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ABSTRACT

Two eddy current-based inspection and monitoring techniques for offshore oil & gas structures are
presented. First, ROV-based inspection solution for underwater structural elements and welds in
difficult conditions, even in the presence of marine growth residues. Its characterization on
1ISO15548-2-compliant samples at up to 6mm distance shows an outstanding capability to cope with
large coating and marine life thicknesses. Second, a permanent crack monitoring solution, based on
a lightweight, compact and flexible sensor design is described. Applications of the monitoring
solution for offshore structures are discussed, and a case study on the use of the monitoring solution
for a highway bridge in Germany is exposed. The two inspection and monitoring solutions enable
asset owners to reduce operational downtime, improve maintenance planning and asset integrity,
and potentially extend asset life.

INTRODUCTION

In the unpredictable environment created by the recent swings in oil price, it is more important as
ever to be able to extend the lifetime of existing offshore infrastructure. We present two solutions
based on the well know eddy current inspection technique to reduce operational downtime: a ROV-
based weld and surface inspection procedure and a crack monitoring solution.

The inspection of the welds in offshore structures is particularly challenging because of the limited
dexterity of underwater manipulators. Another challenge is the removal of marine growth and
cleaning to bare metal, which tends to represent the dominant cost of an inspection campaign. We
present an underwater ROV eddy current inspection solution designed from scratch to enable
efficient, in-service inspection of welds in these difficult conditions, even in the presence of marine
growth residues.

If a crack is found, the monitoring method presented here can be used to obtain conditional
compliance by continuously measuring the crack length and showing it remains under a given safe
threshold.

NON-DESTRUCTIVE TESTING MONITORING WITH EDDY CURRENT

The inspection and monitoring solution we present here are based on the well-known eddy current
(EC) inspection technique. The key advantage of this technique is that it does not require surface
contact or preparation, which is why it is widely used for crack detection in the industrial and
aerospace fields [1] [2] .

Theoretical background

When an alternating energized coil approaches a conductive element, the penetration of the
alternating magnetic field will cause the induction of Eddy currents in the material (Fig 1). The
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induced currents will create a secondary field that opposes the primary field. The measurement of
the coil impedance is affected by this phenomenon. The value changes depending on material
properties, such as conductivity o and magnetic permeability u. The presence of a crack can be
interpreted as an abrupt change of the local material properties.

Typically, the real and imaginary part of the impedance are reported as normalized quantities on a
complex plane with respect to the measure in air, an example is reported in Fig 2. This representation
is used during inspections when a coil is scanned over a surface of interest. Different phenomena,
such as the coil lift-off (varying distance between the probe and the material) or the passage on a
defect, can be observed with different trajectories on the complex plane [3].
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Fig 1. Graphical representation of the eddy Fig 2: The impedance of the coil is sensitive

current induction principle. The coil is to the environmental parameters. The

excited with an alternate voltage. direction of the variation observed on the
impedance plane is used to classify the
events, for instance to distinguish lift-off or
a crack detection.

UNDERWATER STRUCTURAL AND WELD INSPECTION

ROV Inspection Challenges

ROV-based inspection of offshore structures is very attractive, as it can be performed during
operations — unlike diver-based inspection which requires drilling operations to stop and result in
costly downtime.

A challenge for ROV-based inspection is that during the life of an offshore structure, opportunistic
marine organisms known as marine growth will progressively cover its surface, preventing its
inspection. The requirement to clean the surface to bare metal for visual inspection as well as non-
destructive testing (NDT) is especially costly, as the cleaning of the last layer of hard cement residue
left by certain marine organisms is very time-consuming. It is also desirable to leave any corrosion
protection layer in place, as its removal may reduce the lifetime of the structure. An inspection
technique ensuring a high POD without requiring direct contact with the metal surface and tolerant
to distance variations due to marine growth residue is therefore especially desirable.

Both the anticorrosion layer and the marine growth will result in a distance between the probe and
the surface under inspection, known in the NDT jargon as lift-off. Both layers being of low conductivity
and usually nonmagnetic, they do not prevent inspection, but the crack signals will be reduced with
increased distance.

Inspection through paint with eddy current is already well known and standardized, for example
through the BS EN ISO 17643:2015 standard (Eddy current examination of welds by complex plane
analysis, formerly known as BS1711) [4]. This standard solves the issue with a two-step process:
the coating thickness is measured with an absolute eddy current probe, and this lift-off measurement



is used to adjust the sensitivity of a special differential probe, known as a “plus-probe”. This two-
probe process is impractical for ROV-based inspection, as it requires a probe change.

