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Introduction

The article describes a new method for analyzing and predicting the stress
concentration coefficient in a rolled vertical tank weld seam under hydro-
static loading. Vertical tanks are widely used for storing petroleum products.
The use of roll-to-roll assembly technology is advisable for a quick and inex-
pensive installation of oil tanks. However, the use of this technology in the
installation of large-capacity tanks leads to the need to use thick rolled steel.
This leads to the appearance of significant angularities of the weld seams
used to fasten steel sheets in a roll. Such angularities are mechanical stress
concentrators and can damage the tank. Therefore, the problem of modeling
the dependence of stress concentration factors on the geometrical parameters
of angularity is relevant and important to ensure both the economic and envi-
ronmental efficiency of operation of the oil tanks assembled by the roll-to-roll
method. The approach described in this article is based on a combination of a
numerical experiment and an approximation approach. The stress concentra-
tion factor depends on two dimensionless parameters of the dent. Thus, a
method of approximation of a two-dimensional problem is described. This
method is applied to the data collected by numerous computational experi-
ments using the finite element approach to construct an approximate model of
the stress concentration factor. Such a model can be used to predict stress
values, as well as tank strength and durability. The change in material prop-
erties in the weld seam is not taken into account. Thus, the estimated stress is
higher than the real one and represents a majorant estimate. An approximat-
ing model of the stress concentration factor was constructed in the area of
angularity of the weld seam of a 3,000 m® complex structure oil tank under
hydrostatic loading. The tank consists of four belts made of steel of various
thickness. The density of the tank contents is close to that of water. It has been
found that stress concentration increases as the distance to the tank bottom
becomes smaller. Therefore, when building an approximating model, the
results in the most strained region are considered.

Keywords: vertical tank, hydrostatic loading, stress concentrator, weld,
roll-to-roll assembly, dent.

The roll-to-roll method of manufacturing tanks for storing petroleum products is most profitable in
terms of labor intensity, time and material costs. It allows one to carry out the main stages of installing and
welding the elements of metal structures under factory conditions. At a construction site, only the tank wall and
tank bottom are welded together and the welding of the wall field joint is carried out.
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When using the roll-to-roll method of manufacturing large-capacity tanks, angularities occur in the
construction weld seam area, associated with the formation of angular deformations during sheet welding. Such
defects are characterized by a pointed shape, located along the entire tank height and are mechanical stress con-
centrators in the tank walls.

It is assumed that the stress-strain state (SSS) of a tank is described by the Kirchhoff hypotheses in the
shell theory [1, 2]. The displacements of the middle surface of a shell are small, resulting in the connection be-
tween the middle surface deformations and displacements being assumed to be linear. The shell material is in
the area of elasticity. Therefore, the relationship between stresses and strains satisfies Hooke's law. We empha-
size that the shell SSS in the angularity area is also described by the shell theory mentioned above.

The geometry of the structure near the angularity is quite complicated. Therefore, the SSS analysis can be
effectively carried out by the finite element method. The results of the finite element analysis are used to construct an
approximating model of stress concentration in the tank wall, which can be used to predict the values of equivalent
stresses by dent parameters. In [3, 4], it was shown that the stress concentration factor depends on two parameters:
dimensionless depth and dimensionless width of a dent. We emphasize that these parameters are easy to measure.

This paper outlines a method for constructing an approximating model of stress concentration in the
weld seam area on the wall of the tank assembled by the roll-to-roll method. When calculating the strength of
tanks, methods of finite element analysis are often used, whose effectiveness directly depends on the three-
dimensional model complexity. Using an approximate method of calculating the stress concentration in the
weld seam area can significantly simplify the calculation of tank strength by simplifying its three-dimensional
model and focus the calculation on other structural elements (nozzles, hatches, dents).

