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Corrosion models of a mounded horizontal pressure vessel
in a probabilistic approach
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Abstract: The computations of fuel tanks are bound to cover uncertainties related to geometric and material
imperfections, post-welding stresses, non-uniform settlement, and shell degradation due to corrosion. The
paper compares four different methods of tank corrosion descriptions: a uniform reduction of the sheet
thickness of the entire shell, degradation described by an angle correlated with its partial fuel filling,
corrosion patterns defined by appropriately selected trigonometric functions, and an advanced model using
theoretical random fields. All corrosion patterns were numerically investigated to identify their impact on
structural response. The computations were carried out for a simplified numerical model of a mounded
horizontal pressure vessel. The Point Estimate Method (PEM) was used to estimate the mean value and
standard deviation of the shell critical forces. The probabilistic approach allows to assess structural reliability
and makes it possible to optimize the structure. It has been shown that the optimal variant of corrosion
description, easy for engineering applications, is the uniform reduction of the shell thickness.
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1. Introduction

Pressure vessels are essential structures to store fuel and other petroleum industry products.
The tank damage may cause substantial economic and environmental aftermath and threat to
human life and health. Therefore, it is substantial to provide relevant reliability and durability of
this structural category, among others included in the PED directive [1]. The standard guidelines
require reliability analysis only in the CC3 consequence class case [2]. The numerical measure
of reliability level is the reliability index f, its values are included in [2]. After 50 years of tank
use its reliability index S is required not to fall under the level of 4.3. However, the standards
never specify the methods to numerically assess the reliability. It is assumed that the use of the
standard safety factors assures the required structural safety. The alternative standards allow for
direct reliability assessment in design [3]. Thus the optimal solutions should be investigated
and shown, directed to specific engineering structures, e.g. pressure vessels, whose design and
manufacture are unified to a great extent.

Reliability estimation is bound to cover all the aspects linked with design, fabrication, and
operation of tanks. The advanced computations, fundamental in structural design, are bound
to consider geometric and material imperfections [4], post-welding stresses [5], non-uniform
settlement [6], and the cyclic pattern of tank filling [7] or seismic loading [8]. An issue that is
challenging and difficult to control is corrosion of the tank sheets [9, 10]. Corrosion usually
occurs in aged pressure vessels employed in industrial processes, caused by aggressive media
inside or severe environmental conditions outside the tank. Standard rules and computational
algorithms involving strength of corroded shells are based on uniform thickness reduction.
Since the corroded surface is uneven, a much higher accuracy level is required. The work [11]
compares the ultimate strength of corroded plates of uniform thickness and irregular surface.

The research on corrosion processes of tanks incorporates analytical solutions. The
work [12] proposes a method to assess the critical time of stability loss in thin-walled high-
pressure vessels subjected to uniform corrosion. In [13] a simplified method is developed for the
Fitness-for-service (FFS) assessment of pressure vessels undergoing corrosion damage. In turn,
the paper [14] addresses FFS assessment of spherical pressure vessels with localized corrosion.
The paper [15] covers the effect of pitting corrosion on stress concentration factor (SCF) for
a spherical pressure vessel. A series of finite element models are investigated, to prove that
the pit aspect ratio is a principal stress-related parameter. The item [16] delivers strength and
stability algorithm involving unknown thickness of a corroded vessel. The paper [17] shows
a unified closed-form solution for the lifetime of elastic spherical and cylindrical vessels of
arbitrary thickness, subjected to the pressure of corrosive media.

Corrosion processes are often analysed with the use of a probabilistic framework. The
authors of [18] conduct a structural analysis to identify reliability index variation, produced by
both general corrosion and pitting corrosion in the vessels. The in situ and laboratory tests are
substantial while modelling tank corrosion and its results. The work [19] includes laboratory
tests performed on pressure vessel plates. The Monte Carlo simulation points out that the
population of mechanical properties of the corroded specimens follows the Gaussian variable
type. The paper [20] collects the thickness profile data for backside corrosion of the bottom
floors of several oil storage tanks, the data are statistically processed to investigate the corrosion
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risk of the bottom floors. The slope of the risk is a relevant evaluation parameter involving
discrete thickness data. In the work [21] various statistical characteristics of the generated
random fields are investigated to identify their impact on structural response. Attempts are also
made to estimate the reliability of corroded tanks (time-to-failure forecast) [22].

