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The estimation of a stress-strain state of a steel vertical tank with an initial semi-elliptical crack
under the thermal loading is performed. The distribution of stress intensity factor along the crack front
is obtained. A comparison of the results obtained under hydrostatic pressure is made.
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Introduction. Reservoir parks are the main place of storage of petroleum
products at refineries and transport companies nowadays. However, it is leads
to fire risk increase to accumulate large quantities of petroleum products in a
relatively small area of such enterprises. Tank fire is one of the most dangerous
emergency event, which can lead not only to significant material damage but
also to ecological human losses. There has been a tendency transition to the
use of larger tanks in recent years, which is economically justified. In turn, the
risk of spreading of fire to other tanks increases during the fire event of such
tank. According to statistics, data there have been 12 fires a year in the post-
Soviet space over the past 30 years. During a fire, the temperature of the tank
walls can reach 800 degrees. The heat released during combustion is
distributed to neighboring tanks that leads to heat of their walls up to 300
degrees [7]. To ensure safety and test the bearing capacity in these conditions
determination of the stress-strain state in such tanks must be performed taking
into account the temperature load. Temperature loading is especially dangerous
if there is an initial crack in the tank wall. In such cases, the assessment of
crack resistance should be performed based on fracture mechanics approaches.
The stress intensity factor (SIF) is used as a parameter to crack resistance
assessment most often.

The problem of SIF calculating under thermal load is considered in a
number of scientific papers of different years. The most attention is paid to the
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development of analytical methods [1, 5, 6, 10, 12, 19], in particular taking
into account the structure of the material [1, 19] or specific crack shape [5, 6].
In article [12] the use and calculation of two-dimensional thermal J*-integral
for linear thermoelastic materials using the finite element method (FEM) is
discussed. The publications cited here by no means exhaust the known
experience in solving the problem under consideration.

The authors of this article developed the experience of calculating the
parameters of fracture mechanics for a long time also [2-4, 8, 11, 13, 14, 15,
17], including thermal stress [15, 16, 18]. It was shown, in particular, that in
order to achieve the required accuracy of the solution under temperature
loading, it is necessary to use smaller size of finite elements at the crack tip
then one needs under force loading [15].

In a previous work [13] the authors determined the SIF distribution along
the semi-elliptical crack front in the RVS-5000 tank under hydrostatic
pressure. It is important to continue the study of crack resistance of this tank,
taking into account the temperature load.

Determination of SIF values under thermal load can be done by direct and
energy methods. The relationship between displacements and values of mode I
SIF (opening or tensile mode) K, near the crack tip at a constant temperature

T when the direct method is used, is described by

TP' the following formula [9]:
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where k=3-v)/(1+v) for a plane stress state, k=3-4v for a plane

deformation.
The formula (1) acquires a more specific form if values of displacements
which is perpendicular to the crack plane being used:

—a-( Ty
K, =2 9"‘ (I+v)-T-x 276, )
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Implementation of the SIF calculation technique using the direct method in
discrete models of FEM is described in [8, 11, 13-16].

The energy method involves the SIF calculation using the J* value, which
in case of thermal load has the next form:
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J =J+[acye; Lav . (3)
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The first component is the Cherepanov-Rice’s J-integral, determined by
integration along the contour S of the domain V-
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The second component is determined by integrating of the internal volume
of the domain V.

The generalized reaction method in discrete FEM models [8, 11, 17] is used
for calculation of J* in this paper. The implementation of this method
involves the consideration of two states of the volume, which is situated near
of tip of with a fixed length /. (Fig. 2). During the transition from the first
state to the second the location of the domain » changes on one finite element
in relation to the crack tip (Fig. 2).
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Fig. 2. Scheme of subdomains transition in J" calculation procedure
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The vectors of displacements and nodal reactions of the subdomain in states
1 and 2 are denoted as {u};, {R}; ta {u}y, {R}; Each of these vectors
contains 3N components, which are the values of displacements and nodal
reactions in three directions, respectively:

T
{u}, ={(u1')1 (up)y (uz)y oo (g )y - 3y () y (uy)y (“3')N}s
where the indices k' =1,2,3 represent the directions of movement, and the
indices n=1,2....N are the numbers of nodes within each of the subdomains.

