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Abstract — Ground Penetrating Radar (GPR) is a Non-
Destructive Testing (NDT) technique for quick and
reliable post-earthquake structural assessment of
buildings. GPR allows for identification of internal,
hidden damage like cracks, voids, delaminations, and
measurements of reinforcement integrity, which are
often missed by visual inspections. Effective use of GPR
depends upon careful planning, such as proper
selection of antenna frequency depending upon the
target and material being analysed. Though prompt
and flexible, GPR has limitations such as shallow
penetration in conductive targets and complex data
interpretation. Therefore, integration with other NDT
techniques can be required for a comprehensive and
reliable building diagnosis. Standardized guidelines
can support the reliability and effectiveness of GPR use
in post-earthquake assessment. In this perspective, the
article aims to provide some initial results through the
analysis of literature in the field.

I.  INTRODUCTION

The destructive impact of seismic events on civil
infrastructure and, in particular, buildings [1], imposes the
need for damage assessment procedures that are both rapid
and reliable. In the immediate post-earthquake phases, the
ability to discern the state of safety and fitness of buildings
is crucial for the management of rescue operations, the
securing of affected areas, and the initiation of medium-
and long-term recovery and reconstruction processes [2].
Timely and accurate assessment not only prevents further
human losses due to secondary collapse or the use of
unstable structures, but also has profound socioeconomic
implications, directly affecting the recovery time of
communities and the resilience of the urban fabric [3].
Purely visual inspections, although the first expeditious
approach, have intrinsic limitations, as they often fail to
detect internal, hidden but potentially critical damage to
structural ~ stability. Non-surface-emergent cracking
elements, internal detachments, voids or damage to
reinforcement may escape an exterior examination,
compromising the validity of the assessment [4, 5]. In this

scenario, Non-Destructive Testing (NDT) emerges as
irreplaceable diagnostic tools, capable of “looking” inside
materials and structures without altering their physical
integrity [6,7]. Among the various NDTs, Ground
Penetrating Radar (GPR) has emerged as one of the most
versatile and effective techniques for inspecting concrete
and masonry elements. GPR uses pulses of high-frequency
electromagnetic waves to probe the subsurface or interior
of materials, generating images (radargrams) that represent
changes in the electromagnetic properties encountered [8].
In the specific context of post-seismic assessment, GPR
offers significant advantages: it is a non-invasive
technique, a crucial aspect for historic buildings or when
the aim is to avoid inducing further damage to already
vulnerable structures; it allows relatively rapid data
acquisition over large areas; and it can detect a wide range
of internal defects such as cracks, voids and cover
delaminations. Despite its recognized potential, the
application of GPR in post-earthquake scenarios needs a
rigorous and standardized methodological approach to
maximize its effectiveness and ensure the reliability of
results [2]. This paper aims to providing a framework and
operational guidelines for the use of GPR in post-
earthquake structural analysis. The goal is to provide a tool
that can assist structural engineers, diagnosticians, and
technical specialists in planning, executing, processing,
and interpreting GPR surveys in order to improve the
quality and consistency of damage assessments.

II.  PRINCIPLES OF GPR AND DETECTION OF
STRUCTURAL DAMAGE

Understanding the physical principles governing GPR is
prerequisite to its proper application and reliable
interpretation of acquired data, especially in the complex
scenario of seismic damage assessment. The basic
principle of GPR is to send short pulses of high-frequency
electromagnetic (EM) waves into the material (e.g.,
concrete, masonry). When a wave encounters an interface
between materials with different electromagnetic
properties, some of the energy is reflected and recorded by
an antenna [4]. The time taken by the wave to return (bi-
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directional propagation time) is related to the depth of the
reflection. The amplitude and polarity of the reflected
signal give information about the contrast between
materials at the interface [9]. The data are displayed in
radargrams (B-scan profiles). The properties of materials
that affect GPR wave propagation are mainly dielectric
permittivity (€), which affects propagation velocity, and
electrical conductivity (o), which causes attenuation and
limits depth. Variations in € between adjacent materials
(such as concrete and air/water in a crack) cause reflections
[4]. Materials with high conductivity (e.g., wet or
contaminated concrete) strongly attenuate the signal [10].
Metal elements are strong reflectors because of their high
conductivity and magnetic permeability. Seismic damage
makes damage detectable because it locally modifies these
electromagnetic properties. The GPR can detect different
types of seismic damage: internal cracks and detachments
between facings that are detectable as interruptions of
reflections or anomalies; internal voids and
disorganization of texture, identified by disordered signals,
strong reflections from voids, or high attenuation; presence
of metal elements are detected with strong reflectors;
detachment of plaster detectable as surface reflection.

