GPR with 250 and 500 MHz antennas. The field data were ac-
quired using the common–offset mode with the antenna polarisa-
tion perpendicular to the data collection direction. The proposed
methodology has the ability to provide information about internal
bridge details. Valuable previously unknown information, such as
hidden structural details, the geometry of ancient profiles, the exis-
tence of voids, and evidence of restoration and reconstruction
tasks, was revealed. Nevertheless, we did not obtain clear informa-
tion about the presence of cracks or moisture within the bridges.

The interpretation of the GPR data was sometimes complicated.
Some modern materials used for restoration, such as reinforced
concrete and soil–cement, as well as ringing noise and airwave
events, can be additional causes of GPR signal attenuation and loss
of target resolution. Appropriate data processing was therefore
necessary to create accurate bridge images that allowed significant
information to be extracted. The quality of our field data was im-
proved using the signal processing applied here in. The GPR signal
attenuation was corrected using a gain filter, which consists of
amplifying the received signal. Both low and high frequency noise
in the raw data was removed by temporal and spatial filtering. In
some cases, processing was an essential tool for noise reduction
and improved data interpretation. For example, in the Sarela
Bridge, a ‘‘Butterworth’’ temporal band-pass filter was required to
remove the rare ‘‘X marks the spot’’. The identification of other
interesting reflections was difficult without this correction. It is
important to note that appropriate signal processing should be
carefully chosen and applied in a way that the data are not extre-
mely distorted and spurious features are not introduced. Addition-
ally, static corrections were considered in pointed arches to
improve the accuracy of imaging subsurface features. Knowledge
of the precise structural dimensions allowed the estimation of
more appropriate radar wave velocities in masonry. The changes
in velocity observed here potentially delineate the presence of dif-
ferent fills or moist areas in the stonework.

In addition, realistic FDTD models could provide subtle informa-
tion that could help with data interpretation. The two-dimensional
orthophotographs generated by laser scanning or photogrammet-
ric data allowed the simulation of more realistic modelling scenar-
ios using a mixed model of parallelisation. This approach
encompasses the overall bridge structure in fine detail in a reason-

able amount of time. In complex structures such as masonry
bridges, it can be difficult to obtain an accurate interpretation
without a comparison of the field data with the models.

One interesting future project would be the combination of GPR
with other NDT techniques, such as infrared thermography, sonic
and conductivity methods. Each NDT method provides different
information regarding the physical properties of the masonry
structure. This complementary testing could be useful in identify-
ing cracks or voids in structures, changes in internal moisture,
inhomogeneous areas and layering within the bridge. This addi-
tional information, if compared with GPR data, could assist in the
interpretation.
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