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ABSTRACT

The steel silos are interesting complex facilities. For assuring their complete emptying
by gravity, they are often placed on a carrying frame structure above ground. In the joint
between the thin-walled shell and the carrying frame elements, the values of the stresses are
extremely high. It can cause local loss of stability in the shell. For avoiding shell buckling,
many designers put stiffening elements above the discrete supports. They are parts of the ring
beams under the cylindrical body. The question is how high the mentioned stiffening elements,
respectively the girder should be? The reasonable approach is they should rise to the level
where the values of the meridional normal stresses above the discrete supports and in the
middle between them are equal. But where is this level? Many researchers worked on the
values and on the way of distribution of the meridional normal stresses. As a result of their
efforts, the critical height H,, of the shell and the ideal position H, of the intermediate stiffening
ring are determined. But those heights are very different and are determined for smooth steel
shells, without vertical stiffening elements in them. The conclusions of the author, based on his
previous researches, are that vertical stiffening elements considerably modify the picture and
they must reach level situated between H,, and H,. The author tried to determine the necessary
height of the stiffening elements using a new, alternative way, taking into consideration non-
linear behaviour of the steel, the effects of the changes in the geometry during loading caused
by welding operations imperfections and vertical stiffening elements.

! Lyubomir Zdravkov, Assoc. Prof. Dr. Eng., Dept. “Steel, Timber and Plastic Structures”, UACEG, 1 H.
Smirnenski Blvd., Sofia 1046, e-mail: zdravkov_fce@uacg.bg
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1. Introduction

Often steel silos are elevated facilities, placed above ground on a supporting structure.
The purpose is to assure easy and complete emptying by gravity. The supporting structure is
different for every project, depending on the real exploitation conditions. The most popular are
two types — made by the horizontal girders and columns or only by columns. Both types of
frame structures cause concentrated meridional forces in the cylindrical body of the silo. As a
result, the thin-walled shell could lose stability.

The simplest way to design steel silo is hypothetically to divide the cylindrical shell into
two parts — a discretely supported ring beam and a fully supported shell above it. This
conception is accepted by the European standard EN 1993-4-1 [1], see Fig. 1. To ensure
continuous support of the shell, the bending stiffness of the ring beam should be high.
Unfortunately, EN 1993-4-1 does not mention the recommended stiffness of the ring beam.

Axisymmetric loading

Cylindrical shell
on cylindrical shell

l
|
4

IN.J———/? Uniform support to cylinder
f f T T f from ring beam

‘ ‘ Uniform loading of ring beam
by cylinder

T T T Discrete (local) supports

Figure 1. Traditional design model for silos on discrete supports according to EN 1993-4-1

Ring beam

In 1985 Rotter [2] offered the ratio y = 0,25 as applicable for design, where:

K
— KShe” , (1)
ring
in which K is the stiffness of the cylindrical shell;
K(ing — the stiffness of the ring beam.

Based on the English translation of the study of Vlasov [3] for curved beams, the
stiffness of the ring beam Ky is calculated as:

(n? —1)2 El,

K =

ring ~

1

- 2
: @)
where n is the number of uniformly spaced supports;
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E — modulus of elasticity;
I, — the moment of inertia about a radial axis;
— radius of ring beam centroid.

El,
fo=1+ 2 3)
Ky
in which:
EC
Ky =GJ +n? : (4)

R2

where G is the shear modulus;
J — torsional constant;
Cw — warping constant for open sections.

The semimembrane theory of shells, proposed by Vlasov [4] gives the following
expression for the stiffness of cylindrical shell:

3/2

E(t 1

Kspen =1 (“ —1)4—( j T (5)
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where t is the thickness of the cylindrical shell.

o (en )2 —2€e"sin(n)-1 | )
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in which:

n= , (7

where H is the height of the cylindrical shell;
u — expressed by Calladine [5] longwave bending half-wavelength:

\/Z”zilf ®)

Based on Egs. (2) and (5), the stiffness ratio y will look as follows:

2
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In their researches, published in 2011, Topkaya and Rotter [6, 7], conducted extensive
finite element analyses (FEA) for verification of the criteria of Rotter [2] about stiffness of ring
beam. With 1280 numerical models, having two different types of ring sections, various
heights and radii of the cylindrical shells, the authors verified the validity of suggested by
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Rotter in 1985 ratio y = 0,25. On the base of conducted FEA, researchers have concluded that
when a stiffness ratio y < 0,1, the axial stresses will not deviate more than 25% from the
uniform support assumption.

The research of Zeybek, Topkaya and Rotter [8] shows that the equations based on the
theory of Vlasov [3] for a curved beam provide results with sufficient accuracy when the girder
is separated from the cylindrical body. When the ring beam and the cylindrical shell are joined,
the values received through finite elements analysis are considerably different from the
analytical results in closed form. The differences become significant with the increase of the
thickness of the cylindrical shell.

In 2014 Topkaya and Rotter [9] determined the ideal position of the intermediate
stiffening rings on the shell. They expect that a ring placed at this ideal position can effectively
remove all circumferential nonuniformity in the axial membrane stress above it. The simple
expression of the ideal location H; is:

H, = 12(1+v)%, (10)

where v is Poisson ’s ratio.

It should be noted that all above-mentioned researches are conducted on the smooth
steel shells without vertical stiffeners on them. On the other hand, the routine practice in the
design of steel structures is to place stiffening elements on the point where the concentrated
loads are applied. In the case of steel silos, the vertical stiffeners should be placed above the
discrete supports, see Fig. 2.

