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The assessment of the integrity of the atmospheric storage tanks is needed to prevent releases of hazardous
materials. In particular, the control of the localised losses of thickness, due to pitting or other phenomena, is
essential for the bottom of the storage tanks, because these could lead to the perforation of the plates and
leakages of materials with severe environmental consequences. Different techniques are available for the
integrity measurement, but they always require the tanks is out of service, therefore, it has to be empty and
reclaimed. Measurements can be repeated only after some years of further service. Nevertheless, the
estimation of the perforation probability is important to assess the risk of major accidents as well as the
environmental risk, associated with possible leakages. Unfortunately, discrete thickness measurements
cannot determine with certainty the maximum corrosion depth of the bottom, where the materials usually
exhibit localised corrosion in the form of pits. For this reason, to assess the perforation probability of the
storage tank, a probabilistic approach based on the extreme value theory must be used. This work describes a
model predicting the maximum expected damage with respect to the deterioration mechanisms affecting the
bottom of the atmospheric storage tanks containing naphtha based solvents. The model is based on an
analysis of the bottom damage, obtained by collecting thickness measurements. The application to a real
case-study is presented.

1. Introduction
Corrosion of the bottom of atmospheric storage tanks is a major problem in chemical and petrochemical
industries and depots. Many tanks have been in service for more than 40 years, thus, the ageing issue is of
paramount concern (Milazzo and Bragatto 2019). The thicknesses of bottom floors of atmospheric storage
tanks are usually measured every 10 years or more as part of the overall inspection of the tanks. The
corrosion rate, which is evaluated based on the ratio of the detected minimum thickness to the usage time, is
used to estimate the Residual Useful Lifetime (RUL) and plan an appropriate maintenance aimed at the
prevention of leakages. Accurate measurements of the bottom integrity can only be performed when the tank
is empty. During the planned stops, the entire bottom is carefully examined by means of thickness
measurements. Currently, the use of the Magnetic Flux Leakage (MFL) technique is diffused, but the
Ultrasound Thickness Measurements (UTM) are the most common and needed for detection in difficult points.
Acoustic emissions could be useful to verify the presence of ongoing degradation for in-service tanks,
however, they are absolutely complementary to direct thickness measurements.
The cost for a complete screening of the bottom is high, since the tank must be put out of service. To execute
UTM, workers remain in a highly dangerous environment for a long time. Therefore, extensions of the typical
inspection interval are accepted. This interval could also be reduced to ensure that the average time, before
reaching unsafe conditions (with reference to the minimum thickness), is less than the time expected for the
subsequent inspection. In addition to the occupational risk, the risk of major accidents has also to be
accounted for as well as the environmental risk. These are associated with the release of dangerous
substances due to the perforation of the bottom as a consequence of the deterioration. Unfortunately, discrete
thickness measurements cannot determine with certainty the maximum corrosion depth, where the materials
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usually exhibit localised corrosion in the form of pits. Hence, to assess the perforation probability for the
storage tank, a probabilistic approach combined with an analysis of the phenomenon, obtained by collecting
thickness measurements, has to be applied. In this context, the use of the extreme value theory is frequent
(HSE, 2002; Velázquez et al., 2009). The literature shows different applications: Joshi (1994) characterised
the corrosion from UTM of the bottom of above-ground crude oil storage tanks; Shibata (1991) determined the
optimal return period and predicted maximum corrosion from a Gumbel diagram; Bolzoni et al. (2006) applied
probabilistic models describing the localised corrosion in oil industry; Kasai et al. (2016) combined the analysis
of extreme values and the Bayesian inference to predict the maximum corrosion depth. Other studies use the
stochastic approach to predict the failure probability of pipes, components, etc. (Ishikawa et al., 1982; Lee et
al., 2005).
The probability of perforation of the bottom of tanks is essential to quantify the risk associated with accidental
scenarios due to ageing. The assessment and management of the risk caused by equipment ageing have also
been pointed by relevant European Directive (EU Council, 2012; EU Council, 2010; Laurent et al., 2021). The
literature shows a limited investigation of the problems associated with tanks containing solvents based on the
above approaches. Therefore, this study describes a model predicting the probability of the maximum
expected damage with respect to the deterioration mechanisms that affect the bottom of the atmospheric
storage tanks containing solvents. The model was developed through a statistical analysis of the bottom
integrity, obtained by UTM measurements. The paper is structured as follows: Section 2 describes the
approach modelling the perforation probability; Section 3 presents a case-study used to apply the approach;
Section 4 gives the results; finally, Section 5 provides some conclusions.

