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Abstract. Major repair or regular inspection of the large capacity thin-walled tankages is very expensive. Steel cylindrical
tanks are an individual case of the thin-walled tankages. The common calculation of the tanks by analytical and numerical
methods is not difficult. Strengthening the places, where a perfect calculated form is disturbed, that is, at the spots of in-
cuts, hatches, defects etc. is a responsible part of the design of such constructions. The problems of prevention of defects
during the operation period and repairs, as well as possibility to assure quickly the safety of defective places of the con-
structions are more important than the common calculations. The main objective of the presented investigations is to iden-
tify stress/strain state of the wall tank with local imperfections from the ideal cylindrical surface, taking into account the
membrane theory of the shells by using the finite element’s method.
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1. Introduction

Practical observations prove that accumulation of defects
becomes the main reason of a failure if the tank is being
used for 20 — 25 years (Rasiulis ef al. 2006¢). While de-
veloping the design standards the main attention was paid
to the most dangerous ‘“sharp” defects (holes, joints,
cracks and so on) and the problem of local shape, “soft”,
defects (dents, bulges etc.) was not so important at this
stage. In many cases, local shape defects, according to
statistical investigations, are considered as secondary
factors of various technical collapses. More importantly,
the influence of such defects is observed in combination
with poor-quality steel, near welded zones or next to the
rigidity ribs (Gorochov et al. 2005; Maslak et al. 2008;
Pircher et al. 2001). The “soft” defects are not investi-
gated as widely as the “sharp” ones. The design codes
and operating tanks in the USA, Europe and Russia limit
the dimension of the “soft” defects during mounting and
operation procedures. According to allowable deviations,
the codes differently limit the sizes of “soft” defects
(Table 1) (Aliphanov ef al. 2004a, 2004b; ANSI/API Std.
650 1993;  DIN 18800 1990;  Eurocode 3 1999;
CTO 0030 - 2004 2004; European Recommendations
1988). The allowances are very common and do not take
into account the place of defects, thickness of the shell,
radius etc. (Romanenko et al. 2004b). There parameter f
is a depth of the dent. It cannot exceed a definite percent-
age of the dent diameter. In the Eurocode (Euro-
code 3 1999) the maximum deviation from a perfect form
of the structure was proposed. It amounts to 1.6% of the

dent diameter. In this case the structure is considered to
be of a good quality, class “C”. Accordingly, with smaller
defect sizes the structure can be classified as the structure
of a very good quality, class “B”, or as the excellent qual-
ity structure, class “A”.

From the practical point of view and for more exact
conclusions about mechanical state, near the defect
minimum, two duplicated investigation methods should
be applied. Bias of the experimental equipment as well as
assumptions in the finite element analysis (FEA) method-
ology should be taken into account (Rasiulis efal.
2006b).

Practically, to study the influence of local shape de-
fects on the thin walls of a tank, the descriptions of 84
cylindrical steel tank crashes have been investigated. In
general, the most valuable 16 factors have been consid-
ered. This research has proved that the most important

Table 1. Allowable imperfections depend on design Code

Standard Allowance
A f<0.6%
C f<1.6%
API 650 f<1.4%
SNIP I1I-18-75 f<1.0%
DIN 18800 f<1.0%
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Fig. 1. Volume 3D model of the tank: mesh of the finite elements (a), place of the defect (b), scheme of the defect (c)

errors may be as follows: the defects of the welded
joints —in case 47 out of 84 failures of the cylindrical
steel tank; the low temperature —in 28 out of 84; the
disturbance in realization of a corresponding project — in
24 out of 84; the poor quality of the steel — in 25 out of
84, the stress concentration — in 16 out of 84; the differ-
ences of pressure —in 11 out of 84; the violation of the
operating conditions — in 9 out of 84; the supports shrink-
age —in 7 out of 84; the influence of the total corro-
sion —in 8 out of 84; the influence of the local corro-
sion — in 3 out of 84; the non-observance of the initial
test conditions —in 7 out of 84; the defect of the form
tank —in 3 out of 84; the residual stresses —in 2 out of
84; the fire — in 21 out of 84; the loss of the ductility — in
21 out of 84; the secondary damages —in 4 out of 84
(Aliphanov et al. 2002). In many cases, local shape de-
fects can be described as an additional factor. On the
other hand, this factor should be taken into account dur-
ing the analysis of the mechanical behaviour of a geomet-
rically non-perfect structure.