Figure 2. Stiffening elements above discrete supports
of the cylindrical shell

In his researches, Zdravkov [10, 11] shows that vertical stiffening elements increase the
height of the critical zone, where the vertical reactions of discrete supports are redistributed,
i.e. the longer the stiffeners are, the higher the critical zone will be. In that case, the question is
how high the stiffeners should be? In another research, conducted with ideal cylindrical shells,
but accounting their geometrical non-linearity (GNA), Zdravkov [12] tried to resolve this issue.
Based on the idea of necessity of equalization of meridional normal stresses above the
stiffeners and between them, he recommends the limits of the height Hg of the stiffeners to be
H, < Hs < H, where H, represents the ideal height to place intermediate stiffening ring,

calculated according to formula (10). H, is the distance between discrete supports, calculated
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according to equation (13). In the latest research of Zdravkov [13], done with cylindrical shells
with imperfections in them, accounting their geometrical and material nonlinearity (GMNIA) it
is recommended that the height Hs of the stiffeners should be within the limits Hzy < Hg < H,.
In this study, the author again followed the idea of equalizing the values of the meridional
stresses.

In the current research, the author will try, using a new, alternative way, to determine
the necessary height Hs of the ring beam, respectively of the vertical stiffeners, above which
we can accept that the cylindrical shell is continuously supported on its bellows contour.

2. Analysis

For the purpose of the research, eight steel cylindrical shells are modelled, using
software ANSYS [14]. Their parameters are as follows:
a) dimensions:
- shell 1 — diameter D =1 m, height H=2,2 m;
- shell 2 — diameter D =2 m, height H = 4,4 m;
- shell 3 — diameter D =3 m, height H = 6,6 m;
- shell 4 — diameter D =4 m, height H=8,8 m;
- shell 5 — diameter D =5 m, height H=11,0 m;
- shell 6 — diameter D = 6 m, height H = 13,2 m;
- shell 7 — diameter D =7 m, height H = 15,4 m;
- shell 8 — diameter D = 8 m, height H=17,6 m,
where D is the diameter of the cylindrical body;
H — the distance between stiffening rings, see Fig. 3.

=

a) continuous support b) discrete supports
on lower edge

Figure 3. Numerical models — dimensions and way of supporting

b) shell 1 + 8 are supported as follows:
- continuously supporting on the lower edge of the cylindrical shell, see Fig. 3q;
- discrete supports below the ring beam with height Hy, see Fig. 3b.
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c) discrete supported shells have eight supports with dimensions in plan bxb, which are
calculated by the expression:

b= 0,0375D; (11)

d) above every discrete support, outside on the shell, two steel plates with a section
8x100 mm are placed, reaching different height. On their upper edge, there is an intermediate
ring with a section L100x8 mm.

e) the levels Hy, reached by vertical ribs, i.e. the heights of the ring beams, see fig. 3b,
are calculated as follows:

- the length of stiffeners Hs, is equal to the height of the ideal position of the
intermediate stiffening ring on the shell, calculated by (10);

- using an average value of the distribution of discrete forces Fg from supports
a = 30°, see Fig. 4. The height Hs 3, should be determined by the formula:

TCR o o .
Hs 30 =Ttan(90 —-a°); (12)

- the length of the stiffeners Hy is equal to the distance between the supports. It is
calculated by the expression:

_2m

s,L n '

H (13)

where R = 0,5D is the radii of bending of the ring beam;
n is the number of the regularly placed supports;
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Figure 4. Average angle a of a distribution of the compressive forces on height

f) all shells are with constant thickness t =5 mm;

g) to strengthen the shells in a radial direction, on 50 mm above the lower edge and
50 mm below the upper edge, rings with a section L100x8 mm are placed, welded as shown in
Fig. 8;

h) the product stored in the facilities causes a vertical Py loading, due to the friction
between the product and the wall of the cylindrical bodies, see Fig. 5. The research accepted
that the vertical loading is constant, with a value P, = 0,5 kPa, applied on the internal surface
of the shell;

i) the steel used in the models is S235. Its mechanical characteristics are according to
standards EN 10025-2:2004 [15], and precisely:

- yield strength f, = 235 MP4;
- modulus of elasticity — £ = 210 000 MPa;
- Poisson s ratio — v = 0,3.
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a) continuous support b) discrete supports
on lower edge

Figure 5. Numerical models — dimensions and loading

The material nonlinearity of the steel is accounted in the research. The relation between
stresses ¢ and strain ¢ is bi-linear. An idealised diagram of Prandtl is used, see Fig. 6. The

tangent modulus after the point of yielding has a value E; = 1 400 MPa.

Bilinear Isotropic Hardening

S

Stress (.10% [Pa]
—
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Strain [m m™-1]

Figure 6. Idealized diagram stress-strain

j) the thin-walled shells are sensitive to the effects of change of the geometry during
loading. For that reason, all the models are researched considering the geometrical nonlinearity
(GNA).

k) all shells have initial geometrical imperfections. They are symmetrically positioned
towards the vertical axis on the entire circumference of the shells. They simulate radial
deformations, due to welding operations in horizontal joints. Their shape is shown in Fig. 7.
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Figure 7. Geometrical imperfection of the shells. Dimensions

) the shown in the Fig. 7 length l,4 of the imperfection is calculated according to the
standard EN 1993-1-6, by the formula:

|y = 25t =25.5=125 mm. (14)

Like the researches of Doerich and Rotter [16], Vanlaere et al. [17], the author accepted

that the radial deflection Awg, =t =5 mm. It is bigger than the calculated according to EN
1993-1-6:2007:

Ay =Ugylgy = 0,016.125=2 mm, (15)

where Uy, = 0,016 is the dimple tolerance parameter for the fabrication tolerance quality class C.
On this way, the author wants to underline the effect of the geometrical imperfections.
m) the cylindrical shells are constructed by courses with a height of 2 200 mm. It means
that the initial geometrical imperfections will be several and will be positioned at a height of
2 200 mm.
The angular section L100x8 and part of the cylindrical shell form an intermediate
stiffening ring with a shape as shown in Fig. 8.

