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Research Highlights

An “integrated” holistic approach for structural health monitoring of masonry arch
bridges

Non-destructive assessment using multi-source, multi-scale and multi-temporal
information

Use of high-frequency (2000 MHz) and low-frequency (200-600 MHz) GPR antenna
systems

Use of the Interferometric Synthetic Aperture Radar (InNSAR — C-band sensors) technique
A case study (the “Old Bridge” at Aylesford, Kent, UK- a 13" century bridge) is
presented
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Abstract

This paper provides an overview of the existing health monitoring and assessment methods for
masonry arch bridges. In addition, a novel “integrated” holistic non-destructive approach for
structural monitoring of bridges using ground-based non-destructive testing (NDT) and the satellite
remote sensing techniques is presented. The first part of the paper reports a review of masonry arch
bridges and the main issues in terms of structural behaviour and functionality as well as the main
assessment methods to identify structural integrity-related issues. A new surveying methodology is
proposed based on the integration of multi-source, multi-scale and multi-temporal information
collected using the Ground Penetrating Radar (GPR — 200, 600 and 2000 MHz central frequency
antennas) and the Interferometric Synthetic Aperture Radar (InNSAR - C-band SAR sensors)
techniques. A case study (the “Old Bridge” at Aylesford, Kent, UK — a 13" century bridge) is
presented demonstrating the effectiveness of the proposed method in the assessment of masonry
arch bridges. GPR has proven essential at providing structural detailing in terms of subsurface
geometry of the superstructure as well as the exact positioning of the structural ties. InNSAR has
identified measures of structural displacements caused by the seasonal variation of the water level
in the river and the river bed soil expansions. The above process forms the basis for the “integrated”
holistic structural health monitoring approach proposed by this paper.

Keywords: masonry arch bridges, “integrated” holistic structural health monitoring approach; non-
destructive testing (NDT) assessment, ground penetrating radar (GPR); Interferometric Synthetic
Aperture Radar (InNSAR); Remote Sensing monitoring

1 Introduction

Arch bridge structures are very common and historical types of asset vital to the economy, mobility
and development of communities. The oldest example of an arch bridge is the Mycenaean bridge of
Kazarma, dating back to 1300 BC and still partially operational. From that time onwards, stones and
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bricks have been used as primary construction materials for arch bridges up to the steel revolution
period, when iron became the more dominant structural material.

Masonry arch bridges are very solid and compact forms of structures, suitable to resist floods and
time degradation. In this regard, a comprehensive research by [1] counted 931 Roman masonry arch
bridges in 26 different European countries, with many of them still standing and used to carry
vehicles.

No doubt an effective assessment and routine monitoring of bridge structures are nowadays crucial
for maintenance, regardless of their historical value and mobility function. As an example, more
recent reinforced concrete structures require routine, precise and reliable monitoring due to
increasing traffic volumes and operational speeds of transports. On the other hand, historical
bridges, and mostly arch bridges, represent a cultural heritage asset where sampling or digging parts
of the structures is often constrained for structural investigations.

Non-destructive testing (NDT) methods are being increasingly used to meet the above requirements
for assessment and monitoring of modern and historical bridges during their service-life period. In
this regard, efforts have been dedicated to the monitoring of dynamic responses of bridges,
including deflections and displacements induced by thermal expansions and vibrations. Health of
bridges can be assessed using various monitoring methods and sensors, such as ground penetrating
radar (GPR), GPS, accelerometers and levelling [2-5]. Recent applications of the ground-based
microwave interferometry have been also reported in the literature for both static and dynamic
monitoring of bridges [6-7]. However, constraints given by installation costs of in-contact sensors
and time duration of periodical field surveys have not allowed collection of time-series monitoring
for many bridges in the long term.

Scour and differential settlements of bridge decks are also elements of major concerns for their
structural integrity [8-9]. Scour is defined as the excavation and removal of material from the bed
and banks of streams as a result of the erosive action of flowing water [10] . This action in the vicinity
of bridge piers can cause removal of ground material at the foundation level, increasing the risk of
structural collapse. This occurrence can be emphasised by changes in water flow rates during
flooding that can affect the structural stability of bridge piers. According to Prendergast and Gavin
[11], scour can be monitored by a range of instrumentation including single-use devices, pulse or
radar devices, buried or driven rod systems, sound-wave devices, fiber-Bragg grating devices and
electrical conductivity equipment. However, information available from the literature on this type
of failure have proven that collapse for many of these structures (more than 600) can verify in a
relatively short period of a few decades [12,13]. These figures also confirm that stand-alone and
integrated use of ground-based techniques, including NDT methods, does not represent the most
comprehensive solution to this specific structural issue.

Within this context, use of satellite data-based synthetic aperture radar (SAR) interferometry
(InSAR) has proven to be effective at measuring displacements of infrastructures and natural terrain.
A main advantage of this technique is that millimetre-scale changes of multiple discrete points can
be monitored remotely in time and over large spatial areas [14-15]. Early-stage use of INSAR was in
the analyses of large-scale deformations caused by earthquakes or vulcanoes with several spatial
resolution constraints [16]. This drawback was addressed by the use of recently-developed C-band
SAR sensors, with a centimetre accuracy and a higher availability of images with a wider spatial
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coverage, as well as the X-band SAR sensors, working in the X-band range. X-band SAR sensors are
capable to collect images with a higher spatial resolution providing measurements with a millimetre
accuracy. In addition, the considerable amount of orbiting SAR sensors have allowed acquisition of
satellite images with a very short temporal baseline [17]. These improvements have recently
contributed to a tremendous increase of applications to linear infrastructures [18,19] and bridges
[20-24]. On the other hand, it worth emphasising that stand-alone use of the INSAR technique cannot
be accounted as a unique solution for providing comprehensive structural health monitoring, as no
information can be collected on the source of damage [18].