Besides, local shape defects are not considered to be
an uncommon phenomenon. For example, an industrial
complex of 78 thin-walled cylindrical tanks has been
designed for light oil products. A great part of local geo-
metric defects has been disclosed on the first (lowest)
strip of the tanks (Aliphanov ef al. 2002). Generally, 286
defects have been detected, 106 of which had the highest
geometrical parameters in comparison with those limited
by the standards: 95 dents and 11 bulges. In particular
41 dents and 3 bulges have been found on walls of
420 m’ volume tanks; 24 dents and 6 bulges — on walls of
700-3350 m® tanks; 26 dents and 2 bulges — on 5000 m’
tanks; 4 dents — on the tanks of more than 5000 m® vol-
ume (Aliphanov et al. 2002). On the other hand, practi-
cally a lot of tanks with defects exceeding those allow-
able by the standards are used. This fact, as it follows
from observations, does not cause deterioration of the
tank state (Rasiulis ez al. 2006a).

Detection of more accurate dependences on allow-
able values factors and parameters of a specific tank in
the analysed investigations is based on analytical rela-

tions of the stress distributions, as well as on results of
the observations of defects on the tanks used. Methods of
the defects evaluation in pipes, as well as calculations of
the stress concentration factors (SCF) on tensile plates
were widely applied for getting formula for calculating
SCF (Samsam Shariat ef al. 2005). The most dangerous
points for the dent are upper points “b” of its contour and
its middle point “a” (Fig. 1c¢). The most dangerous SCF
with “variable success” is available in the areas men-
tioned. The proposed formulas for the analysis of the
wall’s stress condition across the dent area are expressed
by a polynomial with empirical factors. In this case, in
contrast to the codes, the influence of the thickness ¢ and
radius R of the tank wall is taken into account; besides,
the principal differences between middle and contour
points are indicated (Rasiulis et al. 2006a). The results of
analysing the stress condition of the tank wall of specific
capacity with initial parameters R=11.5m, H=12.0m
and = 7.0 mm are different, when the methods consid-
ered are used (Rasiulis et al. 2006a). It is obvious that the
methods are not perfect enough and opinions concerning
investigation of the given object are also different. It
should be noted that all formulas take into account elas-
toplastic deformations of the material.

2. Numerical model

The modelling of defect for a real structure has been per-
formed. In this case the main solutions are made by using
standard finite element code COSMOS/M (Fig. 1a, 1b)
(Barauskas 2004; Cosmos/M 2002; Juozapaitis et al.
2008; Saide 1993).

For modelling the problem by COSMOS/M, a
whole cylindrical tank was taken and loaded by the diesel
oil pressure (load_2) from within, by snow load (load_4),
wind load from right to left and from left to right (load_8
and load_9 respectively) (Greiner ef al. 1995), vacuum
load (lead_6), additional pressure of the evaporation of
diesel oil (load_7), plus temperature load (load_11) and
minus temperature load (load_12). The tank parameters
were as follows: diameter R = 15.2 m, height H=12.0 m
and the wall thickness at a site of the defect = 6.0 mm.
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Fig. 2. The distribution of the von Mises stresses next to a defect due to: load 2 (a), load 4 (b), load 6 (c), load 7 (d), load 8 (e),

load 9 (f), load 11 (g) and load 12 (h)

Finite elements (FE) of “SHELL” type having 3 nodes and
described by 18 degrees of freedom (DOF) were employed
during this calculation (3 linear displacements and 3 rota-
tional displacements at each node of FE mesh). In order to
simulate the real situation ground pressure on the tank
bottom was considered as conventional rigidities of
6.0 MPa on the middle part of the bottom tank and
7.0 MPa on the contour part of the bottom tank. The model
created in COSMOS/M reflects natural location of a dent
on the lower strip of the entire tank (Fig. 1). The tank has
been subjected to self-weight in every case of the loads.