Under the condition of a regular finite element mesh in the 2 direction, the
definition formula in discrete models takes the following form [2, 8, 11]:

I =t Ry~ R )y ) (1), + (R, )- )

After multiplying the reactions to the corresponding movements and adding
of similar components we obtain:

I =t AR~y (R ) ©

The reliability of this calculation procedure is shown in [3, 11].

Numerical modeling of a tank with a crack. The geometric scheme of the
HRV-5000 tank and the initial data are shown in Fig. 3(a). Mechanical
characteristics E=2.1-10°MPa, v =0.3, o =1.2-107°: The surface of the oil

product is at a height of 11,4 m. Hydrostatic pressure varies from 0 at the mark

of 11,4 m to 91,7kN/m2 on the bottom. The part of wall of the tank, located

closest to the fire epicenter, is heated unevenly in height: from 300 degrees at
the top to 200 degrees at the bottom. On the other part of the tank the
temperature reaches 70 degrees. The temperature within wall thickness is
considered constant since one is quite small (8,7 mm). Given the asymmetric
nature of the temperature distribution, a discrete model was developed for the
entire tank (Fig. 3(b)).
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Fig. 3. The general view (a) and the discrete FEM model (b) of vertical tank HRV-5000
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The calculation was performed in two stages, which involved determining
of the stress-strain state for the tank as a whole (Fig. 3) and determining the
SIF using the calculation model as a fragment of the tank wall with a semi-
elliptical crack (Fig. 5(a)). The obtained distribution of circumferential stresses
oyy , which are directed perpendicular to the plane of the crack and determine

the fracture process, under the action of hydrostatic pressure (axisymmetric)
and temperature load (not axisymmetric, due to heating of the part of the tank
closest to the fire) for the whole structure is shown in Fig. 4. These results
allowed to perform fragmentation of the calculation scheme, in particular - the
magnitude of the loads that must be applied to the cut fragment with a crack.
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Fig. 4. Distribution of circumferential stresses under hydrostatic pressure (a) and thermal load (b)

The values of these loads were determined using the stress distributions
obtained in the calculation of the tank as a whole and acting in the
corresponding sections, which are limit the fragment of wall with crack. Semi
analytical finite element method (SFEM) used for to form a discrete model of a
wall fragment with a crack [4, 11]. The crack modeling in the fragment was
made due to the implementation of the relevant boundary conditions: the

1 2

surface of the crack located in the plane z 2 (marked in white in

Fig. 5(a)). It is considered free from attachments along 2> . All other points of

the end surface (marked in gray in Fig. 5(a)) are fixed along 2.

Fig. 6 shows the the obtained distribution of SIF along the crack front under
hydrostatic pressure [13] and under thermal load. Calculation was carried out by
a direct and energetic method, the difference of results are in the range of 5%.

The obtained results show the uneven distribution of SIF along the crack
front both for the case of hydrostatic pressure loading and for temperature
loading. The minimum value of SIF acquires at the point of the front, which is
located on the outer surface of the tank. The maximum value of SIF acquires at
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the point of the front that is furthest from the outer surface. The difference of
SIF along the crack front is about 50%.

J

1300

(@) (6)
Fig. 5. The location of the crack in the wall of the tank (a)
and SFEM discrete model of the wall fragment with a crack (b)
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Fig. 6. SIF distribution along the crack front

Taking into account the temperature loading leads to an increase in the SIF
values by about 20%. Thus, taking into account the temperature components of
the load is important for the correct determination of fracture resistance of a
tank for petroleum products storage.
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Iucxynoe C.O., l'onuapenxo M.B., lkpuw O.O.
OLIHKA BIIJIMBY TEMIIEPATYPHOI'O HABAHTAKEHHSI HA
TPINUHOCTIAKICTH PE3EPBYAPY 3 HANIBEJINTUYHOI TPII[UHOIO

