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Abstract. The basic provisions for the analyti-
cal calculation of vertical cylindrical capacities are
provided in this article. The submitted data is the
result of a global study accomplished by the au-
thors in recent years. The simplified procedure of
mathematical calculations, which is used in the
formulation of these dependencies, can character-
ize the outlined aspects in line with the engineering
method and be recommended for practical applica-
tion. In the given research the problem of the influ-
ence of profiling of the wall of the vessel on the
radial movements of the case under the action of
axially asymmetric and asymmetric loading is ana-
lyzed. The basic calculation formulas are given for
determination of internal forces (ring normal
stresses, running bending moments and running
transverse forces) and displacements of the no-
gauge storage capacity under load, which is de-
scribed by the exponential law characteristic of the
pressure of the loose material. A brief description
of the influence of vertical ribs on the rigidity
characteristics of silo tanks, as well as the expres-
sions for estimating longitudinal forces in the ribs
at a certain altitude level is given. Particular atten-
tion is given to the calculation of cylindrical capac-
ities under conditions of asymmetrical radial load-
ing.

In this case, the problem is considered for two
variants of the simplified procedure, in accordance
with the instantaneous theory and a more precise
analytical solution in applying the equilibrium
equations of the moment theory, which allows tak-
ing into account the effect of internal bending mo-
ments in the sections. In both cases, the simplifica-
tion of the computational procedure is accom-
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plished by decomposing an asymmetric load into a
finite trigonometric series and conducting a calcu-
lation for each component separately. The internal
forces arising in the edges of the conical roofs
from the action of the most probable loads own
weight, weight of technological equipment, wind
pressure and snow load are also calculated. In this
case, only the simplest construction of the roof was
considered, characteristic of small diameter con-
tainers, which consist exclusively of the main radi-
al edges. The article provides the formulas for
finding the internal forces in this element and the
maximum compressive force and maximum bend-
ing moment in a dangerous section.

Keywords: cylindrical shell, displacements,
corrugated wall, exponential law, deflection func-
tions, stress state, vertical stiffeners, axisymmetric
load, radial deflection.
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INTRODUCTION

Our country is one of the key players in the
sector of production and export of grain crops.
In this process, the most important technologi-
cal operation is the processing and storage of
grain, requiring the availability of appropriate
complexes, which should provide the neces-
sary conditions for the quality maintenance of
seeds. The advantage in this segment is given
to industrial metal capacities of different struc-
tural form (Fig.1). The basic requirements for
this type of structures are based on general
technical characteristics of strength, rigidity
and stability, as well as economic feasibility.

Fig. 1. General view of the vertical steel cylindri-
cal containers of "Lubnymash"
(https://lubnymash.com/)

Modern steel containers for storage of grain
crops have taken leading positions in the ele-
vator market. Despite a rather long period of
production and operation of buildings of this
type, the calculation of their supporting struc-
tural elements and a comprehensive study of
their general characteristics have not received
sufficient development till now.

MATERIALS AND METHODS

The analysis of the stress-strain state of
steel in cylindrical silos tanks is a complex en-
gineering task that requires significant scien-
tific effort and knowledge; it is based on the
use of special software groups and complicat-

MiaBOAHI TEXHONOCrIi « 2020 Bun.10, 50-57
npoMuUcnoBa Ta UuBinbHa iHXeHepis

ed mathematical apparatus for computing
[1 — 5]. The purpose of the calculation is the
unambiguous definition of the stress-strain
state of the container from the action of the
most probable loads the vertical and horizontal
pressures of the loose material, which causes
the axially symmetric loading and the pressure
of the wind pressure, which applies asymmet-
ric loads [6, 7] .This is the most accurate
method for determining the full range of inter-
nal efforts and displacements is the finite ele-
ment method, which is recommended for use
in practical calculations. However, there is of-
ten a need for an analytical calculation, which
allows not only to quickly evaluate some pro-
ject decisions, but also to formulate conditions
for related tasks, weakly dependent on inaccu-
racies of formulas. For example, we can give
the task of calculating the minimum weight or
maximum reliability. In addition, the results
obtained are a guide for the designer, which
will allow to avoid technical errors or possible
inaccuracies in the construction of FEM com-
puter model in the future.

RESULTS AND DISCUSSION

Steel vertical cylindrical container is a rota-
tion shell, which is supported by vertical ribs
of stiffness. The thickness of the plates, from
which the body of the container is tiled, varies
in height, and the texture of the plates can be
both smooth and wavy.