3. Calculation of the stresses intensity taking into
account real loads during exploitation period

In the presented research the strength of the lower strips
of the tank wall has been considered. In case of common
calculations of the tank, wall thickness of lower strips are
determined more frequently by the strength condition.

At this stage of investigation the defect influences on
the wall strength of the tank, distribution of the intensity
stresses, have been analyzed in the area of the tank de-
fected part at different peculiar loads during service. The
loads were described in the previous chapter. From the
presented results (Fig. 2, 4) it is obvious, that those real
loads have different influence on the place of maximum
stresses. The distribution of the stresses within the lower
strip of the tank wall (Fig. 1b) is presented in the Fig. 2.
The analyzed scheme of the tank wall part was showed in
showed in Fig. 3. In agreement with the calculation results
it is definitely clear, that in case of uniformly distributed
loads directed normally to tank wall, the maximum stresses
are usually placed on the contour of the upper and lower
parts of the defect, respectively from the side of the tank
roof and bottom (Fig. 2a, c, d, e, f). In case of the snow
load, the maximum stresses are located also across contour
part of the dent only on sides of the defect (Fig. 2b). The
lighter zones of the diagrams show the stress concentra-
tion. With an increase in colour to light grey the stress
concentration accepts maximum values. The dark colours
show a decrease in intensity stresses to nominal ones in
case of a black colour. It should be noted, that stresses
concentration in case of temperature loads is situated next
to defect area (Fig. 2g, h). Further, on the next diagrams
(Fig. 4a, b, c) stresses distributions from the upper contour

part of the dent to its middle portion were presented. The
scheme of the defect is shown in Fig. 3, line 1-1. At tempe-
rature loads the line 2-2 represents a more interesting place
(Fig. 3). On the ordinate axis of the diagram (Fig. 4), rela-
tive stresses are marked. They are equal to relation
between intensity stresses on the shell of the tank wall and
yield strength, o/f, .. On the abscissa axis of the diagram
distances between nodes are marked.

[
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Fig. 3. The scheme of the defect place

According to the diagrams, the stress concentration
always exists on the contour of the dent in all cases of the
loads. In case of temperature loads, the stress concentra-
tion is more dangerous in a zone near defect, than on the
dent (Fig. 2g, h, 4d).

The stored product pressure in case of the tank full
filling has more influence on stress concentration within
the defects area (Aliphanov ef al. 2004c; Rasiulis ef al.
2006d; Romanenko et al. 2004a).

4. Calculation of the stress concentration factor taking
into account the linearity of the numerical model

Further in this part of the research, the distribution of the
SCF depending on dent sizes B and vy is analysed (Fig. 5).

The relative radius of the dent § expresses a conven-
tional dimension of an across of the tank shell:

7

B(rRt)= T (1)

where 7 is a dent radius, R is a radius of the whole tank,
t —the tank shell thickness at a site of defect. The Yy

describes a relative sag of the thin shell:

v(f)=L

=
where f is an absolute value of the sag, i. e. the greatest

2

deviation from a perfect form at the defect location.



212
5.000 2-Mpa -
Load 2| =
4.000 a = 3
AN £
3.000 4 \
A -
2000 | 3 \
c
1.000 8 N
| " d, mm
0.000
0 100 200 300 400 500 600 700 800 900
a)
o*, Mpa 'g 2
0.100 £ '3
0.080 8 Load_7, E
0.060 // o |
. Load_V Load_ﬁ'
0.040 N
0.020 ot
0.000 [ d. mm

0 100 200 300 400 500 600 70O 800 900
b)

