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Abstract

Ensuring the safety of offshore structures is of vital importance for the reliability of oil and gas drilling rigs.
Risk based inspection (RBI) is becoming an industry standard for management of equipment integrity. The
objective of risk based inspection is to determine the likelihood of equipment failure (probability) and the
consequences of such an event. Combining the probability of an event with its possible consequences
allows determining the risk of an operation. Risk based inspection enables to optimize the frequency of
inspection, by moving from periodic inspection (based on arbitrary calendar dates) to an informed
inspection program (based on equipment condition).

One of the most important tools to determine the condition of the equipment, and to calculate its reliability,
is the use of non destructive testing (NDT) techniques to detect cracks, flaws and defects. The probability of
detection and the probability of sizing depend on the type of NDT method used. Combining NDT
information on crack size and depth with fracture mechanics based damage models, allows predicting the
remaining life time of a component.

In this paper, the philosophy of risk based inspection is introduced and recent advances in non destructive
testing (in particular ultrasonic and electromagnetic techniques) are reviewed. Then, the use of fracture
mechanics based damage models is demonstrated to predict fatigue failure for offshore structures.
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1 PHILOSOPHY OF RISK BASED INSPECTION

The objective of Risk Based Inspection (RBI) is to determine what incident could occur (consequence) in
the event of an equipment failure, and how likely (probability) it is that the incident could happen. Multiplying
the likelihood of an incident with its possible consequences will determine the risk associated to the
operation.
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Figure 1: Criticality matrix for risks associated with the installation of wind turbines
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In a qualitative risk assessment, the combination of probability and consequence can be visualized in a
criticality matrix. On Figure 1, such a scheme is presented to evaluate the environmental risks associated
with the installation of large ( 2 MW) wind turbines.

Some failures may occur frequently, but without significant adverse impacts. Similarly, other failures can
have potentially serious consequences, but if the probability of the incident is low, than the resulting risk
may not warrant immediate action. If the risk is medium, mitigation measures are normally subject to a
cost/benefit analysis. Action will be taken if the cost of implementing the measure is lower than the loss,
associated with the possible event. When the risk is not acceptable, mitigation measures have to be put in
place.
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Figure 2: Flowchart for Risk Based Inspection program

As shown on the flowchart, the risk assessment (either qualitative or quantitative) is used as an input to
determine the inspection interval for an RBI maintenance program. The aim is to deploy a finite inspection
resource according to a ranked list of components and their associated level of risk. In that respect, risk
based inspection enables to optimize the frequency of inspection, by moving from period inspection (based
on arbitrary calendar dates) to an informed inspection program (based on equipment condition).

Indeed, the hazard rate of most engineering equipment follows a so-called reliability bath tub curve, shown
on Figure 3, which is characterised by three distinct regions. The first region corresponds to the start of life,
and an increased hazard rate due to variation in material properties and strength, poor design,
manufacturing defects and human errors during installation and operation. As a result, most weak items fail
during this phase causing a decrease of the initially high hazard rate.

The second region (useful life) is characterised by an approximately constant hazard rate. Failures in this
region are not due to age, wear-out or degradation and preventive maintenance does not affect the hazard
rate. The third region is characterized by an increased hazard rate due to wear-out and degradation of
properties. Figure 3 shows how a profound understanding of these governing failure mechanisms allows
optimizing the inspection intervals.
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Figure 3: Reliability bathtub curve

It can be demonstrated [#] that the three regions of the bathtub curve can be described by a two parameter
Weibull distribution

F(t) &1 expg' %/l ?‘f (Eg. 01)

which gives the probability that failure will occur before time t for a characteristic life time ! and a shape
parameter m. The reliability is, by definition,

R(t) 01" F(t)exp(g §/if? (Eq. 02)

