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Abstract

The probability of failure (POF) of a structure is dependent on design, manufacture, inspection, operation and human fac-
tors. The POF may be determined on the basis of direct observation or theoretical methods or some mixture of both. In this
study, two methods are used to estimate the probability of failure of pressure vessels: (1) a ‘top-down’ method based on a
mixture of failure statistics and engineering judgement and (2) a ‘bottom-up’ method based on fracture mechanics/engineer-
ing critical assessment (ECA). Using pressure vessel design codes as an example, this work also demonstrates whether and

how the two methods can be integrated.
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1 Introduction

The probability of failure (POF) of a structure is dependent
on design, manufacture, inspection, operation and human
factors. The POF may be determined on the basis of direct
observation (components that fail prematurely) or theoreti-
cal methods (possible failure mechanisms and likelihood of
the occurrence of conditions for failure during operation) or
some mixture of both.

This work [1] was completed as part of TWI’s Core
Research Programme. Only a simplified description of some
of the findings is presented here. Two methods are used to
estimate the probability of failure:

e A ‘top-down’ method based on a mixture of failure sta-
tistics and engineering judgement.

e A ‘bottom-up’ method based on fracture mechanics/engi-
neering critical assessment (ECA). This method includes
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both deterministic (using a single characteristic value of
each variable) and probabilistic approaches. Only proba-
bilistic approaches offer a direct estimation of POF.

2 ‘Top-down’ method: risk-based inspection

API RP 580 [2] and API RP 581 [3] both published by the
American Petroleum Institute (API) describe a possible
approach to risk-based inspection (RBI) and include tables
to estimate POF as a function of various factors which could
contribute to failure. API RP 580 sets out the general prin-
ciples to develop RBI programmes for fixed equipment at
refineries, chemical plants and oil and gas production facili-
ties. API RP 581 provides methods for the determination of a
probability of failure (POF) combined with the consequence
of failure (COF). Various damage mechanisms are consid-
ered time-dependent (such as fatigue and corrosion), as well
as not explicitly time-dependent (such as brittle fracture).

‘Top-down’ RBI method expresses POF as a function of
time (1):

POF(t) = gff DF(t).MS

gff is defined as a generic failure frequency for the type of
plant concerned. DF(¢) is a time-dependent damage factor.
MS is a management system factor. gff may be increased or
decreased to account for relevant factors such as inspection,
stress-relief heat treatment and temperature. A mixture of
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statistics and expert judgement is often required to decide
the adjustment factors. The gff recommended by API RP
581 (6x 1077) appears to be in good agreement with the
range of failure frequencies reported by others [4].

3 ‘Bottom-up’ method: probabilistic
fracture mechanics

An alternative approach to deduce failure frequency is to estab-
lish a fracture mechanics model representing the structure of
interest, based on the knowledge that failure usually results from
the presence of flaws. The relevant quantity, type, size and loca-
tion of such flaws can be postulated based on a combination of
direct evidence and expert judgement. The elements that con-
tribute to failure can be modelled using a validated flaw assess-
ment procedure such as BS 7910 [5], R6 [6] or API 579-1/
ASME FFS-1 [7]. Fracture mechanics procedures define failure
as the condition at which the assessment point associated with
the defective structure lies on the failure assessment line (FAL).

ECA is often carried out in a deterministic manner. Only
single and fixed values are assumed for flaw size, materi-
als properties and applied/residual stress. These are often
selected in a way to ensure sufficient conservatism in the
calculations. This approach provides an unquantified value
of POF for points lying on the FAL, which is sufficient to
inform if a defective component is either acceptable (assess-
ment point lies inside the FAL), limiting (assessment point is
on the FAL, i.e. POF%1) or unacceptable (assessment point
lies outside the FAL). An example is shown in Fig. 1. The
assessment point is determined using handbook solutions
taking into consideration of flaw and component geometries,
stresses and material properties.

In practice, when a deterministic ECA is carried out
in accordance with the guidance and procedures recom-
mended by BS 7910 or R6, the assessment point associated
with failure usually lies outside the FAL (POF < 1 on the
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Fig.1 BS 7910 Option 1 Failure Assessment Diagram (FAD) (Copy-
right © TWI)
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FAL), as discussed further by Hadley et al. [8]. There are
various reasons for this, including how the characteristic
inputs are selected, the effects of crack tip constraint and
the modelling error associated with the FAL.

In principle, the deterministic ECA procedures given
in BS 7910 and R6 can also be used probabilistically.
The work presented here employs Monte Carlo simula-
tion (MCS). It is a statistical approach which generates
inputs (such as flaw sizes, stresses and material properties)
randomly from probabilistic distributions that are deemed
best fit to the actual data (not necessarily normal distribu-
tions). A deterministic assessment is performed for every
random combination of the inputs. A limit state such as
a FAL is defined. This allows the determination of the
probability of failure by the ratio of the number of ‘unsafe’
results to the total number of trials (see Fig. 2):

Number of failures

POF = -
Total number of trials

Both BS 7910 (Annex K) and R6 (Section I11.13) pro-
vide guidance to carry out PFM calculations.