1. Problem Statement
SSS of a cylindrical tank with a defect in the form of weld seam angularity along its entire height is in-
vestigated (Fig. 1). The container is filled to the brim with a liquid whose density is 1000 kg/m’. The tank radius

1s 8.95 m; it consists of four steel belts with
a thickness of 8, 6, 5, 4 mm and a height of
1.49, 1.49, 2.98, 5.96 m, respectively. The
total height of the tank is 11.92 m. The bot-
tom edge of the tank is clamped. The angu-
larity is characterized by two parameters: f
(depth) and a (width) (Fig. 2). The parame-
ter a varies from 0.15 to 0.5 m, and that of f
— from 1 to 10 cm. Young's modulus and

Poisson’s ratio of the tank material are as a b

follows: 2.11-10" Pa and v=0.3. Fig. 1. Tank model with angularity in the weld area:
A significant stress concentration a — tank sketch; b — weld angularity type

occurs in the dent area. It is necessary to Pattern

establish the dependence of the stress A wall

concentration factor K, on the angularity L_é 5

size: Ky =~o(f/t,a/ «/ﬁ ), where ¢, R are a | a

the wall thickness and radius of a tank; o

. . . Fig. 2. Weld lari t
1s the desired function. '8 eld angularily geomelry

2. Modeling in the Finite Element Analysis Environment

The geometry of the structure is shown in Fig. 1. To obtain the finite element mesh, a uniform mesh
with an element size of 6 cm was first used over the entire surface of the tank, except for the defect area where
the mesh had been refined. The calculations showed that the greatest stress concentration is observed at the
sealing of the tank near the angularity of the weld seam. In this case, the angularity itself is a special area due to
the presence of an arrow-like ridge. This is evidenced by a significant increase in von Mises equivalent stresses
on its ridge during the mesh refinement; however, this increase is not accompanied by an increase in the dis-
placements of tank points. Such behavior is characteristic of singularities in mathematical models, which is
why the values of stresses on an angularity ridge found by a computational method cannot be considered reli-
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able. To increase the reliability of the results, stress at a certain distance from the ridge was used as the maxi-
mum value of the stresses in the defect area. In addition, since the maximum stresses are observed at the base of
the tank, it was decided to enlarge the finite element mesh in the region far from the weld seam, as well as in
the angularity area far from the sealing. The area of particular interest for the study has undergone a finer parti-
tion. The adequacy of such a finite element mesh is confirmed by the fact that the maximum displacements of
tank points practically do not change as the finite element mesh decreases.

The distribution of equivalent stresses on the tank surface varies depending on the defect depth and
width. In Figs. 3 and 4 is shown the distribution of equivalent stresses in the weld seam area. Away from it, the
tank SSS is analogous to that of the tank without the defect. The figures show that SSS perturbation occurs in
the area near the angularity.

In order to build a model of stress concentration in the tank, a series of 80 numerical experiments was car-
ried out, uniformly covering the range of changes in the angularity parameters a< [0.15; 0.50] m; f€ [0.01; 0.1] m.

Values of maximum equivalent stresses were obtained by the method described above and a tabular depend-

ence of the equivalent stress concentration factor (SCF) on the dimensionless angularity parameters E=a/~/ Rt ; {=ft.

_:|:|:I _:I:I:I
460 MPa 460 MPa

484 Max 0.00808 Min 484 Max 0.00808 Min

Fig. 3. Distribution of equivalent stresses in the tank with a=50 cm, f=10 cm:
a — external surface; b — inner surface

e MPa
L 88 MPa 535 104 363 132 018

b

Fig. 4. Distribution of equivalent stresses in the tank with a=15 cm, f=10 cm:
a — external surface; b — inner surface
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3. Stress Concentration Factor Model

The dependence of SCF values from the dimensionless parameters of weld seam angularity is given in
the Table below. The first column shows the values of {, and the first line shows the values of &. These table
data were used to construct an approximate polynomial dependence.

