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Abstract: Roads are the main transportation system in any country and, therefore, must be main-
tained in good physical condition to provide a safe and seamless flow to transport people and goods.
However, road pavements are subjected to various defects because of construction errors, aging, envi-
ronmental conditions, changing traffic load, and poor maintenance. Regular inspections are therefore
recommended to ensure serviceability and minimize maintenance costs. Ground-penetrating radar
(GPR) is a non-destructive testing (NDT) technique widely used to inspect the subsurface condition
of road pavements. Furthermore, the integral use of NDTs has received more attention in recent years
since it provides a more comprehensive and reliable assessment of the road network. Accordingly,
GPR has been integrated with complementary NDTs to extend its capabilities and to detect potential
pavement surface and subsurface distresses and features. In this paper, the non-destructive methods
commonly combined with GPR to monitor both flexible and rigid pavements are briefly described.
In addition, published work combining GPR with other NDT methods is reviewed, emphasizing the
main findings and limitations of the most practical combination methods. Further, challenges, trends,
and future perspectives of the reviewed combination works are highlighted, including the use of
intelligent data analysis.

Keywords: ground-penetrating radar; non-destructive testing; NDT combination; inspection;
pavements; benefits; limitations

1. Introduction

Urbanization and reliable connection between cities are crucial for creating signifi-
cant progress in construction activities—particularly in the road transportation system,
which can directly contribute to economic growth and improve societal challenges. In
the framework of transport infrastructures, road pavements are a critical transportation
component that can facilitate daily transport activities for goods and people in a reliable
condition [1,2]. For these reasons, providing a robust and safe road pavement is essential
for global and regional continuous development. In addition to frequent assessment and
monitoring of road pavements, performance status is fundamental in order to accomplish
a better sustainable transportation system [3].

In the past, the most common methods and assessment techniques for pavement
evaluation were carried out by destructive inspection supplemented by visual inspection
by road engineers and/or road experts.

The use of destructive techniques (DT) such as core sampling is damaging to the
structural integrity of the pavement and is time-consuming; further, a large amount of
labor work is required to obtain necessary pavement information [4].
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However, the use of non-destructive testing (NDT) techniques for the assessment of
road pavements has potential in the modern industry’s evolution toward smart sustainable
transport infrastructures. NDTs can provide valuable information and accurate profiles
from road pavements. Among various NDTs, ground-penetrating radar (GPR) is considered
among the most efficient, easy to use, least traffic-disruptive, and multi-application NDT
in road transport infrastructure, and civil engineering applications [5,6]. The limitations
of each NDT used in the pavement evaluation, the physical properties of the subsurface
media, and the environmental conditions during the NDT survey or GPR data collection,
in particular, will affect the data-driven investigation in the field.

The lack of a single wide-ranging technique for pavement evaluation, assessment,
and comprehensive documentation is another major challenge that demonstrates that
combining various non-destructive testing methods with GPR could be a substantial
approach to obtaining diverse and extensive pavement information [2].

It could lead to a better understanding of the actual performance status of the road
structures and damage inspection. In addition, the detection range is different for individual
NDTs. Therefore, integrating GPR results with other possible NDTs could increase the
probability of detecting the buried target or damages associated with road pavements.
Furthermore, the combination of different NDTs with GPR can be an efficient approach
to illustrate the potential defects and features in the inner substructure and outer super-
structure of road pavements [7].

In this paper, a critical review of GPR combined with several other NDTs (e.g., visible
and thermal imaging, Light Detection and Ranging (LiDAR), covermeter, deflectometers,
Schmidt hammer, the Seismic passive method, and ultrasonic pulse-echo) is discussed
to provide a systematic recommendation to overcome current challenges in the field of
road pavement assessment. Figure 1 shows the main contributions of this study. In
order to maximize the benefit obtained through the combined use of GPR with other
NDTs, different road pavement damages that normally occur are addressed herein, from
superficial distresses to internal failure and subgrade dysfunctionality. What is more, for
a more complete analysis, both flexible and rigid pavements are considered, covering all
types of roads based on function (e.g., highways, runways, and urban and rural roads).
Hence, through the review of the published literature, the main benefits and limitations of
each individual method are presented, providing the most interesting combinations and
some practical recommendations.

This article is structured as follows: Section 2 introduces the most frequent distresses
in flexible and rigid pavements. Then, Section 3 briefly describes the NDT techniques
frequently used in combination with GPR to monitor pavements, mentioning their prin-
ciples and their main applications or findings. After that, Section 4 illustrates the review
methodology and selection process, while Section 5 presents the most relevant works in the
literature dealing with the combined application of GPR and other NDTs for road pavement
monitoring by considering the methodology and the criteria described in Section 4. Finally,
Section 6 shows the most interesting NDT combinations addressed in this article in addition
to the conclusion and final remarks.
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Figure 1. Main contributions of this review study (GPR combined with other NDTs and pavement
damages covered).

2. Types of Pavements and Most Frequent Distresses

Pavements are categorized into two groups, flexible and rigid pavements. Flexible
pavements consist of a mixture of asphaltic or bituminous material and aggregates struc-
tured in successive layers of granular material over the subgrade (existing or natural soil).
The design of flexible pavements depends on the magnitude and intensity of the loads
transmitted downwards from the road surface to the subgrade (load distribution). A flex-
ible pavement typically consists of (i) a surface course, (ii) a binder course, (iii) a base
course, (iv) a subbase course and (v) a subgrade. Conversely, rigid pavements are generally
composed of (i) a PCC (Portland Cement Concrete) surface course, (ii) a base course, (iii) a
subbase course, and (iv) a subgrade. In the design of rigid pavements, the major factor is
the flexural strength of the concrete slab to resist traffic loads. This concrete slab usually
has reinforcing steel to eliminate or reduce joints.

Failures and instability in any of the pavement layers will result in different types of
structural distresses in the pavement system, both superficial and internal. Following the
ASTM D6433-20, the most typical of these structural distresses are:

2.1. Superficial Distresses
2.1.1. Flexible Pavements

1. Deformation

e  Rutting: Grooves and surface depression in the wheel path may be caused by
insufficient pavement thickness, weak asphalt mixtures, a lack of compaction,
instability of the base surface or heavy traffic.

e Depressions: A depression (also called a bird- bath) is a localized displacement or
low spot, with limited size, on the pavement surface. It results from a settlement
of the subgrade or the result of improper compaction during construction.

e  Swelling: An upward bulge in the surface layer is typically accompanied by surface
cracking. It is generally caused by swelling of the subgrade or frost heave.
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Shoving and corrugation: A form of plastic movement in the surface layer
that creates a localized bulging of the pavement typified by waves (shoving)
or transverse ripples (corrugation). They are usually caused by traffic action
(accelerations and decelerations points) combined with other pavement failures
such as too soft asphalt, too much fine aggregate, rounded or coarse aggregate,
poor bond between layers or too much, as well as a weak granular base or
excessive moisture in the subgrade.

Bumps and sags: Bumps are small localized upward displacements of the pave-
ment surface, while sags are small, localized settlements of the road surface.
Several factors can cause bumping in flexible pavements, such as frost heaves
(due to expansion), plant roots growing under the pavement or tenting at cracks
and joints.

Cracking

Longitudinal cracking: Cracks are predominantly parallel to the centerline or
lateral. They are usually caused by differential volume changes in the subgrade,
shrinkage due to temperature fluctuations, reflection at joints or poor construc-
tion of the longitudinal joint in the pavement surface or between two bands of
bituminous mixtures.

Transverse cracking: Cracks that extend perpendicular to the centerline or lay-
down direction of the road. Usually, this type of cracking is caused by shrinkage
due to temperature changes and reflection of a crack or joint in an underlying
pavement layer.

Fatigue cracking (alligator, map or crocodile cracking): Series of interconnected
cracks resembling the crocodile skin, with pieces generally less than 0.5 m on
the longest side. This distress occurs only in areas subjected to repeated traffic
loading or an increase in loading (e.g., wheel paths) together with a lack of
bearing capacity or thickness, inadequate compaction, poor drainage or loss of
base or subgrade support.

Block cracking: Series of interconnected cracks that form in a roughly rectangular
pattern with blocks ranging in size from 0.3 to 3 m. These cracks are generally due
to asphalt binder aging or poor quality, the reflection of cracks in an underlying
pavement layer, and shrinkage of the asphalt binder. Unlike fatigue cracking,
block cracking is not load associated and occurs over a large portion of the
pavement area.

Slippage cracking: Sliding cracks that look similar to a crescent or a half-moon.
This is typically caused by poor bonds between layers and accelerates in pave-
ment areas under high stress, such as vehicle acceleration/deceleration.

Edge cracking: Cracks located within 0.3 to 0.5 m of the outer edge of the
pavement. This distress is typically due to fatigue or deformation of the pavement
surface caused by passing heavy vehicles or a surface course excessively rigid
compared to the underlying layers.

Reflection cracking: Cracks that form in an overlay of a deteriorated asphalt
pavement. This distress may be caused by the shifting or movement of the
underlying old pavement.

Disintegration

Raveling and weathering: They are the disintegration of the pavement surface
because of the dislodgement of aggregate particles. These distresses indicate
an aging or hardening binder, aggregate segregation, and a lack of compaction.
Raveling may also be caused by certain types of vehicles such as tracked vehicles
and studded tires.

Potholes: Localized disintegration of the pavement surface in the form of small
bowl-shaped holes (usually less than 750 mm in diameter). Typically produced
by the continued deterioration of another type of distress, such as fatigue crack-
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ing, raveling or failed patching. Continuous traffic together with insufficient
pavement thickness and insufficient drainage stimulate pothole formation.
Polished aggregates: Areas of pavement where the surface aggregates wear
down to a smooth texture (there are no rough or angular aggregate particles).
This defect may be reflected in a reduction in skid resistance or surface friction,
and it is normally due to repeated traffic actions, especially if the aggregate is
susceptible to abrasion.