4 Toughness requirements of pressure
vessels
4.1 Background

The analyses presented examine a discrepancy between
the toughness requirements of the British design code
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Fig.2 Example of a PFM assessment using Monte Carlo assessment
(POF=1.09%10.7) (Copyright © TWI)
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for pressure vessels PD 5500 [9] and the pan-European
equivalent EN 13445 [10].

The avoidance of brittle fracture in ferritic steels at low
temperature is covered by Annex D of PD 5500 and Annex
B of EN 13445-2. Even after several revisions, PD 5500
rules relating to toughness requirements have remained
constant, whereas those of EN 13445 have undergone sev-
eral changes, resulting in much less onerous Charpy energy
requirements for certain categories of steel. The discrep-
ancy is restricted to certain categories of steel (specified
yield strength in the range 275-355 MPa) used in the as-
welded (AW) condition. This is discussed in details by
Hadley and Garwood [11]. For PWHT and higher-strength
materials, the differences are less significant.

An example of a 35-mm thick (the maximum thick-
ness usually recommended for the as-welded (AW) con-
dition) Grade 355 steel with a design reference tempera-
ture (7,,) of -10 °C is considered here. For simplicity,
T, can be taken as the minimum operating temperature.
Charpy energy requirements in terms of 7,,; (which is
temperature for an average energy of 27 J measured in a
standard 10 mm X 10 mm Charpy V specimen) determined
in accordance with PD 5500 is -59 °C, whereas that deter-
mined in accordance with EN 13445 is -5 °C.

With the significant difference of 54 °C in Charpy test
temperature requirements observed between these two
major pressure vessel codes, attempts are made to quantity
POF using both RBI and PFM approaches.

4.2 RBl approach

The damage factors for brittle fracture of steels in the AW
condition are readily obtained from Table 20.4 M of API
581. For a pressure vessel designed to PD 5500 with 7,
-Ty7,=+49 °C and t=35 mm, the estimated damage factor
(DF) is 0.35. The DF value estimated for the EN 13445
vessel is 232. The POF estimated using solutions in API
documents (assuming gff=6x 1077 as discussed in Sec-
tion 2 of this paper) are as follows:

e PD 5500 vessel: POF=8.1x 1077
e EN 13445 vessel: POF=1.4%x10™*

These estimates using the RBI approach seem logi-
cal: a lower toughness requirement is correlated with a
higher value of POF. The results presented here suggest
two orders of magnitude differences between the value of
POF for the EN 13445 vessel (POF=1.4x 10™%) and that
of the PD 5500 vessel (POF=8.1x1077).

The UK’s Technical Advisory Group on Structural Integ-
rity (TAGSI) employs the concept of incredibility of failure
(IOF). TAGSI postulates POF =107 per year for nuclear

pressure vessels and POF = 1 x 107 for non-nuclear vessels.
The POF value estimated for EN 13445 vessel exceeds both
failure rates set by TAGSI.

4.3 PFM approach

API 581 clearly states that an assessment using RBI tech-
niques (as described in Section 4.2) is not considered a
fitness-for-service (FFS) assessment, which is the remit of
API 579-1/ASME FFS-1 [7], which in turn allows BS 7910
as one of the alternative ‘Level 3’ (i.e. most advanced level)
assessment methods. Probabilistic assessment guidance in
accordance with BS 7910 has been implemented in TWI’s
CrackWISE® software. All the PFM calculations described
hereafter are carried out in accordance with BS 7910 only.

The basis of the PFM method is similar to that employed
in the RBI method—the difference between PD 5500 and
EN 13445 in terms of Charpy energy requirements. In a
fracture-mechanics assessment, this is translated to a differ-
ence in fracture toughness and thus to a difference in prob-
ability of failure. The PFM calculations are considerably
more sophisticated than those based on RBI and are there-
fore heavily dependent on computing capacity.

It is recommended that prior to any PFM calculation, a
simple deterministic model should be performed as the first
step. For simplicity, deterministic calculations assume that
the longitudinal seam of a 35-mm thick Grade 355 vessel
contains a single known flaw of a fixed size (3 mm X 15 mm),
under a fixed stress equals to R,/1.5 (R, is the specified mini-
mum yield strength of the steel). BS 7910 flat plate solutions
are employed. Both tensile and toughness properties of the
weldment match those of the parent metal. Residual stress
is assumed to be yield magnitude (based on room tempera-
ture tensile properties), with mechanical stress relaxation
enabled. Lower bound values of fracture toughness are cor-
related from values of 7,;;,=—59 °C and T;,=—5 °C (set
for the PD and EN vessels respectively) using the Master
Curve approach of BS 7910 Annex J, assuming P;=0.05
and Tx=7.85 °C. P, is a probability of exceedance, and T is
a temperature term describing the scatter in Charpy versus
fracture toughness correlation.