_ 100 -
X i—
§ Y \r
) X

Figure 8. Shape of intermediate stiffening ring

Effective width I, in mm, of the steel sheets over and below the joint is calculated
according to the standard API 650 [18], by the expression:

| <13,4JDt, (16)

where D is the diameter of the cylindrical shell, m;
t — thickness of the cylindrical shell, mm.
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The cross-section 4 and moment of inertia I, about vertical axis “x-x” of the formed
stiffening rings are as follows:
-shell 1 - A =18,9 cm?and I, = 302,2 cm*;
-shell 2— A =20,1 cm?and I, = 345 cm*;
-shell3—A=21,1cm?and I, = 377 cm*
-shell 4— A =21,9 cm?and I, = 400,5 cm*;
- shell 5— A =22,6 cm? and I, = 420 cm*;
-shell 6 — A =23,2 cm? and I, = 435,5 cm*;
-shell 7— A =23,8 cm?and I, = 450,2 cm*;
- shell 8 — A =24,3 cm?and I, = 462 cm®.

The necessary stiffness of the intermediate stiffening ring is calculated by Zeybek et al.
[19]. The stiffness ratio y could be expressed by:

Rt(AR2 I n? 2—1)
shell N (n )

= 2 1
Kstiffener 12\/§(1+ V)3/2 Alxn(n2 —1)

K

x= 7)

where Kg,e is the circumferential stiffness of the shell;
Kstitrener — the circumferential stiffness of the circular ring.

The results of the research of Zeybek et al. [19] indicate that the ratios below about y <
0,2 provide a satisfactorily uniform axial membrane stress distribution above the intermediate
ring stiffener, so this limit is recommended for practical design. In his later research Zeybek et
al. [20] prove that correlations smaller than y < 0,2 are sufficient in the rings placed below the
ideal position.
For the various shells, the ratio y, calculated according to formula (17), has the values as
follows:
- shell 1 — y = 0,00566;
-shell 2 — % =10,01173;
-shell 3—y=0,01923;
- shell 4 —y =0,029;
- shell 5 -y =0,0418;
- shell 6 —y = 0,0585;
-shell 7—y=0,079;
- shell 8 — ¢ =0,1047.

The maximum value of the ratio y = 0,1047 < 0,2, so it could be expected that the
stiffness of the intermediate ring will be sufficient to equalize the meridional stresses in the
shell above it.

All shells are modelled by 2D quad element shell281. The method of its creation is the
“Quadrilaterals”. The finite elements are quadrilateral with 8 joints — in the edges and in the
middle of the side. The maximum dimension of the elements is 50 mm.

Option “symmetry” is activated in ANSYS. The purpose is to decrease the necessary
time for calculation. Only a quarter of the silo is used in the analysis, see Fig. 9.

Option “Buckling Analysis” is activated in the used program ANSYS [14]. With this
option it is possible to calculate the reserve of the carrying capacity K of the cylindrical shell
before losing stability partially or wholly. When the shells are discretely supported, the reserve
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Ky gives the quantitative evaluation of the height Hs of placing of the intermediate stiffening
ring, respectively the length of the vertical stiffening elements. Those values K, are compared
with the accounted for a continuously supported on lower edge shell reserves K,. The idea is
that the closer the values for K, and K, are, the more effective the stiffening in the base of the
discretely supported shells is.

Figure 9. A quarter of the silos used in the numerical analysis

3. Results

During the research of the cylindrical shells the following forms for local loss of
stability are observed:
- due to the compressive forces in the zone of the geometrical imperfection (weld
defects), see Fig. 10q;

- due to the shearing forces on the sideways of the vertical stiffening elements, see
Fig. 10b;

- due to the compressive forces above the vertical stiffening elements and the
intermediate stiffening ring, see Fig. 10c.

First, the cylindrical shells continuously supported in their lower edge are researched.
By approximately 60 buckling modes per shell the values for the reserve of carrying capacity
K, are accounted. This value is correct when the shell buckles into the corresponding
geometrical zones, see Fig. 10. These values are shown in Table 1.
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G:

Total Deformation

Type: Total Deformation

Load Multiplier (Nonlinear): 158,84
Unit: m

0.17837 Max
0,15855
0,13873
0,11891
0,099093
0,079274
0,05456
0,039637
0,019619

0 Min

a) loss of stability due to pressure forces in

the zone of geometrical imperfection

G: Eigenvalue Buckling
Total Deformation 37
Type: Total Deformation

Load Multiplier (Nonlinear): 227,34
Unit: m

c) loss of stability due to compressive forces in the zone above

0,11697 Max

0,10397
0,090975
0,077979
0,064982
0,051986
0,038989
0,025993
0,01299
0Min

Unit: m

b) loss of stability due to shearing forces to
the side of the vertical stiffening elements

Eigenvalue
Total Deformation 5
Type: Total Deformation
Load Multiplier (Nonlinear): 169,38

0,11376 Max

the vertical stiffeners and rings

Figure 10. Shapes of local loss of stability

Table 1. Reserve of carrying capacity K, when the shells are continuously supported

shell dimensions, m Reserve K, for buckling:
D H in weld imperf. |above stiffeners

shell 1a 1 2,2 6342
shell 2a 2 4,4 1273 1547
shell 3a 3 6,6 468,4 681,3
shell 4a 4 8,8 250,3 382,5
shell 5a 5 11 158,8 242,1
shell 6a 6 13,2 109,5 167,2
shell 7a 7 15,4 80,4 121,7
shell 8a 8 17,6 61,9 93,1

After that, the next

shown in Table 2, Table 3 and Table 4.

research for discretely supported shells having a width of the
supports b is conducted. The accounted values of carrying capacity Ky, Kpz and Ky, are
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Table 2. Reserve of carrying capacity Ky, in discretely supported shells and
ring beams with height Hg,

shell dimensions, m b Hs, Reserve K\, for buckling: Difference with K, , %
D H m m in imperfection | above stiffeners|in imperfection [ above stiffeners

shell 1b, 1 2,2 0,0375 | 0,247 6153 3,07
shell 2b, 2 4,4 0,075 0,494 1273 1441 0,00 7,36
shell 3b, 3 6,6 0,1125 0,74 468,2 616,4 0,04 10,53
shell 4b, 4 838 0,15 0,987 250,2 335,7 0,04 13,94
shell 5b, 5 11 0,1875 | 1,234 158,8 208,5 0,00 16,12
shell 6b, 6 13,2 0,225 | 1,481 109,2 140,9 0,27 18,67
shell 7b, 7 154 | 0,2625 | 1,728 79,7 101,8 0,88 19,55
shell 8b, 8 17,6 0,3 1,975 60,8 77,4 1,81 20,28

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A < 1,81%;
- when the buckling is above the stiffeners — A <20,3%.