Results of SCF calculations

¢ g

1.25| 2.50 3.75 5.00 6.25 7.50

8.75 10.00 11.25 12.50

1,87 148 | 1.76 1.775 | 1.818 1.859 1.889 1.917 1.946 1.977 2.009

1,68 149 1.763 | 1.783 | 1.836 1.873 1.905 1.937 1.971 2.002 2.037

1,49 1.50| 1.765 | 1.796 | 1.851 1.885 1.920 1.956 1.994 2.030 2.066

1,31 1.55| 1.769 | 1.815 | 1.865 1.903 1.945 1.987 2.030 2.071 2.108

1,12 1.66| 1.775 | 1.836 | 1.883 1.928 1.973 2.016 2.059 2.116 2.172

0,93 1.75| 1.784 | 1.855 | 1.904 1.954 2.014 2.066 2.128 2.201 2.273

0,75 1.76 | 1.800 | 1.872 | 1.933 1.995 2.061 2.146 2.234 2.311 2.384

0,56 1.76 | 1.820 | 1.899 | 1.974 | 2.062 2.176 2.284 2.380 2.468 2.546

When constructing the approximate SCF dependence on the dimensionless parameters of the dent, the
following approximation was used: Ky =2—o'B({)E', where the coefficients of the polynomial B({)=Y-'b{".
In order to construct this dependence, a two-step application of the least square method (LSM) was carried out.
First, a polynomial approximation of the dependence K, () was performed for each of the given values of the
parameter {, then an approximate polynomial dependence of the obtained coefficients of the approximating
polynomials on { was constructed. As a result of the analysis, the following SCF approximation was obtained:

K7 =(0-34.8210 +51.234¢7 + 4.82803 —92.993¢* +110.249C° — 60.477C° +16.521C" —1.819¢" )+

+ (9—68.830§ +224.5630% —408.827C° +454.878(* —317.139L° +135.459¢° —32.443(7 +3.339§8)c +

+ (9 —73.806% +257.286(* —496.764¢° +581.334L"* —422.876L° +187.126{° —46.157¢’ +4.869§8)z;2 +

+ (9—67.802(; +217.804L% —390.588C" +428.486(* —294.909L° +124.513(° —29.515(’ +3.010z;8)t;3 +

+ (9 —68.876L +224.861C% —409.6328° +456.044L* —318.1228° +135.943(° —32.572¢" + 3.354@8)§4

A graphic view of the SCF dependence on the dimensionless parameters of angularity is shown in Fig. 5.

Conclusions

A method for constructing an approximating model of

the equivalent mechanical stress concentration factor in the wall
of a vertical cylindrical tank for storing petroleum products de-
signed by the roll-to-roll method is proposed. A specific prop-
erty of such tanks is the special shape of the weld seam at a
large wall thickness, which leads to a significant concentration
of mechanical stresses near the weld seam. The stress concentra-
tion occurs mainly at the lower area of the weld seam. SCF here
can reach values of 2.5, which creates the risk of crack initiation
in the lower areas of a tank. The constructed approximating
model of SCF near the dent simulating the shape defect of a
tank, makes it possible to carry out tank strength calculations
based on the easily measurable data on its shape. The proposed
approximating model has the property of robustness and makes
it possible to analyze stress concentration with the dent parame-
ters significantly different from the experimental points.