Numerical modelling of corrosion headed for design deserves attention. The analysis is
not intended to show the most inconvenient corrosion patterns to cross the limit of buckling
tank loads. It is rather bound to simulate real corrosion patterns on the tank shell. The major
task of the work is to assume various probabilistic models of corrosion layout, and next, to
estimate the mean value and standard deviation of the limit load. Four different corrosion
models are compared. First, standard forms of overall uniform tank degradation are considered.
Next, partial tank degradation is linked with its partial fuel filling. Moreover, simulations of
corrosion zones are implemented by simplified trigonometric function models and the use
of advanced theoretical random fields defined by correlation functions. This sort of analysis
allows for structural reliability estimation and sensitivity assessment of the limit state variation
due to corrosion process impact. It is essential to assume optimal background to estimate the
reliability of a designed tank [23-25]. Such a computational algorithm may be called reliability
optimization of pressure tanks.

In all cases, the Point Estimate Method (PEM) [26] was used in the probabilistic calculations.
This avoids the serial, time-consuming calculations needed when using the Monte Carlo method,
the Response Surface Method, and many others [27,28]. An important element is the adoption
of an optimal data description allowing for the estimation of the reliability of the designed
tank. The main purpose of the work is to answer the question of whether the corrosion model
defined by a uniform change in shell thickness is a sufficient description of tank degradation,
replacing more complicated models.

The analysis of corrosion impact on structural resistance and reliability is illustrated by
a mounded horizontal pressure vessel. The preliminary results of calculations of pressure
vessels, taking into account material corrosion, are presented in [29].

2. The mounded vessel FEM model

The analysis concerns a mounded storage horizontal pressure vessel with a length of
72599 mm and a diameter of 5600 mm (Fig. 1). The cylindrical shell is 28 mm thick, while
the hemispherical ends are 26 mm thick. The base material used for tank manufacture is steel
P355NL2. The cylindrical shell is stiffened with 13 T-shaped rings. There are five manholes in
the upper part of the vessel.

The computations were performed for a part of the cylindrical shell between two cir-
cumferential rings (Fig. 2). The shell was characterized by the following parameters: length
L = 4785 mm, diameter d. = 5600 mm, and model thickness ¢ = 24.7 mm (Fig. 2). This
numerical model is consistent with the calculations of the standard critical force of tanks [3].
The model thickness results from reducing the design thickness of 28 mm by the so-called
corrosion additive, in this case, 3.3 mm [3]. Boundary conditions were applied to both circular
shell edges. The radial and circumferential translations were fixed, which corresponds to
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Fig. 1. The analysed mounded fuel storage vessel

simplified assumptions for heavy ring stiffeners. The shell was subjected to negative pressure
and longitudinal compression [29]. The initial value of the negative pressure was assumed
as p = —1.0 MPa. The calculations were carried out using the ABAQUS software [30].
The numerical model of the cylindrical shell consisted of shell elements S4R with reduced
integration. The cylinder circumference was divided into 128 finite elements. The size of
the rectangular shell elements was approximately 137 x 137 mm?. The total number of shell
elements was 4480. Linear buckling analysis (LBA) was performed. In all analyzed cases, the
vessel’s critical forces P, were determined.