A comparative analysis of the resistance to
deformation of profiled sheets [8 — 10] showed
that with increasing thickness of the sheets,
their rigidity characteristics deteriorate. With
the classic bend of thin plates that work as
membranes, the use of profiled sheets is more
effective. However, with axially symmetric
loading of the cylindrical shell of rotation with
evenly distributed loads, which causes both
tensile strength and compression forces, sheet
profiling does not affect the radial displace-
ment of the construction.

With asymmetric loading, sheet profiling
reduces radial movements of the shell. This
phenomenon is most pronounced for thin
sheets with more "frequent" wave steps.
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Determination of internal forces and dis-
placements of a cylindrical thin-walled shell at
various boundary conditions is given in many
scientific and reference sources, but the practi-
cal analytical calculation is complicated by the
search for a solution in loaded state, which is
described by the exponential law, characteris-
tic for the pressure of the loose material.

Dependences for internal forces and dis-
placements for small-diameter capacities that
do not have edges under load adopted by the
Jansen-Kenen formula are expressed in terms
of equation

w(x) = wyoe™ {1 —e P x

(1)

x[sin(k,,x) + cos(k,x)],

where w(x)is the function of moving of the
shell; w, is the entered designation for this ex-

pression; k, is the ratio that can be defined by
the formula

ki =Ei,, / (piD,), ©)

where t,, . =1,0,,/(, is the thickness of the

sheets (the rigidity of which is equivalent to
the rigidity of the corrugated profile by thick-
ness f,); /,,is the length of the scanning of
the corrugation in the waveform of the corru-
gated sheet of the shell /,; E is the module of
elasticity of the material; D, is the cylindrical

rigidity of the shell on the bend in the circular
direction; D, is the diameter of the shell.

Assessment of internal forces (circular
normal stresses o,, geared bending moments

M (x)and running transverse forces QO (x))
Can be made by classical ratios [11 — 14]

ch<x)=2w<x>D£W, 3)
d*w(x)
M (x)=-D, djzx : 4)
_dM(x) | dwx)
Qx(x)_ dx - Dr dX?3 . (5)
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The impact of vertical ribs on the rigidity
characteristics of silo storage for grain depends
on many factors [15 — 18].

With asymmetric loading and a small num-
ber of vertical edges, the value of the deflec-
tions is much smaller than that of non-rebound
containers. In profiled shells it is more pro-
nounced than flat ones (Fig. 2).

Fig. 2. Character of deformation of capacities
from profiled sheets with different de-
grees of vertical stiff ribs and axisym-
metric loading

Under the influence of an asymmetric load,
the efficiency of vertical edges increases, es-
pecially with a sufficiently large number of
them.

To evaluate the longitudinal force N ,in

each edge at the level z from the top of a cy-
lindrical container, with axial-symmetric load-
ing we can use the expression

TCD2
Np,z = 4nW I:gm + Sm +YgHW\V}),1 (y)] ’
4 (6)
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where g, is the proper weight of the roof; n,

is the number of vertical edges; S, 1is the
snow load; A, =4A A f,» is the dimension-
less parameter determined by dimensionless
height y=z/H,, which has an area of values
0<y<l.

If you analyze the value of the ratio of lat-
eral pressure 1, and the ratio of friction f,,

w

then you can see that the values %,f, are in a

fairly narrow range from 0,18 ... to 0,19. Ac-
cordingly, it allows to adopt a unified value
Mfy #0,2 and essentially simplify the expres-

sion A, =0,8A, .

Vertical pressure py. on the wall of the tank
at the level y from friction material

pf,z = 0¢2Yng\|]y,2(y) =

:(L2yg]Yw[}”—qﬁu(y)]a (7)

V() =1,25(1-¢™).

The value of the functions wv,,(y) and
v, ,(y) for capacities of different elongation

were calculated in [19].
Procedure for estimating the bending mo-
ment M, in the vertical edges of the stiffness

of the silo tank can be performed using condi-
tional eccentricity e, ,, which determines the

position of the center of gravity of the reduced
cross section of the vertical rigidity edge
e, s =h,k, /(1+ ayy) s

(x‘Mp = Apnp /(TCDWZ‘W) 5 (8)

) is the ratio of the

cross-sectional areas of all vertical stiffening
ribs and the wall of the vessel.