Differentiating (Eq. 01) with respect to time yields the probability density function

m$t9 $m?%

ft)&—»—4" exp(' 4+ (Eq. 03)
/ ’/ _ ( ;/ _ )
and the corresponding hazard rate can be calculated as
1
ft) .m$t %
h(t) & —= & —*— (Eq. 04)
® Ry /1 F

which is plotted on Figure 3 for different values of the shape factor m. The hazard rate h(t) is decreasing for
m < 1 and increasing for m > 1, while the m = 1 corresponds to a constant hazard rate. Hence, a Weibull
probability distribution (Eq. 01) with a shape factor m < 1 indicates early-life failures, whereas m > 1
describes wear-out failures. Values in the interval [1 < m < 4] typically indicate early wear-out failures
caused by low cycle fatigue, corrosion or erosion. Old age wear-out can be described by higher values of
the shape factor (m > 4). For m = 1, the Weibull distribution (Eq. 01) transforms into the negative
exponential distribution

F(t)&1' expl 3t (Eq. 05)

with 3 = 1/! , which describes the useful region of the bath-tub curve, where the probability of failure within a
specified time interval does not depend on age. During the useful life, the hazard rate is constant, i.e.

h(t) &3 &,1 (Eq. 06)
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Figure 4: Weibull hazard rate for different values of the shape factor m

As evident from the reliability bathtub curve in Figure 3, and the flowchart on Figure 2, the effectiveness of
an RBI inspection interval depends on

4

2

The ability to monitor equipment condition . For processing plants, petrochemical equipment and
offshore structures, non destructive testing (NDT) is the preferred technique to evaluate the integrity
of pressure vessels, pipelines, tubular joints, underwater welds, piping,... In the next section, some
recent advances in non destructive testing (in particular ultrasonic and electromagnetic techniques)
are reviewed that enable a more accurate condition monitoring.

The inspection reliability . The probability of detection (POD) is a statistical measure of the
success of an inspection, whereas the probability of sizing (POS) provides an indication of sizing
accuracy. Both POD and POS depend on the type of NDT method used. In section 3, the
implications of probability of detection and sizing on an RBI program are briefly discussed.

Prediction of the remaining life time . Combining NDT information on crack size and depth with
damage models allows predicting the remaining life of a component. At the end of this paper,
fracture mechanics is applied to estimate the fatigue life of a cracked component, taking into
account the inspection reliability.

RECENT ADVANCES IN NON DESTRUCTIVE TESTING

The offshore industry has been aware of the need for an understanding of the performance of the NDT
systems used in crack detection and sizing for quite some time [2]. A large number of offshore structures
consist of steel welded tubular joints, like shown on Figure 5, the better part of which are underwater. Such
nodal joints can be highly stressed and subjected to cyclic loading, which makes them vulnerable to fatigue

failure.

Figure 5: Welded tubular joint
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An undetected fatigue crack caused the Alexander Keilland to disaster [3] in 1980. The capsize was the
worst disaster in Norwegian waters since the second World War, and clearly stresses the importance of
underwater inspection. A review of the early developments in diver inspection and the maturation of subsea
NDT technologies is given in [4], while [5-6] address the role of non destructive testing in the offshore
industry. A comprehensive overview of non destructive testing for the offshore industry is presented in [7].
In this section, some recent advances in ultrasonic testing and electromagnetic NDT techniques are briefly
described.

2.1

Ultrasonic non destructive evaluation

Ultrasonic inspection is based on elastic wave propagation and detection. For an intact homogeneous
material, the sound path is straight and the wave velocity is constant. Flaws in the material will cause
refracted sound waves. The pulse-echo technique, shown on Figure 6, is the most commonly used
ultrasonic method for offshore inspection. A transducer/receiver (T/R) probe is acoustically coupled to
the specimen and generates an incident sound pulse P. When a flaw is present, the refracted signal
F will appear on the oscilloscope before the back wall echo E. The time of flight is an indication of the
position of the crack. In addition, time of flight diffraction (TOFD) methods can be used to estimate
the crack size.

Figure 6: Pulse-echo technique for a tubular joint

In [8-9], ultrasonic bounded beam interactions are study features of the object under investigation. An
incident bounded beam is modelled as a Fourier series of plane ultrasonic waves

expl i5t 29

61x,z,t & 7

- Alk 2xp" i k x8 k z#2 d (Eq. 07)

where the amplitude function can be written as

Alk & - F()exp lik, @ (Eg. 08)

where the components {k,, k,} of the wave vector are connected to the angular frequency 5 and the
acoustic wave velocity ¢ through

V7
k? 8 k2 &§£+/‘ (Eq. 09)
’ C-
and
f()&expl', %7 (Eq. 10)
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