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1. Problem statement

Modern science uses a lot of calculation complexes/structures, each with its
own advantages and disadvantages. An engineer seldomly takes into consideration
or avoids simple analytical methods for solving problems and starts/prefers working
with complex simulation programs. Sometimes this approach is justified by the re-
sults, but sometimes not. In this work we try to answer the question about the neces-
sity and appropriateness of a «difficult/complicated» program for the calculation of
structures, such as metal chimneys and give answers to the required degree of com-
plexity.

According to the normative documents [1, 2, 7] and technical literature [5, 6,
11], metal chimneys should be calculated as cantilever beam-curved rods, fully
clamped at the base. As experience shows [4] this is not always justified, especially
when checking calculations are conducted/performed in the exploitation stage/phase
of such structures, when different kinds of geometrical deviations in form of various
dimples, burnouts, dockimg drawer side with eccentricity and elhptical cyhnder
shells should be considered. In modern world there are separate research centers,
where the behavior of structures is studied by creating design models as close as
possible to the real structures. There are also new separate research centers, in which
the behavior of structures is studied with the help of creating calculating schemes,
which are also close to the real structures. For example, the solid modehng of build-
ings and structures, that takes into account additional factors which affect the per-
formance of such structures, and, therefore, the stress-strain state. Some of these
factors are: taking into account the foundation, the base, different ways of modehng
and adding the stresses, using different calculation schemes and methods of compu-
ting [3, 9]. Normally, for all types of construction and calculating cases (for exam-
ple, accounting for the geometrical deviations) it is necessary to define the most
suitable method of calculation, because it would allow to get the stress-strain state
(heremafter SSS) model in practice, which is close to the real one.

It is necessary to check whether the given complexities are justified and allow
us to determine the SSS structure more accurate, and therefore to get more precise
results in comparison with simple analytical models, since these complexities always
require/demand high expenses of time and knowledge.

2. The aim of the research

On the base of comparative calculation we try to determine the most rational
calculation schemes and methods to determine the stress-strain state of such struc-
tures in the design phase (ideal cyhndrical shell) and in the checking phase (example
of imperfect cylindrical shell with geometrical deviation in a dimple form). There-
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lore V18 necessary loiielertre Mbe Tpac! ol Mbe base anii olber Maclor3 (T owur case
- peotellncal (leYlaltonT lort ol a blTple) on Mbe 888 3lruclvre.

3. Oblecl ol researcb

The ob)ecl3 ol researcb are 3Meel cblTneys. A cbltney 18 a lall cybniincal
3lruclure, usein For exbaunsiing pase3 o Mbe oul3ble alTo3pbere anii Mor ben 3uba3e-
“venl” blsperston. The 3leel Tinslnal cbltneys are blybleii TMo lree-3ranblng, 3up-
porleit by nabl braces or braces, anii 'bose Tebb a lalllce 'raTe (exI'raclton loTeer).
TbeTaT lNypes ol 3leel cblTneys are 3boten 1 blgure 1.

a) b) c)
Puwwure 1. Tbe TaT lypes ol 3leel cbiTneys: a) [ree-3ranblng; b) supporleii by
braces; c) TeHb lalllce 'raTe

Thbe TaT [lypes ol calculaleii loaii3 on cblTneys (by [10]) are blybleid Tl0
pertanenl” anii CeTporary.

Pertanenl” loaiis:

- nel Teblabl” ol be conalruciion;

- Teblgbl ol bblng anii a(LUMonal e*n”~ptenr .

TeTporary loaiis:

- Tpacl ol TeTi;

- bllernal pressure;

- Tetperalure elTecl;

- let§;

- 3peblal l'ypes ol Tpacl (3e13T1c, eTergency, cberlcal exposure).

1n I'bB paper 'be elTecl” o geotellncal yanabon3 on be 888 ol 3leel cblTneys
Tea3 consblereii. Tbe areas TeHb geotel nca! (Teylalton3 represenl” 2one3 TeHb local
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perturbations. The areas with edge effect (sudden change in cross-section) and those
with locally applied loads (intersection joint of braces) are also considered zones
with local perturbations (by [8]).

4. Main material

In this work a steel chimney with height H = 60 m, diameter D = 3.0 m and
thickness of t = 10 mm was mvestigated.