Calculation of cylindrical capacitances un-
der conditions of asymmetric radial loading, as
in the case of axisymmetric loading, can be
carried out in a simplified procedure, in ac-
cordance with the no-moment theory. A more
precise analytical solution can be obtained in
the case of equilibrium equations of moment
theory, which allows taking into account the

where o, =4,n,/(nD,t

w
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effect of internal bending moments in cross-
sections. The task of calculating cylindrical
capacitance in both cases is reduced to the ex-
pansion of an asymmetric load into a finite
trigonometric series and the calculation for
each component separately. For wind load w,
this will be a cosine-series of aerodynamic ra-
tios C,,, (¢)

C,.r () = ay + a; cos(@) + a, cos(2p) +...

... +a cos(ko) +...+a,, cos(mp), ©)
where 4, is the amplitude value & component;
o 1s the angle of attack that takes into account
the direction of the wind; «, is the ratio of ex-

pansion.

In accordance with the momentary theory,
the full efforts of the wind load will manifest
themselves, depending on the number of
m members in the trigonometric series

Sk (xa (P) = kAkain(k(P) s
N, (x.9) =k> 42" cos(kg) / D, (10)
Ny i (@)= A.D,, cos(ke) /2.

And the displacement of the capacity from
the load #, is determined on condition

ou(x,p) k> x? 1
ox Et, D, (1+o

Ak Cos(k(P)a
wp)

—2 2+ w(x, ) =0, (11)

ou(x,9)  Vx9)
oo ox

sb"\’_g)

where u, v and w is the longitudinal, circular
and radial movement of the body.

For maximum displacement values (at
¢=0) we can use the formulas

Uppax =O,5GH<‘Zj,p/AW > Wemax =0,75GLE

E_vw = ik4ak :

k=0

w2

(12)
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where G =2w,H A, / [3(1+ocwp)Etw] is the

w

conditional deflection; w_ is the estimated

p
value of the wind load.

Applying the moment theory, it is necessary
to outline the basic variables of the method,
which will include normal tensions c,, in the

section of the capacity, tangent <, , in the lon-
gitudinal and three basic displacements, longi-
tudinal u,, radial w, and the ring v, . Lower-

ing complex calculations, studied in detail in
[20], we note the expressions for loads in
cross-sections o, (y,9) and 1, ,(y,¢)

E Vo (V) .,
— A, 25—\, ,a; cos(k
AR -1 R (ko)
E Yok (y) 3 .

Q)= — A, B ke
T =5 T ey Pk SRR (13)
Woi (V) =M, 4 chs(ykn,k) + Cos(yxn,k) x

X [M 24 SXP(=Y A 1)+ M exp(y A, i )] )

Gp.k (y9(P) =

where M,,, M,, i M;, is the dimensionless
capacitance reaction function; &, , is the pro-

portionality factor, which has the dimension of
the function &,(y) and takes into account the
nature of harmonious loading W, ; 4, , is the
response factor.

And also radial w,(y,9), ring v, (y,¢) and
longitudinal u, (y,¢) moving

M=w,, (1]
(k> =1)?
0-v, (]
k(k* —1)
D, Vi (V)
A, TRk -1)?

W (y! (P) = 2DwAt 273 Cos(k(l)) ]

m

v (v,9) =2D, A, a;sin(ko), (14)

w (¥,0) = Ay @y, cOs(k)

where A, is the ratio of capacity compliance.

Functions v, ,(»), We,(¥) and y_,(y) are

similar in their mathematical nature to
V.« (). Their formula representation depends
on the variation of the boundary conditions of
fixing each edge (Fig.3).

The total state is defined as the sum of
stress-strain states influence, and it depends on
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Fig. 3. [sometric representation of functions
Wi (¥)and v, () for capacities

with free end (top) and absolutely rig-
id ring (below)

the number of ratios of the layout laid down in
the calculation

RD(y,(P)=zakRk(y,(p) (15)
k=0

where R is the generalized reaction parameter

chpvrvwvvvu.

One of the essential steps in the calculation
of vertical cylindrical tanks is the study of in-
ternal forces that arise in the edges of the coni-
cal roofs by the action of the most probable
loads — own gravity, weight of process equip-
ment, wind pressure and snow load (Fig. 4).