Table 3. Reserve of carrying capacity Ky 3 in discretely supported shells and
ring beams with height H; 3

shell dimensions, m b Hg 3o Reserve K\, 5o for buckling: Difference with K,, %
D H m m in imperfection | above stiffeners| in imperfection [ above stiffeners

shell 1bs, 1 2,2 0,0375 0,34 6153 3,07
shell 2bs, 2 4,4 0,075 0,68 1273 1492 0,00 3,69
shell 3bs, 3 6,6 0,1125 1,02 468,4 645,6 0,00 5,53
shell 4bs, 4 8,8 0,15 1,36 250,3 356,1 0,00 7,41
shell 5bs, 5 11 0,1875 1,7 158,8 222,9 0,00 8,61
shell 6bs, 6 13,2 0,225 2,04 109,5 152,3 0,00 9,78
shell 7bs, 7 15,4 0,2625 | 2,381 80,3 110,8 0,12 9,84
shell 8bs, 8 17,6 0,3 2,721 61,8 84,8 0,16 9,79

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A < 0,16%;
- when the buckling is above the stiffeners — A <9,8%.

Table 4. Reserve of carrying capacity K, in discretely supported shells and
ring beams with height Hg

shell dimensions, m b H,. Reserve K\, for buckling: Difference withK,, %
D H m m in imperfection | above stiffeners|in imperfection [ above stiffeners

shell 1b, 1 2,2 0,0375 | 0,393 6175 2,70
shell 2b, 2 4,4 0,075 | 0,785 1273 1499 0,00 3,20
shell 3b, 3 6,6 0,1125 | 1,178 468,4 651,7 0,00 4,54
shell 4b 4 838 0,15 1,57 250,3 361,7 0,00 5,75
shell 5b 5 11 0,1875 | 1,963 158,8 228,2 0,00 6,09
shell 6b, 6 13,2 0,225 | 2,356 109,5 156,8 0,00 6,63
shell 7b 7 15,4 | 0,2625 | 2,749 80,4 114,4 0,00 6,38
shell 8b, 8 17,6 0,3 3,142 61,9 90,2 0,00 3,22

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A = 0%;
- when the buckling is above the stiffeners — A < 6,6%.
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In facilities with a bigger diameter D, the height H, of the ring beam is high. When the
unloading hopper is attached to the upper edge of the ring beam, a considerable part of the
useful volume of the silo will be lost. The possible solution to this problem is the hopper to be
joined in a lower position, somewhere at the height of the ring beam. In the current research,
the author places it at 200 mm above the lower edge of the cylindrical body. The effect of its
joint is simulated through adding another intermediate ring L100x8.

The accounted values of carrying capacity Ky, Kpz and K, are shown in Table 5,
Table 6 and Table 7.

Table 5. Reserve of carrying capacity Ky, in discretely supported shells,
second intermediate ring and ring beams with height H;,

shell dimensions, m b H,, Reserve K, for buckling: Difference with K, , %

D H m m in imperfection | above stiffeners|in imperfection | above stiffeners
shell 1¢, 1 2,2 | 00375 | 0,247 6056 4,72
shell 2¢, 2 44 | 0,075 | 0,49 1273 1405 0,00 10,11
shell 3¢, 3 66 | 01125 | 0,74 468,2 610,7 0,04 11,56
shell 4c, 4 8,38 0,15 | 0,987 250,2 336,1 0,04 13,81
shell 5¢, 5 1 | 0,875 | 1,234 158,8 207,6 0,00 16,62
shell 6¢, 6 13,2 | 0,225 | 1,481 109,2 141,6 0,27 18,08
shell 7¢, 7 154 | 0,2625 | 1,728 79,8 101,7 0,75 19,67
shell 8¢, 8 17,6 0,3 1,975 60,9 77,9 1,64 19,51

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A < 1,64%;
- when the buckling is above the stiffeners — A <19,7%.
Table 6. Reserve of carrying capacity K, 3 in discretely supported shells,
second intermediate ring and ring beams with height H; 3o
shell dimensions, m b H 30 Reserve K, 5, for buckling: Difference with K,, %

D H m m in imperfection | above stiffeners|in imperfection | above stiffeners
shell 1| 1 22 | 00375 | 034 6119 3,64
shell 2c;0| 2 44 | 0,075 | 0,68 1273 1485 0,00 4,18
shell 3c;o| 3 66 | 01125 | 1,02 468,4 643,2 0,00 5,92
shell 4c;y| 4 8,8 0,15 1,36 250,3 356,7 0,00 7,23
shell 50| 5 1 |01875| 1,7 158,8 223,2 0,00 8,47
shell 6c;o| 6 132 | 0,225 | 2,04 109,5 153,2 0,00 9,14
shell 70| 7 154 | 0,2625 | 2,381 80,4 11,1 0,00 9,54
shell 8c;o| 8 17,6 03 | 2,721 61,8 85,5 0,16 8,89