2. Methodology
The extreme value theory (EVT) supports in searching the probability of the pit, having a critical depth, for a
system in which the localised corrosion occurs by means of a set of n measures. By referring to the set of the
maximum depths, as the data grows, the distribution of the extreme values becomes insensitive and tends to
some limit forms called asymptotic distributions (Berretta, 2009). These describe the behaviour of the variable
corrosion depth (x) and are classified into 3 types according to the shape of their tails (Gumbel, 1958):
(1)
type I distribution
FI ( x) ≈ exp [ − exp(− x)]

FII ( x ) ≈ exp( − x ) − k

type II distribution

(2)

k
FIII ( x) ≈ exp  − (ω − x ) 



type III distribution

(3)

where: k and ω = parameters of the distribution.
The type I distribution (Gumbel distribution) is used if the field of the parent distribution is unlimited at the top
and the right tail of the relative density exponentially decays. As n approaches +∞, it is given by Eq(1). The
type II distribution is used when the parent distribution is defined in the range 0 < x < +∞. Finally, the type III
distribution is used when the parent distribution has an upper limit ω. The type II and III can be transformed in
the type I that is the most frequent used. Alternatively, a generalised extreme-value (GEV) distribution can be
also used (Jenkinson, 1955):

  γ ( x − β ) 1/ γ 
FGEV ( x) = exp  − 1 +
 
α
 
 

γ ⋅ x ≤ α + β ⋅γ

(4)

where: α = scale parameter; β = location parameter; and γ = shape parameter.
The γ parameter indicates the type of distribution by the sign and the absolute value (type I: γ = 0; type II: γ >
0; type III: γ < 0). To understand which of the four distributions is the best fitting for the data, three additional
criteria (VOSE, 2017) can be applied:
(5)
information criterion 1 (Schwarz criterion)
SIC = ln( n ) ⋅ k − 2 ⋅ ln( L )
max

 2⋅n 
AIC = 
 ⋅ k − 2 ⋅ ln( Lmax )
 n − k −1 
HQIC = 2 ⋅ ln [ ln(n)] ⋅ k − 2 ⋅ ln( Lmax )

information criterion 2 (Akaike criterion)

(6)

information criterion 3 (Hannan and Quinn criterion)

(7)

where: n = number of observations (e.g. data values, frequencies); k = number of parameters to be estimated;
2⋅ln(Lmax) = estimation of the deviance of the model fit.
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The information criteria indicate the goodness of the fitting. The rule is that the lower an information criterion,
the better the fit. Therefore, the fitted distributions are ranked according to the SIC, AIC and HQIC. A further
check can be done by means of the γ parameter of the GEV distribution. After the choice of the distribution
type, the plot position is constructed by introducing a reduced variate (y), which allows the linearization of the
equation (Milazzo et al., 2020). From the plot position the probability of the critical pit is determined.
The application of this approach is widespread in the corrosion context, but it is not common to find
applications finalised to the quantitative risk assessment. To this scope, the critical pit depth should be the
thickness of bottom plates but, as suggested by the standard EEMUA (2014) a conservative safety threshold
of 2.5 mm has been assumed; therefore, the critical corrosion depth becomes the thickness of bottom plates
subtracted of the threshold. Hence, the probability of corrosion higher than 5.5 mm is assumed as the
probability of perforation.