Patching: The result of repairing localized pavement defects (e.g., filling potholes
or other pavement disintegration) or road works (e.g., piping). It is considered a
defect because, when pavements are patched, some distress may begin to occur,
influenced by compaction and the quality of the surrounding or underlying layers.

4.  Bleeding

A film of bituminous material on the road surface. Bleeding is caused by excessive
asphalt binder or a very low-viscosity binder, insufficient air void content or hot weather.
Bleeding is an irreversible process that does not withdraw in winter and increases with time.

2.1.2. Rigid Pavements

1. Deformation

Faulting: This is a difference in elevation between the joints mainly caused by
settlement due to a weak foundation or pumping of subbase fine materials due to
traffic loading. Additionally, changes in weather conditions and moisture cause
curling or wrapping of the slab edges.

2. Cracking

Longitudinal cracking: Cracks along the slab in the direction of the traffic, mainly
caused by traffic, thermal or moisture fatigue, but also by an inappropriate
distribution of joints. These cracks can evolve into map or slab cracking.
Durability cracking: Series of closely spaced cracks near a joint, crack, or free edge
(corner), caused by freeze-thaw expansion that breaks concrete. Its evolution can
generate spalling and disintegration.

Transverse cracks: Cracks are predominantly perpendicular to the road axis,
mainly motivated by a thermal gradient, poor thickness of the slab or inappropri-
ate joints distribution. As longitudinal cracks, these cracks can evolve into map
or slab cracking.

Map cracking or crazing: A series of upper surface cracks, where longitudinal
ones are larger, and the transverse ones interconnect them. Usually results from
improper curing and/or finishing of the concrete, poor thickness, alkali—silica
reactivity, or traffic fatigue. This failure can lead to scaling of the surface.

3. Joint-related deficiencies

Joint spalling: A break in the edge of pavement within 50-60 cm of transverse and
longitudinal joints. This does not usually extend vertically through the pavement
but at an angle through the joint. Joint spalling is mainly due to infiltration of
incompressible materials or weaknesses in the concrete at the joint combined
with excessive stresses in the joint caused by traffic loads. Additionally, water
accumulation in pavement joints can cause spalling due to freeze—thaw action.
Pumping: This is the draining of subsurface water and subbase fine materials
from the pavement foundation through joints or cracks. This is caused by the
deflection of the slab under repeated moving loads. Pumping near the joint
is caused by poor sealing and causes voids and a loss of support, and it will
eventually lead to cracking or settling and faulting.
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4. Disintegration

e Popouts: Loss of aggregates from the surface, ranging from 25 to 100 mm in
diameter, leaving small divots or pock marks. Usually caused by poor mixture
or poor aggregate durability and overloads.

e  Blow-ups or buckling: Upward slab movement and buckling or shattering that
occurs usually at a joint or transverse crack. This distress can be accelerated by
joint spalling, durability cracks and freeze-thaw expansion.

e  Polished aggregates: Areas of pavement where the mortar or aggregate extending
above the asphalt binder wear down to a smooth texture (there are no rough
or angular aggregate particles). The causes are aggregates with poor abrasion
resistance, traffic fatigue or improper curing.

e  Scaling: Deterioration of the surface course or wearing surface. Caused by improper
curing or finishing (too much mortar or faulty sand) and freeze-thaw expansion.

e  Patching: Portion of or whole slab replaced by new material (sometimes asphalt
concrete) to repair localized pavement defects.

2.2. Internal Failures
2.2.1. Layer Thickness Deficiency

Layer thickness is a vital factor defining the quality of pavements [8]. This parameter
is standardized and depends on (i) the type of flexible asphalt, (ii) its position and function
in the pavement—variable for each layer composing the pavement structure, and (iii) the
traffic loads and the subgrade category of the road. Thickness deficiencies reduce the
bearing capacity and lifecycle of pavements. Thickness deficiencies in the surface course
may cause cracks or rutting. For rigid pavements, and more particularly for reinforced
slabs, there is also a minimum required cover depth aiming to prevent delamination and
corrosion, which mainly depends on environmental conditions.

2.2.2. Moisture and Saturated Media

Moisture content is among the main factors that influence pavement performance.
Increasing moisture content leads to reduced strength and durability of pavements [9].
Asphalt pavements are subject to moisture-related distresses due to the loss of bond between
the bitumen and aggregate surface or the subgrade layers [10]. Defects such as stripping
and raveling develop as early-stage effects. Additionally, worse effects such as potholes
can expand in later stages under traffic load and environmental changes [11]. Spalling or
pumping can occur in rigid pavements when water enters the pavement subgrade through
cracks or unsealed joints. Pavement settlement and severe cracking can develop over time
under traffic loads if the pavement is not maintained regularly [12]. It is important to also
mention that the bearing capacity of the pavement is reduced when soil is saturated.

2.2.3. Non-Compaction and Porosity Changes

Subgrade compaction is essential to achieve optimum density and moisture content
that enables the subgrade base to support the load from the pavement structure without
having permanent deformation [13]. Poorly compacted subgrades will reduce overall base
bearing capacity which leads to deformations such as rutting and settlements. In addition,
the subgrade will be more vulnerable to moisture and freeze-thaw changes. Subgrade
deformations can reflect on pavement surfaces and cause alligator cracking, pumping,
and raveling. On the other hand, porous asphalt pavement usually has an uncompacted
subgrade to increase infiltration rates [14]. An overlay of non-woven geotextiles is used to
allow water infiltration and prevent the migration of fine particles from the subgrade into
top layers.

2.2.4. Debonding

Subsurface interlayer debonding occurs when adjacent asphalt layers lose adhesion to
one another and can become separated [15]. Water infiltration through cracks and areas
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of low mixture density accelerate the deterioration of the asphalt interface or interface
bond breakdown [16]. Moreover, debonding can be caused by inadequate tack coat during
construction or dirty surfaces. This failure can lead to other superficial distress such as
deformation and cracking.

2.2.5. Settlement and Sinkholes/Voids

Settlement is among the most dangerous causes of degradation on pavements [17]. There
are many causes of this type of problem, such as poor soil compaction, non-homogeneous con-
solidation, saturated soils, and weak load-bearing capacity of soils, which seriously affect the
conditions and mechanical behavior of the subgrade and foundation soils. When subsidence
occurs, cracks, fractures, and potholes can appear on the pavement surface [18].

Generally, the appearance of superficial distresses favors the ingress of water in
pavement causing the washing of soil materials. Moreover, alternate wetting and drying
causes swelling and shrinkage in some clays, whereas freezing and thawing can weaken
sandy silts. When soils shift or are washed away, severe damage can occur such as sinkholes
and devastating failures under traffic. Other subsoil alterations such as inadequate drainage
or a higher water table can induce sinkhole phenomena. Sinkhole formation could be
detectable from the surface due to ground depressions, but the pavement may appear to be
intact although not be structurally sufficient to support traffic in many cases.

2.2.6. Corrosion

Corrosion is among the main pathologies which affect the resistance of reinforcement
concrete in rigid pavements or composite pavements, in particular in extreme environmen-
tal conditions such as nearby seaside or cold regions. Corrosion occurs as a consequence of
the deterioration in reinforcement concrete due to different physicochemical and mechani-
cal actions over time [19,20]. In addition, the existence of moisture and oxygen can influence
the concrete, steel, and steel-concrete interface to produce corrosion phenomena [21]. This
can lead to several damages in the cement concrete pavements, for example, crack propaga-
tion, fractures, delamination, reduced durability and stiffness of the pavement structure,
and, in some extreme situations, the advance and severe degradation interacts with other
factors such as heavy traffic loads on the internal structure and could lead to potholes.

2.2.7. Delamination

Delamination in rigid pavements is a phenomenon that can contribute to pavement
surface distresses. This is the detachment of the past layer at the surface from the slab. The
main cause of delamination in rigid pavements is improper curing or finishing (presence of
a thin layer of air or water causing the separation), freezing or moisture, traffic loading and
the corroded steel mesh near the surface [22-25].

The pictures in Figure 2 give some insights of superficial distresses in both flexible
(a to h) and rigid pavements (i to 1): (a) slippage, (b) potholes, (c) alligator cracking,
(d) bumping, (e) bleeding and raveling, (f) patching, (g) block cracking, (h) longitudinal
cracking, (i) patching and durability cracking, (j) map cracking, (k) depressions or surface
settlement, and (1) corrosion.
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(h) )
Figure 2. Examples of superficial distresses in both flexible (a-h) and rigid (i-1) pavements.

3. Non-Destructive Testing Commonly Used on Pavement Assessment

This section provides a brief description of the NDT techniques frequently used in
monitoring both flexible and rigid pavements, mentioning their basic principles and their
main applications or findings as an independent test. The structure of this section is
arranged from remote to contact, from flexible to rigid pavements.

3.1. Interferometric Synthetic Aperture Radar

Interferometric Synthetic Aperture Radar (InSAR) is a non-destructive technique that
has been in progress since the 1990s. InSAR is a non-contact test that uses active remote
sensing technology (SAR). InNSAR emits spectrum waves (microwaves) over a line of sight
(LOS) and collects their echoes to obtain two-dimensional high-resolution images through
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the phase difference [26]. The equipment can be mounted on satellites or Unmanned Aerial
Vehicles (UAV).

Interferometry between the images obtained over time allows for obtaining Digital
Elevation Models (DEM) that show the topographic evolution of the object’s study [27].
There are many techniques to obtain DEMs, each dedicated to its applications. In the case of
pavements, multipass INSAR techniques such as PSI (Permanent Scatterer Interferometry),
SBAS (Small Baseline Aperture System), SqueeSAR, and the mixture of PSI and SBAS
(SMPS) are the most used [28,29].

The main application of the InNSAR method for pavement assessment is to detect
the deviations in terrain levels [26], which are mainly associated with failures such as
subsidence [30], corrugation, bumps, rutting, and shoving.

At a network level, InNSAR has been used to monitor not only pavement transport
infrastructures such as railways [31], bridges [32], highways [33], tunnels [34], and air-
ports [35] but also urban environments [36].