1. METHODS

In order to select the proper documents to be analysed,
the Scopus database was utilized. Scopus is one of the
global largest and most extensive multidisciplinary
databases of peer-reviewed, academic publications, with
over 22,000 journals published by almost 5,000 global
publishers, in addition to books, conference papers and
patents. There are over 330 disciplines covered and over
40 languages in which content appears, providing a
powerful set of tools for the analysis and visualization of
global output (https://www.elsevier.com/products/scopus,
accessed, 29 May 2025). We used the following keywords
to extract documents such as “GPR” (and its variants in the
spelling the word) “earthquake”, “building”, “heritage”,
“church”, and “cathedral”. To ensure the dataset was
accurate and free of false positives, the titles and abstracts
of all retrieved documents were manually reviewed and
assessed. Subsequently, a detailed selection process
involved creating a table to systematically extract and
compare information from each paper, including authors
and year, purpose of the work, materials analyzed, antenna
frequencies employed, achieved investigation depths,
acquisition locations, and type of building. Through this
search criteria one hundred relevant documents were
identified. In examining the selected documents, we
specifically focusing on antenna types and frequency used
for investigating buildings and monuments, particularly in
contexts related to earthquake assessment. In addition,
useful information was extracted to provide guidance for
the acquisition of GPR data starting from planning through
data processing. Here we report some initial evidence from
the preliminary literature review.
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IV.  RESULTS AND DISCUSSION

The effectiveness of a GPR survey depends critically on
rigorous planning, accurate data acquisition, and informed
processing and interpretation [5, 11, 12, 13]. For the
planning phase it is essential to start by gathering as much
information as possible about the building, including its
structural type, the time of construction, the history of
interventions, and existing documentation such as
drawings or previous reports [ 14]. In parallel, it is essential
to acquire data on the seismic event that struck the site,
such as recorded intensity and ground acceleration values,
if available. This prior knowledge is vital for
understanding the likely seismic behavior of the structure
and making assumptions about the most expected damage,
guiding the investigation strategy. A critical aspect of
planning is the choice of antenna and frequency. There is
an inverse relationship between antenna frequency,
penetration depth, and resolution. In general, antennas
with:

A. High frequencies (>1 GHz): Offer high resolution for
small, superficial details (e.g., thin cracks, cover-over,
surface rebar) but have limited depth.

B. Low frequencies (< 250 MHz): They penetrate deeper
(e.g., massive masonry, foundations) but have lower
resolution.

Depth is also severely limited in wet, clay or conductive
materials, especially at high frequencies. The choice of
frequency must therefore be weighed against the type of
damage being sought and the material of the structure.
Table 1 shows part of the results obtained from the
selection of papers from the main database

Table 1. Column A specifies the antenna frequency range
(Hz), Column B lists the application filed, Column C
details the typical vertical resolution, and Column D

provides the references.

A B C D
To estimate shallow and sub-

surface cracks, thin [1,2,4,
1000 .. mm
to delaminations, concrete to 5,15,
2600 cover thickness, shallow om 16, 17,
rebar location, very shallow 18, 19]
voids
400 T(? rebar mapping, querate 120,21,
internal cracks, medium-
to . . 22,23,
sized voids, element cm
900 . . 24,25,
thickness (e.g., slabs, thin 26, 27]
walls), plaster detachment ’
Geometry of deep dm [6,9,
<200 foundations, extensive voids 28,29,
in foundation soil, mapping 30, 31,
of underground cavities 32, 33]



The data reveals a clear inverse correlation between the
antenna frequency used and the depth of investigation, as
well as a direct correlation between frequency and vertical
resolution. Higher frequencies (1000-2600 MHz) offer
higher resolution (mm-cm) but are limited to shallow
investigations and the detection of small-sized defects. As
the frequency decreases (400-900 MHz and <200 MHz),
the penetration capability increases, allowing for the
analysis of deeper structures and larger elements, albeit at
the cost of a progressive reduction in vertical resolution
(cm to dm-m, respectively). This study, therefore, provides
some operational guidelines for selecting the appropriate
antenna frequency range based on the specific objective of
the non-destructive investigation and the dimensional
characteristics of the targets to be investigated. Further
details and specific methodologies are contained in the
cited references. In addition to selecting the appropriate
antenna planning also includes defining a scan grid
(regular and dense for detailed mapping) and setting
acquisition parameters (number of samples, time window,
stack) [34]. The field data acquisition phase in a damaged
building presents several difficulties. In general, in
masonry structures, the investigation aims to assess the
integrity of the faces, the internal composition, and the
connection between elements. Internal lesions,
detachments between faces and internal voids, or
disorganization of the texture (which can generate
disordered or high-attenuation signals) can be identified.