(a) (b)

Fig. 2. Simplified model of the tank part: (a) loads and boundary conditions; (b) mesh

3. The models of corroded shell of a pressure vessel

The FEM models decisive for the corrosion range of a tank shell material may be formed on
various accuracy levels. Due to the random character of the phenomenon, it seems reasonable
to launch the probabilistic mode. The simplest, straightforward model assumes uniform tank
deterioration captured by a single random variable, i.e. shell thickness . However, the actual
measurements of tanks [19,20] point out random characters of parameters and the layout of
corroded zones. For this reason, more complicated models of the corroded tank can be used.
In the case of cylindrical horizontal tanks, the corrosion impact can be defined by an angle a
to show the cylinder section subjected to deterioration. The regular corrosion layout may be
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also the result of trigonometric functions applied in computations. The improved corrosion
map may be generated using random fields and properly adjusting correlation functions. The
impact of these four variants of corrosion models on the critical force of the shell is assessed.
On these bases, conclusions may be drawn from corrosion modelling in vessel structures.

3.1. Corrosion modelled by a single random variable

The first variant regards corrosion by a single variable, the tank thickness ¢. The thickness
variation is uniform, displaying a constant value throughout the shell. This is the most
straightforward way to capture uncertainties in numerical analysis.

A probabilistic attempt at corrosion description requires the assumption of a random shell
thickness ¢ model. Due to the shortage of comprehensive statistical data, the shell thickness ¢ is
considered a Gaussian variable N (7, 0;) defined by its mean value 7 and standard deviation o.
Since the corrosion allowance of the vessel is 3.3 mm [3], i.e. approximately 12% of the nominal
thickness of the sheet, the following average thickness of the corroded sheet was assumed
t =28 —3.3 = 24.7 mm. To limit the shell thickness ¢ to values lower than 28 mm the standard
deviation of 1/3 of the vessel corrosion allowance was stated, i.e. o; = 3.3/3 = 1.1 mm. Hence
the generated sheet thickness ranges from f — 30; = 21.4 mm to 7 + 30; = 28.0 mm.The
Gaussian variable allows for an infinitely large dispersion of ¢, however, the probability of
exceeding the assumed interval is lower than 0.1%. Moreover, the generation of Gaussian
variable 7 bigger than the nominal thickness is justified by fabrication tolerance. On the other
hand, the maximum reduction of sheet thickness t < 21.4 mm, below 24% of the lowest
thickness is also possible and reasonable. The measurement data show, that the bottom sheet
thickness reduction of vertical cylindrical tanks ranges 10%-+40% [19]. Hence the generation of
corrosion decrement does not yield limitations, e.g. bounded Gaussian or log-normal variables.
Finally, the sheet thickness is considered a Gaussian variable N, (7, oy) = N,(24.7,1.1) [mm].

The probabilistic analysis employs the PEM (Point Estimate Method) [26], while it takes
a low computational amount, and is easy to implement in engineering calculations. In the PEM
a continuous random variable X of a distinct density function fx(x) is replaced by a discrete
variable px(x). Further simplifications are applicable in symmetric Gaussian variables (no
skewness). While a single random variable is involved the probability density function may
be represented by two discrete points — impulses. The first and second moments of the shell
critical force, i.e. the mean value P, and variance 6'12,“ can be estimated [26]:

3.0) Py =0.5(P;) +0.5(P A
: op =05(P;)? +0.5(P%)* = (Por)?

The critical forces P, and P}, calculations are conducted in the cases of two tank models,

different in the 7 thickness of the shell:

-0, =247-11=23.6 mm — P_=-0.770 MPa

(3.2) !
’ f+0,=247+11=258mm — P} =-0.973 MPa

The form of the deformed shell in the case of 7_ = 23.6 mm is shown in Fig. 3.



www.czasopisma.pan.pl N www.journals.pan.pl
T

436 M. SONDEJ, P. SORN, J. GORSKI

Fig. 3. The loss of the tank stability caused by the uniform model of the shell corrosion, f— = 23.6 mm

Based on the computations the formulas (3.1) lead to the estimators of the critical force
mean value ﬁcr = —0.872 MPa, and standard deviation 6p, = 0.097 MPa. Additionally,
the structural limit state P, = —0.867 MPa is determined concerning the mean corrosion
decrement 7 = 24.7 mm. This value differs from the value of P, to a slight extent only.