InSAR is used to detect the terrain displacement with a millimetric resolution, but it
cannot indicate the related subsurface causes. Hence, it usually used as a complementary
tool with other NDT techniques [33], such as GPR [36,37], LiDAR [38], infrared thermog-
raphy (IRT) [39], seismic reflection [30], seismic (MRS) tomography [40], and electrical
resistivity tomography (ERT) [41].

3.2. Imaging Techniques
3.2.1. Spectral Imaging

Spectral imaging comprises multiple bands across the electromagnetic spectrum as it
captures simultaneous data in the infrared, the visible spectrum, the ultraviolet, and the
X-ray ranges. Spectral imaging includes multispectral (MSI) and hyperspectral (HSI)
imaging. Multispectral cameras typically capture from 2 to 20 bands, while hyperspectral
cameras capture hundreds, or thousands of bands, assuming a continuous spectrum or
spectral signature of the object of analysis and creating the named hypercube of wavelength
from 350 to 2500 nm [42]. Hyperspectral imaging has more capability and a better resolution
than multispectral imaging. Nevertheless, it adds more complexity since it works with
parallel information, pixel alignment, or a larger dataset [43].

Both MSI and HSI have been used in pavement assessment [44]. The devices used to
monitor pavements can be mounted on vehicles, UAVs or satellites [45].

Regarding superficial pavement distresses, spectral imaging can detect:

Cracks [46,47].

Raveling [44].

Polished aggregates [44].

Potholes [48].

Contaminants (e.g., oil) and moisture or water bleeding [49].

Through superficial distresses such as cracks and potholes, the internal material of the
pavement becomes visible. It has been demonstrated that inner layers (characterized by
metal oxides) produce different reflection behavior than superficial layers (characterized
by hydrocarbons). Thus, the difference in chemical composition allows for identifying the
occurrence of these types of defects [50].

Spectral imaging has not been combined with many other NDT techniques, with some
notable exceptions such as thermography [42], LIDAR [51], InSAR [52], and GPR [49,53].

3.2.2. Visible Imaging

Visible imaging detects the three wavelength bands of the electromagnetic spectrum
or the visible spectrum (400-700 nm): red, green and blue (typically called RGB imaging).
The RGB camera can operate mounted on an UAV or in a vehicle. However, the operation
mode influences the accuracy and reliability of the data. A resolution less than 0.2 mm can
be achieved when operating with the camera mounted in a vehicle and close to the road
surface, although costly [54]. Conversely, the resolution is not less than 7 mm if mounted
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on UAVs. Moreover, data quality is influenced by other conditioning factors such as proper
illumination and atmospheric conditions (e.g., fog, heat, and sandstorms) [44].

The information obtained are RGB images and videos that have been used to monitor,
most frequently combined with learning techniques for automatic detection. According to
the published literature [44,54,55], the main pavement distresses that can be detected are:
Potholes,

Cracks,
Bleeding, and
Polished aggregates.

In pavement assessment, RGB imaging has been combined with infrared thermogra-
phy imaging [56], but also with other NDT techniques such as LiDAR [57] and GPR [58].

3.2.3. Infrared Thermography Imaging

Infrared thermography (IRT) is a non-destructive evaluation method (NDE) that is
used for infrastructure condition assessment [59,60]. IRT is a non-contact test that does not
require physical contact with the target object. The data can be collected using a camera
mounted on a tripod, Unmanned Aerial Vehicles (UAVs), or on top of a vehicle. These
advantages enable the inspections to be carried out rapidly and without affecting the
traffic [61-63].

Infrared thermography helps to detect surface and near-surface damage and defects by
detecting the emitted radiation in the infrared range of the electromagnetic spectrum. The
defects are identified by capturing the thermal contrast of the inspected surfaces (Figure 3).
IRT can be conducted by using two different approaches depending on the source of heat,
active or passive [64]. In the active approach, an artificial heat/cooling source is used to
add extra energy to the object of interest, and then the variation in the thermal signature
of different locations is detected. The passive approach uses natural heat sources, such as
solar heating, and radiation emitted from the object’s surface is collected.

The main applications of the IRT method for pavement assessment are:

Delamination detection [23,62,65,66],
Segregation [67],

Cracking detection [67,68], and
Debonding detection [69].

Figure 3. IRT. (a) A thermographic camera mounted on an UAV and (b) examples of thermograms
showing superficial pathologies in pavements (adapted from [70]).

A limitation of IRT is that it does not provide information about the depth of the
defects, as it captures radiation from the surface. Therefore, it can be combined with
other non-destructive methods such as GPR [68], Terrestrial Laser Scanning (TLS) [70], and
ultrasonic tests [71] to improve the results [72,73].

3.3. Light Detection and Ranging

Light Detection and Ranging (LiDAR) is an emerging technology that is used in
infrastructure condition assessment. It is an active remote sensing technology used to obtain
an accurate 3D representation of surfaces and objects in the form of point clouds. LiDAR
systems can be divided into three categories based on its platform type: airborne LiDAR
systems (ALS), terrestrial LIDAR systems (TLS), and mobile LiDAR systems (MLS) [74].
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Two methods are mainly used for range measurements of the LIDAR systems: time
of flight and phase shift. Time-of-flight (TOF) systems estimate the distance between the
scanner and the target object by measuring the time elapsed between the emitted and the
reflected laser pulse, while phase shift systems emit a continuous signal, and its travel
time can be estimated using the phase difference between the emitted and the reflected
signal [54,74]. TOF systems are commonly used for commercially available mobile LiDAR
systems, while phase shift systems are mostly used for terrestrial LIDAR systems [75].

Mobile LIDAR systems (MLS), also known as mobile laser scanning systems, become
more popular in road surveys as they collect dense 3D point clouds with high accuracy
at normal driving speeds and in a cost-effective way [74]. The point density of MLS data
can be up to a few thousand points per square meter with centimeter-level point spacing.
On the other hand, the point density of ALS data is usually less than 10 points per square
meter and typical point spacing is 30-50 cm [54,76].

MLS integrates digital camera(s), an Inertial Measurement Unit (IMU), and a Global
Navigation Satellite System (GNSS) into one system, which allows obtaining high-quality
georeferenced point clouds in a productive way [77]. The point cloud data usually contain
points with XYZ coordinates and intensity values. The RGB color information of data points
can be added based on the digital camera in the system. The RGB attributes are useful to obtain
more information about road defects or to identify textures of different materials. Figure 4
shows an example of using LiDAR data for the assessment of pathologies in pavements.

Figure 4. LiDAR. (a) Terrestrial laser scanner (Riegl LMS Z-390i), (b) Mobile Mapper Scanner (Lynx),
and (c) RGB orthoimage and Z-value orthoimage (Z or height values of the point cloud; from 0 cm
(dark blue) to 35 cm (dark green)) showing pavement pathologies (adapted from [70]).

The main applications of the LIDAR systems for pavement assessment are:

Cracking detection [76,78,79],
Pothole detection [80,81],
Rutting measurement [82], and
Pavement roughness [77,83].

One limitation of LiDAR-based systems is that they only scan and map visible sur-
faces. Therefore, they can only provide information about surface defects [84]. However,
integration between other NDTs such as GPR and IRT [70,85] can be performed to identify
subsurface defects.
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3.4. Profilometer

An Inertial Profiler (IP) or a Road Surface Profiler (RSP) is a non-destructive test-
ing method that gives the IRI (International Roughness Index) and rut depth measure-
ments (Figure 5) [86]. The IRI is an indicator for evaluating the quality of the pavement
and for defining the characterization of pavement roughness in terms of vertical devia-
tions [87]. On the other hand, rut depth is employed to characterize the pavement texture,
which is normally categorized in four levels: (i) microtexture (<0.5 mm), (ii) macrotexture
(0.5 mm-5 cm), (iii) megatexture (5-0.5 cm), and (iv) unevenness (>0.5 m). Different indices
are used to describe those parameters, such as MPD (Mean Profile Depth), MTD (Mean
Texture Depth), and RMS (Root Mean Square). For example, MPD is generally used to char-
acterize macrotexture, while RMS is generally used to describe megatexture. Microtexture
may be associated with superficial roughness.
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Figure 5. The IRI. (a) Two profilometers mounted on a vehicle and (b—d) examples of roughness,
MPD and IRI measurements, respectively.

The profilometer is usually mounted on a vehicle that must keep going along the
road at a specific velocity to accomplish the standards [88]. The equipment consists of a
laser-based profile measuring sensors conformed by [89]:

1.  Inertial unit (accelerometer) combined with the Quarter-Car System (QCS) and a laser
height sensor to balance vertical vehicle motion.

2. Distance Measuring Device (DMI) to measure the distance. For instance, an odometer
or GPS.

3. A system to collect and store the data.

This technique is mainly used in flexible pavements aiming to detect the following
superficial distresses:

Cracking detection [90].

Disintegration such as potholes, raveling and bumps and sags [87].
Deformation: shoving and corrugation, depressions [90].
Segregation and roughness [87].

Cross-sectional profile slope and texture of the lane [86].

Roughness and texture measurements can be combined with different NDTs to im-
prove the results. Some of these techniques are FWD [91,92], GPR [93], and skid resis-
tance [94,95].
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Apart from the IRI, a pavement management system (PMS) has other pavement
condition indicators to evaluate pavement performance, such as the Pavement Condition
Index (PCI), the Present Serviceability Index (PSI), the Pavement Structural Condition
(PSC), the Pavement Quality Index (PQI) and the Skid Resistance Index (SRI). The PCI
is the most practical indicator [96] because it considers the pavement distresses (type,
severity, and extent) connected with the IRI [97]. Moreover, among the most crucial factors
determining the pavement performance in terms of users’ safety is the level of friction of
the surface course. In this regard, skid resistance is defined as the resistive force or friction
developed to prevent a tire from sliding along the road surface [98]. A reduction in skid
resistance allows for detecting superficial distresses such as polishing aggregates, raveling,
and bleeding [99]. Furthermore, work by [100] has recommended the combination of FWD,
GPR, the IRI, rut depth and skid resistance measurements to be part of any PMS.