Within this framework, it is the opinion of the Authors that a more comprehensive structural health
monitoring strategy can be pursued by the integration of multi-source, multi-scale and multi-
temporal information collected using ground-based non-destructive testing (NDT) methods and
satellite remote sensing. This is more emphasised in the case of historical bridges, where use of
traditional destructive techniques is often constrained for conservation purposes and time of

intervention is crucial to avoid irreversible and inestimable structural failure.

2 Aim and Objectives

The main aim of this paper is to investigate the potential of integrating information from satellite
remote sensing and ground-based non-destructive methods for a comprehensive monitoring of
historical masonry arch bridges subject to seasonal changing patterns (variations of the water flow
level of rivers crossed). To achieve this aim, the following objectives are identified:

e to provide a good overview on main structural issues in masonry arch bridges in order to
identify advantages and limitations of existing assessment methods (i.e., conventional and
non-destructive);

e to prove the viability of using GPR as a rapid and effective NDT technique in providing
structural detailing of the bridge deck. To this purpose, applicability of high-frequency and
low-frequency antenna systems was investigated to achieve structural information such as
thickness and geometry of bridge components and the exact positioning of the structural ties
at different depths and resolutions;

e to assess amount of displacements of the bridge structure linked with seasonal variations of
the water flow level of the river crossed by the bridge;
e to test the feasibility of the Permanent Scatterers Intereferometry (PSI) technique in bridge

monitoring applied to a medium-range ground-resolution datasets (i.e., C-band), paving the
way to future implementations using higher resolution sensors (e.g., X-band).

3 Masonry Bridges

Masonry is defined as a structural material made by the assemblage of natural (stones) or artificial
(bricks) elements, with or without mortar, suitable for the realisation of the bearing elements of a
structure [25]. In view of a similar morphology, brick bridges should be analysed together with stone
bridges as a part of them [26]. The typical structure of a masonry arch bridge is shown in Figure 1.
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Fig. 1 Main elements of a masonry arch bridge (UIC Code 778-3R) [27].

Stone arch bridges rely on several advantages compared to concrete bridges. A larger proportion of
locally available resources are used in stone bridges as they can be built with local labour and stones.
On the contrary, raw materials and machines have to be moved on site for the construction of
concrete bridges and specialised technical expertise are required. Compared to expensive
aggregates, local stones are strong and affordable materials often available in the vicinity of the
construction site. In regard to the construction costs, concrete bridges require more investments and
use of specialist equipment that do not compensate for the cost of additional man-days usually
required for the construction of stone arch bridges. Risk of floods washing the stone arch culverts
away is reduced by their own weight. In addition, the interconnecting arch and the heavy weight
prevent typical technical challenges related to concrete bridge abutments (i.e., the tilting and sliding
exerted by the backfilled soil mass).

Nevertheless, concrete bridges appear as a more suitable technology option in case of higher labour
costs and larger spans are involved. In this regard, the maximum single span in stone bridges is
usually less than 20 meters. In case of larger single spans, reinforced concrete is a better option as
the volume of stone masonry becomes heavier. Capacity building of local artisans and contractors
is another challenge to consider, as lack of expertise may be costly to replace. To this effect,
industrialised countries have opted to use pre-stressed concrete rather than investing money on
expert masons and casual labourers. In this framework, the stone arch technique for construction of
bridges is nowadays less employed or it has been abandoned [26].

3.1 Structural issues in masonry arch bridges

Main failures in historical arch bridges relate to the development of a mechanism chain with
formation of hinges, by sliding, or by a combination of these. Compression strength in models
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accounting for these failures is not relevant. However, the masonry compression strength must be
considered in two other instances, i.e., i) looking at the developing hinges where maximum
compression forces are reached, and ii) considering arch bridges under maximum equal load.
Maximum equal load can be reached by widening the road lane and therefore increasing the dead
load of the bridge.

Structural defects can be normally related to four main factors, i.e., (i) construction, (ii) long-term
loading, (iii) transient loading and (iv) the environment [25]. A combination of defects deriving from
the contribution of all the above factors is usually verified in existing masonry bridges (Figure 2). It
is also worth noting that modern traffic loads, heavier than in the past, could affect seriously the
structural integrity of older bridges. On the contrary, well-maintained masonry arches not subject
to heavy loads are probably among the most durable constructions.

Fig 2 Most frequent damage types and location in arch bridges. A) cracks in the abutment joint or pier with
arch; B) cracks in spandrel beam and parapet wall; C) cracks in corners; D) loosening of voussoirs; E)
detachment at the arch key; F) longitudinal cracks; G) disconnection of the arch ring; H) opening of the
spandrel beam; I) opening at the abutment wall; J) crosswise cracking; K) cracking at the arch key; L)
deposits.

4 Assessment Methods for Masonry Arch Bridges

Several methods with different levels of complexity have been developed for prediction of in-service
behaviour and load-carrying capacity of masonry arch bridges. These range from expeditious
procedures based on empirical rules, to limit-state-analysis-based approaches [28], up to the most
advanced non-linear computational formulations (e.g., finite-element and discrete-element
methods).

According to Lourengo [29], selection of the most appropriate method depends on several factors. It
is worth to mention, amongst others: (i) the structure under analysis; (ii) the desired level of
accuracy; (iii) knowledge of material properties and experimental data available; (iv) financial
resources; (v) time requirements and experience of the analyst. As a general recommendation, the
best approach must guarantee a trade-off between amount of input information, overall fitting to
different scenarios and viability of the outputs.
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Three main classes of methodologies for structural analysis of masonry arch bridges and assessment
of load-carrying capacity can be identified [30]: (i) semi-empirical models, (ii) equilibrium-based
models and (iii) numerical models. To this effect, it worth mentioning that use of non-linear
numerical models (e.g., finite-element methods) is capable to provide a realistic simulation of the
structural behaviour of masonry arch bridges through advanced computational tools via non-linear
models. Within this framework, the provision of significant input data is a major task in numerical
modelling, regardless of the complexity of the numerical model. Therefore, the continuous
monitoring of historical masonry structures and collection of reliable information by advanced
monitoring techniques is crucial to ensure an effective structural assessment.