Underwater EC Probe and Instrument

Here, we present a probe configuration specially designed to be very tolerant to distance and
distance variations during inspection. It uses an orthogonal tangential probe compliant with the
requirements of the BS EN ISO 17643:2015 standard. It enables differential measurements which
are characterized by having a minimal dependency on continuous or small variations in conductivity,
permeability and lift-off in the welded and heat-affected zones. This inspection channel is combined
with an absolute channel, which enables simultaneous distance measurement without probe
change. This absolute channel is used to ensure that the marine growth residue thickness is within
the acceptable range for the probe. The probes are sensitive to both longitudinal and transverse
cracks.

This configuration is used in a range of probes with different diameters (10mm, 20mm and 40mm),
to be able to cope with all underwater weld geometries. The probe is mounted on a compliant probe
mount maintaining correct probe orientation while providing compliance. This ensures the surface is
followed even with the limited dexterity of typical underwater manipulator arms.
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Fig 3: Left: the underwater EC instrument (UWEC) with 12mm, 20mm and 40mm probes as
well as the surface module. Right: EC inspection of a tubular joint on a jackup rig. The

compliant probe attachment can be seen in white.

The instrument complies with ISO 15548-1 [5] [6] and communicates inspection data to the surface
module in real time through the ROV tether (optical or copper) with a CAN bus protocol through
RS485 lines. The inspection data is shown alongside with the video feed to the certified EC
inspector at the surface. The software solution is designed to receive position information either at
the instrument level through optional encoder inputs or from high level positioning information,
enabling to reconstruct the c-scans shown in the next section.



Measurement Results

Below, we present the probe characterization on an ISO 15548-2-compliant test block. The
reference notches simulating cracks are clearly visible, even with a large lift-off of 6mm.
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Fig 4: Raw in-phase and out-of-phase measurements with the 40mm underwater probe at
200 kHz scan with 6mm lift-off on an A5 reference block compliant with ISO 15542-2 made of
S$235 steel. Despite the important distance between the probe and the surface, the 3
notches are clearly visible from left to right (depths of 0.5mm, 3.25mm and 6mmm).



Sensor 1, Configuration 1 (id:0); out of phase (Im)
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Fig 5: Scan on an A5 specimen 1ISO15548 type B test specimen made of S235 steel (the out-
of-phase component is shown, with the same measurement parameters as above). The
transverse calibration notches (5mm, 10mm and 20mm) are represented as black lines on
the scan.
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Fig 6: Typical c-scan results with three 15mm-long longitudinal notches of increasing

depths (0.3mm, 1mm and 4mm depths) and a 30mm edge defect. The color scale is inverted
to allow for an easier comparison with the previous figures.



CRACK MONITORING SOLUTION

Finding a crack can result in serious operational difficulties, potentially preventing the re-issuance of
a Certificate of Fitness for Service, or the loss of a Type Approval Certificate. Repairs are not always
straightforward as underwater welds are usually not accepted by class societies.

By proving that a crack found during routine inspection does not grow further or stays below a given
acceptance threshold, the owner can prove the safety of the structure and gain in operational
flexibility. The deployment of a structural health monitoring system enables the inspectors to
remotely access 1ISO15548-compliant inspection data in real time [7].

Structural health monitoring

Each monitoring device, or node, is composed of an eddy current sensor and a control electronics.
The sensor is built up as an array of rectangular coils and the design allows a resolution close to
100um in crack-length variation. The elements are embedded on a flexible PCB that can be easily
adapted to most curved surfaces.

Such implementation results in a lightweight, compact and flexible sensor which can be applied to
curved surfaces in limited space, optimising the surface coverage. These features, and the nature
of the measurement principle, allow the sensor fixation on the surface to monitor with a simple
double-sided tape for topside cracks, or magnetic mounts for underwater cracks.

The control electronics oversees the EC acquisition and sends the digitalised data to a central unit
entitled of the data storage and remote transfer. In addition to these NDT crack sensors, it is
possible to connect other sensors to the same monitoring system to obtain the measurement of
acceleration, temperature or stress.