3.5. Ground-Penetrating Radar

Ground-penetrating radar (GPR) is a most effective non-destructive technique (NDT)
that is widely used in infrastructure condition assessment [5]. It is a geophysical technique
that uses electromagnetic waves to detect objects in the shallow subsurface. GPR transmits
electromagnetic waves into the survey medium, and then receives reflected signals from
different layers and objects. The characteristics of the received signal depend on the shape,
depth, and electromagnetic properties of the reflecting object [101,102].

GPR systems can explore up to a few meters into the ground through materials that are
non-homogenous and can absorb radar signals. The frequency range that is commonly used
in the civil engineering domain is 100 MHz-2 GHz [103]. For example, GPR systems with
antennas in the 10-1000 MHz range are used to investigate road pavements, tunnel liners,
and utilities on the meter scale [5], while antennas with a frequency between 900 MHz and
2.0 GHz are used to provide information in the top 0.3-1 m of the pavement [104]. The most
typical GPR antennas can be air-coupled or ground-coupled antennas. The air-coupled
antennas (from 1 to 2 GHz) are normally mounted on a mobile vehicle and suspended at a
certain distance from the surface (from 0.5 to 0.6 m). Conversely, ground-coupled antennas
(from 10 MHz to 2 GHz) normally operate in contact with the surface or suspended just
above it (from 2 to 5 cm).

The major strength of GPR in infrastructure condition assessment is that it can col-
lect data at driving speeds when using air-coupled antennas and represent the data reli-
ably [103]. Moreover, the image resolution of the GPR system can be on a centimeter scale,
depending on the system’s bandwidth. This scale of resolution corresponds well to the
scale of mapping required for infrastructure assessment [5]. Figure 6 shows an example of
GPR systems, and sample radargrams to detect underground pathologies in pavements.

The main applications of GPR for pavement assessment are:

Cracking detection [105,106],

Measuring the thickness of pavement layers [107-109],
Voids detection [110,111],

Subsidence and sinkholes [112,113],

Rebar detection and localization [114-116], and
Moisture damage [114,117-119].

GPR is used as stand-alone equipment to provide information about pavement con-
dition. However, other NDT methods such as FWD [10], IRT [68,70], ERT [120] and
seismic [121] can be combined with the GPR surveys so that the data obtained from dif-
ferent methods can complement each other. Section 5 presents a detailed compilation of
selected published works dealing with the combination of GPR and other NDTs.
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Figure 6. GPR. (a) Air-coupled system, (b) array multi-channel (ground coupled) system,
(c) 500 MHz radargram showing reinforcement settlement (red rectangle) and early sinkhole (red
ellipse), and (d) 1 GHz radargram showing both surface cracks (white ellipses) and embedded cracks
(white rectangles) [122].

3.6. Deflectometers

The deflection-based measurement method is a non-destructive test widely used to
assess pavement structural conditions. The Falling Weight Deflectometer (FWD) is the most
effective and reliable NDT method for pavement deflection measurements worldwide [123].
The FWD simulates pavement responses under traffic load by applying an impulse load
that consists of a weight dropped onto a damped spring system mounted on a loading plate.
Then, the vertical deflection responses are measured by sensors placed around the load
plate. The deflection sensors can be geophones or force-balance seismometers. Figure 7
shows an example scheme of an FWD.

The FWD has other variants developed for specific field test requirements: the light
deflectometer (LWD) and the heavy deflectometer (HWD). The LWD is a lightweight and
portable variant of the FWD, which is generally used to control the quality of unbound
pavement layers as described by the ASTM E2583-07(2020) standard [124]. On the other
hand, the HWD employs a heavier load than the FWD, and is used to evaluate the condition
of thicker pavements found in airports and container terminals [125].

The FWD is widely used for bearing capacity evaluation [126]. The standard procedure
for bearing capacity evaluation is to measure the deflection bowl resulting from a series of
geophones located at different distances from the load. The elastic modulus of each layer
can be estimated through a back calculation using the deflection values obtained in situ
and knowing the thicknesses of the pavement layers [127]. The reliability of the estimated
moduli depends on the accuracy of the layer thickness data. While coring is a destructive
method of thickness measurements, the GPR method allows continuous assessment of
layer thickness in a non-destructive way. Therefore, the combination of FWD and GPR tests
improves the quality of pavement structural evaluation results [128].
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The main applications of the FWD method for pavement assessment are:

Bearing capacity evaluation and elastic modulus estimation of pavement layers [129],

[}
e  Cracking detection [130,131],
e  Debonding detection [132,133],
e  Subgrade strength estimation [134], and
e  Moisture variation monitoring [135].
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Figure 7. Falling Weight Deflectometer. (a) FWD scheme, (b) two different FWD devices, and
(c) example of FWD measured deflections on a road section [136].

As previously mentioned in Section 3.4 Profilometers, the FWD is widely combined
with roughness and textural indicators such as IRI, rut depth and skid resistance measure-
ments. There are also published works combining the FWD with GPR data, aiming to
detect cracking and/or debonding [10], and fatigue stress calculation [137].

The FWD is an effective method for evaluation on the project level, but it has limi-
tations when operating on the network level. The FWD is a stationary instrument that
requires traffic blockage or lane closure. Therefore, it is not well suited for network-level as-
sessment due to cost and traffic disruption [138]. As a result, deflection-measuring devices
that operate at traffic speed, such as a Traffic Speed Deflectometer, a Rolling Weight De-
flectometer, and a Rolling Dynamic Deflectometer, are more appropriate for network-level
use [139-141].

3.7. Passive Seismic Interferometry

Seismic Passive Interferometry (PSI) is considered among the most widely used geo-
physical surveys for the engineering exploration of the ambient seismic records on the
subsurface, by converting the cross-correlation of the recorded noise into a signal as a re-
flected seismic wave [142,143]. In another meaning, PSI is the detection of the low-frequency
spectrum, mainly in the range (0-10 Hz) of the natural movements on the subsurface. Seis-
mic PSI could provide continuous data acquisition on the seismic activities for a specific
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area. The principle of PSI is divided into two parts; the first part is striking a hammer or
aluminum plate on the ground, and the second part is related to the recorded reflected
seismic waves (amplitude) by geophones (sensors) at a specific time. This geophone is
usually accelerometers or velocity transducers, which convert earth movements to a voltage
(amplification magnitude of the ground) [144]. Figure 8 shows an example of a seismic
passive test on a test site.
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Figure 8. Passive Seismic Interferometry method. (a) Seismic passive test on site, (b) display screen
of seismic passive test, and (c) seismograph.

PSI has been used in many civil and geological engineering applications, and some of
the main applications related to road inspection are:

Shallow geology and soil characterization [145],

Investigation of pavement layers including granular layers [146],
Soil-foundation interaction, and seismic activities [147], and
Sinkhole detection [148].

Combination of PSI and GPR has been widely considered in different research studies,
and results have demonstrated a good agreement for the investigation of shallow geology
applications such as seismic microzonation [149].

3.8. Electrical Resistivity Tomography

Electrical resistivity tomography (ERT) has multiple and distinct areas of applications,
from civil engineering to hydrology and geology, among others [150]. The technique allows
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greater penetration when compared with many other geophysical techniques. However,
both vertical and horizontal resolutions, that is the ability to clearly identify the anomalies
in terms of geometry, are very low. Therefore, this limitation is widely considered when
operating to detect small and shallow cracks on the surface or at very shallow depths.

ERT is based on the emission of electrical current through current electrodes-metal
poles-into the soil and this is the energy received in the potential electrodes. The method-
ology started with 1D Vertical Electrical Sounding (VES), but the 1D sounding survey is
probably not sufficiently accurate due to lateral changes in the ground resistivity. The ge-
ometries of the 2D array are related to the type of application due to the different lateral and
vertical resolutions, penetration depth, and signal-to-noise ratios (SNR) that characterize
each technique [151]. The Wenner array (Figure 9), where the electrodes are placed at a
distance a, generally provides high signal-to-noise ratios, a good resolution of horizontal
layers, and good depth sensitivity [152]. The pole-pole array has the greatest depth of
investigation. The difference in potential (AV) between two electrodes can be converted
into the apparent resistivity (p); thus, considering a the distance between the electrodes
and I the intensity of the current, the solution is given by the expression AV = Ip/2ma.
The (apparent) resistivity obtained is then related to the material type, where the electrical
resistivity of air is infinite.

©

AV

a - a L a
Figure 9. A scheme for Wenner array.

The most complex part of the ERT is that it normally requires the insertion of the metal
electrodes into the medium. Therefore, in both concrete and asphalt, it is required to drill
holes to introduce the electrodes and to achieve contact with the material. The pole needs
to be inserted in a way so no space should exist between it and the surrounding medium.
The air has very high electrical resistivity; therefore, a bad contact will not allow the electric
current to be injected downwards. There are two types of electrode methods for electrical
resistivity survey (ERS): the pole electrode method (PEM) and, the most recent one, the flat
electrode method (FEM) (Figure 10).

Inversion algorithms are used to determine the true resistivity maps in either 2D or
3D as the apparent resistivity gives a pseudo image of the subsurface resistivity. During
the inversion process, the available information on the subsurface structure and resistivity
of the study area should be taken into account in order to build a satisfactory inversion
model [153].

Figure 10. Two different methods exhibited in [154]: (a) the pole electrode method (PEM), and (b) the
flat electrode method (FEM).
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The asphalt is an electric insulator so the value of the electrical resistivity could not
be measured. Park et al. [154] simulated four different cases: field ground with/without
cavity and concrete pavement with/without a cavity. Results indicated that all existing
cavities were encountered and well delineated in both cases independently of using the
PEM and the FEM.

The main applications of the ERT method for road inspection are:

Road pavement instability such as bedrock fractures and depressions [155,156],
Weathered layer materials [155-157],

Stratified layers [158],

Cavities and sinkholes [159-162],

Degradation of concrete slab (rebar corrosion and delamination) [163], and
Grouting injection [164].