41 Inspection and monitoring techniques for the investigation of masonry arch bridges
4.1.1  Destructive testing methods

As well as the information on the geometric parameters of a bridge, numerical models require data
about material properties. Information are often collected from test specimens, taken from the
original structure [31]. To this purpose, destructive tests can be applied to samples and natural-scale
structural elements, leading to permanent damage. Their use is more constrained or not possible in
case of historical bridges. Semi-destructive tests are also performed with a lower intrusiveness in the
structure or material under investigation. Nevertheless, these methods cause a local loss of
functional properties and require repairing of the structure at the end of the testing process [32].
Main destructive testing methods used for the monitoring of masonry bridges are summarised in
Tab. 1.

Table 1 Main destructive testing methods used for the monitoring of masonry bridges.

Method Description References

Scope of this method is to extract material and provide geometrical

information on the internal structure of the bridge. Cores are then Proske and val Gelder [31]
visually analysed in order to collect information about layer thickness,  Berndt and Schone [33]
and hollow sections, amongst others.

Core Drilling

Release of a stress in a small area of a structure by a plane cut

perpendicular to its surface. The pressure is increased until the point of

non-linearity is identified in the load-strain curve. A wide range of Vicente etal. [34]
information can be estimated for structural assessment of old masonry  Bindia and Tiraboschi [35]
buildings, including the masonry stress state, compression strength and

Flat-Jack Testing

the elastic modulus.

4.1.2  Non-destructive testing methods

Non-destructive testing is a multi-disciplinary scientific area concerning the evaluation, inspection,
testing and characterisation of materials and structures through methods that do not significantly
alter the original properties and arrangement of materials or structures [36]. There exist several types
of NDT techniques (Tab. 2) relying on different theoretical principles, and producing different sets
of outputs/information in regard to the physical properties of a structure [37]. NDT methods allow
for a non-intrusive and detailed survey of civil engineering infrastructures. To this effect, they have
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become popular in the health monitoring of infrastructure heritage assets, where non-intrusiveness

to the structure is a key requirement [38].

Table 2 Main non-destructive testing methods used for the monitoring of masonry bridges.

Method Description References
Direct transmission involves the passing of a compressional wave through the
thickness of the wall (or the structure) under investigation. The velocity 4 A vy 39]

Sonic transmission

Sonic tomography

Seismic reflection

Impact-echo system

Electrical
tomography

impedance

Electrical
measurements

resistivity

Ground penetrating

radar

Infrared thermography

Radiography

Laser scanner

Aiborne DinSAR

Unmanned Aerial

vehicles

Interferometric SAR

magnitudes may be plotted in a contour map format. This allows a fast
evaluation of the relative conditions of the masonry walls or an evaluation of
the internal fabric of a structure, such as a masonry arch bridge.

This technique is an improvement of the sonic transmission test method as
tests are performed along non-perpendicular paths to the wall surface as well
as in a direct mode.

The initiation and reception of the sonic wave are both performed on the same
face of the masonry such as in the case of the indirect transmission mode. The
stress wave recorded is the direct stress wave reflected from any internal flaw
or the rear face of the structure investigated.

A stress pulse is introduced into a test object by mechanical impact on the
surface. The pulse propagates into the object along spherical wave-fronts as
compression or shear waves, or P- and S-waves. Arrival of reflected waves (or
echoes) at the surface where impact was generated produces displacements
that are measured by a receiving transducer and recorded by a data
acquisition system.

The method allows a 3D imaging of the dampness distribution in a brick wall
by measuring its electrical properties.

The distribution of conductivity is determined through repeated
measurements (for different configurations of the excitation probes) of

potentials on the surface of the masonry.

The energy reflected by the dielectric discontinuities within the subsurface is
recorded by means of a receiving antenna and it is subsequently processed
and displayed through a display unit.

This technique is based on a process in which heat at any temperature is
converted into a thermal image using specialised scanning cameras.

Very short wavelength electromagnetic radiations penetrate through solid
media, being partially absorbed by the medium. The radiation passing
through the material can be detected, recorded and monitored by electronic
sensing equipment.

Laser scanner, also referred to as Light Detection And Ranging (LiDAR), is
used for 3D data acquisition of both topographic and close-range objects. The
equipment allows an automated dense sampling of the object surface within
a short time range.

The airborne interferometric SAR system can detect ground displacements
and motions due to natural hazard-events (i.e. earthquakes, landslides)
providing high operational flexibility. Flexibility on diversifying directions of
the flight-trajectory during the acquisition stage can overcome some of the
limitations of satellite acquisitions, e.g. the detection of deformations along
the North-South direction.

Unmanned Aerial Vehicles (UAVs) are flexible observation platforms suitable
to cover inaccessible areas on demand. Research is focussing on the
development of miniaturised sensing technologies complying with UAV
payload constrains and capable of providing high-resolution images.

SAR system is an active satellite system that provides electromagnetic images
of the Earth’s surface by emitting electromagnetic pulses at frequencies
ranging between 0.23 GHz and 40 GHz. The basic principle of InNSAR relies on
the phase comparison between multiple SAR images of the same investigated
area collected at different time periods with similar looking angles from space.

McCann and Forde [37]

Colla [36]
Williamson [40]

McCann and Forde [37]

AA. VV. [39]

Biernat et al. [41]
Hola et al. [42]

Fauchard et al. [43]
Bungey et al. [44]
Benedetto and Pajewski,
[45]

Daniels, [46]

Solla et al. [47]

Orban et al. [48]

McCann and Forde [37]

Lubowiecka et al. [49]
Riveiro et al. [50]

Perna et al. [51]
Perna et al. [52]
Perna et al. [53]

Rosen et al. [54]

Ferretti et al. [55]
Colesanti et al. [56]
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For the purpose of this paper, GPR and InSAR techniques are described in more details in the
following subsections. For a deeper analysis of advantages and limitations of these techniques,
readers are suggested to refer to Bianchini Ciampoli et al. [18].