3.2. Corrosion modelled by two random variables

The second computational variant assumes two random variables, i.e. thickness of the
shell ¢, and the corroded zone defined by the angle a (Fig. 4). The thickness ¢ is considered
a Gaussian variable, following the first variant, i.e. N;(24.7,1.1) [mm]. The angle a denoting
a weakened cylindrical tank section may be linked with partial tank filling.

@

o

Fig. 4. Illustration of the assumed shell part of reduced sheet thickness

>

To formally take into account the scatter of the angle @ the uniform random variable is
assumed. While the angle @ ranges the entire tank, i.e. the interval 0.0 < @ < 27, the mean
value @ and standard deviation o, read:

0+2n , (2r-02 1,
= = o, = ——— = —TT
2 e 12 377

(3.3) 0q =0.57n

Qi

In the case of two random variables the following PEM formulas are applied [26]:

Py = 0.25(PE + PiT + Pt ++P57)
~ _ _ —\212 5
03, =025 [(PE)? + (PE)* + (PG + (PP = (Par)?

cr

34
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Calculations of critical forces were made for four variants of random variables « and ¢:

t=f+0; =25.8 mm,
t=t+0; =25.8 mm,
t=f-o0; =23.6mm,
t=f-o0;=23.6mm,

a+0,=157Tr — P} =0.919 MPa
@—0q=04231 — P5 =0.979 MPa
@+0e=157Tn — P;*=0.785 MPa
a—0q=0423r — P~ =0.832 MPa

(3.5)

R R R R
Il

On this basis, the first and second moments were determined according to (3.4): the expected
value P, = —0.8536 MPa and standard deviation 0p, = 0.0502 MPa. For comparison, the
average value of the critical load calculated in a standard way (1 = 24.7 mm, @ = «) is
P = —0.89409 MPa, so is greater than estimated by the PEM. The deformations of the tank
models are presented in Fig. 5.

Fig. 5. Deformation of the tank model caused by the corrosion of a shell fragment (¢ = 0.4237)

3.3. Corrosion modelled by a regular sine field

Corrosion measurements of real structures indicate that the distribution of material
deterioration is not uniform. Moreover, the size and distribution of more heavily corroded
areas are random. To simplify the data input describing the actual condition of the tank,
corrosion fields were generated using the sine function. In this case, the random variables are
the thickness of the shell 7, and the number of waves in the horizontal and vertical directions,
defined by integers ny and n,

(3.6) t(x,y) =tsingy sing, = tsin (nx llx) sin (ny lﬂy)

x y
where: [ = 2nr = 272800.0 = 17592.92 mm s the length of the cylinder, and [, = 4785.00 mm
is the height of the shell part (Fig. 1).

To reduce the number of variables, a constant value of the number of half-waves along the
height of the shell model was assumed, i.e. n, = 3. The use of PEM requires the determination of
the mean value and standard deviation of the random variables 7. Assuming a maximum of 12
half-waves, the variable can take the following values (integers only) ny, = 0,1, ..., 12, where
0 means a shell with uniform corrosion. According to a uniform distribution, the following
approximate expected value and standard deviation of 7, can be determined (compare Eq. 3.3)
ny = 6 and o, = 3.46. Finally, the following value was adopted 0, = 3. The thickness 7 is
described by a normal distribution N, (7, 0;) = N,(24.7,1.1) mm and changes according to
the sine function (3.6). Corrosion field for n, = n, = 3 is shown in Fig. 6a.
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(@ (b)

Fig. 6. Corrosion fields described by function (3.6) for ny = ny = 3:
(a) corroded field; (b) critical shell deformation

According to the PEM formulas, the critical load can be determined in four cases:

t=t+0;=258mm, n,=3, n,=n,—-0, =3— P =0.9704
t=t+0;=258mm, n,=3, ny,=n,+0, =9— Py =09718
t=t-0,=23.6mm, n,=3, ny,=n,-0, =3 P =07673
1=T—0y=23.6mm, ny=3, ny =Ty +om =9 Py =0.7682

(3.7)

On the basis of the obtained results, the expected value Pcr = 0.8694 MPa and standard deviation
Jp,, = 0.1017 MPa were estimated. The deformation of the tank model is presented in Fig. 6b.