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A < 0,16%;
- when the buckling is above the stiffeners — A <9,54%.
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Table 7. Reserve of carrying capacity Ky in discretely supported shells, second
intermediate ring and ring beams with height Hg

shell dimensions, m b Hg. Reserve K\, for buckling: Difference with K,, %
D H m m in imperfection | above stiffeners|in imperfection | above stiffeners

shell 1c, 1 2,2 | 00375 | 0,393 6143 3,24
shell 2¢, 2 4,4 0,075 | 0,785 1273 1496 0,00 3,41
shell 3¢, 3 6,6 0,1125 | 1,178 468,4 651,6 0,00 4,56
shell 4c, 4 8,8 0,15 1,57 250,3 363,3 0,00 5,28
shell 5¢, 5 11 0,1875 | 1,963 158,8 229,5 0,00 5,49
shell 6c, 6 13,2 0,225 | 2,356 109,5 158,2 0,00 5,69
shell 7c, 7 15,4 | 0,2625 | 2,749 80,4 115,4 0,00 5,46
shell 8c, 8 17,6 0,3 3,142 61,9 89,5 0,00 4,02

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A = 0%;
- when the buckling is above the stiffeners — A < 5,69%.

Several conclusions can be established from the research of the above-described shells:
a) higher ring beams assure more complete equalization of the meridional normal
stresses;

b) even when the ring beams have height H;, equal to the distance between the
supporters, there is no complete equalization of the values of axial normal
stresses in the cylindrical shells;

c) in the first mode of loss of stability, the shell is buckling in the zone of
imperfection, independently of the way of the girder support and the accepted
heights Hs, Hs3o Or Hg, of the ring beam. In this mode, the reserve of bearing
capacity K has the smallest value.

Having in mind the previous conclusion, we could say that the influence of the
imperfections is more considerable from the difference in the meridional stresses above the
ring beams, whether it is height Hs |, Hs 30 OF Hs .

To verify that the accepted in the study geometric imperfections are not excessively
large, the characteristic values of the bearing capacity oxpc at axial pressure determined
according to the methodology of EN 1993-1-6 [21] and numerically, by the models above,
were compared. The first approach uses the analytical expressions described in the latest
version of the standard. In the second approach, knowing the values of the axial normal
stresses oygq IN the imperfections and the reserve of the carrying capacity K, through the
expression

Oy Rk,FEA = KOy Eg (18)

we could calculate the bearing capacity of the shell oyrcrea before buckling. The values are
shown in Table 8 below:
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Table 8. Characteristic values of the carrying capacity by
normal stresses X,Rk during axial pressure

shell EN1993-1-6 FEA

D H A, )\xp X Gx,Rk,ENZ - K'a =Ko Oy.Ed - ox,Rk,FEAz
kN/cm®finimperf] kN/cm® | kN/cm

1 2,2 0,430 | 0,789 | 0,877 | 20,60

2 4,4 0,608 | 0,778 | 0,628 | 14,76 1273 0,022 28,01

3 6,6 0,745 | 0,773 | 0,440 | 10,33 | 468,4 0,044 20,61

4 8,8 0,860 | 0,771 | 0,305 | 7,17 250,3 0,066 16,52

5 11 0,962 | 0,769 | 0,227 | 5,33 158,8 0,088 13,97

6 13,2 1,053 | 0,768 | 0,178 | 4,18 109,5 0,11 12,05

7 15,4 1,138 | 0,768 | 0,145 | 3,40 80,4 0,132 10,61

8 17,6 1,216 | 0,767 | 0,121 | 2,85 61,9 0,154 9,53

It can be noted that the differences are significant. This could be due to one or all
reasons mentioned below:

a) the geometrical imperfections of the type of weld depressions used in the numerical
models, see Fig. 7, are not the most unfavourable;

b) the analytical methodology of EN 1993-1-6 [21] is very conservative. For instance,
the current formulas for analytical calculation are obtained empirically, after conducting a lot
of laboratory experiments, by which is determined the lowest bearing capacity of the shell
before buckling;

c) even if it is very unlikely, it is possible that the numerical models are created
incorrectly or/and program ANSY'S does not return accurate results.

To verify which of the above reasons is leading, the author has modelled additional
geometric imperfections in the meridional direction of the cylindrical shells. They have the
shape shown on Fig. 11.

Lex

Awm /
Figure 11. Geometrical imperfections in meridional direction of the shells. Dimensions

Lengths lg and dimples Awoy Of imperfections are calculated according to EN 1993-1-
6:2007 by the formulae:

Iy = 4Rt (19)
Ay, = U0x|gx ' (20)

where Ug, = 0,016 is the dimple tolerance parameter for the fabrication tolerance quality class C.
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Geometrical imperfections in meridional direction are modelled in the lower course of
the cylindrical shell. They start at a distance I above the intermediate ring.

lr = 0,1L, (21)
where L = H is the distance between stiffening ring, see Fig. 3.
Additional shells are included in this research. Their ring-beam has a height Hqgs,

calculated by formula (22). It is accepted that the average value of the distribution of discrete
forces Fr from supports has a value o = 45°, see Fig. 4.

(22)

Again, cylindrical shells, continuously supported in their lower edge, are researched
first. The accounted values for the reserve of carrying capacity K, are shown in Table 9.

Table 9. Reserve of carrying capacity K, when the shells are continuously supported

shell dimensions, m Reserve K, for buckling:
D H in weld imperf. [above stiffenerg

shell 1a 1 2,2 2863,9
shell 2a 2 4,4 1274 482,95
shell 3a 3 6,6 469,82 175,36
shell 4a 4 8,8 252,97 87,56
shell 5a 5 11 160,4 52,42
shell 6a 6 13,2 111,38 34,24
shell 7a 7 15,4 81,86 25,07
shell 8a 8 17,6 62,702 18,701

There is a little increase in the values of K, for buckling in circular welds and sharp
decrease for loss of stability over the ring.