4.1.2.1 Ground Penetrating Radar

The basic principles of GPR are well-established [57]. A transmitting antenna emits an
electromagnetic (EM) pulse into the ground which is partly reflected when a target with different
dielectric properties is encountered, and partly transmitted to deeper layers. The energy reflected
from discontinuities in impedance is received by means of a receiving antenna and is subsequently
processed and displayed by means of a display unit. If the transmitting and receiving antennas are
moved at a constant speed along a linear path, a cross-sectional image of the material can be
generated. Alternatively, if scans are collected in a regular grid pattern, a three-dimensional image
of the target can be produced.

After the data acquisition stage, GPR datasets can be edited and several processing techniques can
be applied in order to produce a clearer image for data interpretation and evaluation purposes.
Preliminary processing steps are the application of temporal and spatial filtering and the use of time
gain adjustments of signals recorded [58,59].

GPR has been successfully used to monitor bridge decks within the context of identification,
assessment and health monitoring of rebars, rebar cover length, depth of cracks, settlements, ingress
of moisture and delamination, layers of materials, cavities, location of rebars and other structural
features (beams and columns) as well as bridge abutments (leakage, cracks and settlements) [49,60-
65]. GPR is one of the most recommended NDT methods for use in masonry arch bridges in view of
its rapidity in data collection, high accuracy and penetration depths as well as the provision of an
overall qualitative internal image [37]. GPR has also proven potential at providing information about
the hidden geometry [66], bridge foundation detailing [67], ring stone conditions [68], moisture
content, fills conditions and asphalt cracking [62]. Usually, high-frequency antennas above 1 GHz
are used to achieve the resolution for detection of shallow targets within the structure [69]. In some
instances, such as the evaluation of the internal structure of a masonry arch bridge or a harbour dock
wall, a higher penetration of the electromagnetic energy is required and lower frequency antennas
in the range 100+500 MHz must be used.

Lubowiecka et al. [49] used the GPR technique for the estimation of homogeneity and heterogeneity
features in a bridge structure. In order to model the structural behaviour of the bridge, a finite
element-based structural model was defined by integrating GPR and laser scanner data. In this
regard, Saarenketo [70] argued that, due to the complexity of information involved in a bridge
survey, stand-alone use of GPR cannot provide a comprehensive framework for structural health
monitoring purposes. However, it is recommended for initial mapping and subsurface target
location. GPR was also coupled with laser scanner by Solla et al. [66] to assess historical masonry
arch bridges. The technique has proven good potential in providing valuable information about
hidden geometric features of the bridge, and the integration with laser scanner data allowed to create
tinite-difference time-domain (FDTD) models of the bridge. Solla et al. [66] used GPR to survey
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several stone arch bridges located in Spain. Results revealed previously unknown geometrical data
and hidden internal characteristics of the bridges, including the presence of internal voids, ancient
arches and restorations. Use of numerical modelling was done in order to identify the effects of
noise-related factors to the GPR signal and extract more viable information from the GPR datasets.
Numerical modelling was also used by Diamanti et al. [68] to simulate GPR testing scenarios and
investigate ring separation effects in brick masonry arch bridges. Outcomes have proven a good
correlation between numerical and actual GPR experiments. Conde et al. [71] presented a
multidisciplinary approach for the structural assessment of masonry arch bridges, carrying out a
comprehensive field survey fully based on the use of NDT techniques. To this purpose, laser
scanning, GPR, sonic tests and ambient vibration testing were integrated. Results demonstrated a
significant impact of the tensile nonlinear properties of masonry and the importance of fill materials
on the structural integrity of arch bridges. Moreover, advantages of using a three-dimensional
modelling approach were also pointed out, as critical transverse effects in the response of the
structure were successfully identified. Similarly, Bergamo et al. [72] combined GPR data with
information collected from destructive and non-destructive testing methods for the evaluation of
historical masonry arch bridges. The study investigated advantages of each technique in order to
identify an optimised in-situ testing procedure. The authors found the integration between GPR and
the thermographic analysis as effective for detection of moisture, discontinuities and non-
homogeneities in bridges.

4.1.2.2 InSAR for bridge monitoring

InSAR is a well-acknowledged remote sensing technique which has been applied since 1980s to
evaluate the deformation of the Earth’s surface [16], for geophysical monitoring of natural hazards,
e.g., earthquakes [73], ice motion [74], volcanism [75], landslides [76], and in subsidence and
structural stability assessments. The SAR system is an active satellite system that provides
electromagnetic images of the Earth’s surface by emitting electromagnetic pulses at frequencies
ranging between 0.23 GHz and 40 GHz. The received component of the spread field caused by the
scattering phenomena on the ground is therefore analysed in order to provide the final output.

A unique advantage of SAR satellites is the availability of new datasets of SAR images collected at
every satellite orbit around the Earth. The time elapsed between two consecutive observations of the
same area, known as the revisiting period, depends on the satellite's orbit and can reach up to a one
day-period.

The basic principle of InNSAR relies upon the phase comparison between multiple SAR images of the
same investigated area collected at different time frames with similar looking angles from the space
[77-80]. The phase difference is proportional to the surface deformation occurring at the time interval
between the acquisition of two consecutive images. However, it is also affected by the contribution
of topographic and atmospheric factors. Differential INSAR (DInSAR) refers to the interferometric
analysis of a pair of SAR images to identify and detect displacements on the Earth surface by
removing the topographic contribution through a Digital Elevation Model (DEM). Figure 3 shows
the relationship between the ground displacement measured along the satellite Line of Sight (LOS)
and the signal phase shift.
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Fig. 3 Main working principles of the DINSAR technique.