ERT is a great technique to assess the pavement condition, specially it can help to
differentiate between cavities with air or water. However, due to the mentioned limitations,
it is recommended to integrate with other geophysical or NDT techniques, such as: Very-
Low Frequency Electromagnetic (VLF-EM) [155,156,159], gravity [160], magnetics [156],
InSAR [161], and GPR [161,165].

Figure 11 illustrates the correlation between GPR and ERT data, showing contamina-
tion areas beneath a road surface.
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Figure 11. GPR profile (top) showing saturated /contaminated area surrounded by red dots, and the
corresponding ERT profile (bottom) surrounded by black dots [165].

3.9. Rebound Hammer

Comprehensive strength is the most considered parameter for the assessment of the
in-site hardness of concrete material. The most widely used non-destructive technique
as a complementary method in addition to the hardness method (core sampling) for
the evaluation of the in situ concrete is the Sclerometer test (called Rebound or Schmidt
hammer). The Sclerometer test procedure is standardized according to the normal condition
for the in situ concrete [166]. The principal procedure of the rebound hammer is based
on the correlation between the concrete compressive strength and the surface hardness of
the concrete (Figure 12). During the application of a rebound hammer on the structural
member, or cement concrete pavement, a spring system releases the hammer mass (a circle
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approximately 15 cm radius), then a plunger strikes the concrete surface; and as a result,
the mass rebounds at a certain distance known as the rebound number. Therefore, the
compressive strength can be calculated based on the average rebound number and the
correlation of the formulas or curve. The examined near-surface concrete layer thickness
for the rebound hammer is approximately 30 mm. Data reliability depends on the concrete
surface that should be clean, flat, smooth, and dry during the testing campaign, and
considering tests on a non-reinforcement steel rebar area is strongly recommended to avoid
unreliable results, but to obtain an accurate measurement of rebound number [167,168].

&5 % Concrete
¥ ./ Surface

¥ Spring
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Rebound hammer A ) 7
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e M
DX % plunger Rebound hammer mass
s - Compression spring

Figure 12. Rebound hammer typical scheme [167].

The use of the rebound hammer in civil engineering, and most specifically in pavement
assessment, is addressed in different studies:

Condition assessment of concrete (compressive strength) [167,169],
Preliminary identification of damaged surface concrete layer after fires [168,170,171], and
Uniformity and quality of the cement concrete [172].

It is recommended to use a rebound hammer as a complementary technique with
crushing compressive strength tests based on core samples in order to validate results, and
also combined with other semi-destructive and/or non-destructive tests such as chloride
testing, covermeter test, half-cell test, and ultrasonic pulse velocity technique [173-175].

3.10. Covermeter

The covermeter is among the most usable electromagnetic wave-based non-invasive
techniques for the detection and localization of the embedded steel reinforcement rebars
in the concrete structural members, or even in the cement concrete pavements [176,177].
Within this technique, the Ferroscan device is among the widely used NDT techniques
to determine the rebar diameter thanks to a two-level precision over the first 6 cm of the
concrete surface. The equipment has been designed with a display monitor, scanner on
a 600 mm scanner square board (Figure 13). Images can be conducted in a horizontal
positioning of steel rebars and ducts in any reinforcement concrete structures including
cement concrete pavement in a non-destructive way and easy to use. In addition, Ferroscan
can be used for concrete cover measurement outside of reinforcement zones or crossing
zones [176]. A low-depth penetration technique and the challenge faced in detecting
concrete cover in high reinforcement density zones are considered as limitations of the
covermeter device.

The main applications of the covermeter technique for road pavement assessment are:

e  Detection and localizing rebars [176,177],
e Identification of rebar diameter [176,178],
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e  Concrete cover measurements (limited still under research) [178], and
e  DPipeline leakage detection [179].

This technique has been combined with other NDTs such as gamma ray, pulse-echo
and GPR for the non-destructive evaluation of post-tensioned beams [176,180].

I8
Ferroscan |

Figure 13. Covermeter (Ferroscan) and site scanning. (a) Scanning in vertical direction, (b) scanning
in horizontal direction including Ferroscan device, and (c) a typical sample of a Ferroscan image for
steel reinforcement details [177,181].

3.11. Ultrasonic Pulse-Echo Test

The ultrasonic pulse-echo (UPE) inspection technique is among the highly recom-
mended non-destructive techniques for the in situ and full field evaluation of rigid pave-
ments, and concrete structures. UPE is considered among the advanced NDTs in the current
industry-academia sector, and particularly in field inspection cases. This method uses a
pulsed laser or Q-switched laser to produce ultrasonic waves in a remote and contactless
way [182]. If the pulse is generated by impact at a single point instead of a pulse from a
transducer, it is known as the impact-echo (IE) method.

The configuration of the pulse-echo device is composed of the scanning head, which
consists of two lasers for sensing scans and mounted with a two-axis translation stage
(Figure 14). Then, the inspector can automatically scan the inspection area by supporting
the mentioned stage. The inspection is of a high speed, which is up to 1600 points per
second at a specific internal rate of 0.25 mm (or 2500 points per second for the interval of
0.1 mm). The pulse-echo technique has been used for interface defects with a pavement
structure in both aspects of detection and survey, and the reliability of results has a good
agreement when combined and compared to GPR and other NDTs. This method can be
also used for the evaluation of the pavement material properties [183].

The main applications of ultrasonic waves for the assessment of the road transports are:

Concrete thickness [184],

Steel reinforcement mapping [185,186],
Delamination/debonding [187,188],

Joint diagnostics of concrete deterioration and spalling [189,190],
Flaw detection and defects [191,192],

Material properties and asphalt compaction [193,194], and
Detection of urban sinkholes [195].
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Figure 14. Pulse-echo ultrasound technique scheme [196].

The ultrasonic technique is widely combined with other NDTs such as GPR and
infrared tomography [188], resonant images [197], metal magnetic memory method [198],
and seismic wave technology [199].

Table 1 summarizes the damages and dimensions in pavement assessment for each
NDT technique described in this section. The order of the techniques is the same as this
section; from remote test to contact one, and from flexible to rigid pavement.
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Table 1. Table summarizing the damages and dimensions in pavement assessment for each NDT technique described in this section.
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Damage/Dimension
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RGB imaging
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4. Methodology for Reviewing Process

This review study focuses on the integration between GPR and one or more non-

destructive techniques for pavement assessment. Figure 15 shows the method of the search.
The main criteria considered were:

We used Scopus and Web of Science databases to retrieve the related research publi-
cations. A set of keywords of non-destructive tests relevant to our review topic were
used to cover a broad area of research articles.

We considered manuscripts such as review articles, original research, technical notes,
and case studies when they matched the search criteria. Then, the redundant or
irrelevant publications were excluded from the initial review list based on reading the
title and abstract of each publication. For example, publications related to cultural
heritage preservation were excluded, as they are not relevant to our review.
Publications list was from Open Access articles, and our institutional available pub-
lishers (Elsevier, IEEE Xplore, ASCE, Springer, and Taylor & Francis).

A total of 122 publications were relevant to the review topic including 25 articles that
were added from the references during the review process, but only 32 articles were
selected for the detailed review in Section 5. The selection criteria were based on the
completeness and contribution of the work and the overall quality of the research.

Scopus (109) Web of Science (131)

Y
( N\

Merge the results and remove the
duplicates (202)

Y
4 N\

Remove irrelevant articles based on
preliminary review (169)
N\ J

Y

Get list of related articles with
combined work with GPR (122)

- /

Y
4 N

Select articles for detailed review
(32)

Figure 15. Flowchart for the search method.

The selection of publications to be reviewed in-depth and their relevance reflected the

views of the authors. Moreover, this review does not include all the existent papers, but we

considered journal articles rather than conference publications when they addressed similar
topics, and measured data rather than experimental or simulated data. Original research
and case study articles were preferred over review articles, especially those indexed in the

Journal Citation Reports (JCR) database.



Remote Sens. 2022, 14, 4336

24 of 40

Studies combining GPR with other NDTs for road pavement assessment have shown
more interest in recent years. Figure 16 shows the number of publications relevant to
this review topic per year since 1993. The most were published in 2016 and 2017, with
14 each, and then, in 2021, 13 were published. The majority of the publications reviewed
were articles and conference papers, at 68% and 28%, respectively, as shown in Figure 17.
Elsevier was the top publisher with 37 reviewed publications, while the American Society
of Civil Engineers (ASCE) was the second with 17 publications as shown in Figure 18.
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Figure 16. Number of related publications reviewed in this work (122 selection), per year since 1993.
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Figure 17. Publications reviewed in this work categorized by their type as stated in the Scopus database.
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Figure 18. Number of relevant publications (122 selection) per publisher since 1993.

5. Review of Combination of GPR with Other NDTs on Pavement Assessment

This section presents the most relevant works in the literature dealing with the com-
bined application of GPR and other NDTs for road pavement monitoring, by considering
the methodology and the criteria described in Section 4. Table 2 presents the compilation of
these articles, thus providing information about the objective of the work and the NDTs
combined, as well as the GPR antennas used, and the main findings obtained from the
combination of the different methods.

Table 2. Relevant published works combining GPR with other NDTs on road pavement assessment.