After that, the research for discretely supported shells having a width of the supports b
is conducted. The accounted values of carrying capacity Kp4s, Ky, Ko 30 and Ky are shown in
Tables 10 + 13.

Table 10. Reserve of carrying capacity K 45 in discretely supported shells and ring beams
with height Hs 45

shell dimensions, m b Hs, Reserve K\, 45 for buckling: Difference with K, , %
D H m m in weld imperf. | above stiffeners| in imperfection | above stiffeners

shell 1b,g 1 2,2 0,0375 0,196 2864 0,00
shell 2b,g 2 4,4 0,075 0,393 1274 483,6 0,00 -0,13
shell 3b,s 3 6,6 0,1125 | 0,589 470,22 175,32 -0,09 0,02
shell 4b,5 4 8,38 0,15 0,785 252,14 87,69 0,33 -0,15
shell Sbys 5 11 0,1875 | 0,982 160,18 52,6 0,14 -0,34
shell 6bys 6 13,2 0,225 1,178 111,73 34,56 -0,31 -0,93
shell 7bys 7 15,4 0,2625 | 1,374 82,46 25,37 -0,73 -1,18
shell 8b,s 8 17,6 0,3 1,571 61,28 18,775 2,32 -0,39

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A < 2,3%;
- when the buckling is above the stiffeners — A < 1,2%.
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Table 11. Reserve of carrying capacity Ky, in discretely supported shells and
ring beams with height Hy

shell dimensions, m b Hs, Reserve K\, for buckling: Difference with K, , %
D H m m in weld imperf. | above stiffeners| in imperfection | above stiffeners

shell 1b, 1 2,2 0,0375 0,247 2864,1 -0,01
shell 2b, 2 4,4 0,075 0,494 1274 483,9 0,00 -0,20
shell 3b, 3 6,6 0,1125 0,74 470,57 175,24 -0,16 0,07
shell 4b, 4 8,38 0,15 0,987 252,56 87,61 0,16 -0,06
shell 5b, 5 11 0,1875 | 1,234 160,3 52,612 0,06 -0,36
shell 6b, 6 13,2 0,225 1,481 111,54 34,57 -0,14 -0,95
shell 7b, 7 15,4 0,2625 | 1,728 81,62 25,383 0,29 -1,23
shell 8b, 8 17,6 0,3 1,975 62,95 18,783 -0,39 -0,44

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A < 0,4%;
- when the buckling is above the stiffeners — A < 1,3%.

Table 12. Reserve of carrying capacity Ky 5 in discretely supported shells and
ring beams with height H; 3o

shell dimensions, m b Hg 3o Reserve K, 3o for buckling: Difference with K, , %
D H m m in weld imperf. [ above stiffeners| in imperfection | above stiffeners

shell 1bs, 1 2,2 0,0375 0,34 2864,1 -0,01
shell 2bs, 2 4,4 0,075 0,68 1274 480,9 0,00 0,43
shell 3bs, 3 6,6 0,1125 1,02 470,75 174,99 -0,20 0,21
shell 4by, 4 8,8 0,15 1,36 252,82 87,38 0,06 0,21
shell 5bs 5 11 0,1875 1,7 160,41 52,52 -0,01 -0,19
shell 6bs, 6 13,2 0,225 2,04 111,38 34,41 0,00 -0,49
shell 7bs, 7 15,4 0,2625 2,381 81,89 25,17 -0,04 -0,40
shell 8b, 8 17,6 0,3 2,721 62,771 18,706 -0,11 -0,03

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A < 0,2%;
- when the buckling is above the stiffeners — A <0,5%.

Table 13. Reserve of carrying capacity Ky in discretely supported shells and
ring beams with height Hg

shell dimensions, m b H,. Reserve K\, for buckling: Difference with K, , %
D H m m in weld imperf. [ above stiffeners| in imperfection | above stiffeners

shell 1b, 1 2,2 0,0375 | 0,393 2864,1 -0,01
shell 2b, 2 4,4 0,075 0,785 1274 480,1 0,00 0,59
shell 3b, 3 6,6 0,1125 1,178 470,79 174,88 -0,21 0,27
shell 4b, 4 88 0,15 1,57 252,86 87,29 0,04 0,31
shell 5b; 5 11 0,1875 | 1,963 160,2 52,46 0,12 -0,08
shell 6b, 6 13,2 0,225 2,356 111,4 34,3 -0,02 -0,17
shell 7b, 7 15,4 0,2625 | 2,749 81,9 25,022 -0,05 0,19
shell 8b, 8 17,6 0,3 3,142 62,726 18,661 -0,04 0,21

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A = 0,21%;
- when the buckling is above the stiffeners — A < 0,6%.
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For joint shell-discharging hopper at a height of 200 mm above the lower edge of the
cylindrical shell, the accounted values of reserve of carrying capacity Ky, Ky3 and Ky, are
shown in Table 14 + 17.

Table 14. Reserve of carrying capacity Ky 4 in discretely supported shells,
second intermediate ring and ring beams with height Hs 45

shell dimensions, m b H, Reserve K\, 45 for buckling: Difference with K, , %
D H m m in weld imperf. [ above stiffeners|in imperfection | above stiffeners

shell 1c,s 1 2,2 0,0375 0,196 2860,4 0,12
shell 2¢,5 2 4,4 0,075 0,393 1273,9 482,2 0,01 0,16
shell 3¢5 3 6,6 0,1125 0,589 470,17 175,59 -0,07 -0,13
shell 4c,g 4 8,8 0,15 0,785 252,08 87,88 0,35 -0,36
shell 5¢,5 5 11 0,1875 0,982 160,15 52,69 0,16 -0,51
shell 6¢,5 6 13,2 0,225 1,178 111,72 34,66 -0,30 -1,21
shell 7c,5 7 15,4 0,2625 1,374 80,93 25,48 1,15 -1,61
shell 8c,5 8 17,6 03 1,571 61,395 18,84 2,13 -0,74

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A = 2,13%;
- when the buckling is above the stiffeners — A < 1,61%.