Following an extensive application of the DInSAR technology during the 90s, the atmospheric
contribution to the signal phase was identified as significant and affecting the quality of data
collected. In addition, the DInSAR allows for the detection of the phase difference only between two
SAR images. These limitations were overcome by the development of Permanent Scatterers
Interferometry (PSI) techniques, such as the PSINSAR [14] and the Small Baseline Subset [15,81].

These techniques are based on the statistical processing of multiple SAR images and a multi-
temporal interferogram analysis, for extracting long-term high phase stability benchmarks of
coherent PS point targets, namely Persistent Scatterers (PS) [14,55]. This allows to identify and
remove atmospheric-related noise and improve the accuracy of deformation measurements.

The main innovation of the PSI approach is in the possibility to analyse specific points on the ground
surface, i.e., the PS, and monitor the historical trend of their deformations. PS are characterised by a
stable amplitude and a coherent phase across all set of images in a dataset [14,55]. PS are usually
fixed features on the ground such as exposed rocks, manmade structures and infrastructures (e.g.,
railways, buildings, bridges, transmission towers), rocky outcrops, and any other permanent feature
that reflects a stable signal back to the satellite. The SBAS approach [81,82] is suitable to provide
dense coverage and higher precision for spatially smooth occurrences where no-point targets might
be identified but large, correlated displacements occur over natural targets. Recently applications in
Urban-cities were presented by [83] and [84] that confirm the innovativeness of the matters.

Finally, recent innovative results were obtained also using UAVS [52] and Airborne DInSAR [51]
which starting from the pioneering experiments of the last decade, is today affirming as a disruptive
technology through the use of drones and UAVs.

The PSI technique, such as the PS-INSAR by Ferretti et al. [14] and Ferretti et al. [55] is more effective
for high-spatial resolution occurrences, especially in case of very stable reflectors (i.e. man-made,
infrastructures monitoring, bridges) that might have independent displacements compared to the
surrounding areas [14,55]. The PSI technique was applied for the purpose of this research, and the
results are presented in Section 5.2.2.

The PSI technique works by the application of the following steps [55,57,85]:

i.  astatistical analysis of the amplitudes of the electromagnetic returns is developed on a pixel-
by-pixel base to compute an index of stability over time for each pixel;

ii.  identification of permanent scatterer candidates (PSC). These are pixels with a value of
stability index that exceeds a fixed threshold;
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iii.  computation of the interferometric phase A¢i for any PSC, at any i* interferogram;
iv.  identification and removal of the atmospheric phase contributions, orbital and noise-related
effects from the interferometric phase.

As a result of the above process, stable reflectors, i.e. the PS, can be identified over the inspected
area. This allows surface displacements to be measured with a millimetre accuracy [14,86]. At the
end of the process, displacement evolution trends can be generated for every PS, or an average
velocity map can be produced to provide an overview of the average ground motion over the entire
area of interest. Use of the PSI technique in the monitoring of bridges and transport infrastructures
(such as roads and railways) has been presented in several research [17,87-90] proving the
applicability of the method and the interest of the scientific community.

5 Case Study: the Aylesford Arch Bridge

The “Old Bridge” at Aylesford, Kent, UK is a multi-span bridge dating from around 1250 (Figure 4).

Fig. 4 Main features of the “Old Bridge” at Aylesford in Kent, UK. (a) side view of the bridge spans with
details of the main central arch span width and (b) width of the carriageway.

The bridge is constructed of local “ragstone” with seven arches including a central segmental arch
and six pointed and double-chamfered outer arches. The bridge width is about 4 m between the
centres of the stone-coped parapet. The end arches are partly buried by the river bank. The stone
piers have cutwaters on the upstream and downstream sides on rebuilt concrete foundations. On
each side, are octagonal and triangular canted pedestrian refuges resting on buttresses over the piers.
Below the bridge is a barge-bed constructed from large baulks of timber. The bridge underwent a
major alteration in the early 1800s, when the two central arches were replaced by a single arch of
18m span, removing a pier to allow passage for larger river traffic.

The bridge traffic is closed to cars and motorbikes, although it remains in use for pedestrians, cyclists
and horses. It is a scheduled ancient monument under the control of the English Heritage.
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51 Equipment and surveying methodology
511 GPR

GPR data were collected using several systems (Figure 5). The high-frequency acquisitions were
carried out using the RIS Hi-BrigHT GPR antenna array manufactured by IDS GeoRadar (Part of
Hexagon) (Figure 5a). The system consists of two rows of eight double-polarised 2000 MHz antennas
with a spacing of 10 cm that allows scanning with a footprint 80cm wide.

The survey was divided into three scanning ‘Zones’ to ease the data management stage (Figure 6).
The bridge deck was surveyed collecting four equally-spaced longitudinal scans along the main axis
of the bridge (Figure 7). In view of the cross-polarised configuration of the RIS Hi-BrigHT system,
transversal scans (i.e., scans across the bridge width) were not collected. However, the cross-
polarisation feature allowed to provide reliable C-scan maps at different depths.

Fig. 5 GPR antenna systems used for the investigation of the Aylesford bridge: the IDS Hi-BrigHT 2000 MHz
antenna system a) and the IDS RIS MF Hi-Mod system equipped with the TR Dual-F 200 MHz and 600 MHz
antenna b).

NOT TO SCALE

Fig. 6 The “Old Bridge”: drawing of the three survey zones.
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Fig. 7 Survey scheme of the “Old Bridge” followed using the 2000 MHz antenna system.