3.4. Simulation of tank corrosion distribution using a random field

Geometric imperfections of tank shells or dispersion of material parameters, as well as
two-dimensional models of corrosion degradation, can be described with appropriate random
fields. Many computer programs have been developed to generate random theoretical fields
focused on various issues. The most commonly used algorithms are based on Karhunen-Loéve
expansion or using a wavelet-Galerkin approach [31]. An alternative original solution was
adopted in the work. Corrosion field generations were performed using proprietary software
described e.g. in [32]. The computational algorithm was used in the analysis of various issues,
e.g. shell structures [33], imperfections of geometric silos [34], or composites [35].

The theoretical basis for generation of Gaussian random fields is an optimized version of the
conditional acceptance and rejection method [32]. A conditional function f(X) = f(X,,/Xx)
was introduced to the computational algorithm, enabling generation of the unknown part of
the vector of random variables X,,, assuming that the remaining elements of the vector Xy are
known (previously generated) [32]

(3.8)  f(Xu/Xp) = (detK.) ™2 (21) ™% exp(-0.5(X, — Xo) 'K (X - X0)),

where K. is a conditional covariance matrix, X, is the conditional mean value vector and m is
the size of the matrix K.
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There are no restrictions imposed on the covariance functions defining the correlation
matrix K. Thus, the algorithm allows the simulation of homogeneous or non-homogeneous
fields, strongly or weakly correlated. It is also possible to introduce a correlation matrix
obtained on the basis of measurements made in situ or using the results of laboratory tests.

The adopted propagation scheme ¢ X d covering sequentially the generated field area
(Fig. 7) plays an important role in the calculations. The generation process takes place in
several stages. In subsequent steps, based on the previously generated points from the area, only
one point value of the field is generated (Fig. 7). The propagation scheme ¢ X d is successively
moved to cover all points of the field.

//
U

//

L1 e simulated value
| x unknown values simulated
| in one base scheme step
| O known values

L{{| O known values not included in
| the base scheme calculations
//

Fig. 7. Covering the generated area with the propagation scheme (¢ X d) in the case of a cylinder

The original proprietary simulation method allows the generation of two-dimensional
random fields described on cylinders. The algorithm enables closing the field to maintain the
continuity of the description characterizing the cylinder surface. The propagation scheme ¢ X d
is therefore assigned to points located on both sides of the edges closing the cylinder (Fig. 7).
The specific generation method is particularly important in the case of simulating geometrical
imperfections of tanks [32].

In applying random fields, the most important element is the adoption of a correlation
function appropriate for a given problem. In standard engineering problems, the exponential
correlation function associated with the first-order autoregression function of the Markov
process is most often used. In the two-dimensional case, it has the following form

(3.9 t(x,y) = exp (=dx |x| = dy |yl)

where d and d, are the damping parameters describing the decay of the correlation, and
|x| and |y| are the distances between the field points along axes x and y.

The homogeneous and anisotropic function (3.9) takes into account the relationship
between the field points in a certain limited area defined by the damping parameters. Due
to the lack of comprehensive measurement data on the extent and distribution of corrosion
zones, the parameters dy and dy of the correlation function (3.9) were adopted a priori
d =d, =d, =0.05 m~!. The range of correlation is therefore relatively large. The
calculations assume that the damping parameter d is a deterministic value.
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The parameters of the correlation matrix have been selected so that the distribution
of shell thickness variability ¢ at a single point defines a normal distribution
N, (z,0;) = N;(24.7,1.1) [mm]. 2000 realizations of the vessel corrosion fields were generated.
The values of the expected critical force P, and its standard deviation 0p, were estimated
using PEM. For this purpose, the generated fields were classified according to the average
value of the thickness #peqan Of a single realization of the field. On this basis, the mean value
fmean = 24.69 mm and standard deviation 7, = 1.095 mm were determined. The histogram
of the variable fe,y is shown in Fig. 8.