The calculations included the self-weight of the structure, the line weight of the
fireclay brick (width of brickwork bgy = 144 mm, density p = 1900 kg/m*) and the
wind load with its characteristic value taken in accordance to [2] W = 600 Pa.

There were compared four calculation schemes to determine the SSS of the
chimney: cantilever rod of constant cross section; spatial ideal cylindrical shell;
spatial ideal cylindrical shell which includes the base and foundation; spatial imper-
fect cylindrical shell with a geometrical deviation in form of a dimple/a dimple
form.

The methods of calculation and boundary conditions, adopted in this study to
determme the SSS for the freestanding chimney, are the followmg:

- For the calculation scheme 1, the analytical method of calculation was
adopted, the same as for the rigidly clamped cantilever rod. Determine the main
characteristic of SSS — the main stresses G,

- For the calculation scheme 2, according to [9, 10], linear-resilient method
of calculating the shell (LA) was adopted with the definition of the primary stresses,
in our case - the equivalent stress 6., (von Mises stress). The cylindrical shell is
considered as ideal rigidly clamped at the base;

- For the calculation scheme 3, the same calculation method as for scheme 2
was adopted, considering in addition the effects of the fixed base connection with
the foundation;

- For the calculation scheme 4, according to [9], physically and geometrical-
ly nonlinear analysis with the defects (GMNIA) was adopted together with the defi-
nition of the primary stress (von Mises stress). The cylimdrical shell is considered to
be imperfect, having a geometrical deviation.

4.1 Discretization of the models

The selection of the Finite Element (hereinafter FE) size for the calculation
models 2-4 represented the basis for the prelimmary calculation and dimensioning
of FE, whereas its subsequent reduction does not affect the results of the calculation
or have very little impact (up to 3%). The comparison was made in terms of equiva-
lent stresses (o,,) and the following dimensions of I'E were used:

- in the calculation schemes 2 and 3 the first 5 meters starting from the base
of the computational model were divided into FE with size of 50x50 mm, and all the
rest with 200x200 mm;

- 1in calculation scheme 4, the same first 5 meters were divided into FE with
size of 25x25 mm; and a FE mesh refinement (maximum size of 5x35 mm) was pro-
vided in the zone of geometrical deviation.

4.2 Calculation scheme 1

The fixed supported cantilever of constant cross-section was adopted as calcu-
lation scheme according to [1].
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Tbe prrapal 8Mme88 bl I'be I'runk ol Tbe 8Meel cblTney Ta8 calculaleT by be
[ortula:
(r=N/P +M /LW <Kyyc 1)

Tbere N 18 Ibe longllwl!tal calculaleT lorce roT yeriical 10aT8; M Tenole8 Ibe
calculaleT benTtg ToTtenl 'roT be bon2onlal 10aT8; A = 24l 18 cro88 8ecltonal
area ol Mbe cblTney 8bell; LLI=nr2! be 8eclton T0Tnln8 ol M'be cblTney 8bell; r anT
! are raTw8-an(1 Mbickne88 ol 'be 8bell.

Tbe 1oaTTg 8cbeTe ol b coTpulraltonal toTel 18 pre8enleT T blgure 2. Tbe
T0Tel 18 blybleT Tlo 12 eunal parl8 - eacb by 5 7. blgure 2 8boT I'be FoOTTA
8yTb018: ok 1 .. gk 12 - Tw ! loaT on Ibe 8eciton ol Mbe cblTney, accorblng o [2];
ay, 1 .4y 12 prayiiyloaT ol 'be cblTney;a/,1..a/,12-1TeloaT8 . The yalne8 ol
oy anc! <7are conslanl” or eacb 3egTenl” o 'be To<lel.

Puwure 2. Calculalton 8cbete ol Tbe cblTney ToTeleT a8 a canbleyer roT

4.3 Calculallon «cbeTe 2

A 8paiial I'bin 8beel” cyl1Tncal perlecl 8bell 18 aTopleT a8 calculalton 8cbeTe,
TO0TeleT T Ibe 'Tbe eletenl” 8ol TTare package Abl8Y8 LUorkbencb 14.0. The yal-
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nes ol Mbe e™"Valenl” 3re33 (oeq) are ieiineii iinecidy T be 30l TTeare package by (yon
M13e3 3re33):

=P 2+ 1y -n Kyl @

Tbe lMNoaiiTg 3cbeTe ol b cotpulraltona! nroiie! 18 presenleii T Ngute 3.