In addition to the above, identification of reinforcement bars from structural ties through the bridge
structure was also carried out. To this purpose, four scans were performed using the TR Dual-F 200
MHz and 600 MHz antenna system (reference penetration depth of 1.5 m and 2.5 m, respectively)
from the IDS RIS MF Hi-Mod (Figure 5b). The GPR apparatus contains an array of two antennas
with frequencies optimised for underground utility detection. Same reference coordinates taken for
the high-frequency GPR surveys as well as the same three areas were considered for this
investigation (Figure 8). It worth noting that four main scanning lines (i.e., white arrows in Figure
8a) were collected across the width of the bridge at the central axis of the area covered by the RIS
Hi-BrigHT antenna array.

Fig. 8 Survey scheme of the “Old Bridge” followed using the 200 MHz and 600 MHz dual frequency antenna
system: perspective view (a), and plan view (b).

5.1.2 SAR Imagery

Details of the dataset used for the interferometric analyses are listed in Tab. 3. At this stage of the
research, a dataset of C-band SAR with a medium-range resolution accuracy was collected and
processed to test the feasibility of the PSI application for the monitoring of the Area of Interest (Aol).
The analysis of the area is expected to be detailed by processing higher resolution X-Band SAR data
in a future stage of the research, in order to analyse the detected phenomena at a larger scale.

In this study, different single look complex (SLC) SAR images acquired in the interferometric wide
swath (IW) mode from the Sentinel-1a satellites (Figure 9) were used and processed. The Sentinel1A
mission is equipped with a C-SAR sensor with a medium-range resolution operating at C-band. The
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sensor has a central frequency of 5.4 GHz, corresponding to a wavelength of 5.55 cm. The IW mode
has a 250 km swath and a spatial resolution (single look) of 5 m in ground range and 20 m in azimuth.
After the application of the multi-looking operation, the spatial resolution of every pixel is 20mx20m.
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Fig. 9 SENTINEL-1 acquisition modes.

Table 3 Main information on the Sentinel 1A SAR imagery used.

Data Ownership Frequency Resolution Revisit Time Acquisition
. Number of X
Sensor Rights (Days) Time
Images
Range
Sentinel-1 A ghe EuAropean 5.4 GHz Centimetre 21 12 06/2015 =
pace Agency
2017
(ESA) 03/20

The data used in this study were acquired in the period comprised between June 2015 and March
2017, and images were provided by the European Space Agency (ESA).

It worth noting that number of images in descending selected orbit (chosen for the selection of SAR
images in ascending geometry) that covered the inspected area of interest were not enough for PSI
processing purposes within the period of interest. Therefore, results achieved in this paper are
exclusively referred to the ascending geometry.

52 Results
5.2.1 GPR investigations

Investigations carried out for the assessment of the entity of existing areas of surface damage with
the 2000 MHz antenna system showed evidence of surface reinstatement at all the three identified
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zones. This was allowed by the combined analysis of B-scan and C-scan maps from the data
collected. An example of identification of the sources of surface damage using the above approach
is provided in Figure 10. Depth-to-time conversion was achieved by assuming a wave propagation
velocity v of 10 cm/ns, i.e., an average dielectric permittivity ¢ in the multi-layered structure of 9.
This is in line with values indicated in literature review for materials composing the investigated
bridge subsurface structure [46].
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Fig. 10 Surface reinstatement over identified surface damages in Zone 3 from (a) a C-scan (5 cm deep) and (b)

a B-scan view.

Structural detailing has proven a second layer of base material placed beneath the asphalt layer and
directly on top of the stonework. This was likely arranged to avoid irregularities in the stone surface
and to provide a more uniform distribution of loads at the bottom of the structure.

Overall, the survey carried out with the 2000 MHz antenna system identified the total depth of the
bridge deck above the historic stonework to be variable across the bridge length, with the minimum
depth being at the centre of the widest arch. Figure 11 shows some of the most representative B-
scans collected over the three zones.
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Fig. 11 B-scans collected at the three zones from scan lines within the 2000 MHz antenna system array. Top
contour line (red): interface between the asphalt (top) and the base (bottom) layers; bottom contour line
(yellow): interface between the base layer (top) and the historic stonework (bottom). Zone 1 (a), zone 2 (b)
and zone 3 (c).

In general, it is possible to estimate the thickness /i of the i layered medium at the j* zone using
information on the velocity of propagation of the EM signal in the medium v (v =10 cm/ns, assumed
as a constant average velocity across the multi-layered structural configuration of the bridge deck)
and the time delay Atij between two consecutive reflection pulses in a GPR signal (i.e., reflections
from the top to the bottom interfaces of the i layer at the j" zone). These three variables are related
each other’s by the following expression:

v=2hij/ At (1)

The thickness values hij estimated from the scan lines of the antenna array have been averaged across
the width of the carriageway in order to obtain average thickness values h;; at the three zones.



461  With the purpose of providing an overview of i) the thickness of the asphalt layer and ii) the total
462  depth of the bridge deck above the historic stonework, their average thickness value h;; at each of
463  the three zones and the corresponding standard deviation i were calculated (Figures 12 and 13).
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465
466 Fig. 12 Thickness of the asphalt layer at the three zones investigated. Solid lines on each bar graph represent
467 the standard deviation of the values. Dashed lines stand for the range of values between maximum and
468 minimum values observed within the dataset of each zone.
469

470  Thickness values of the asphalt layer are not uniform and vary from 3 cm to 12 cm in Zone 1, 3+13
471  cmin Zone 2 and 4+12 cm in Zone 3 (Figure 12). The average thickness is 8 cm. In regard to the range
472  between minimum and maximum layer thickness over the three zones, the smallest variation (both
473  standard deviation omin and Ahp,in.pax) Was collected in Zone 1. On the contrary, the largest
474  variation in terms of Al max Was collected in Zone 2. Zone 3 turned out to be the area with the
475  largest variability of the asphalt layer thickness, according to the highest value of observed standard
476  deviation (omax =6 cm).

477  Figure 13 reports the bar graphs of the average value of the total depth of the bridge deck above the
478  historic stonework at each of the three zones and corresponding standard deviation.