250
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(3 5 73 8
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) © IS £ < S5 ) ~ o < =) © ]

— — I o I < < v v o =~ o~ o
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Fig. 8. Histogram of mean values fpean of random fields of tank thickness

According to PEM, calculations should be made for two fields selected from 2000 generated
realizations, defined by average shell thicknesses 7 .an = fmean — O ryesy @04 £ean = fmean + 0y -
An example of a corrosion field is shown in Fig. 9a.

(@ (b)

Fig. 9. Corrosion described by a random field (f;,can = fmean — Otyeq):
(a) corrosion distribution; b) critical shell deformation

For the selected two implementations of the medium thickness field #;,ean, FEM calculations
were performed, obtaining the following results:

tmean = 24.7—-1.095=23.602mm — P, =-0.7427 MPa

(3.10) mean G
thon=247+1.095=25792mm — P =-0.9653 MPa

mean
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Based on these calculations, using the PEM formulas (3.1), the estimators of the average
critical force ﬁcr ~ —0.854 MPa, and standard deviation o-p, = 0.1113 MPa were determined.
The deformation of the tank model is presented in Fig. 9b.

4. Summary and conclusion

The results of all calculations are presented in Tab. 1. The mean values P, of the four
critical forces differ slightly, but the methods of describing the corrosion distributions affect
the values of the standard deviations & p,. Almost identical values 0-p, were obtained in
three cases, i.e.: corrosion described by one variable — shell thickness ¢, two variables — sine
functions and thicknesst, and random field. Much lower values of the standard deviation op,,
were obtained for the corrosion model defined by two random variables, i.e. the angle & and
the shell thickness ¢. In this case, the deterioration of the shell covering is only a part of the
tank. Other models describe changes in the thickness of the entire shell.

Table 1. Critical force values P, vs. tank corrosion models

Uniform Angle o and Sine functions and Random Field -
thickness ¢ [MPa] thickness ¢ [MPa] thickness ¢t [MPa] thickness ¢ [MPa]
P -0.872 -0.854 -0.869 -0.854
op, 0.102 0.050 0.102 0.111

In the random field model of tank corrosion, the value of the damping parameter d was
arbitrarily adopted. Changing this value will change the calculation results. In this sense,
corrosion described by a random field has the most general character. However, no parametric
analysis of the influence of the damping parameter d on the estimation of the expected value
P., and standard deviation 0p,, was performed. Such calculations could also indicate the most
unfavorable range of correlations due to the load capacity of the structure.

In addition, the sensitivity of the critical force P, value to a change in the shell corrosion
model was checked. Figure 10 shows the values of critical forces determined for the mean
values of random variables describing corrosion my, and for the mean values reduced and
increased by their standard deviation oy i.e. my F o, where the variable y describes the
corrosion model parameters. In three cases, i.e. corrosion zones described by a uniform change
in thickness y = ¢, a sine function change y = n,, and a random field y = fiean, the obtained
critical forces do not differ much. In addition, in these cases, linear relationships between the
obtained results can be found. Only the values obtained for the corrosion field described by the
angle a(y = a) deviate from these solutions (Fig. 10).

An important element of the analysis was to determine which of the corrosion models can
be considered useful in the design process and engineering calculations. Degradation of the
shell thickness described by one variable — the thickness ¢ is the easiest to use, but this type
of corrosion model is not confirmed by measurements of real objects. However, comparing
the obtained solutions with other corrosion models (Table 1 and Fig. 10), it can be concluded
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07 P, Corrosion models:
~0.75 O0——6———0© uniform ¢
0.8 SL—A—A angle o
O———— sine function
-0.85
X——>—x random field
-0.9
-0.95
_1 .O | T | T |
m—G, m, m+o,

Fig. 10. The sensitivity of the shell critical force P, to a change in the corrosion model

that this type of simplified analysis well reflects the critical states of the tank. Thus, in the
absence of comprehensive measurement data, a homogeneous corrosion model described by
one variable — shell thickness ¢ — is the best solution. Moreover, following the standards [3],
protection against loss of load capacity of horizontal pressure tanks consists of introducing
a corrosion additive, i.e. increasing the thickness of the shell. The standard guidelines therefore
correspond to the simplest corrosion model.