Gather Building Information -
Acquire Seismic Data -
Choose Antenna Frequency -

Apply Basic Processes -
Use Advanced Techniques -

2o @
_ U
Assess Operational Safety -

Mark Scan Lines -
Document Conditions -

[ @]

Recognize Radar Signatures -
Correlate with Seismic Damage -
Assess Damage Severity -

Fig. 1. Workflow description for the GPR data

Vaults and arches can be inspected and metal elements
such as tie rods can be located. Scan lines should be
marked and documented photographically, possibly
georeferenced, also noting environmental and surface
conditions that may affect the data. Next, raw data requires
processing to improve its quality and facilitate
interpretation. Basic processes include zero-time
correction, removal of low frequencies, application of gain
to compensate for attenuation with depth, and filtering
(bandpass, background subtraction) to reduce noise.
Advanced techniques such as migration help focus
reflections and correct position reflectors. Analysis of
individual reflectors can reveal changes in materials and
creating time-slices or amplitude maps from dense grids
allows visualization of the areal extent of anomalies.
Processing is an iterative process that requires the operator
to understand the effect of each step. The most critical
phase is data interpretation and damage diagnosis. It
requires experience in GPR, but also structural knowledge
and knowledge of seismic damage mechanisms. It consists
of recognizing typical radar signatures and associating
them with structural defects: hyperbolas are typical of
rebar or piping and breaks or distortions may indicate
damage; planar reflections indicate extensive interfaces
such as delaminations or cracks parallel to the surface;
areas of strong attenuation suggest conductive or highly
fractured material; a chaotic signal may indicate
disaggregated masonry or crushed concrete. The goal is to
correlate these radar signatures with seismic damage types
(cracks, voids, delaminations, detachments, etc.), aided by
2D and 3D visualizations. Damage severity is assessed by
the extent, continuity, and depth of the anomaly, and the
magnitude of the reflection, being able to correlate the
results with damage classification scales. Figure 1 shows
and summarizes the different steps described above.

V. CONCLUSIONS

Ground Penetrating Radar (GPR) is a valuable
diagnostic resource for post-earthquake structural
assessment, providing crucial information on the internal
state of building elements often inaccessible to visual
inspection, and the presented operational guidelines aim to
offer a structured methodological framework to maximize
its effectiveness in critical seismic emergency contexts.
The aim of the guidelines , for which we have set out some
preliminary indications here, is emphasize accurate survey
planning based on preliminary building knowledge and
specific assessment objectives, the careful choice of GPR
antenna frequency relative to damage types and structural
materials, and specific data acquisition procedures for
reinforced concrete and masonry elements, alongside
critical data processing and interpretation that integrates
geophysical and structural engineering expertise. This
organized methodology is strategically significant as it
enhances survey objectivity and reproducibility,
diagnostic information consistency and reliability,
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stakeholder communication, and more informed building
safety, usability, and repair or retrofitting decision-
making. Principal recommendations for decision-makers
and operators are providing GPR technicians with
specialist training in seismic engineering, material
response, and damage mechanisms of structures, as
opposed to merely instrument operation, as well as
meticulous planning prior to survey with clear objectives
and suitable strategies; a multi-technology strategy by
combining GPR with other NDT and minimally invasive
tests; the effective and judicious use of GPR data
processing techniques with the requirements for
experienced staff capable of relating radar signs with
seismic damage and critically assessing ambiguity; and
strict record keeping throughout the survey phase for
traceability and validation purposes. Extensive
experimental validation in the seismically tested structural
elements in the future would be required for more precise
correlations between GPR signs and damage, the
development of Artificial Intelligence and Machine
Learning algorithms for automated damage detection in
GPR radargrams, national and international GPR
application protocol standardization in the seismic field,
and advanced GPR data integration, such as 3D damage
modeling, into Building Information Modeling (BIM)
modules. Overall, the general use of sound GPR
operational procedures can boost societal resilience in the
occurrence of seismic events by allowing faster, more
precise, and more certain building health diagnosis, thus
allowing more timely, suitable, and informed public
safety, reconstruction resource allocation, and building
stock and city infrastructure overall resilience in the face
of seismic events.
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