Mpoure 3. Calculalton scbete ol Mbeprle T be PC Abl8Y8

The TeTi1 pressure lor Mbe calculalton 3cbeTe 13 iielTneii by [2] Mbe 3aTe a3 lor
be calculalton scbeTe 1
The TeTii loaii 13 appbeii T be PC AbI8Y8 Toliel a3 [ollores (P1lgure 3):

- I3l Tee [ TiA , [be LL3MMbuleii TeTiA loali rn bl /T, lor Mbe canllleyer roii:
=Lr{m3 ®3)
- I'TiA be concenlralein 1oaii on eacb noiie :
UYo\L = Yk1maec / N (4)

Tebere, LU T; - TeTii pre3sure on one 3ble T accoriiance Tebb [2];
- cblTneys LWareler;

13c - beiabl” ol 3ecbon ol iie3ign Toiiel;

N - nutber ol noiies [or eacb 3rije.
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The countimg of the number of nodes and the application of the wind load are
done automatically with the help of a special macro, which was created in the pro-
gramming APDL (ANSYS Parametric Design Language).

This macro allows performing calculation and application of wind loads auto-
matically. The universality of this macro consists in determining the wind loads in
all regions of Ukraime, as well as in the calculation of a chimney with any diameter
and height (it is also possible to consider the conical part of chimney, the parameters
of the lining);, with the help of command inserts APDL, pomt masses are added to
the model, which simulate the mass and inertial characteristics of the linear sector,
considering the forces as applied to the support lining ribs.

4.4 Calculation scheme 3

A thin sheet perfect cylindrical shell modeled together with the foundation and
the base was adopted in the PC ANSYS as calculation scheme following the “chim-
ney-foundation-base” typology. The values of the equivalent stress (c.,) are defined
directly by the software (Formula 2).

The loading scheme and the application of the wind load on the model is simi-
lar to calculation scheme 2.

This paper examimes the influence of 3 base types on the SSS structure defined
by a high, medium and minimum elastic modulus (E;), of 50 MPa, 30 MPa and 15
MPa, respectively. A general view of the calculation scheme is shown in Figure 4.

The results of comparative calculations are shown in Table 1.

This model is fully parameterized. It means that during the creation of the cal-
culation scheme, each geometrical and physical characteristics of the chimney have
been already set to a specific parameter, for example, the height of chimney - P1, the
diameter of chimney - P2, and so on. When changing these values in parameter set
the geometrical model of the chimney is also automatically changing, and it is im-
portant, that the whole computational model will be recalculated automatically.

The next parameters can be changed with the parameter set:

- The height, diameter, thickness and material of the chimney

(it is also possible to take mto account the cohical part and its characteris-
tics),

- With or without lining. The material, width and height of the lining;

- Geometrical dimension and material of foundation;

- Poisson's ratio and elastic modulus of the base;

- Wind pressure in all regions of Ukrame

(it is also possible to get any wind pressure value in Pa).

Table 1.
The value of 6., and the horizontal deflection at the top (fo) of the chimney.
Ey, MPa G, MPa fy, mm
15 96,0 353
30 96,0 276
50 96,0 245
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E18ure 4. Oeneral yiete ol Ibe calculalton 3cbeTe “cblTney - [lownialton -
basze"

Tke TaT/ea(ure$ o/lkeparaTelenralion

Creal'Tg be calculalton Toilel Make3 Tore MTe Mban T olber cases, because 1l
13 Tporlanl” To 3el 'be paraTelers ol Tapr yanable3 (beigbl, blateler, blcknes3 ol
be Toilel, be nuTber ol eliges, elc.), bul’ Mbe 8nb8e”menl” a”m3l Tenl” ol be preyecl
lake3 le33 iiTe anii elTorl. The researcber 3penii3 ['rTe mol” on be crealton ol a nete
coTpulaltonal Toiiel, bul" on be 3luity ol be bebaytor ol 3eyeral 3lruclures by aii-
A3l Ta blTeren yanables ol Mbe ebi3l T4 Toliel.