In PFM calculations, only the tensile and fracture tough-
ness properties are handled probabilistically whilst the
other input parameters remain as fixed values. Tensile prop-
erties are assumed to exhibit a normal distribution with
a COV =0.10 for both the yield and tensile strengths of
weld metal. The minimum properties are assumed to lie 26
(o=standard deviation) below the mean. The tensile proper-
ties used in this work are given in Table 1.

The yield-to-tensile ratio of the steel (Y/T) is specified in
EN 10028 [12] and is not permitted to be less than 0.55 or
greater than 0.70 at room temperature (around 0.54-0.69 at
-10 °C). If yield and tensile strengths are allowed to vary

@ Springer



1212

Welding in the World (2023) 67:1209-1213

Table 1 Tensile properties, residual stress and allowable stress of
Grade 355 steel (Copyright © TWI)

Property Value, MPa
Nominal yield strength 355

UTS 510-650
Specified minimum yield strength, Re 345

Specified minimum tensile strength, Rm (35 mm thick- 510
ness)

Expected minimum yield strength at 10 °C 367.4
Expected UTS at—10 °C 531.7-677.7
Yield-to-tensile ratio at— 10 °C 0.54-0.69
Residual stress allowance 379.5
Applied membrane stress 230

independently, some cases could see the yield strength
exceeding the tensile strength, resulting in errors. Crack-
WISE® allows yield and tensile strength to vary as normal
distributions, but only includes in the final calculation only
those cases for which 0.54 <Y/T <0.69.

As the Master Curve model is based on a Weibull distri-
bution, the shape («) and scale (f) parameters of a Weibull
distribution can be calculated via the Excel function
WEIBULL.DIST:

e a=44and =253.37 for the PD 5500 vessel
o a=5.04 and f=108.09 for the EN 13445 vessel

One million trials are performed using MCS. In Fig. 3,
deterministic assessments show that the assessment point
corresponding to the PD 5500 condition is well within the
FAL, whereas that corresponding to EN 13445 falls outside
the FAL. This discrepancy is contributed by the differences
in T,,; between PD 5500 and EN 13445.

Results of the probabilistic assessments are shown in
Figs. 4 and 5. The value of POF predicted for a PD 5500
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Fig. 3 Results of deterministic assessments (Copyright © TWI)
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Fig.4 Results of probabilistic assessment based on PD 5500 rules,
assuming Weibull distribution of fracture toughness (Copyright ©
TWI)

vessel is approximately 1072 if the Weibull distribution for
fracture toughness is assumed. For an EN 13445 vessel, POF
increases to ~1072 assuming a Weibull distribution for frac-
ture toughness as well.

The ratio of POF between the EN 13445 and PD 5500
vessels, i.e. POFp/POFpy,, is 12 (one order of magnitude)
if the Weibull distribution is assumed for both materials.

FAD
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Fig.5 Results of probabilistic assessment based on EN 13445 rules,
assuming Weibull distribution of fracture toughness (Copyright ©
TWI)
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Fig.6 Comparison of POF estimated from RBI and PFM calculations
(Copyright © TWI)

This ‘bottom-up’ RBI approach compares with the value
of around two orders of magnitudes as illustrated in Fig. 6.

A higher POFgy has been observed in both RBI and PFM
calculations; however, the values of POF derived by PFM seem
unacceptably high for both design codes. It can be seen that they
are greater than baseline gff given in API 581 (6x1077).

5 Concluding remarks

The example described in this paper was selected with the
intent to examine a single failure mode (brittle fracture) and
to address the discrepancy in two pressure vessel design
codes—appropriate Charpy test requirements for pressure
vessels in the AW condition.

Both the RBI and the PFM calculations imply similar
observations. When all other variables are kept unchanged, a
higher value of T, (i.e. a lower fracture toughness) presents
a higher POF.

The PFM calculations predict higher values of POF than
the RBI calculations. This can be explained that only two
statistical variables (fracture toughness and tensile proper-
ties) have been considered. The probabilistic models have
not yet been optimised to take account of other factors such
as flaw size and applied/residual stresses, which would be
expected to have an influence on POF.

The values of POF from the PFM calculations should
not be interpreted literally. The work presented here is to
demonstrate the concerns expressed about the reliability of
certain aspects of EN 13445 (brittle fracture avoidance in
as-welded Grade 355 steel).
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