The devices are all connected to a bus topology, in Fig 8, which is particularly advantageous in
application where cabling is difficult, and a short installation time is advantageous, such as oil and
gas applications. All the nodes can be daisy-chained and only a single cable must be deployed
during the installation. The electronics and the two connection cables are incorporated in a
moulded housing, the quality of the waterproofing and harsh environment capabilities. The details
of the setup are reported in Tab. 2. More details concerning the device ratings are listed in

Tab. 1.
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Fig 8: Topology of the monitoring system. The bus allows to connect multiple nodes on the
same wire enabling quick and easy installation.

Tab. 1: Crack monitoring device specification

Parameter Value Unit
Supply voltage 5t060|V
Typical power consumption 04|W
Typical energy consumption per day cycle 12| mWh
Communication protocol CAN bus|-
Maximum sample rate 4| kHz
Operating temperature -20t0 70| °C
Dimensions (L x Hx W) 165 x25x 0.1 mm
Weight 20]g
Minimum radius of curvature 0.8 mm
Crack length resolution 100 um
Coil width cw =15 mm
Number of EC cells (coils) 41-
Dimension of single EC cell 15 x 20| mm




Crack length reconstruction principle

The length calculation exploits the combination of the impedance measurement of an arrangement
of contiguous coils. These are disposed on a surface and aligned with the crack. The concept is
explained here for a linear array of coils. In Fig 9, an example of time evolution of a crack length is
reported. As the crack propagates it crosses the various coils in sequence. The presence of a defect
influences the measured impedances. Ideally, this value is confined within two limits labelled as “no
crack” or “full crossing” respectively. Therefore, once the single coil geometry is known, it is possible
to back-calculate the crack length using the impedance information. The same principle can be easily
extended to a matrix arrangement of sensing elements. This layout, despite much more complex
data processing, removes the need for crack alignment and can be used on larger surfaces to
monitor crack initiation.
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Fig 9: Left: Crack reconstruction principle. Right: Real-time measurement of the
propagation of a fatigue crack on a pipe weld
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OFFSHORE STRUCTURAL HEALTH MONITORING — APPLICATIONS

Crack monitoring using the system described above can be, following the successful underwater EC
inspections, applied to many offshore structures in the oil & gas upstream industry.

Fig 11 depicts a typical jack-up rig with three legs and a skidding rig floor.

Under dynamic loading and harsh environmental conditions, several structural elements are prone
to fatigue-related cracking. If such locations are in addition difficult to access during normal operation
(floating or jacked-up), a crack monitoring system may be recommended.

With reference to the numbered items in Fig 11, some of those locations can be:

1: Underwater welded tubular joints (in particular the sections of the jacking chords that
are located within the hull when the rig is floating — 1);

2: Connections between the jacking chords and the spud cans (also in the hull during
floating — 2);
3: Welded tubular joints located in the splash zone (3);

4 and 5: Structural elements above water but under high tensile stress (e.g. cantilever
deck or helipad — 4, 5)

System installation (comprising sensors, connection cables and rig monitoring server (RMS) can
take place using divers or ROVs, or during the rigs construction or detailed inspection in a dry dock.
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Fig 11: Typical jack-up rig. The numbered points highlight some areas of interest for

permanent Structural Health Monitoring (SHM).

The crack sensors are part of a full-fledged sensor solution line, using the same flexible CAN bus
network. The same communication line can be used to plug a wider variety of measurements
enabling a more comprehensive understanding of the structural behavior.
Some state-of-the art task may include the monitoring of:

= strain, including during dynamic events such as jacking operations;

motion due to waves and wind;

vibrations due to operations acceleration and shocks;

displacement of structural elements and bearings;

environmental conditions such as the wind strength, water and air temperature
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BRIDGE STRUCTURAL HEALTH MONITORING - CASE STUDY GERMANY

The Norderelbbriicke crosses the northern arm of the Elbe River in the south west of the city of
Hamburg, Germany (Fig 12). Built in 1960, it has been submitted to harsh, marine, highly corrosive
environment, as well as typical highway dynamic loading, with increasing axle weight over the years.
Considering the high corrosion rate, the asset owner stepped up the inspection frequency to ensure
proper maintenance management and be able to extend asset life. In 2013, a set of vertical cracks
was discovered, and subsequently repaired, at the two abutment cross sections (east and west
abutments; Fig 13, Fig 14 and Fig 15).
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Fig 12: Norderelbbriicke, Hamburg, Germany. View and abutment cross section.
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Fig 14: Example of a partially repaired crack. Fig 15: Detail of the installed eddy
current sensor. An arrangement of 4
elements is deployed in this case.