3. Case-study
The methodology has been applied to a large fixed roof atmospheric tank, containing naphtha solvent. It is
included in a Seveso site, close to a residential area, highways and railways and natural vulnerable elements,
3
and has a maximum capacity of about 5000 m . The tank is operating since 1962; its bottom has 53 carbon
2
steel plates, welded each other and covers about 360 m . The nominal thickness is 8 mm. The most recent
inspections have been done to the 2010 and the 2017 and refer to an extensive visual inspection and a
number of UTM for each plate of the bottom, i.e. 126 points in 2010 (minimum thickness = 4.7 mm) and 252 in
2017 (minimum thickness = 3.9 mm). To execute the inspection, the tank was emptied and cleaned. The main
risk, caused by the bottom deterioration, is due to the potential solvent release. Beyond the risk for the
workers associated with the flammability of the substance, a modest leakage could pollute the surroundings.
In general, if the damage occurs at the first shell, the product certainly ends up in the containment basin and
therefore a safety problem could arise due to the flammability of the substance. The release from the bottom,
on the other hand, could cause infiltration into the soil, reaching any water bodies. If the damage occurs right
on the gunwale, the flammability hazard cannot be excluded, but it is generally controlled through the
containment basins and the area should be classified as an ATEX zone with all the necessary precautions.
The set of the maximum corrosion depths have been extracted from the UTM measures. These have been
processed by means of the trial version of the software ModelRisk (VOSE, 2017) to choose the best fitting
probability distribution type based on the information criteria discussed above and the γ parameter of the GEV.

4. Results
4.1 Identification of the best-fitting extreme-value distribution
The fitting of data gave the cumulative distribution curves of Figure 1; it can be observed, the same corrosion
value appears associated with different F(x), this is due to the equation used to estimate F(x) that account for
the rank of the measure (Shibata, 1991). The original data overlaps the type II distribution for higher x and the
type I for lower values. The parameters of each distribution have been derived with the ModelRisk (Table 1).
Given that for the GEV distribution γ > 0, the best fitting should be given by the type II, this is also confirmed
by the information criteria as the lowest SIC, AIC and HQIC have been identified for the type II distribution
(Table 1). The goodness of the fit by means the check of the residuals is made by means of the value of
2⋅ln(Lmax).
Table 1: Parameters of the distribution
Parameter
scale parameter α
location parameters β
shape parameter γ
shape parameter k
scale parameter ω
SIC
AIC
HQIC

Type I
(2010)
0.196
2.068
---4.655
0.954
2.229

Type II
(2010)
0.092
2.146
---1.028
- 2.672
- 1.397

Type III
(2010)
---6.511
2.317
43.163
39.462
40.737

GEV
(2010)
0.192
2.060
0.068
------

Type I
(2017)
0.158
2.309
---- 17.872
- 21.572
- 20.297

Type II
(2017)
0.088
2.339
---- 19.548
- 23.249
- 21.973

Type III
(2017)
---5.745
2.542
58.484
54.784
56.059

GEV
(2017)
0.155
2.301
0.077
------
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(a)

(b)
Figure 1: Cumulative distribution curves for (a) 2010 and (b) 2017.
4.2 Plot position and probability of the critical pit
Given that, the type II and III distributions can be always transformed in type I, to derive the plot position, the
type II distribution has been transformed in type I, as suggested by Alaswed (2018). Thus, by introducing a
reduced variate y, the Eq(9) has been used to construct the Gumbel probability plot:

y=

x−β

α

(

y = − ln ln 1

(8)

F ( y)

)

(9)

The set of the maximum corrosion depths at each plate has been analysed for the 2010 and 2017 and a plot y
vs. x has been produced (Figure 2). Through regression, the parameters of the distribution have been
obtained. Figures 2(a-b) show that the probability of a pit greater than or equal to 2.5 mm is 0.05 in 2010 and
0.15 in 2017. The plot position should be extended to make the analyst able to read the probability of having a
pit greater than 5.5 mm (which is used as threshold value of criticality before the perforation is reached),
therefore, this calculation has numerically been carried out and the resulted probabilities are 3⋅10-12 in 2010
-12
and 5⋅10 in 2017, practically absolutely negligible values. The probabilities obtained with type II distribution
are conservative and more accurate than those derived with the type I, in particular, the Gumbel distribution
gives low probabilities of perforation. In Figure 2, points with corrosion depth higher than 3 mm deviate from
the linear trend, this can likely be attributed to the simultaneous presence of other deterioration mechanisms,
which should be investigated by using two plot positions on the same graph. The use of this approach can
also incorporate the effects of time when several inspections are available, this allows making prediction about
the perforation as given by Milazzo et al. (2020).
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(a)