Objective NDTs GPR Antennas Findings Publisher Reference
FWD was able to determine the modulus of each structural
To establish a maintenance Ground-coupled layer (bearing capacity evaluation), but the deflection
treatment decision- RSP antennas with a values obtained cannot describe the level of the integrity of
. . ¢ frequency bandwidth of  the pavement structure nor the existence of internal defects Taylor &
making system using the FWD, 200-3000 MH d 3D GPR d the thickn £ cach F . [200]
NDT technology based on 3D GPR — 1z and extent. measurec the thic ness of eac rancis
(antennas separation of structural layer (to determine thickness deficiency) and to
an expressway 7.5 cm) detect the internal damage distribution (crack rate ratio) in
the pavement structure (width and weight of damage).
The modeling approach presented demonstrated (i) the
To d?rii\l?nsrtrzf mni plz‘_/ver material moduli estimated through back-calculation
Zensiig ?:lat agin Fhe RSP FWD Air-coupled antennas (deflectometric data integrated with GPR-based
ﬁ-amewo;gk of pavement éPR ! (frequency antenna thicknesses), based on the multi-layer elastic theory, showed MDPI [86]
conditions. The gst site was not provided) a interquartile range of RMS varying from 2.3 (25%) to
an interurban motorwa 4.9 (75%); (ii) that the IRI is a significant predictor of critical
y subgrade strains (with p values less than 0.05).
To provide a method to
i?llzliz(;‘]ti:zhrei siodll C;‘fﬁ;t;(:tl GPR was used to measure the layers” boundaries of the soil
ofa dama%g o dpairpor : Ground-coupled after grouting. No noticeable thickness deviation was
runway: the underpanel FWD, GPR antennas (frequency observed with GPR. The FWD showed that deflections ASCE [201]

grouting method (UPGM)
and its verification by two
inspection techniques,
GPR and FWD

were significantly reduced after grouting. Thus, the
combination of both techniques has demonstrated the
efficiency and effectiveness of the UPGM.

antenna not provided)
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Table 2. Cont.

Objective

Findings

To assess the bearing
capacity of a flexible
highway pavement. The
importance of using GPR
measured thickness in the
back-calculation process
(to obtain layers’ elastic
moduli) is addressed in
this study

For a road extension of 31 km, the results showed that 70%
of the GPR thicknesses estimated were under the design
thickness, and almost 2/3 of the section would have a
significant error in the pavement response models if
GPR-estimated thickness is not used.

To investigate the cause of
structural distress (cracking
and rutting) in a foamed-
asphalt warranty project

The section showing severe distress demonstrated higher
FWD deflections (three to 4-fold higher). The SPA (Seismic
Pavement Analyzer) has shown much lower base moduli in
the distressed area than in the intact locations. DCP
(Dynamic Cone Penetrometer) demonstrated that the base in
the distressed area was loose and lacked cohesion. However,
SPA has indicated that the subgrade modulus is uniform
throughout the project, which suggests that the distress is not
associated with variations in subgrade strength.
GPR was used to evaluate moisture content at distressed
areas, but significant variations were not observed (as
supported by laboratory testing). The combination has
shown that failure is associated with the base (foamed
asphalt) lack of strength.

To investigate the
integrated approach of
GPR and FWD to locate
failure in roadway
pavements. Three different
case studies are addressed

GPR was able to detect; Project 1—(i) the extent of
stripping problems at various depths and high porosity
that caused delamination, (ii) high dielectric measurements
indicating wet base, and (iii) a poorly compacted AC layer
and poor longitudinal joints; Project 2—(i) a porous layer
(high reflections) causing debonding and surface distress;
Project 3—(i) a poorly compacted AC layer (high air void
content) and wet base. FWD was able to detect: Project
1—(i) that the areas with high deflections have stripping
(from GPR), (ii) base stiffness, (iii) inadequate pavement
structure (or bearing capacity); Project 2—(i) loss of
support or weak structure (high deflections), and
(ii) thinner layers (debonding).

To investigate the
premature pavement
failure of heaving and
cracking on a roadway

GPR has detected approximately 84% of the bumps/dips
detected by the profiler (RSP). Moreover, there was a
section of the roadway showing the same GPR signature
(not identified by the RSP) that could indicate further
heave in the future. FWD and complementary DCP
showed that the heaved/cracked areas are losing structural
load support most probably due to ineffective stabilization.
As GPR does not penetrate through the clay layer, ERT was
able to map the soil strata, identifying anomalies with high
organic contents. It was concluded that heaving was
caused by high organic content.

To develop a rapid testing
methodology and testing
parameters to assist in
detecting and quantifying
tented cracks in asphalt
pavements by using a
multi-sensor
non-destructive testing
system with a single
positioning and
navigation system

NDTs GPR Antennas
Air-coupled
bistatic antennas with a
FWD, GPR central frequency of
1.0 GHz
FWI.)’ G.PR’ Not provided
seismic
Air-coupled
FWD bistatic antennas with a
GPR central frequency of
1.0 GHz
Air-coupled
RSP, FWD, bistatic antennas with a
GPR, ERT central frequency of
1.0 GHz
GPR,
LiDAR, IRT, GSSI 400 MHz
. round-coupled
video &
antenna

cameras, IRI

The study introduced two parameters; peak height value
(PHV) and spacing between two consecutive peaks (SBP) to
assess the intensity and frequency of tented cracks; (i) these

parameters have a strong relationship to the ride quality

indicator IRI; (ii) these parameters can be used to
determine the extent and location of critically affected
segments of the road; (iii) GPR, LIDAR, video, thermal, the
IRI, and pavement inspection data were used to
successfully validate the parameters, which were obtained
from surface profile measurements; further; (iv) GPR can
be used to detect moisture conditions that contributes to
the formation of the tented cracks.

To assess the condition of
visible deteriorated
concrete pavement that
includes a layer of concrete,
a granular base and their
interface (with presence of
air voids at the interface)

Bistatic ground-coupled
antennas with a central
frequency of 1.5 GHz

GPR, IE,
USW

GPR was able to accurately estimate pavement thickness
and to locate air voids between concrete and granular base
layers. The USW allowed estimating the dynamic elastic
modulus and wave phase velocities of the concrete,
although the existence of air voids at the interface could
affect these results (more affected at full wavelength range).
The IE was fairly accurate in estimating thickness of
concrete pavements, but as in the USW method, these
estimations could be affected when using the full
wavelength range.
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Publisher Reference
Elsevier [136]
ASCE [202]
ASCE [203]
ASCE [204]

SAGE
Publications [205]
Inc

Elsevier [206]
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GPR can accurately estimate both the air voids diameters
and depths, while the IE is only able to determine voids
depths. GPR was able to detect air voids larger than 20 mm
To compare the GPR and in diameter with —8.9 to 30% error. The void depth
IE methods in detecting GPR.IE Antenna with a central estimation by GPR was more accurate only for larger voids Penerbit [207]
the size and depth of air ’ frequency of 1.6 GHz (up to 67 mm), while IE was more accurate in estimating UTM Press
voids in concrete slabs epths for smaller sizes. This later could be cause: the
ids i lab. depths f ller sizes. This 1 1d b d by th
presence of moisture content in the slab attenuating GPR
signals, in addition to the frequency resolution (with a
theoretical minimum diameter of 15.6 mm).
To evaluate deteriorated GPR created GPR condition (delamination) maps and
bridge deck slabs through Multiple eround- and corrosion (through signal attenuation). The IE was able to
the combination of NDT GPR RH. IE air—IZoug led GPR estimate thicknesses and to detect delamination. The RH SAGE
methods: GPR, hammer ’ s ple detected spalled areas and delamination. HCP was able to Publications [208]
. . HCP systems, which ranged . N N
sounding (RH), ultrasonic from 1.0 to 2.6 GHz detect corrosion. The correlation between different NDTs Inc
impact-echo, and half-cell ’ ’ was analyzed, resulting in 90.2% for GPR vs. HCP, 79.3%
potential (HCP) for GPR vs. IE, and 76.4% for HPC vs. IE.
Damage maps were created for each technique, and it was
found that IE, IRT, and GPR methods correlated well. The
IE and IRT methods have estimated similar levels of
damages, while GPR estimations were significantly lower
To evaluate bridge deck (most probably due to debgndmg and s1gr1.al attenuation
s . . 1.5GHz caused by excesses of moisture and chloride contents).
condition using combined round-coupled antenna However, the IE method is preferred over IRT imagin,
NDTs. Three different case ~ GPR, IE, IRT 87971 e0tb e o b e ose abioct e e ther conditions. B ASNT 209]
studies on bridge decks and 1. z air-couplex ecauseAlt was less su ]ectl_ve _to weather con 1t10ns_, and its
are addreseed (horn) antenna analysis was more quantitative than IRT. Comparing the
field time for each technique, IE and IRT have comparable
times, although the IRT processing was considerably
higher. Regarding GPR, the field time should be lower, but
it can be larger due to obstacles in the road surface that
makes the data acquisition process difficult.
To assess the capabilities
of different methods The acoustic techniques, chain drag and IE, showed results
A ground- led q &
(chain drag, GPR and ante ngn :lxlzvithcglll% %HZ consistent with coring. Nevertheless, the chain drag is
impact-echo) used to ’ susceptible to errors due to subjective interpretation, and
. GPR, IE, center frequency, and an L . .
evaluate a concrete bridge - . the IE method, although more quantitative, is extremely Elsevier [210]
. chain drag array of 64 air-coupled . . -
deck showing antennas with 2.4 GHz time-consuming and the results are not always conclusive.
corrosion-induced nter fr n The GPR method demonstrated its capability to detect
delamination, and center frequency delamination, even through asphalt-overlaid decks.
validation with coring
Field measurements revealed the limited capability of GPR
to detect cavities beneath the surface, whereas UPE
completely failed to detect cavities. Conversely, IRT was
To measure the depth and successful at detecting cavities near the surface under
size of cavities in CP())ncre te convenient weather conditions. GPR and UPE detect defects
anel. throueh the GPR. IRT Ground-coupled deeper inside material, while IRT is incapable to determine
p mbir,1 tion gf thr UI”E ’ (dipole) antennas with depths. GPR is rather accurate to determine depths (for Elsevier [188]
col ation o ee 2.6 and 1.5 GHz defects not too close to the surface), and IRT is the most
different NDTs and itable to d dof 1 depths. The £
validation with coring suitable 'Fo gtect efects at lowest 'ept s. The fastest
method during field work was IRT, while GPR was the most
time-consuming. For GPR depth estimations, the dielectric
properties of media need to be calibrated. UPE was unable to
detect shallow cavities or provide overestimated values.
To propose a new
surveying methodology . . GPR provided subsurface geometry of the superstructure
aiming to evaluate the (ﬁ;;?z}éévﬂesniz:l:ﬁﬂw (asphalt layer thicknesses and base/masonry boundaries)
structural integrity in GPR I’; GHz center frequency and exact positioning of the structural ties. High )
masonry arch bridges T . frequencies to detect thicknesses and low frequencies to Elsevier [32]
based on the integration of INSAR (10 cm spacing), and detect structural ties
. . dual-frequency 200 and . )
multi-source, multi-scale 600 MHz anterna system InSAR (PSI technique) was able to measure structural
and multi-temporal Y displacements mainly caused by flooding.
radar data
InSAR (DInSAR technique) was able to estimate
subsidence and deformation rates in the zone. DEM
(Digital Elevation Model), from LiDAR data, allowed
assessing the topographic changes by anthropogenic infill
Shielded of the sinkholes and ground leveling. GPR identified a
To investigate a sinkhole GPR, roun(lie-coeu led concealed sinkhole that seems to be affected by the highest
in an urban area using INSAR, ante%l nas with 1%)0 MHz subsidence rate detected by DInSAR. Moreover, GPR Elsevier [161]
different NDTs LiDAR, ERT revealed that subsidence was mainly caused by sagging.