K. Rasiulis, K. Gurksnys. Analyses of the stress intensity of the cylindrical tank wall at the place of the geometrical defect

a*, M
0.050 S
5 2
0.040 2 1 fLoad_11, 13 2
0.030 8 Load_8
/ Load_%&
0.020 /( / 020.9)]
~— V el B
0.010 < -
—1 — ]
0.000 - = d, mm
0 100 200 300 400 500 600 700 800 900
c)
o*, Mpa
0.500 P
Load_11,12
0.400 /(J |
0300 /\ / \
0.200 {—— - ~
0.100
0.000 d.mm

0 100 200 300 400 500 600 700 800 900
d)

Fig. 4. The diagrams of disribution of the relative stresses in the defect place of the tank wall in case: load 2 (a), load 4, 6, 7 (b),
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Fig. 5. The SCF dependence between depth y and radius B of the defect: semisphere (a), cone (b) and truncated cone (c)

The cylindrical tank was loaded by the diesel oil
pressure (load_2) from within.

A large number of calculations, using the FEM, pro-
vides an exact analysis of the results. These results were
accumulated in the data file to perform the regression
analysis. The SCFs have been analyzed for the most dan-
gerous point of the dent “b”. As the SCF dependence on
the dent shape, its sizes, depth and radius is non-uniform,
it is advisable to use polynominal regression.

The polynominal function of the 3™ degree was used
to obtain the relationship between SCF and the defect
sizes. The given function for the data obtained requires
the data file sufficiently precise to an accuracy of
98-99%. The polynominal function of the 3™ degree
describing relation between SCF and geometry of the
defect and its shape is presented as follows:

k(y,B) = by +byy +bsP+ byyB +bsy? + ey P+ bB* +
beyB? +boy B> +bygy + by v By B+ (3)

3 3 2n3 3p3
b3 +by4YB” + b5y P + by P
The function is plotted in Fig. 5.

5. Elasto-plastic calculation

The calculation results of the tank wall, having a ,,soft
defect with different grades of steel, are given in this chap-
ter. As the calculation result, SCF have been obtained, and
the data analysis was performed accordingto the calcula-
tion results. For SCF calculation COSMOS/M was em-
ployed. Processing the results was made by means of
“STATISTICA* software. The tank wall with a geometri-
cal semi-spherical defect was calculated, the tank radius
being R = 11.5 m, its height A = 12.0 m, the wall thickness
at a site of the defect was ¢=7.0 mm, its relative depth
2 <y <16, the defect relative radius 1 < <5. The results
have been fixed in the most dangerous upper point ,,b* of
the dent contour. In the FEM program diagrams c— were
specified for the steels of grade BCt3I'mc, 0912 and
15I2C®/1 (Table 2). The modified Newton-Raphson force
control method for geometrically non-linear calculations
was used (Cosmos/M 2002; Saide 1993). For physical non-
linearity the diagram of the elasto-plastic material with
strengthening in a plastic part was applied (Cosmos/
M 2002; Saide 1993). When analysing the stresses and
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Fig. 6. The SCF dependence on geometrical sizes of semi-spherical dent in the upper point of its contour, when the metal grade of

BC13Tme (a), 0912 (b), 15T2CD/T (c) is used

Table 2. Nominal values of the mechanical properties of the

steels
Steel grade G2, g, Gy €, v,
MPa MPa %
Cr3I'mc 245 0.00118 370 0.26 58.0
0912 305 0.00148 440 0.21 40.0
1512Coa 420 0.00203 590 0.18 37.0

displacements across the defect area, the relative appro-
priate size of the finite element is {=7.1 (Ra-
siulis et al. 2006a). In order to determine the finite ele-
ment optimum size the results of the numerical
calculations of the tank wall with the dent have been
analysed (Rasiulis et al. 2006a). As a result, one obtained
two relationships between value of relative circular
stresses o* and finite element sizes ( as well as between
relative displacements u* and finite element sizes ( at the
typical points of the dent (Rasiulis ef al. 2006a). Addi-
tionally, for checked numerical model, distribution of the
normal stresses in the cross-section of the thin steel plate
with a geometrical defect was analysed by natural ex-
periment and finite element’s method by using standard
FEM program COSMOS/M (Rasiulis et al. 2006d).