479
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Fig. 13 Total depth of the bridge deck above the historic stonework at the three zones investigated. Solid line
on each bar graph represents the standard deviation of the values. Dashed lines stand for the range between
maximum and minimum values observed within the dataset of each zone.

Data analysis has demonstrated that total depth of the bridge deck above the historic stonework is
not uniform and varies across the surface of the bridge. The minimum value is oserved in Zone 2,
whereas the maximum depth is in Zone 3; the average depth is 42 cm. Similarly to the case of the
asphalt layer thickness, the smallest variation in terms of both standard deviation and Ahy, ;- pax
(i.e., the range between minimum and maximum values of total depth of the bridge deck above the
historic stonework within the concerning zone/dataset) was collected in Zone 1. In this regard, Zone
3 confirms to be the area with the largest variability (AR, in-pmax =53 cm) and standard deviation (o
=13 cm).

It worth noting that reliability of data for depths beyond 40 cm could be lower compared to shallow
depths, due to the limited penetration of the high-frequency antenna system. In addition, the
considerable variations observed for the asphalt layer thickness and the total depth of the bridge
deck above the historic stonework are likely related to the reconstruction underwent by the bridge
in the past (i.e., replacement of the two central arches) and the large areas of resurfacing identified
(Figure 14).
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Fig. 14 Evidence of pavement resurfacing across the whole width of the carriageway identified in Zone 1
from (a) a C-scan (4 cm depth) and (b) a B-scan view.

In regard to the use of the low-frequency antenna system, the 200 MHz and 600 MHz dual frequency
GPR was able to identify and locate the structural tie bars (Figure 15). Where location of these targets
was unclear, cross-matching with information collected from manual measurements and laser
scanner equipment were considered for the interpretation of the GPR data. This allowed to identify
hyperbolic reflection features to relate uniquely to the position of the structural ties, in case of weak
or multiple reflection patterns. More information about surveying methods, data processing and
presentation of data from the application of these techniques can be found in Alani et al. (2017).
Targets were positively identified within Zone 1 (5 tie bars — Figure 15) and Zone 2 (4 tie bars). No
structural tie bars were found in Zone 3.
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Fig. 15 Structural tie bars identified in Zone 1 using the 600 MHz central frequency antenna (IDS RIS MF Hi-
Mod GPR system).

5.2.2  Persistent Scatterers Interferometry (PSI) analyses

Results from the application of the PS-InSAR technique to the acquired datasets are reported in
Figure 16. Use of this technique has proven effective in identifying a set of 11 Permanent Scatterers
in the vicinity of the bridge.
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The multi-temporal InNSAR image processing workflow used to identify PS coherent targets and
estimate their annual average motion velocity and temporal history of displacements along the
satellite LOS direction, was developed according to the PS Interferometric Stacking Module. This
tool is available in the software SARscape integrated in Envi [91-93], under the license of the Eohops
Project MOBI approved by ESA (European Space Agency). Furthermore, a SRTM v3 DEM (Digital
Elevation Model) was collected and implemented into the interferometric process [94,95] in order to
identify and subtract the phase-related parameters linked with the topography.

Outputs were exported into a GIS software and the PSs were displayed as a function of the average
annual motion velocities.

Fig. 16 Plan view and 3D view of the PSs on the bridge.

Amongst the cloud of PSs obtained from the interferometric analysis, a subset of eleven PSs with a
temporal coherence from 0.65 to 0.80 have been identified as significant for bridge monitoring
purposes. Identified points have a temporal coherence ranging between 0.65 and 0.80. This implies
that use of a medium-resolution cell on the ground allowed to detect numerous points on the area
with a stable intensity. These spots were identified as PSs. In this regard, it is fair to comment that
these spots do not provide point information at the position of single structural elements of the
bridge. However, they constitute an essential information within the resolution area covered by the
satellite image with a huge potential for integration with other ground-based techniques.

As an example, a downward displacement is detected at the position of permanent scatterer PS1
(coherence of 0.64). Considering a pixel resolution on the ground of 20m x 20m, and the low
backscatter effect exerted by the river crossing the bridge, it is reasonable to relate this occurrence to
the bridge. The deformation velocity of the PS1 point is around -1.45 cm/year in the LOS direction.
Figure 17 shows the displacement history of point PS1 observed on the Aylesford Bridge within the
observation time frame.
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Fig. 17 Displacement time series of point PS1 observed between June 2015 and March 2017.

Furthermore, various PSs are located nearby the spans and the stack of the bridge. Figure 18 is a 3D
view of concerning PSs (PS2, PS3, PS6, PS7) identified in these areas. It worth to emphasise that use
of medium-range resolution cells does not allow to relate the displacements to a specific structural
element on the bridge deck. Nevertheless, it allows to identify areas of major concerns and black
spots where maintenance activities could be potentially prioritised.

Fig. 18 PSs located in proximity of the spans and the stack of the bridge.

From the observation of the displacement trends for the above set of PSs, it is possible to observe
seasonal effects on the upward and downward displacements of the scattering features over time.
In Figure 19, the displacement history of PS2 and PS7 is reported. It can be noticed an upward
displacement taking place in winter time for both the PSs, whereas downward displacements are
observed in late-springs and early summers.
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Fig. 19 Displacement time series of points PS2 (a) and PS7 (b) observed between June 2015 and March 2017.
The point-dashed linear lines represent the average displacement trend for the concerning PS.

A detrending operation was applied to investigate potential cyclical (seasonal) trends of the
displacements. To this effect, a trend in a time series is usually referred to as a change in the mean
of a function over a certain observation time. Accordingly, following the application of a detrend
process to the data, it is possible to remove a time-related effect from a particular event (such as a
down-lift or an up-lift event) causing distorted interpretation of results. To this effect, a linear
regression (LRi) of the temporal deformations was calculated for each i PS and the following
equation was applied:

PSpi*(t) = PSpi(t) — LR«(t) (2)

where t is the observation time, PSpi is the position of the i PS referred to the position of a stable
point (displacement = 0) and PSpi* is the detrended behaviour.