Table 15. Reserve of carrying capacity Ky, in discretely supported shells,
second intermediate ring and ring beams with height H,

shell dimensions, m b Hs, Reserve K, for buckling: Difference with K,, %
D H m m in imperfection | above stiffeners| in imperfection | above stiffeners

shell 1, 1 2,2 0,0375 | 0,247 2861 0,10
shell 2¢, 2 4,4 0,075 0,494 1274 482,74 0,00 0,04
shell 3¢, 3 6,6 0,1125 0,74 470,53 175,48 -0,15 -0,07
shell 4c, 4 8,8 0,15 0,987 252,52 87,766 0,18 -0,23
shell 5¢, 5 11 0,1875 | 1,234 160,27 52,68 0,08 -0,49
shell 6¢, 6 13,2 0,225 1,481 111,64 34,65 -0,23 -1,18
shell 7¢, 7 15,4 0,2625 | 1,728 81,65 25,47 0,26 -1,57
shell 8¢, 8 17,6 0,3 1,975 62,926 18,827 -0,36 -0,67

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A < 0,4%;
- when the buckling is above the stiffeners — A < 1,6%.

Table 16. Reserve of carrying capacity Ky 3o in discretely supported shells,
second intermediate ring and ring beams with height Hs 3,

shell dimensions, m b H 30 Reserve K\, 3, for buckling: Difference with K,, %
D H m m in imperfection [ above stiffeners|in imperfection | above stiffeners

shell 1c;, 1 2,2 0,0375 0,34 2861,8 0,07
shell 2¢;4 2 4,4 0,075 0,68 1273,8 483,72 0,02 -0,16
shell 3¢, 3 6,6 0,1125 1,02 470,74 175,13 -0,20 0,13
shell 4c;, 4 8,8 0,15 1,36 252,8 87,484 0,07 0,09
shell 5¢34 5 11 0,1875 1,7 160,44 52,57 -0,02 -0,29
shell 6¢34 6 13,2 0,225 2,04 111,38 34,472 0,00 -0,67
shell 7¢;o 7 15,4 0,2625 | 2,381 81,9 25,24 -0,05 -0,67
shell 8¢y 8 17,6 0,3 2,721 62,759 18,728 -0,09 -0,14
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The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A < 0,2%;
- when the buckling is above the stiffeners — A <0,7%.

Table 17. Reserve of carrying capacity K, in discretely supported shells,
second intermediate ring and ring beams with height Hg,

shell dimensions, m b Hg. Reserve K\, for buckling: Difference with K, , %
D H m m in imperfection | above stiffeners|in imperfection | above stiffeners

shell 1c, 1 2,2 0,0375 | 0,393 2860,3 0,13
shell 2¢, 2 4,4 0,075 0,785 1274,1 483,16 -0,01 -0,04
shell 3¢, 3 6,6 0,1125 | 1,178 470,79 174,99 -0,21 0,21
shell 4c, 4 8,38 0,15 1,57 252,86 87,372 0,04 0,22
shell 5¢, 5 11 0,1875 | 1,963 160,31 52,5 0,06 -0,15
shell 6¢, 6 13,2 0,225 2,356 111,39 34,37 -0,01 -0,38
shell 7¢, 7 15,4 0,2625 | 2,749 81,9 25,1 -0,05 -0,12
shell 8c, 8 17,6 03 3,142 62,72 18,676 -0,03 0,13

The differences with the coefficient K, are as follows:
- when the buckling is in the weld imperfections — A < 0,21%;
- when the buckling is above the stiffeners — A < 0,4%.

Two points are interesting there:
a) differences between the reserve of carrying capacity when the buckling is above the
ring, i.e. in the zone of meridional geometric imperfections, are reduced significantly;

b) often values of K 45, Ky 1, Kp 30 and Ky, are greater than K,.
Again, a comparison was made with the characteristic values of the carrying capacity

oy rk at axial pressure, determined by the methodology of EN 1993-1-6:2007, and numerically,
using the models above. The results are shown in Table 18.

Table 18. Characteristic values of the carrying capacity by
normal stresses 6, gy during axial pressure

shell EN1993-1-6 FEA

D u A, Ao X C’x,Rk,EN2 ' K.a =Ky lex Oy ed . Ox,Rk,FEAZ
kN/cm”lin imperf) m kN/ecm® | kN/cm

1 2,2 0,430 | 0,789 | 0,877 | 20,60 0,200

2 4,4 0,608 | 0,778 | 0,628 | 14,76 | 482,95 0,283|0,038972| 18,82

3 6,6 0,745 | 0,773 | 0,440 | 10,33 | 175,36 0,346|0,060336| 10,58

4 8,8 0,860 | 0,771 | 0,305 7,17 87,56 0,400| 0,0818 7,16

5 11 0,962 | 0,769 | 0,227 5,33 52,42 0,447(0,103328 5,42

6 132 | 1,053 | 0,768 | 0,178 | 4,18 | 34,24 0,490(0,124901| 4,28

7 15,4 1,138 | 0,768 | 0,145 3,40 25,07 0,529|0,146508| 3,67

8 17,6 1,216 | 0,767 | 0,121 2,85 18,701 0,566|0,168143| 3,14

It can be seen that the meridional imperfections of the type shown in Fig. 11
significantly reduce the bearing capacity of the cylindrical shells accounted by FEA. Hence,
the differences between bearing capacities accounted analytically according to the standard EN
1993-1-6:2007, and numerically, are much smaller. It can be concluded that the significant
differences observed in Table 8, are due to inappropriately selected initial geometrical
imperfections.
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4. Conclusions

It is often practice in the design of real steel silos to use stiffening elements in the point
of application of concentrated forces. In our case stiffening elements are placed above the
discrete supports. Their length, determined in previous researches of the author, where
equalization of the meridional normal stresses is wanted, should be in limits Hs 3o < Hs < Hs.
From the new, alternative by its approach, research done herewith, the following conclusions
could be achieved:

a) even when the ring beams have height Hs, equal to the distance between the supports,
there is no complete equalization of the values of meridional normal stresses in the cylindrical
shells. As a result, the carrying capacity of the perfect cylindrical shell, loaded axially by
compressive forces, becomes smaller when buckling is just above the ring beam. When the
height of the ring beam is Hs,_ and the width of the discrete supports is b = 0,0375D, this
decrease is of the order of 7%.

b) when buckling is in the zone of modelled imperfections, the resistance of the shell is
the smallest.

