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Research paper

Buckling resistance of the wall of a steel grain silo

Jakub Marcinowski!, Volodymyr Sakharov?

Abstract: The walls of steel grain silos are susceptible to buckling. The reason for this undesirable
phenomenon is the vertical impact of grain stored in the silo on the walls, most often made of corrugated
sheet metal with horizontal corrugations. External, vertical stiffeners make a wall strengthened and together
with corrugated sheet metals create orthogonal shell structure. The procedures included in the applicable
standards make it possible to estimate the buckling load capacity of the wall of a silo constructed in this
way. The paper presents an example of the analysis of the buckling load capacity of the wall of a steel silo
with a capacity of 700 m®. Two of the methods recommended in applicable standards were used. Numerical
simulations were also performed to determine the critical level of load intensity. The analyses carried out
allowed conclusions to be drawn regarding the buckling load capacity of the wall of the analysed silo.
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1. Introduction

Steel grain silos belong to the group of very light and slender structures. The pressure of
the grain stored inside them only seemingly stabilizes the walls by causing circumferential
stretching. In addition to the normal component to the wall surface, there is also a tangential
component causing compression of the wall in the meridional direction. These forces can
cause a loss of stability of the wall, often leading to the complete destruction of the silo.

The growing market demand for this type of storage facility and the competitiveness
of offers from domestic and foreign manufacturers result in structural solutions leading to
the minimization of their weight. Both the thickness of shell plates (steel sheets) and the
thickness of plates from which cold-formed sections of stiffeners reinforcing the silo wall from
the outside are minimized. Such an approach, which is not supported by detailed analyses
confirming the correctness of the design solutions used, can result in failure conditions.

The relatively high frequency of failures of steel silos has made these structures the object
of interest for many domestic and foreign authors. The list of publications cites works from the
last 10 years [1-14]. Most of them were written based on the silo failures that occurred.

In the presented work, analyses regarding the buckling capacity of the wall of a silo with
a capacity of 700 m? and a total height of 24 meters are included. These analyses were carried
out using standard procedures contained in norms [15] and [16]. Due to significantly divergent
results, numerical simulations were also performed to determine the load level causing the
loss of wall stability. The results of the numerical simulations, as the most reliable, were
the basis for formulating conclusions regarding the buckling resistance of the wall of the
analyzed silo.

2. Description of the silo

The view and basic dimensions of the analyzed silo are shown in Fig. 1. The cylindrical
part of the silo has a height of 17,104 meters and consists of 15 strakes, each 1140 mm in
height. The thickness of the sheets of the two bottom strakes is 1.5 mm (the steel sheet just
above the hopper ring) and 1.2 mm (next strake). The steel sheets of the remaining strakes have
a constant thickness of # = 0.8 mm. The sheets are connected with M 10 bolts of grade 8.8.
The diameter of the holes is ¢ = 12 mm.

The hopper, made of smooth sheets, has a 45-degree slope, and its ring rests on 18 columns,
each 5.40 meters long, made from HEB 120 sections. These columns are extended by 18 stiffeners
that reinforce the cylindrical part of the silo (Fig. 1).

The silo walls’ sheets have been externally reinforced with cold-formed sections (stiffeners)
with a profile shaped like an inverted channel. The circumferential spacing of the stiffeners
is 1200 mm. The connection of the stiffeners to the corrugated wall sheets was made using bolts.

The silo roof has the shape of a truncated cone with a slope of 30 degrees. The roof sheeting
rests on a framework made of cold-formed sections.



www.czasopisma.pan.pl N www.journals.pan.pl
N

BUCKLING RESISTANCE OF THE WALL OF A STEEL GRAIN SILO 501

17140

5400

Fig. 1. View of the silo and its overall dimensions

3. Structural calculations of the silo wall

3.1. Load summary

The method for loading the silo walls is defined by standard [17]. The considered silo has
a capacity of 700 m>. According to the classification provided in section 2.5 of standard [17],
we are dealing with an AAC2 action assessment class silo.

The ratio of the height of the cylindrical part to the diameter of the silo is:

he 17.14
1 fe 1% 55350
G-1) 4. 681 237

According to the classification provided in section 5.1 of PN-EN 1991-4:2006 [17], this is
classified as a slender silo.

Loads in the filled and discharging states were determined based on the provisions of
sections 5.2.1.1 and 5.2.2.1 of standard [17].
The values of horizontal pressure pj, ¢, surface friction against the wall p,, ¢, and vertical

pressure p, r at any depth z upon filling or during storage were determined using formulas
(5.1) to (5.6) from standard [17].