Fig. 5. SCF Dependence on angularity parameters
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KoHuenTpaniss Hanpy:keHb B 3BApHHUX IIBAaX BEPTHKAJIBHUX pe3epByapiB
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Y emammi onucano nogy memoouxy ananizy ma npocHo3y8aHHs Koeiyichmy KoHyeHmpayii Hanpysicenb 8 0baacmi
36APHO20 WBA PYIOHHO20 BEPIMUKATIBHOZ0 pe3epayapy npu 2iOpocmamuiHoOMy HA8aHmadceHHi. Bepmukanvhi pezepayapu
WUPOKO BUKOPUCMOBYIOMbCA 0N 30epieants Hapmonpooykmis. Buxopucmanna mexnonozii pynonnoi 30ipku € po3noscio-
OHCEHUM MEMOOOM WUBUOKO20 MA HEOOPO2020 MOHMAICY Haghmosux pesepayapis. OOHAK BUKOPUCAHHS YiET MeXHON02IT npu
MOHMANCI pe3epeyapie 6eUuKoi EMKOCHI npu3600ums 00 HeoOXIOHOCMI GUKOPUCANHA CIAE MOBCMO20 npokamy. B pe-
3YILMAMI Y020 GUHUKAIOMb CYMMESL Oepopmayii NOOIU3Y 36aPHUX UG8, SIKUMU CKPINIEHO CMAIbHL Tucmu 6 pyaoHi. Taxi
Odepopmayii npedcmagisions co6010 KOHYEHMPAMOPY MEXAHIYHUX HANPYIHCEHb MA MOJUCYMb NPU3EECHU 00 NOUIKOONCEHHS
pesepeyapy. Taxum uunom, npobrema MoOYIO8AHHS 3AAEHCHOCHI PAKMOPIE KOHYEHMPAYIi HANPYIHCEeHb Gi0 2EOMEMPUYHUX
napamempis oeghekmy € akmyanbHOI Ma 8aX*CIUBOI0 ON1A 3aDe3neyeHHsl AK eKOHOMIUHOL, MakK i eKono2iuHoi eghexmusHocmi
excnyamayii Haghmosux pesepayapie, sxi 3ipano pyaouHum memooom. I1ioxio, axuii onucarno 6 yiu cmammi, 6A3yemvbcs HA
NOEOHAHHI YUCETbHO20 eKCREPUMENNTY Ma anpoKCUMAayitinoz2o nioxoody. Koegiyienm konyenmpayii HanpysjceHs 3anexCumo
8I0 060X OE3POIMIPHUX nApaAMempis dehekmy, momy ONUCAHUL MEMOO € MeMoOOM anpoxcumayii 08oxeumMipHoi 3adaui. Lleil
Memoo 3acmoco8aHo 00 OaHUX, AKi 3I0paHO WIAXOM HUCETbHO20 eKCNEPUMEHMYBAHHA 3a OO0NOMO20I0 CKIHYeHHO-
eNeMeHmHO20 NioxXo0y, OJisi CMEOPEHHsL AnpOKCUMYIOY0i Modeni Koeghiyienmy konyenmpayii Hanpyoicens. Taxy mooensb mooice
Oymu 8UKOPUCTNAHO OISt NPOSHO3YBAHHS 3HAYEHb HANPYIICEHb, A MAKOIC MiYyHOCMI ma doe2oeiunocmi pesepgyapy. OcKinbku
3MIHY 61acmugocmeli Mamepiany y 36apHOMY Wi He 833M0 8 PO3PAXYHOK, OYIHIOBAHE HANPYICEHHS € GUWUM 3a peaibHe Mma
npedcmasnsic cobor manxcopanmuy oyinky. Ilobyoosano anpoxcumyiowy mooens KoegiyicHmy KoHyeHmpayii Hanpyicets y
30HI 36APHO20 WBA BEPMUKATLHO20 HApmMOo6o2o pesepsyapy 06’ emom 3000 kyb. m cknadHOi KOHCMpPYKYIT npu 2iopocmamuy-
HOMY HasanmaoicenHi. bax cxnadaemvcs 3 yomupbox nosicis, AKI PO3MAULOBAHT 2OPUZOHMANLHO MA BUCOMOBTIEHI 31 CMAJl
piznoi moswunu. [Tumoma maca piounu € 61U3bKOI0 00 NUMOMOI macu 800u. Bussieno, wjo Konyenmpayis Hanpyicers 30i-
JbULYEMbCA NPU HabudIcenHi 00 OHa peszepsyapy. Tomy npu no6y008i anpoxkCuMyrouoi Mooei po3anaoaromvcs pe3yibmamu
6 HaUOLbUL HANPYIHCEHIU 00AACMI.

Kntouogi cnoea: sepmuxanvHull pesepsyap, 2iopocmamuyte HABAHMAN}CEHHS, KOHYEHMPAMop HANpydjiceHb, 36ap-
HUL W08, pYIOHHA 30IpKA, M IMUHA.
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