Tbe crealton ol Mbe paratelr nc Toiiel Telll allote Mbe MolloTeTs;

- calcmlalTg all Tl ere3l g opiions ol be coTpulaltonal Toitel rrTeblale-
1y,

Y - receblTn amalyltoal iiepeniience (a3 T [Ibe Teo-iltenstonal Mortulalton -
['teo paratelers, anii T [bree-iiltenstonal - be Tiinence ol meo yanable3 on Ibe
I'blrii one);

- [TiATa Tbe opiiTal conslruclion iesian 3obllMons Teilb be paratelers el
(tTTTbl TA Ibe Teblgbl or reiimcTg Ibe 3ress, applyTa Mbe arealesl 3alely aclor,
elc.)oracotbTalton ol Iber;

- perforTTg be expentenlal planntganid con3lruclTa/oblarTy Mbe re-
3pon3e curyes;

- perfortrng a 3en3iitly analysl3 [roT yanous Tpul paratelers (o ieler-
T T e Teblchb paratelers are To3l" Tporlanl” o lbe Toilel, anii bence baye be grealesr
Tiimence on 888).
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4.5 Calculaiion «cbeTe 4

A (Uten8tonal 1bT-8beel Tper?ecl cyliniincal 8bell, TocMeb wbb a geoteblc
veYiaiion a8 a local (btple T a aiiopleii a8 a calculabon TocM. Tbig Tobel 18 8ilLlli-
lar 1o 1be calcmlaleb Tobel 2 1bal Tclnbe8 a geoTtelncal ieYiaiion.

Tbe local iirtple ba8 a 8ire 0? 200x200 TT anb a beplb e*nal 1o 1be 1blckne8s
0? 1be 8bell (10 TT). The general Yiew o? 1be 8ecition Tbb 1be (bTple 18 8boTn T
Npute 5.

ManTe 5. Oeneral Yiew 0? 1be 8ecbon Titb 1be M1Tple 1brongb 1be 8leel cblT-
ney.

Tbe NTple 18 cbaracterizeii/be?ineii by 1be nex1 paraTeler8:
- angle o?!be blTple (a°);

- Tallb o?1be HTple (b/ki);

- beigb! 0?1be NUTple (k/hp);

- beplbo?1be Tple ([Jrp).

Thbis coTpulabonal Tobel 18 al8o paratellnreb. 1nabbllon !o yarionsparart-
eler8 0? 1be cblTney b 18 po88lble !o cbange !be 812e (belgbl, Ta/1b anb bep!b), anb
al8o 1be locabon 0? !be blTple.

Thbe tTpac! 0? Ibe blTple locabon on 888 T a beblrtreb by !be betgM 0? 1be
calculabon Tobel. The biTple T a Tobeleb al a Wsiance 0? 0.1 10 0.5 T ?roT !be
ba8e. The yalve8 0? eMwValen” 8!re88e8 T !be 8bell (cT""), 1be eMuValen” 8!re88e8 T
1be blTple rone (aecarp) anb !be concenlrabon rabo (k)are 8boTn T Table 2. The
beflecbon a! !'be lop 0?!be cbTney 18 ?or all !be calculaleb ca8e80? 212 TT.
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brot 1be resnb3 e oblxn 1be Aepenfence approxta3e/fl by a 3r/ orfer poly-
norial, as sbo™n 1 blgure 6.

Table 2.
Yalunes ob oeaanf krbor Aberen! bewbl3 ob!be A 1Tple.

Hei8bl brot !be baze, T T Neask’ "PPa @antn’ MP® Kr

0,1 104,9 166,4 1,6
0,2 104,9 173,9 1,7
0,3 104,9 175,7 1,7
0,4 104,9 177,1 1,7
0,5 104,9 176,1 1,7
0,6 104,9 176,9 1,7
0,7 104,9 175,7 1,7
0,8 104,9 176,4 1,7
0,9 104,9 175,4 1,7
1,0 104,9 174,8 1,7

4.6 Cotpanson ol egublalenl 3lre33e3 (aed) lor Mour calcula(ef 3cbete*

Tbe analy313 ob 1be 3ble33-3bat 3lale ob 3be bour calculale[l 3cbete3 allo”e[]
blenbyTp 3be Tax rTu T 33ress anf, [eleckon a! 3be lop ob 1be cbiTrey, a3 3bo”n m
Table 3.