center frequency

However, GPR was affected by the presence of highly
conductive anthropogenic deposits and the gardened areas
of the park. ERT detected subvertical discontinuities and
faults related to the development of a concealed sinkhole,
although this method was restricted by urban elements.
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Objective NDTs GPR Antennas Findings Publisher Reference
Reflection seismic allowed identifying, from top to bottom:
a sediment layer, the bedrock and a deeper layer of
evaporites (exceeding 60 m); showing this later poor
geotechnical properties and sinking. INSAR (PSI technique)
was able to measure a vertical downward displacement
due to ground instability. Reflection seismic was validated
. . using coring/borehole, while INSAR was validated with
To detect sinkholes in leveli hni InSAR identifi itical P
urban areas through an ) eveling tec niques. In: identi les critical areas o
. Array with deformation but is not able to detect sinkholes. GPR was
integrated and GPR, 54 " d ful to detect surface breaks. sinkhol d
non-invasive multi-scale INSAR Tansmiting an usetulto detect surface breaks, sinkholes, an
L . 4 receiving 400 MHz down-dipping layers (sinking areas) related to the presence MDPI [30]
approach combining reflection . too.
seismic reflection, INSAR seismic shielded antennas of forming sinkholes. Furthermore, the use of 3D GPR
topographic level,in and (8 cm spacing) allows obtaining the 3D depth volumes of deterioration.
pograp 8 The penetration depth of GPR was more limited than
3D GPR . L .
reflection seismic (the evaporite layer was only detected by
seismic). With InSAR it is possible to delineate the area
affected by subsidence phenomena, especially in urban
areas where the presence of targets (e.g., buildings) allows
an excellent coverage; but for vegetated and cultivated
areas, GPR is recommended (especially in
roads or grasslands).
GPR was able to measure thicknesses of pavement
To investigate the quality Air-coupled (horn) construction layers, and two layers were identified. GPR
of the pavement surface in GPR, RSP antenna with central results were validated with coring. The RSP allowed De Gruyter [211]
a runway frequency of 2 GHz determining a low-quality pavement but sufficient to
remain in use.
Cracks on the road surface can be detected by analyzing
amplitude variations of GPR data. Additionally, crack
To combine depth can be estimated by detecting the hyperbolic
ground-penetrating radar Ground-coupled reflection at the bottom of the crack with an error of 5.5%.
and infrared thermography GPR, IRT antenna with a central Infrared thermography can detect cracks by analyzing the Elsevier [68]
to evaluate the cracks in frequency of 1 GHz temperature change between the crack and the asphalt
asphalt pavements surface. Combining the two technologies allows for the
assessment of crack depth, detection of filler material, and
identification of the crack’s origins and severity.
To propose an integrated
method of combmng The integration method enhanced the identification and
ground-penetrating radar e O S .
. quantification of subsurface delamination of bridge decks.
(GPR) and infrared . o . - N i
Antenna with a central Additionally, it showed consistent results with the traditional .
thermography (IRT) for GPR, IRT £ ; Elsevier [212]
. requency of 1600 MHz methods based on the inspector assessment. However, the
concrete bridge deck - P
i proposed method needs to be validated with different use
condition assessment and P
: cases and to be within an automated framework.
to compare the results with
other inspection methods
Combining GPR and IRT technologies for bridge condition
To use GPR and IRT to assessment expands their capabilities and reduces their
generate comprehensive GPR.IRT Antenna with a central limitations. Based on the results of the two bridges, ASCE [213]
condition maps for RC ’ frequency of 1600 MHz integrating GPR and IRT data provided reliable condition -
bridge decks maps and prevented possible overestimating or
underestimating the bridge’s deck condition.
Joint interpretation of data from different non-destructive
techniques can lead to efficient maintenance planning by
detecting the internal damages that can affect the internal
structure before having any sign of the damage on the
surface. (i) GPR is used to identify the defects through the
scattering attenuation of the GPR signal, while IRT is used
To propose a combined to detect areas with deep cracks or material loss based on
prop Ground-coupled their higher surface temperature compared to the
use of GPR, IRT, and TLS — cpp gy, ith 500 and dings. TLS is used he width and length
techniques to detect road , , antennas wit an surroundings. is used to meqsgre the w1“t an engt Elsevier [70]
N . . RGB, TLS 800 MHz central of any defect detected at a superficial level. (ii) The relation
deterioration and its ¢ - .
requencies between surface defects and their subsurface root causes

possible root causes

was associated by integrating the interpretation of data
from the three techniques. (iii) A sinkhole at 2 m under the
surface was identified in the study area, using subsurface
GPR and IRT data without prior knowledge or signs on the
surface. (iv) The overall data interpretation can be
improved when using higher GPR antenna frequencies to
analyze the data in the same depth range as IRT.
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Publisher

Reference

To use a combination of

non-destructive tests for

condition evaluation of
different bridges

(i) Three types of bridges with different construction
systems were used in this study; (ii) TLS and DSLR
cameras were used to assess the surface condition of the
bridges and to detect corrosion, vegetation, biological crust,
and water presence. The overall classification accuracy of
the point cloud data was 92.49%, while it was 79.69% for
image classification. The ground-truth validation was done
through on-site visual inspection with the help of a laser
distance meter and measuring tape; (iii) GPR was used to
detect subsurface targets such as bridge piers, asphalt layer,
and rebar in addition to defects such as moisture damage,
voids, and cracks; (iv) point cloud data can be visualized in
addition to GPR data to improve the overall interpretation
of the bridge condition. Additionally, enriching point cloud
data with RGB data captured by the DSLR camera can
improve classification accuracy.

Springer

[214]

To propose a systematic
approach for detecting
reflective cracks using a
GPR and video integration
system, and to introduce
new indices for evaluating
interlayer systems in
hot-mix asphalt
(HMA) overlays

The proposed approach was used for four types of
interlayer systems: nonwoven reinforcing fabric with an
asphalt binder (system A), sand anti-fracture (SAF), an
interlayer stress-absorbing composite (ISAC), and a
modified leveling binder.

GPR was used to estimate overlay thickness and detect
joints and dowel bars of PCC pavements. The GPR and
video integration system was used to identify surface
cracks in overlays with the help of a crack map.

Joint associated reflective cracks were transverse cracks
that exist over a joint, while other transverse cracks were
not considered as reflective cracks.

Reflective cracking appearance ratio (RRCA) and
transverse cracking appearance ratio (RTCA) indices were
developed to evaluate strip and areawide interlayer
systems. Additionally, a weight function was introduced to
categorize crack severity.

The ISAC system showed the best performance over time.
Although the modified IL-4.75 leveling binder system
reduced the increase rate of RTCA, it was not as effective as
the other evaluated interlayer systems.

SAGE
Publications
Inc

[215]

To propose a method for
integrating
two-dimensional images
and GPR data to automate
accurate and efficient
pothole detection

GPR is an effective tool to differentiate between potholes
and other defects, such as pavement patches or shoving, as
GPR is sensitive to material changes. However, the result
was inaccurate in case of defects with embedded air voids
such as alligator and block cracking.

Potholes were first detected from GPR data, then the image
processing process was applied, and the pothole
segmentation region was performed using a geometrical
active contour model.

The pothole position and shape were extracted by integral
processing of GPR and image data with mean and standard
deviation of error percentage in pothole shape extraction
12.8 and 6.5%, respectively. The proposed method achieved
94.7% precision, 90% recall, and 88% accuracy.
Further improvements can be applied by incorporating
more data at traveling speed and using multiple GPR
antennas to cover the full width of the traffic lane.

ASCE

[58]

To detect and characterize
cavities and galleries and
evaluate the risk of
subsidence in the Sima de
Madrona area (Segovia
Province, Spain) by using
ground-penetrating radar
and electrical
resistivity tomography

NDTs GPR Antennas
DIELF antennas (200 and
cameras 600 MHz)
1 GHz horn antenna;
. 1 GHz air-coupled
GPR, video antenna; and 1.5 GHz
cameras
ground-coupled
antenna.
GPR, two
de}f}ilr;gi?i_on GPR with an
800 MHz antenna
camcorders
(RGB)
200 and
GPR, ERT 400 MHz antennas

(i) GPR reached a maximum depth of 5 m while ERT
provided a depth of 8 m. However, GPR detected cavities
at depths up to 3 m, while results were less beneficial
beyond that depth. ERT could identify cavities at depths of
over 5 m; (ii) it was possible to obtain more detailed results
of small targets with GPR as it has a better horizontal and
vertical resolution than ERT; (iii) a map showing the
detected galleries and cavities was created based on the
joint interpretation of GPR and ERT profiles. It was possible
to tell this risk of collapse of an area, based on the depth at
which cavities were detected and the observed materials.