When the quality of fabrication is class C (normal) it does not depend on the way of
supporting and on the accepted height Hs 45, Hs 1, Hs 30 Or Hs . Of the ring beam. The influence of
the above-described imperfections is more considerable from the difference in the meridional
stresses above the ring beams whatever the height of the girder is: Hs4s, Hsy, Hs3o O Hsy.
Therefore, the ring beams of the real steel silos class C, could have height Hs = H; 45 and it does
not decrease their carrying capacity during axial compression with more than 2%.

c) in real steel silos whose shells are different from the ideal cylindrical shells, it is
unnecessary to obtain a complete equalization of the values of the axial normal stresses above
the ring beams. Its height should be calculated with the purpose to assure equal carrying
capacity when buckling above it or in the imperfections.
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HEOBXOJINMA BUCOYNHA HA IIPBCTEHOBUJIHATA I'PEJIA
B CTOMAHEHHM CHJIO3H HA OTAEJIHA OIIOPH.
PA3J/IMYEH ITOAXO/J 3A HEMHOTO OITPEJAEJIAHE

JL. 31paBkos’

Knrouoeu 0yMM.‘ CMOMAaHeH CUJIo3, Mepu()uaHHo Hanpeosicerue, KpumuiHa 6ucoduna,
6epmuKajlen eKxopasumel, 3aey6a HA ycmoﬁlmeocm, mamepuaina u ceomempuina HenuHeli-
HOCm, HECbB8bPULEHCMBA

PE3IOME

CToMaHEHHTE CHJIO3M ca MHTEPECHH, KOMIUIEKCHH ChOPHKEHHUS. 32 /1a C€ OCHTYpPH Lisi-
JIOCTHOTO UM H3IIpa3BaHe IO TPaBUTAdeH ITbT, YECTO T€ Ca IMOCTABEHM Ha HOCeIa NMPbHTOBa
KOHCTPYKIIUA HaA 3€MsATa. B msacToTo Ha CHa)XXJ1aH€ Ha TbHKOCTCHHATa 4Y€PYIKa U HOCCIIUTC
MIPBTOBU €JIEMEHTH CTOMHOCTHTE Ha HAIIPEXKEHUATA ca MHOTO rojeMu. ToBa MOXKe J1a TOBeJe
JI0 MECTHA 3ary0a Ha yCTOMYHMBOCT B YepyIkaTa. 3a Jia ce MpeJoTBpaTH HEHHOTO N3KOpyOBaHe,
MHOTO IIPOEKTAHTH IOCTABST 3aKOpaBsBallld €IEMEHTH HaJ omopuTe. Te ca yacT OT HpbCTe-
HOBHJHATa rpe€aa noa HUJIMHAPUIHOTO TAJIO. BLHpOC’bT € KOJIKO BUCOKH Ja 61)[[aT BBIPOCHUTEC
BKOpaBHTEJIN, PECIEKTUBHO Tperara. Pa3yMHHAT MOIXO € T 1a CTHraT A0 TaM, JOKBIETO nMa
W3paBHJIBaHE HA CTOMHOCTHTE HA MEPHIMAHHWTE HOPMAIHHU HAIpEKEHUS Haja ONOpHUTE W B
cpenara Mexay Tax. Ho kbze e pa3mnosioxeHo ToBa HUBO? MHOT0 H3CIIe0BaTEeNH ca PaboTHIN
BBPXY CTOWHOCTUTE W HaYMHA Ha Pa3NpOCTpaHEeHUE Ha MEPUANAHHUTE HOPMAaTHU HAIIPEKEHUS
HaJl ONOpUTE Ha IWIMHAPHYHHUTE YEpYNKH. B pesynrar Ha ycwiausra MM ca ONpelelieHH
KpuThyHaTta BHCOYHWHA Hcr Ha 4Y€pynkKata U HUACATHOTO IOJOXKCHHUC H| Ha MCXKIUHHUA
3aKopaBsiBalll MPbCTEH. T€3M BUCOYMHM [OCTa CE pa3jiduaBaT MOMEXKAY CH, OCBEH TOBa ca
OTIpEe/IeIeH! NIPH TJIaJIKU CTOMAaHEHHU YepYIKH, 0e3 BepTHKAIHH 3aKOpaBsBalld pedpa B TsX, a
T€ CHUICCTBCHO MPOMECHAT KapTUHATA. HaHpaBeHI/ITe H3CJICABAaHMA IOKa3Bar, 4c TC TpSI6Ba Ja
JIOCTUTAT 10 HUBO, Hamupaiio ce Mexay Hg 1 H,. Ilpu oTunTane Ha HENMMHEHHOTO MOBEACHHE
Ha cTOMaHaTa e(eKTUTe OT MPOMsSHA B T€OMETpPHUATa II0 BpeMe Ha HaTOBapBaHE, MOPOJCHUTE
OT 3aBapbYHMTE OIEpalui HECHBHPIICHCTBA M BEPTHKAJIHATE BKOPABHUTEIHM € ONpeesieHa
HeoOxoaMMara BUCOYMHA Ha BKOPABUTENINTE 10 HOB, PA3IMYCH HAUMH.
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