The construction of a conical roof of a cy-
lindrical storage tank consists of rectilinear
edges installed radially and connected by a se-
ries of rings that form a compatible spatial sys-
tem. With relatively small diameters of capaci-
ties, radial ribs are made from beams, while
large ones are in the form of trusses. In the
case when the main radial edge is made in the
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form of trusses, the forces in its rods are calcu-
lated on the basis of beam effort. According to
the principle of operation, radial edges can be
divided into main and secondary. The main
ribs, on one end, rely on the wall of the tank,
reinforced by an elastic lining, and the other
on the central rigid ring. Secondary ribs are
placed between the main ones and are support-
ed by one or both ends on the ring edges,
hinged to the main radial beams.

Fig. 4. Conical roofing of MSVU silo with a
diameter of 33m "Lubnymash"

The simplest construction of the roof con-
sists of only the main radial edges. A similar
roof is characteristic for capacities of small di-
ameter (approximately up to 7000 mm) Inter-
nal forces in the main ribs can be calculated by
the formulas.

. | H
N, () :—smB{ﬁJrFm +q 404 Yx

(16)
(Ag+0,5y(1-Ag))+AN ],
O, rWM=q4ly cosB[yAq -
1(1 2 17
—§(§+qu+%(1—Aq)+AQ, (1
M, () =0,17q 403,y cosB(l— y) (18)

X1+ y(1—-Agq)+2Aq]+AM .

where y is the coordinate; g, 1is the actual
weight of the roof structures, F,, is the force,
from the weight of the thermopadders, 7, is

the reference pressure on the central ring of ri-
gidity from the superstructure gallery, S,, is

the snow load; W,, is the wind load; »,, is the
number of main beams; S is the angle of the
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slope of the roof to the horizon; 4,, is the ratio
of the diameter of the central rigidity ring d,
to the diameter of the tank D, ; ¢,, is the
length of the main radial beams; E4, EJ is the

longitudinal and flexural stiffness respectively;
AN, AQ, AM is the arithmetical supplements
of internal forces when placing a thermo-
paddings in the flight of a beam

The maximum compressive force acts on
the left beam support, and the maximum bend-
ing moment in the section located at a distance
Ym.max irom the right support.

Ny, =6F, +q (,,(1+2Aq)/(6sinp),
_ q4lhrc0sB( 25 =3/ +1
8 fii—Ag

S =1+ Aq+ Aq?) 3=

]’ (19)

In the circular ribs there are only longitudi-
nal compressive forces that can be estimated
by the formula

Np =(Nb—Nt)nM/(27z). (20)

where N, and N, are the longitudinal forces

in the main radial edge below and above the
annular rib of rigidity.

CONCLUSIONS

1. In the article the basic provisions of the
analytical calculation of vertical cylindrical
capacities were provided.

2. The issues of influence of profiling of the
walls of the container on the radial movements
of the case under the action of axially symmet-
ric and asymmetric loading were analyzed.

3. The basic calculation formulas for the
determination of internal forces and displace-
ments of the ribless capacities under load,
were described by the exponential law, charac-
teristic for the pressure of the loose material.

4. The brief description of the influence of
vertical ribs on the rigidity characteristics of
silos capacities was given..
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5. The calculation of cylindrical capacities
in conditions of asymmetrical radial loading
was solved in accordance with the instantane-
ous theory and has a more precise analytical
solution in applying the equations of moment
theory.

6. The formulas for finding internal forces
in the edges of the conical roofs were indicated.
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K pacuery onTHMaJbLHOr0 YPOBHS
HAJIE’KHOCTH U3 YKOHOMHAYECKHX
coodpaxeHui