The calculations focused only on the impact of vessel corrosion, ignoring other factors such
as geometric imperfections or external factors, i.e. nonuniform settlement or seismic load. Esti-
mated expected values ﬁcr and standard deviations G p,, are therefore not objective parameters
determining the actual load capacity of pressure vessels. The proposed corrosion models can
also be used in the analysis of other structures, e.g. vertical tanks, silos, as well as shipbuilding.
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Probabilistyczne modele korozji podziemnego poziomego zbiornika
ciSnieniowego

Stowa kluczowe: podziemne zbiorniki ci$nieniowe, korozja powlok, stany graniczne, opis probabili-
styczny

Streszczenie:

Awaria zbiornikéw ci$nieniowych na paliwa i inne materialy petrochemiczne moze doprowadzié
do skazenia Srodowiska, a takze zagraza¢ zdrowiu i Zyciu ludzi. Wytyczne normowe wymagaja aby
niezawodno$¢ zbiornikéw w przewidzianym okresie eksploatacji byta odpowiednio wysoka. Okresla si¢
ja na podstawie Scile zdefiniowanej miary — wskaZnika niezawodnosci S. Jednoczesnie przyjmuje si¢, ze
odpowiedni poziom niezawodno$ci zbiornikéw uzyska si¢ stosujac wskazane w normach algorytmy obli-
czeniowe. Tylko w przypadku klasy konsekwencji CC3 konstrukcji konieczne jest liczbowe oszacowanie
wskaznika niezawodnos$ci 8. W normach jednak nie wskazano w jaki sposéb takie obliczenia powinny
by¢ wykonywane. Wydaje si¢ istotne wypelnienie wyraznej luki pomiedzy normowymi wytycznymi
a powszechnie stosowanymi metodami projektowania. Analiza zbiornikéw powinna dotyczyé wielu
niestandardowych elementéw jak np. imperfekcji geometrycznych i materialowych, nieréwnomiernego
osiadani czy proceséw korozyjnych. W pracy wykonano analiz¢ probabilistyczng skorodowanego zakop-
cowanego poziomego zbiornika ci$nieniowego na paliwa ptynne. Rozpatrzono kilka wariantéw opisu
korozji: jednorodng zmiane grubosci blachy powtoki, zmniejszenie grubosci fragmentu walca okreslonego
katem a, wprowadzenie regularnych obszaréw korozji opisanych funkcja sinus oraz symulacje stref
korozji polami losowymi. Celem pracy bylo sprawdzenie jak poszczegdlne modele korozji wplywaja na
zmiang sity krytycznej niszczacej powloke w wyniku dziatania podci$nienia. Obliczenia MES wyko-
nano dla fragmentu zbiornika (walca) z warunkami brzegowymi modelujacymi zebra usztywniajace.
Z uwagi na specyfike obciazenia zbiornika podci$nieniem nie ma potrzeby analizy calej konstrukcji.
Zastosowano analizg probabilistyczng. Grubo$¢ ¢+ powtoki zdefiniowano za pomocg rozktadu Gaussa
o Sredniej réwnej grubosci powloki pomniejszonej o naddatek korozyjny. Odchylenie standardowe
zmiennej ¢t przyjeto w taki sposéb aby maksymalna grubo$¢ powloki nie przekraczala jej rzeczywistej
grubosci. Kat @ opisujacy fragmentaryczng korozje walca opisano rozktadem réwnomiernym. W podobny
sposéb przyjeto liczbe fal w sinusoidalnym opisie uszkodzenia powloki. Opis korozji za pomocg p6l
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losowych najlepiej odwzorowuje rzeczywisty charakter zniszczenia powloki. Dobrano odpowiednig
funkcje korelacyjng umozliwiajaca symulacje nieregularnych obszaréw korozji. Celem obliczeri losowych