(b)

Figure 2: (a) Plot position 2010, (b) Plot position 2017.
4.3 Discussion
The distributions of the localised corrosion depths of the bottom of tanks are interpolated with various types of
statistical distributions. The depth distribution depends on the mechanisms of formation and growth of pitting.
A lot of work has been done to find the best way to represent localised corrosion in tank bottoms and also
pipes. As mentioned above, a very strong basis was laid by Shibata (1991) that demonstrated how the double
exponential Gumbel distribution was the most suitable to represent pitting. The physical and chemical
foundations underlying the pitting distribution have been extensively discussed by Valor et al. (2007a), based
on a number of laboratory tests. In another work, Valor et al. (2007b) reviewed 48 datasets of experimental
measurements and verified that Gumbel distribution was definitely the most suitable distribution to represent
the corrosion depths. This deduction contradicts with works that tried to demonstrate the non-applicability of
Gumbel theory and introduced variants. Among the various attempts, Jarrah et al. (2011) proposed a much
more complicated version of the distribution of extremes, i.e. the generalised lambda distribution (GLD), which
was also used by Valor et al. (2013), combined with Markov chains to refine pitting modelling. A very recent
work by Melcher and Ahammed (2020) demonstrated the sound physical and chemical basis behind the
statistics of extremes, based on measurements performed on pipes. While the first works were based on
laboratory tests, over time, data on real situations were also accumulated, in particular pipelines and tanks of
fuel oil and petroleum products.
The results obtained in this work relate to a type of tank that is currently not sufficiently investigated, i.e.
chemical tanks; this type, although similar to oil ones, still have noteworthy peculiarities, such as more
frequent emptying and reclamation, possible use of different substances, standards of higher product quality,
smaller size. The Gumbel distribution is still a good basic reference, but the result can be even better with the
generalised distribution or with the type II distribution. In RBI studies, the assessment of the conditions
concurs to determine the interval between subsequent inspections, whilst in Seveso safety management the
need to adopt additional preventive measures. In particular, in the ageing fishbone method (Milazzo and
Bragatto 2019), adopted by the Italian authorities to verify the adequacy of the ageing management in the
Seveso plants, there is a "damage/defect" factor, which contributes, together with other technical and
organisational factors, to the calculation of an overall ageing index. The damage/defect factor should,
reasonably, consider the distribution of pitting, assigning a higher score to the distributions characterised by a
higher pitting depths.