Furthermore, a normalisation process of the data was applied in order to compare seasonal trends
at various PSs with different amplitudes of displacements.

The millimetre displacements are expressed with reference to a known stable PS (displacement = 0)
in the observation time. Specifically, various PSs with a similar trend of deformation were detected.
The output of this analysis is reported in Figure 20, where the normalised displacement is displayed
against the acquisition time within the observation period.
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Fig. 20 Normalised detrended displacements for the identified set of 11 PSs observed between June 2015 and
March 2017. The point-dashed (red) line represents the average displacement trend (PSavg).

The detrending and normalisation stages highlight an upward trend of displacements during late
summer periods and a downward displacement trend during springs and falls.

The seasonal behaviours observed as a result of the PS analysis were compared to the hydrometric
data of the concerning area. To this purpose, flood data of the Medway River were analysed from
datasets by the UK National River Flow Archive (NRFA), hosted by the Centre for Ecology &
Hydrology [96]. The archive is the main focal point for hydrometric data in the UK, providing
stewardship of, and access to, daily, monthly and flood peak river flow data from over 1,500 gauging
stations across the UK. The NRFA collates, quality controls, and archives hydrometric data from
gauging station networks across the UK including the extensive networks operated by the
Environment Agency (England), Natural Resources Wales and the Scottish Environment.

In more detail, data of the flood (m?3/s) collected from the two nearest downstream stations to the
bridge location were used and analysed in this study:

- Station 40003 - Medway at Teston / East Farleigh (square marker in Figure 21)

- Station 40029 - Len at Lenside, tributary of the Medway River (round marker in Figure 21)
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607  Possibility to analyse the hydrometric trend of the area since 1985 was available. In order to
608 investigate a potential correlation between hydrometric and displacement data and verify potential
609  delayed effects, a larger period of observation (i.e., from January 2015 to April 2017) was considered
610  compared to the time frame used in the PS analysis (i.e., from June 2015 to March 2017). The output
611  of the flood analysis is reported in Figure 22, where the normalised flow is plotted against the
612  acquisition time from stations 40029 and 40003.

613
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08 40029

Normalised Flow [-]

614 Acquisition Time
615  Fig. 22 Normalised hydrometric flow data from stations 4003 (triangular markers) and 4029 (round markers).
616

617 A correlation between displacements identified by the INSAR analysis at the PS positions and the
618  flood trends recorded by the two stations is observed. More specifically, flood events occurred at
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winter time periods in years 2016 and 2017 (arrows in Figure 23) are found to have a close trend to
the peaks of upward displacements on the bridge observation area.
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Fig. 23 Comparison between the average trend of identified PSs and the hydrometric trend (weekly average
— station 40003) observed between June 2015 and March 2017. Position of the arrows indicate flow peak
periods matching with the upward displacements of the bridge.

An interpretation for this behaviour is most likely on the upward hydrostatic pressure generated by
the swelling of the subgrade at the foundation level. This is in turn due to the period’s rainfall and,
accordingly, to the hydraulic head of the Medway River. Although the limited resolution of the
dataset does not allow a detailed assessment of potential differential settlements for specific bridge
components, the general seasonal trend observed for the PSs in the bridge area indicates that the
whole structure is subject to cyclical patterns of upward and downward displacements, following
soil saturation during the hydrological cycle.

6 Conclusions

In this paper, the authors have presented a proportion of the existing literature review within the
subject area of assessment and health monitoring of masonry arch bridges. The history of masonry
arch bridges, their architecture and the factors affecting their structural integrity have been reported.

The main methods for the assessment and monitoring of masonry bridges in terms of the location of
defects and deformities using conventional methods and techniques were highlighted. Following
this, a section was dedicated to presenting a summary of the main non-destructive testing (NDT)
methods and the available research based outputs and their application.
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The paper has also highlighted the viability of the utilisation of NDT methods in this area of
endeavour. The importance of adopting new and more advanced monitoring strategies and
techniques for effective conservation of structural features within the context of safeguarding the
cultural heritage has been emphasised upon. To that effect, a novel “integrated” holistic health
monitoring approach including the Ground Penetrating Radar (GPR) and the Interferometric
Synthetic Aperture Radar (InSAR) techniques has been proposed and applied.

Results of these investigations produced vital information concerning the structural integrity of the
“Old Bridge” at Aylesford, Kent, UK.

In more detail, GPR was essential in providing structural detailing of the bridge deck geometry. This
was effected by using a high frequency antenna system (2000 MHz central frequency) allowing to
establish and map the thickness of the tarmac layer as well as the under layers (bridge deck surface
cover) and providing information about the total depth of the bridge deck above the historic
stonework. These are crucial details for the identification of the non-homogeneous areas within the
bridge superstructure. In addition, use of a low-frequency antenna system (200 and 600 MHz central
frequencies) allowed to identify and locate the exact positioning of the structural ties.

Regarding the use of the InSAR technique, observations involved a period of 21 months. Results
highlighted a clear matching between seasonal trends of displacements of permanent scatterers (PSs)
located in the vicinity of the bridge and the flood trends recorded by the two nearest downstream
stations to the bridge location. Coherence in the displacement trend for all the identified scatterers
has proved the influence of the entire bridge structure to a cyclic sequence of upward and downward
displacements, following soil saturation during the hydrological cycle.

This “integrated” holistic approach for the structural health monitoring of an ancient masonry
bridge (the Old Bridge) proved particularly useful which in turn could be utilised and applied to
similar structures.

It is believed that, this research has contributed and added value to the existing knowledge within
the context of understanding the behaviour of structures such as bridges of historical and cultural
values under dynamic and static conditions.
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