The asset owner decided to monitor subsequent crack initiation at the repair locations. An initial
visual inspection and a manual Eddy current inspection following 1ISO 15549 [8] were conducted in
order to determine the actual propagation of the various cracks through the base metal and the repair
plates and welds. Thereafter, a monitoring system, with four eddy current crack sensors was
installed. The details of the sensors and equipment are listed in Tab. 2. The instrument takes
advantage of multiple configurations of the coils during the acquisition. For the sake of concision,
only measurements made with a 260 kHz excitation frequency are shown here.

Tab. 2: equipment composing the monitoring system.

Name Type ID Install date
BSD4 Bridge server n.a. 30.05.18
EQT HTC Crack &| AD196N 30.05.18
Temperature

EQT HTB Crack &|1WDT786 30.05.18
Temperature

FB HTB Crack &|417X7R 30.05.18
Temperature

EQT HTA Crack& 47KYWG 30.05.18
Temperature

SPN15 Solar panel n.a. 30.05.18

Ever since the installation end of May 2018, none of the four cracks monitored exhibited any sign of
further propagation. Fig 16 shows the complex plane representations of an ET measurement
obtained while scanning the actual crack ET signal at location EQT HTB, and the four coils ET signals
collected during installation of the sensor. These measurements clearly show the sensitivity of the
system to the crack, as well as the excellent phase separation between lift-off and crack signals. It
is therefore easy to monitor both the crack propagation and the proper attachment of the sensors.
The translation between the reference and the actual ET signals corresponds to the slight lift-off of
the coating (paint). The coils signals correspond to the crack fully crossing one coil (s0), crossing
another coil 60% (s1) and not crossing two coils at all (s2, s3).
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Fig 16: Raw eddy current signals obtained
during a manual scan with a monitoring
sensor element at location EQT HTB at a
frequency of 260 kHz. At this measurement
frequency, the crack signal is almost
orthogonal to the “liftoff” signal obtained
when moving the sensor towards the
surface.
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Fig 17: Raw monitoring signals at location
EQT HTB (right) combining about 6 months
of data. The vertical axis roughly
corresponds to increasing crack length
underneath the sensor, and the horizontal
axis to distance to the metal surface. Sensor
s0 is completely crossed by the crack.
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Fig 18 shows the actual time propagation of the crack through the four coils of the sensor installed
at location EQT HTB. The stability of the crack is clear, as even the signal of coil s1 has not moved.

It is the same as the three other locations.

1WDT786 - 4134897366 cfg:22

20 from 2018/07/07 00:18:32 to 2019/01/07 13:27:52

15
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Fig 18: Time series of crack propagation at
location EQT HTB over a six months period.
The traces of the four sensing elements are
reported.
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Fig 19: Combined crack length of the past 6
months. The variation in the whole period is
less than 1mm and unaffected by the
seasonal temperature change.

This type of information, summarized in monthly reports to the asset owner, enables this latter to
confidently refocus its resources onto more urgent operational and asset maintenance tasks, while

keeping an eye on the crack propagation.
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The flexible nature of the system allowed to perform visual inspection, eddy current inspection and
install a custom monitoring system on confirmed cracks on a highway bridge in only two days. The
visual inspection has been performed according to standard DIN EN ISO 17637. Eddy current
inspection following 1ISO 15549 [6] has then been used without coating removal on the visual
inspection findings, allowing to disprove over half the findings as simple paint flaws. On four
confirmed crack-like indications, the monitoring system has been installed.

CONCLUSIONS

The inspection and monitoring solutions described in this paper are based on well-established ISO
inspection standards, and the results demonstrate the maturity of the technology.

Both solutions can be combined in a coherent process for the inspection and subsequent monitoring
of offshore structures, including underwater. They can be deployed without or with minimal
operational downtime, which is critical for offshore operations.

The optimised eddy current probe and instrument for underwater ROV inspection show adequate
performance even with lift-offs equivalent to thick marine growth residues, opening the way for
simplified cleaning operations.

In the case study, the installation of a monitoring system enabled the asset owner to assess the
integrity of four locations prone to cracking. The data acquired for about six months exhibited no
crack growth, enabling a conditional based maintenance.
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