Anexcanop Jlanenxo, Hamanusa Maxunvko

AnHoTauus IlpuBeseHbl OCHOBHBIE TIOJIOXKE-
HUS aHAJTUTHUYECKOTO pacyeTa BEPTUKAIbHBIX IIH-
TuHApUuYecKux eMkocted. IlpencraBineHHble CBe-
NCHUS SBISIIOTCS PE3ylIbTaTOM TI00ANBHOTO HC-
CIIEJIOBAaHMS, BBIITOJHEHHOTO aBTOPAMHU B IIOCIHIE]-
HUE rojbl. YIPOILIEHHas Mpoleaypa MaTeMaTuye-
CKUX BBIKJIAJIOK, KOTOpasi MpuMeHsieTcs npu ¢op-
MYyJUPOBAaHUHM YKa3aHHBIX 3aBHUCHMOCTEH, MOXET
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XapaKTepU30BaTh YKa3aHHbIC AacCIeKThl B pycle
WH)XCHEPHOW METOAMKH W OBITh NPUMEHEHA s
MPaKTHYECKUX pEKOMEH AW, B npepacraBieHHOM
UCCIIEIOBAHUU aHAITM3UPYETCs BIMSIHUEC MPOQUITH-
pOBaHMS JINCTOB CTEHKH €MKOCTH Ha pajHalibHbIC
MepeMeICHUs KOpIyca INpH BO3JCHCTBUM OCe-
CUMMETPUYHOTO W ACHMMETPUYHOTO 3arpy3KH.
[IpuBOASATCS OCHOBHBIE pacueTHbIC (OPMYIIBI JUIS
OTpesCNCHs] BHYTPCHHUX YCUJIMHA (KOJBIICBBIX
HOPMAJIBHBIX HANPSKCHUH, TMOTOHHBIX H3THOAro-
[IMX MOMEHTOB W ITOTOHHBIX TONEPEYHBIX CHI) U
nepeMenicHnii 0e3pe0epHOll €MKOCTH XPaHCHUS.
IIpenocTaBieHa KpaTkas XapaKTePUCTUKA BITHASHUS
BEPTUKANBHBIX pebep Ha JKECTKOCTHBIX XapaKTe-
PUCTHKU CWJIOCHBIX €MKOCTEH, a TaKKe BBIpaxe-
HUSI TSI OTICHKH MPOJIONILHBIX YCHIIHI B pebpax Ha
OTIpEeJICIIEHHOM BBICOTHOM YPOBHE.

Ocoboe BHHMaHHE yIEICHO pacydeTy IMINH-
JPUYECKAX €MKOCTEH B YCIOBHSIX HECHMMETPHY-
HOTO paJualIbHOTO 3arpy3ku. [Ipu 3TOoM 3amaya
paccMoTpeHa TO YIPOILEHHOW Mpolenype, co-
r1acHO 0€3MOMEHTHOHM TEOpPHH M TOJydeHO Oojiee
TOYHOE AHAJUTHUYECKOE pPEUICHWE TPU TpPUMEHE-
HUW YPaBHCHUH pPaBHOBECHS MOMCHTHOU TEOpUH,

nmaBoaH! TEXHOJOCrIi ¢ 2020 Bun.10, 50-57
npoMuUcnoBa Ta UuBinbHa iHXeHepis

KOTOpasi MO3BOJISIET yUECTh ACUCTBUE BHYTPEHHHUX
M3ru0aImMX MOMEHTOB B ceueHHsIX. B oOowmx
CIIydasix BBIMOJIHCHO YIPOIICHHUS BBIYHCIUTEIh-
HOW TIPOIEAYPHI IyTEM Pa3/IOKEeHUS aCHMMETPHY-
HOM Harpy3kd B KOHEUHBId TPUTOHOMETPHUYECKUI
P M MPOBEICHHUM pacueTa I KaXKIO0W COCTaB-
JSIOIIEH B OTIENBHOCTU. BBINONIHEHBI TakXke Huc-
CJIEJIOBAHNS BHYTPEHHHUX yCHUJINH, BOZHUKAIONINX B
pebpax KOHYCHBIX KPOBEJb OT JCHCTBUS Hauboee
BEPOSATHBIX Harpy3ok. [Ipu 3ToM ObLIa paccMoTpe-
Ha JIMIIG TPOCTeHIas KOHCTPYKIMS KPOBJH, Xa-
pakTepHas Il EeMKOCTEH MaJloro JuaMeTpa, KOTo-
pas COCTOMT HCKIIIOYHTEIBHO W3 TJIABHBIX Pajvi-
ATBHBIX pedep. YKazaHHbIE (GOPMYIBI IS HAX0XK-
JICHUSI BHYTPCHHUX YCWJIMN B JTAHHOM 3JICMCHTE,
MaKCHMalbHasg COKMMAIomasi CHiIa W MaKCHUMallb-
HBI N3rUOArONNil MOMEHT B OTTACHOM CEYCHHU.

KuioueBble cjioBa: IUIHHIApHYECKas 000J04-
Ka, TiepeMelieHus], ToppUpoOBaHHas CTEHKa, (PyHK-
WU Tporuda, HANpsHKEHHOE COCTOSIHHE, BEPTH-
KallbHBIE pebpa JKEeCTKOCTH, acCHMMETpHYHAs
HarpysKa, panaibHOe OTKIIOHEHHE.
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