Table 3.
M axTuT 3bess anf [eiieciion a! !be 'op oblbe cblTney
bor Aberen! !ypes obcalculaiion 3cbeTte3 (C5).
The rof, Thbe 3bell Tofel Tbe Tofel Tebb a Thbe Tofel Tebb a Awple
Tofel (PC.1) (PC.2) base, Eb = 50 MPa (PC.4)
(PC.3) (+0,500)
0, beb, ae”, beb, aen, beb, ae”, beb,
MPa TT MPa TT MPa TT MPa TT
92,1 214 104,9 199 96,0 245 176,1 212,2

Pwwre 6. Tbe blbblence ob 1be locaiion ob 1be Artple on 1be 888 ob 1be cblT-
ney, “bere 1be refl bne 13 resaul!s ob calculaiion anf !be blve bne coTe3 broT 3r[
orfer polynorlal.
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The Toite18 Thlb !be reiinceii 8!re88e8 M181nbuiton (AEB) are 8boTn T Wpgure8
7-9. Tbe bei§bl 18 5 T.

NpanTe 7. brablbubon 0? au on 1be calculaleit 8bell Toiiel (PC.2): a) VeNeo?
1be oriier paii, 6) Yely o!'1be nitenor

a) b)
NpanTe 8 Brablbubon 0?ay on 1be calculaleit 8ell Toliel Titb 1be ba8e (PC.3):
a) V7 et0? 1be ouler paii, b) Vet0? 1be Tlenor.
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a) b)
Pwwure 9. Bislnbulion ob au on !be calculalefl 3bell Tofel %alb !'be AOTple
(PC.4): a) Yie™ oblbe ouler par!, b) Yie” ob!be Tlenor

Conclumon

1. Tbe analy3l3 obcblTneys accorAtg !o calculalion 3cbete3 1-3 81Ye3 close
yalves obTaxrTuT 3lresses. Tbe [bberence be!~een !be calculalefl scbeTes 1 anf 2
13 14%, anfl be!~een 1 anf 3 13 only 4%.

2. 1nclmATg 'be base rn !be calculalion Tofel, Tcreases Ibe defeciion a! !be
lop ob !be cbiTney by 1,3 - 1,8 MTe3 T coTpanson Nelb lanf, 2 calculalion
3cbertes.

3. 1n'be ATple 20ne a local 3lre3s [3lurbance occurs, ~“blcb, 13 no! consbl-
eref T Ubblblan regulalton3 or nort3 a! 'be Toten!. To accoun! 3ucb feylalions a
peotelncal Tofekng 3bonl[ be perborte[] Teiib !be belp obToflern 3oii”are pack-
afies.

4. 1! 3eeT3 !berebore necessary !o Tyesiigale lbe 3lablbly ob !be ebi3iing
Toflel3 obcblTneys anf Albberen! lypes obpaeoTelncal fdeYiaiions.

Purlber Teay* ol Tye*i8§aiion

- Consblenng !be cblTney supporle by braces toflel, a3 a "cblTney 3up-
porle[, by braces - boun[aiion - base" calculalion 3cbeTe. belertTTg !be blbblence
ob !'be base on 888 bor !bl3 lype ob 3lruclures;

- Consblenng Abberen! opiions o Tofel 'be Tn [, loaf bor !bl3 lype ob 3!ruc-
lures: lbe 3aTe bor cylt/ncal 3bells Teilb blg Alateler ('anks);

- L 3Tg 'be byAroAynatbl Tofekng CPX package T J1bl8Y8 lo felertte
reakskc Tn /A loal Mi3'nbulton on 3lruclures %blcb pertk3 a tore preblse 3lrenalb
calculaiion.
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These researches will allow determining the most rational schemes to apply
wind pressures on such structures, both at the protecting stage (ideal construction),
and at the operation stage (design with geoinetric deviations). And even to get quan-
tifying factors for the simplest scheines (calculating the chimney as a fixed cantile-
ver rod).
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