5. Conclusions
The study proposed the use of a probabilistic approach for the derivation of the probability of perforation of the
tank, which is widespread in the corrosion context, to be applied in quantitative risk assessment. The casestudy relates to a type of tank, containing solvents, that is currently not sufficiently investigated in the
literature. The results show the probability of perforation is absolutely negligible, but these refers to the current
use of the tank and assume a constant trend of the corrosion over the time. Nevertheless, the application
provides useful information that can be utilised for the safety management, i.e. to adopt additional preventive
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measures, as well as to verify the adequacy of the ageing management by integrating information about the
evolution of the mechanism in the prediction of the "damage/defect" factor.
Acknowledgments
This work has been funded by INAIL within the BRIC/2018, ID = 11 framework, project MAC4PRO. The
authors express sincere gratitude to Luca Ceruti, HSE manager, and Irene Bonetti, Director, of the Company
“Attilio Carmagnani – AC” for their valuable cooperation in making this work possible.
References
Alaswed H.A., 2018, A study on max domain of attraction condition of Fréchet distribution with case study, Journal
of Pure & Applied Sciences 17(1), 86-90.
Beretta S., 2009, Affidabilità delle costruzioni meccaniche, Springer-Verlag, Milano, Italia (in italian).
Bolzoni F., Fassina P., Fumagalli G., Lazzari L., Mazzola E., 2006, Applicazione dei modelli probabilistici allo studio
della corrosione localizzata, La metallurgia italiana 6, 9–15 (in Italian).
EEMUA, 2014, Users’ Guide to the Inspection, Maintenance and Repair of above Ground Vertical Cylindrical Steel
Storage Tanks, EEMUA 159.
EU Council, 2010, Directive 2010/75/EC on industrial emissions (integrated pollution prevention and control)
(Recast), Official Journal of the European Union, L334(2010), 17–119.
EU Council, 2012, Directive 2012/18/EU on the control of major-accident hazards involving dangerous substances,
Official Journal of the European Union, L197(2012), 1–37.
Gumbel, E.J., 1958, Statistics of Extremes, Columbia University Press.
Health & Safety Excutive (HSE), 2002, Guidelines for use of statistics for analysis of sample inspection of corrosion,
Research Report no. RR 016.
Ishikawa Y., Ozaki T., Hosaka N., Nishida O., 1982, Prediction of Localized Corrosion Damage of Some Machine
Components by Means of Extreme Value Statistical Analysis, Transactions ISIJ 22, 977–983.
Jarrah A., Bigerelle M., Guillemot G., Najjar D., Iost A., Niang, J. M., 2011, A generic statistical methodology to
predict the maximum pit depth of a localized corrosion process, Corrosion science 53(8), 2453-2467.
Jenkinson A.F., 1955, The frequency distribution of the annual maximum (or minimum) values of meteorological
elements, Quarterly Journal of the Royal Meteorological Society, 81, 158.
Joshi N.R., 1994, Statistical analysis of UT corrosion data from floor plates of a crude oil aboveground storage tank,
Material Evaluation 52(7), 846–849.
Laurent, A., Pey, A., Gurte, P., Fabiano, B., 2021, A critical perspective on the implementation of the EU Council
Seveso Directives in France, Germany, Italy and Spain, Process Safety and Environmental Protection, 148, 4774.
Lee S.H., Choe B.H., Kim Y.P., Kim W.S., Ko Y.T., Lee J.H., Paik U., 2005, Probabilistic Assessment for Failure
probability of Pipe Lines by Extreme Value Distribution, Materials Science Forum, Vol. 486-487, 229–232.
Kasai N., Mori S., Tamura K., Sekine K., Tsuchida T., Serizawa Y., 2016, Predicting maximum depth of corrosion
using extreme value analysis and Bayesian inference, International Journal of Pressure Vessels and Piping 146,
129–134.
Melchers, R.E., Ahammed M., 2020, Extreme Value Statistics for Pitting Corrosion of Steel Pipelines, Proceedings
of the 25th Australasian Conference on Mechanics of Structures and Materials ACMSM25, 667-676, Springer,
Singapore.
Milazzo M.F., Ancione G., Bragatto P., Mennuti C., 2020, Simplified Modelling of the Remaining Useful Lifetime of
Atmospheric Storage Tanks in Major Hazard Establishments, Chemical Engineering Transactions 82, 175-180.
Milazzo M.F., Bragatto P. 2019, A framework addressing a safe ageing management in complex industrial sites:
The Italian experience in «Seveso» establishments, Journal of Loss Prevention in the Process Industries, 58,
70-81.
Shibata T., 1991, Evaluation of corrosion failure by extreme value statistics, ISIJ International 31(2), 115–121.
Valor A., Caleyo F., Alfonso L., Rivas D., Hallen J.M., 2007a, Stochastic modeling of pitting corrosion: A new model
for initiation and growth of multiple corrosion pits, Corrosion Science 49(2), 559-579.
Valor A., Rivas D., Caleyo F., Hallen J.M., 2017b, Discussion: Statistical characterization of pitting corrosion - Part 1:
Data analysis and part 2: Probabilistic modeling for maximum pit depth, Corrosion 63(2), 107-113.
Valor A., Caleyo F., Alfonso L., Velázquez J.C., Hallen J.M. 2013, Markov chain models for the stochastic modeling
of pitting corrosion, Mathematical Problems in Engineering 108386.
Velázquez J.C., Caleyo F., Valor A., Hallen J.M., 2009, Predictive Model for Pitting Corrosion in Buried Oil and Gas
Pipelines, Corrosion 65(5), 332–342.
Vose Software™ user manual, 2017 <https://www.vosesoftware.com/> accessed 27.01.2021.