Pe3epByapHi napky Ha CbOTOAHIIIHIN JEHb € OCHOBHUM MiciieM 30epiraHHs HahTONPOIYKTIB Ha
HaTONEepepOOHHX 3aBOAX Ta IMiJNPHEMCTBAX TPAHCIOPTY. Beruke ckym4eHHs HAQTONPOAYKTY Ha
BITHOCHO HEBEJIMKIH IO Pe3epBYapHOro MapKy NPH3BOAUTH A0 MiABUIICHOI HOXKapHOI HeOe3meKn
Ha Takux mignpueMcrBax. Iloxexa B pe3epByapi € OIHIEI0 3 HaifHeOe3MeUHINMX Haa3BHYAHHUX
CHTYyalliil , 0 MOXE MPHU3BECTH HE JIMIIE IO 3HAYHUX MaTepiajbHUX 30MTKIB ajie i J0 JIFOJCHKHX
BTpat. B ocTaHHI POKH CIIOCTEPIiraeThCsl TCHICHILS IEPEXOAY 0 pe3epByapiB OLIbIIOI EMKOCTI, 110
EKOHOMIYHO OOIpyHTOBaHO. B CBOIO 4epry, y BHIIJKy BUHHKHEHHs IOXEXI B TaKHX pe3epByapax
HigBHIIyeThCsS HeOe3neka il MepeKHIaHHs Ha iHII pe3epByapu. BH3HAuUCHHsS HAIPYKEHO-
nedopmoBanoro crany (HJC) B Takux pesepByapax IOTPIOHO BHKOHYBAaTH i3 BpaxyBaHHSIM
TEMIIEPATypPHOTO HABAaHTAXKEHHS. B neskux pesepByapax IpH LBOMY MOXYTh OyTH nedextd y
BUMIIAL TpinwH. B Takux Bumazakax ouinka HIC B HMX BUKOHYETHCSI HA OCHOBI IMIAXO/IB MEXaHIKH
pyiiHyBaHHs. B momepenHiX IOCHIUKEHHSX aBTOpaMH Oyj0 BH3HAYCHO PO3MOALT KoedilieHTIB
inteHcuBHOCTI Hampykenb (KIH) B3moBx ¢poHTy HamiBeminTuyHO!I TpilwHH B pe3epByapi PBC-
5000 Bix il rigPOCTATHYHOrO THCKY. B naHiil cTaTTi MPOXOBKEHO JOCIIKEHHS TPILMHOCTIHKOCTI
IAHOTO pe3epByapy i3 BpaxyBaHHSIM TEMIIEPATYPHOrO HABAHTAXKECHHs, IO BHHHUKA€ BHACIIJOK
HOXEeXKi CyciHboro pesepByapa. Busnauenns KIH BinOyBanocsi npsMUM Ta €HEpreTHYHHUM
Mmeronamu. TemiiepaTypa CTIHKH YBEpTi pe3epByapa, 10 PO3TAIIOBAHA HAHOMIDKYE [0 CMILEHTPY
HOXEXI, 3MiHIOETBCs 10 BUCOTI Bix 300 rpaxyciB y BepxHiit yactuni 1o 200 rpaayciB y HIDKHIH
vyactuHi. Ha ixmiit wactuHi pesepByapa temmeparypa csrae 70 rpamyciB. OCKiNbKHM TOBIIHHA
CTIHKH € JOCHTh MAJOI0, TO TEMIepaTypa B Il MeXaX BBaXKaeTbCs MOCTiHHO0. BpaxoByroun
HECUMETPUYHHI XapakTep PO3MOALLY TeMIepaTyp, AUCKPETHA MOIENb PO3po0JieHa ATl BCHOTO
pesepsyapa. ITicis Busnayenns HJIC B winomy pesepByapi, okpeMo OyB MPOBEACHHI PO3paxyHOK
(parMenTa 3 HAMIBENINTHYHOIO TPILMHOK. B SKOCTI 30BHIMIHBOr0 HaBAHTAKECHHS HPHKIALCHO
HAIpy>KeHHsI, 0 BU3HAYCHI i3 3arajpHOro PO3paxyHKy pe3epByapa Ha TiPOCTATHYHHN THUCK Ta
TemIepaTypHe HaBaHTaXeHHs. OTpHMaHi pe3yibTaTH MNPSIMOrO Ta EHEPreTHYHOrO METOAIB
BIIpI3HAIOTBCT B Mexax 5%. BpaxyBaHHS TeMIepaTypHOro HAaBaHTAXKCHHS IPHU3BOAUTH [0
36inpienHs 3HadeHb KIH mpu6musHo Ha 20 BiACOTKIB MOPIBHSHO i3 pe3yibTaTaMU PO3PaxyHKY
JIMIIE HA T1IPOCTATUYHUIT TUCK.