The plots (Fig. 6) show the results of SCF depend-
ing on geometrical sizes of the dent. The diagrams of
SCF dependences illustrate that with different grades of
steel the dependence of SCF on the dent geometry is
different. In case of steels of lower grade having good
ductility (when in the standard tension experiment the
cross-section reduction of a sample is about y = 60 %),
SCF does not considerably depend on the defect sizes.
Then SCF may be accepted as k= 1.6 in all cases of the
defect geometry (Fig. 6a). Further, increasing during
calculations the steel grade one observes a more obvious
dependence of SCF values on the defect geometrical
parameters due to more limited ductility of the steel
(when in a standard tension experiment, the cross-section
reduction of the sample is about y =40 %). Therefore in
cases of a higher grade of the steel, the SCF dependence
on the defect geometry must be taken into consideration.
For steels with y <40 %, the SCF dependence on the

defect sizes is increased. To an equal degree SCF be-
comes very dangerous in the upper point of the dent con-
tour in case of sharp defects.

Further, the regression analysis of the SCF data ob-
tained was carried out by using the method of the least
squares. The SCF calculation function depending on the
defects parameters and steel of the tank wall has been
obtained:

k=by+ (byy +bsB+by 2w by =ty (4)
where y — relative defect depth, B — defect relative radius,
6o — conventional yield strength, o, — temporal breaking
strength (tensile strength), b; — empirical coefficient. The
accuracy results of this function makes up 88,6% of the
results obtained using the FEM.

6. Conclusions

The stored product pressure in case of the tank full filling
has more influence on stress concentration within the
defected area.

The maximum stresses of the linear calculations are
disposed on the dent contour, and maximum SCF is
k=852 when y=7, p=5.

The maximum stresses of the non-linear calculations
are also located on the dent contour and maximum SCF is
k =1.6 for steels with y > 60 % when y=16, =5 and

k=4.5 for steels with yw <40 % when y=16, B=5.

The diagrams of SCF dependences illustrate that
with different grades of steel the dependence of SCF on
the dent geometry is different. In case of steel of lower
grade having good ductility (when in the standard tension
experiment the cross-section reduction of a sample is
about y = 60%), SCF does not considerably depend on
the defect sizes. Therefore in cases of a higher grade of
steel, the SCF dependence on the defect geometry must
be taken into consideration. For steels with y <40 % the
SCF dependence on the defect sizes is increased. To an
equal degree SCF becomes very dangerous in the upper
point of the dent contour in case of “sharp” defects.
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CILINDRINES TALPYKLOS SIENELES SU GEOMETRINEMIS NUOKRYPOMIS [TEMPIU IR
DEFORMACIJU BUVIO ANALIZE

K. Rasiulis, K. Gurksnys
Santrauka

Didelio turio statiniy remontai arba net profilaktinés apzitiros yra gana brangtis procesai. Metalinés cilindrinés talpyklos
priskiriamos prie atskiros tiiriniy plonasieniy konstrukcijy grupés. Talpykly reguliariy konstrukcijy analitiniai ar skaitiniai
skai¢iavimai néra sudétingi. Bet tokiy viety, kaip konstrukcijy jung€iy bei technologinés jrangos prijungimo projektavi-
mas ar konstrukcijy defekty analizé yra gerokai svarbesné projektavimo dalis. Defekty prevencija naudojant talpyklas, taip
pat defektuoty viety sustiprinimas yra svarbesnis nei bendrieji talpykly skaiiavimai. Sio darbo tikslas — nustatyti realaus
objekto cilindrinés talpyklos sienelés su geometrinémis lokaliomis nuokrypomis jtempiy ir deformacijy biivi pagal memb-
raning kevaly skaiciavimo teorija, taikant baigtiniy elementy metoda.

ReikSminiai ZodZiai: plieniné cilindriné talpykla, defektas, skaitinis modelis, baigtinis elementas, itempiy ir deformacijy
biivis.
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