jest uzyskanie informacji o rozrzutach sily krytycznej powloki. W pracy zastosowano algorytm obliczen
wykorzystujacy Metode Estymacji Punktowej (PEM). Zgodnie z ta metoda w przypadku jednej zmiennej
nalezy wykona¢ jedynie dwa obliczenia dla wartosci oczekiwanej pomniejszonej i powigkszonej o jej
odchylenie standardowe. Wariant dwéch zmiennych wymaga wykonanie odpowiedniej analizy czterech
przypadkéw. Metode PEM zastosowano konsekwentnie we wszystkich czterech wariantach opisu korozji.
W przypadku ciagtych zmiennych losowych, a wigc zmiany grubosci powloki ¢ i kata wypelnienia «
analiza probabilistyczna ma standardowy charakter. Natomiast w wariancie opisu zakresu korozji za
pomoca liczby fal funkcji sinus obliczenia maja charakter przyblizony. Z kolei definicja pdl losowych
wymagala przeprowadzenie ich klasyfikacji zgodnie z wartoscig Srednig grubosci powloki pojedynczej
realizacji i na tej podstawie wyznaczenia globalnego odchylenie standardowego. Wykonane obliczenia
wykazaly, ze dla trzech wariantéw opisu korozji, tj. rOwnomiernej zmiany grubosci 7, zmiennej grubosci
zdefiniowanej funkcja sinus oraz korozji opisanej polami losowymi otrzymano niemalze identyczna
wartosci sitkrytycznych i jej odchylenia standardowego. Tylko w przypadku modelu definiujacego zakres
korozji za pomoca kata @ warto$¢ oczekiwana jest nieznacznie mniejsza. Ponadto analiza wrazliwosci
zmiany sily krytycznej na zmian¢ parametréw korozyjnych w trzech pierwszych przypadkach wyka-
zala ich liniowy charakter. Nieliniowg zmiane¢ uzyskano jedynie dla opisu korozji za pomoca katem
a. Odpowiednie obliczenia wykonano zmniejszajac i zwigkszajac wartosci zmiennych losowych o ich
odchylenia standardowe. Przeprowadzona analiza pozwala na sformutowanie wnioskéw dotyczacych
modelowania korozji. W przypadku obliczeri inzynierskich wydaje si¢ wlasciwe przyjecie najprostszego
modelu, tj. jednorodnej zmiany grubosci powloki. Znacznie bardziej skomplikowane obliczenia przy
wykorzystaniu np. p6l losowych nie wptywaja na zmiang wynikéw. Ponadto taki uproszczony model
jest zgodny z normowymi wytycznymi zwigzanymi z powiekszaniem grubosci powloki o tzw. naddatek
korozyjny. Uzyskane rozwigzania pozwalajag na wyznaczenie mozliwych rozrzutéw sity krytyczne;j
a w konsekwencji do oszacowania zmniejszanie niezawodnosci zbiornika w miarg uptywu czasu jego
eksploatacji. Nalezy podkresli¢, ze w przypadku uzyskania danych dotyczacych rzeczywistego zakresu
korozji zbiornika mozna wykonaé udoktadnione obliczenia. Dotyczy to przede wszystkim modelu
korozji opisanej polem losowym. Rzeczywiste dane z ogledzin skorodowanego zbiornika pozwolg na
dobranie odpowiedniej dlugosci korelacyjnej. To same wnioski mozna sformutowaé w przypadku korozji
opisanej katem «@. Praca wskazuje takze na zalety stosowania metody PEM pozwalajacej na szybkie
i fatwe oszacowanie wartoS$ci oczekiwanej i odchylenia standardowego sily krytycznej. Zaproponowany
algorytm uwzgledniajacy wplyw korozji w obliczeniach obcigzefi krytycznych zbiornikéw ci§nieniowych
mozna bezpoSrednio zastosowa¢ w analizie innych zbiornikéw, siloséw lub generalnie konstrukcji
powierzchniowych.
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