KurouoBi cioBa: meron ckindenHux enemeHTiB (MCE), emintuyna TpimmHa, KoedirieHT
IHTEHCHUBHOCTI HaNpyXeHb, pe3epByap, TePMOCHIOBE HaBAHTAXKCHHSL.

Pyskunov S.0., Goncharenko M.V., Shkryl O.0.
ASSESMENT OF THE TEMPERATURE LOADING INFLUENCE ON CRACK
RESISTANCE OF A TANK WITH A SEMI-ELIPTICAL CRACK
Reservoir parks are the main place of storage of petroleum products. There has been a tendency

transition to the use of larger tanks in recent years, which is economically justified. However, it is
leads to fire risk increase to accumulate large quantities of petroleum products. Tank fire is one of the
most dangerous emergency event, which can lead not only to significant material damage but also to
ecological human losses in case of spreading of fire to other tanks. To ensure safety and test the
bearing capacity in these conditions determination of the stress-strain state in such tanks must be
performed taking into account the temperature load. If there is an initial crack in the tank wall the
assessment of crack resistance should be performed. In a previous work the authors determined the
stress intensity factor (SIF) distribution along the semi-elliptical crack front in the RVS-5000 tank
under hydrostatic pressure. The estimation of a stress-strain state of a steel vertical tank with an initial
semi-elliptical crack under the thermal loading is performed in this article. It is suppoused that the part
of wall of the tank, located closest to the fire epicenter, is heated unevenly in height: from 300 degrees
at the top to 200 degrees at the bottom. On the other part of the tank the temperature reaches 70
degrees. The temperature within wall thickness is considered constant. Given the asymmetric nature
of the temperature distribution, a discrete model was developed for the entire tank. After determining
the stress-strained state in the whole tank under hydrostatic pressure and temperature load, a
fragment with a semi-elliptical crack was calculated separately. The stresses determined from the
calculation of the whole tank are used like an external load, applied on fragment boundaries. The
difference of results of direct and energetic method of SIF calculation are in the range of 5%. Taking
into account the temperature loading leads to an increase in the SIF values by about 20 % in
comparison to the results of the calculation only under hydrostatic pressure.

Keywords: finite element method (FEM), elliptic crack, stress intensity factor, tank, thermal
loading.
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Iucxynoe C.O., l'onuapenko M.B., Llkpvins A.A.
OLEHKA BJIUSAHUS TEMIIEPATYPHOI'O HAT'PYKEHUS HA
TPEIIMHOCTOMKOCTD PE3EPBYAPA C OJYSJVIMNTHYECKOMN TPELIMHOM
IlpoBeneHa oLeHKa HampsLKEHHO-IE)OPMHUPOBAHHOIO COCTOSIHHS pe3epByapa ¢ HadajlbHON
l'lOJ'lyf)J'lJ'll/ll'lTl/l‘-leCKOi;l TpeLLLHHOﬁ npu ﬂeﬁCTBMM TEPMOCHJIOBOTO HarpyXeHus BBI3BAHHOI'O
JIEHCTBHEM T'HIPOCTATHYECKOTO MABJICHUS M TEIJIOBOTO BO3ACHCTBHS OT MOXKapa B COCEIHEM
pesepyape. IlonydeHo pacrpeneseHie KO3(p(UIIMEHTOB HHTCHCHBHOCTH HANpPSKEHUH BIOJb
(poHTa TPELIMHBL.
KaroudeBble cjoBa: Meron KoHe4HbIX »3iemeHToB (MKD), smmmnthueckas TpeluHa,
K03 ()HUILMEHT HHTCHCHBHOCTH HAIPSDKCHMUI, pE3epBYap, TEPMOCHIIOBOE HArPyKEHHE.
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The estimation of a stress-strain state of a steel vertical tank with an initial semi-elliptical crack
under the thermal loading is performed. The distribution of stress intensity factor along the crack
front is obtained. A comparison of the results obtained under hydrostatic pressure is made.
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