Elsevier

[120]
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Objective NDTs GPR Antennas Findings Publisher Reference
GPR scans were effective to a depth of 5 m for identifying
near-surface materials, while ERT profiles were beneficial
when the bedrock was at depths over 5 m, and they were
used for estimating the elevation of the bedrock surface in
. the study area.
Antennas with four . .
Interpretation of the different frequencies GPR data captured using 450 MFz had the best resolution,
subsurface litholoe in the unshielded antennas (; ¢ and it was possible to detect the underground infrastructures
- o8y GPR, ERT . in the area. Elsevier [216]
Cléricy district, 100 MHz and shielded . .
Québec, Canada antennas of 80, 160, and ERT data complemented the interpretation where there were
’ 450 MI‘/IZ ’ surficial conductive clays, causing GPR signal attenuation.
Clay deposits corresponded to areas of low resistivity less
than 100 Q2.m while the resistivity of the bedrock has been
estimated at values more than 600 ().m.
Average bedrock depth map for the streets was created
based on the interpreted data from GPR and ERT.
The combined application of GPR, laser scanning, and FEM
computations can be used to assess road pavement conditions.
GPR was used to detect inhomogeneous compaction zones
To use laser scanning and and to assess the condition of the pavement structure,
GPR complemented by Two antennas with while laser scanning was used to detect cracks and
finite element method GPR, laser operating frequencies deformation of the pavement surface. Elsevier [217]
(FEM) calculations to scanning gf 400 arg1 d 980 MHz The results of standard intrusive tests validate the
diagnose cracks in bridge effectiveness of NDT methods in evaluating bridge
approach pavement structures where deformations have occurred.
The complement 3D finite element model (FEM) of the
approach pavement showed how the transverse cracks
were started and expanded at the abutment wall.
To propose a method for
iﬁ;r;ltlicjnd;f Zfﬁg;zggfg The combined use of GPR and covermeter can be used in
diameter of the twi GPR A hand-held system detecting the location of lap splices and to determine the
re?)arsao fet}?e ;; Se liceoin Covermé} ter with a central frequency direction of the overlap. Additionally, the sum of the Elsevier [218]
reinforced concrztepusin a of 1500 MHz diameter of the two rebars at the lap splice was estimated
combined utilization ng with an average error of 2.35% and a SEE value of 1.34 mm.
GPR and covermeter
The analysis of the amplitude of clutter caused by random
To develop a new scattering (GPR signal) allowed detecting sedimentary
approach baI:e d on the structures such as subterranean streams and paleochannels.
Pgm litude of the GPR Antenna with a central Not detected by ordinary GPR results (coherent signal).
backscgtterin enereyv to Seismi c frequency of 25 MHz. Numerical simulation was used to validate the interpretations. MDPI [149]
detect s}?allowgy q Y Passive seismic (PSI) was used to validate GPR results,
cological targets showing a good correlation. Thus, the steam presence was
geologlc 8 associated with a typical double peak (PSI) while, in the GPR
data, it was interpreted as high backscattering amplitude.
GPR was able to detect subsidence, fractured rock, and
To identify formin cavities. Moreover, 3D GPR data provided the extent of the
inkhol yn d kar. t% GPR Dual antennas with 200 damage. Seismic refraction tomography (SRT) was able to
¢ st oles a ka§ N d Sei ! and 600 MHz delineate areas of fractured rock and cavities. GPR and SRT Springer [219]
ea uzgz:;: :ofar(;i/ae ) roa eismic center frequencies were in good agreement and the integration, together with
y geological studies, revealed an incipient subsidence
(indicating a potential sinkhole geohazard).
Low electromagnetic (EM) measurements detected a
pre-existent pavement, although this method has a low
vertical resolution compared with GPR. The 900 MHz, with
the best resolution, focused on the shallower pavement (slab,
base, and subbase), while the 200-600 MHz antenna reached
the subgrade and subsoil interface. GPR also detected a
To assess a rigid airport GPR. IRT Dual antennas of pre-existent pavement located below the subbase layer.
avement th%ou hlic)he Seis/m ic ! 200 and 600 MHz, and Moreover, GPR gave a quantitative estimation of the slab
f ombination of sge veral (SRT), EM. single antenna with thicknesses, with an absolute error of 3 cm. Elsevier [220]
. S 900 MHz center ERT was used to characterize the deeper part of the
eophysical methods ERT berp
geophy frequencies pavement and foundation soil. Thus, ERT identified the

same layers configuration of the pavement identified by
GPR (thickness and depth), as well as the pre-existent
structure. Moreover, ERT allowed identifying anomalous
areas (e.g., cracking-prone zones). Finally, seismic
refraction tomography (SRT) was able to estimate
mechanical parameters.

6. Final Remarks and Further Perspectives

The joint processing of the data can be challenging as well due to data heterogeneity
and suitability for the application. Therefore, complementary NDTs should be selected
carefully to fit the purpose of the assessment mission. For example, using technologies such
as InSAR can be effective in urban areas at a network level to detect sinkhole formation
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activities or subsidence and identify the critical areas that need to be inspected carefully,
then a complimentary inspection using GPR and other NDTs can be performed on the
project level within those areas inspected [31,36]. Additionally, GPR can be integrated
with other surface and subsurface NDTs to define key performance indicators (KPIs) to
support decision making and planning for maintenance [205,221,222]. Table 3 summarizes
the most interesting combinations to detect both superficial distresses and superstructure
deterioration or failure. Considering that the purpose of this review is the combination
of GPR with other NDT, this method is transversal to all the combinations and a specific
column for GPR was therefore not included.

Table 3. Most interesting NDT combinations for the assessment of both flexible and rigid pavements.

PSI/USW

InSAR MSI/HSI RGB IRT LiDAR RSP FWD Seismic ERT RH Covermeter Ultrasonics
LiDAR InSAR InSAR InSAR InSAR LiDAR RSP GPR InSAR Covemeter GPR IRT
IRT LIDAR LiDAR  LiDAR MSI/HSI RGB  GPR  Ultrasonics  FWD lli)atlefncill Ultrasonics RH
- . Half-cell

GPR IRT IRT MSI/HSI RGB FWD  Seismic GPR Ultrasonics .
potential

Seismic GPR GPR IRT GPR ERT Magnetic GPR
ERT Ultrasonics ~ GPR Gravity Chain drag
Seismic

Resonant

images

Metal

Magnetic

Memory

This review presents insights into the combined use of GPR in conjunction with other
NDTs to assess road pavement conditions. The integral use of the NDTs has received
more attention in recent years since it provides a more comprehensive assessment of the
road network. Using proper NDTs alongside GPR can provide detailed condition maps
for surface and subsurface in the same area under different weather and illumination
conditions. As a result, the limitation of each NDT is minimized while the overall value is
empowered.

Nevertheless, there are many challenges encountered when working with a combination
of systems. The data collection process varies in time and cost among different NDTs. In
addition, the manual surveying process is subjected to safety risks due to open traffic [223].
Several studies addressed those issues by proposing data collection methods based on
multiple sensors mounted on the inspection vehicles. Using such practices in inspections
can minimize the data collection time and the traffic disturbance and lead to more overall
collection process efficiency. In addition, using modern robot-based systems [224,225] allows
autonomous data collection and provides near real-time data analysis capabilities.

Each NDT can provide georeferenced data when it is integrated with a global posi-
tioning system (GPS). However, it is yet processed as independent data by the specialists.
Consequently, the lack of communication between those specialists can lead to a loss of
required contextual information [176]. Hence, it is essential to use collaborative platforms to
share and visualize the processed data among the experts. Thus, integrating such data with
geographic information systems (GIS) platforms can contribute to empowering pavement
management systems (PMS) [226]. Several studies employed GIS software for visualiza-
tion on a limited scale [212]. Nevertheless, GIS platforms have capabilities to store, share
and visualize the geographic data through both local and online environments, allowing
collaboration between different parties.

On the other hand, Digital Twin and its underlying technologies such as 3D GIS, Build-
ing Information Modeling (BIM), and Internet of Things (IoT) can enormously contribute
to the digital transition and the preventive maintenance procedures for road infrastruc-
tures [227]. Progress, assessment methodologies, and maintenance techniques are highly
dependent on the quality of interpreting the data-driven from field case studies or construc-
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tion sites. For this reason, the use of new emerging technologies, such as digital twins, is
crucial. Furthermore, extracting detailed information and predictive models from GPR com-
bined with other NDTs datasets is highly recommended. Such results could be incorporated
with data-driven road-based sensors for real-time monitoring and predictive maintenance.
This could deliver significant supporting tools for decision-making owners/operators for
road assessment management plans.

In the same context, the new trends and current knowledge of using intelligent data
analysis such as machine learning and deep learning are employed within the project’s
lifecycle to automate the process and obtain most of the available data. It can be used
in multiple phases, from operating the data acquisition platforms, processing the NDTs
datasets, and employing it in PMS and digital twins. For example, GPR data processing
is time-consuming, and the interpretation depends on the experience of the specialist.
However, recent research is concerned with applying deep learning techniques to interpret
and digitize GPR data and use the existing data to make robust learnable detection models.
Similarly, machine learning techniques are applied to other NDTs, such as LiDAR, visual
imaging, and IRT, for automating the interpretation and digitization process. In addition,
most of the real-world systems that integrate multiple data sources incorporate intelligent
data analysis to make sense of the data, as it can detect hidden patterns, build reliable
predictive models, and enable real-time monitoring [228]. Moreover, using state-of-the-art
technologies to monitor road pavements has significant practical and economic benefits for
improving overall road network quality and reducing maintenance costs.

In conclusion, GPR and other NDTs can be combined to provide comprehensive
knowledge about both surface and subsurface features of rigid and flexible pavements
on network and project levels. There are opportunities for using state-of-the-art machine
learning techniques to automate data processing and digitization. Moreover, incorporating
the extracted data in GIS and BIM environments in addition to using Al is a base to set up
robust pavement management systems and digital twins and to support industry 4.0.
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