From Table E.1 of standard [17], we adopted: y = y,, = 9 kN/m? — the characteristic value
of the bulk density of wheat (upper value).
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According to Table 4.1 of standard [17], we are dealing with a D4 category wall case. The
friction coeflicient for such a wall is determined using formula (D.1) from Appendix D of
standard [17]:

(3.2) Heff = (1 —ay) - t2 i + awpiy

where:
¢; —is the internal friction angle of the stored material,
My — is the friction coefficient against flat sheet metal (D2 wall case),
a,, —1is a coefficient determined as explained in the standard.
Based on data from Table E.1 of standard [17], the friction coefficient (lower value) is:

fwm _ 0.38

= 2 =0.3276
a, 116

(3.3) MHw =

For wheat (Table E.1 of standard [17]), the internal friction angle (lower value) is:

bim _ 30

= 2= =26.79
a, LI12

(3.4 ¢ =

For corrugated sheet metal, it can be assumed (see section D.2 (3) of standard [17]):
a,, = 0.2. The effective friction coefficient is:

(5 per = (1—ay) - tgdi + aywpty = (1 —0.2) - tg26.79 + 0.2 - 0.3276 = 0.469

The lateral pressure ratio value was determined based on data from Table E. 1 of standard [17]
(upper value):

(3.6) K =Kp-ax =0.54-1.11 = 0.599

Geometric dimensions used in the calculations:

> 6.877
A=n—<=nx

3.7 4 4
U=nd,=n-687=21.583m

=37.07 m?

where:

A — is the cross-sectional area of the silo,

U - is the circumference of the silo cross-section.

The level of the equivalent surface was determined based on the internal friction angle ¢;
and the roof slope angle. The equivalent surface level of the grain is located 44 cm above the
upper edge of the cylindrical part of the silo.

The loads in the discharging state were obtained by multiplying the load values for the filled
state by the increase factors specified in standard [17]. For slender silos meeting the AAC2
action assessment class criteria, these factors are (see Section 5.2.2.1 of standard [14]):

— for horizontal loads: Cj, = 1.15,

— for tangential loads acting on the wall: C,, = 1.10.
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Table 1 presents the values of forces in the stiffeners reinforcing the silo walls. The table
provides characteristic values for the filled and discharging states. The variation of these forces
along the height of the silo is shown in Fig. 2.

0 100 200 300 400

t t t
Forcesin stiffenersin [kN]
| | |

k —e—Filling (characteristic value)
—=—Discharging (characteristic value)
—e—Filling (design value)

\\\ ——Discharging (design value)

IR
RS

14 \.‘-

l. \
16 ... \
SN

Fig. 2. Forces in wall stiffeners

z coordinate [m]

Table 1. Summary of forces in stiffeners

z [m] DPwf [kN/m?] N cn [kN] Ng,cn [kN]
0 0.00 0.00 0.00
0.44 1.12 0.30 0.33
2.00 4.49 5.69 6.26
3.00 6.22 12.15 13.36
4.00 7.68 20.51 22.56
5.00 8.91 30.47 33.52
6.00 9.94 41.79 45.97
7.00 10.81 54.25 59.67
8.00 11.54 67.66 74.43
9.00 12.16 81.89 90.07

Table continued on the next page
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Table continued from the previous page

z [m] Pw s [KN/m?] Ny cn [kN] Ng,cn [kN]
10.00 12.68 96.79 106.47
11.00 13.12 112.26 123.49
12.00 13.49 128.22 141.04
13.00 13.80 144.59 159.05
14.00 14.06 161.29 177.42
14.50 14.18 169.76 186.73
15.00 14.28 178.29 196.12
15.50 14.38 186.88 205.57
16.00 14.47 195.53 215.08
16.50 14.55 204.23 224.65
17.00 14.62 212.97 234.27
17.54 14.70 222.43 244.67

The following notations are used in Table 1:
Pw — tangential pressure on the wall in the filled state (characteristic value),
Ny — force in the wall column in the filled state (f — filling),
N, — force in the wall column in the discharging state (d — discharging),
()en — characteristic value.

3.2. Section resistance of silo wall reinforcement stiffeners

In the lower section of the cylindrical part of the silo, there is a first section of reinforcing
stiffener with a thickness + = 3.5 mm. The next stiffener segment (the next section) has
a thickness of t = 3 mm (see Fig. 3). The stiffeners were made from a 237 mm wide flat bar
using a cold forming process. HX500LAD steel was used, for which f, = 500 MPa. The
cross-sections of the stiffeners are 8.30 cm? and 71.1 cm?, and their sectional compression
resistance is equal to 415 kN and 356 kN for = 3.5 mm and ¢ = 3.0 mm, respectively.
The compressive forces of the lower Nk stiffener sections do not exceed 245 kN (cf. Table 1).
The compression resistance of the stiffener sections also checked for the higher sections of the
silo wall proved to be sufficient.

. \
\ [ \ J =
73.8 73.8

Fig. 3. Cross-sections of stiffeners # = 3 mm and ¢ = 3.5 mm
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The standards [15] and its annex [16] provide two methods for estimating the buckling
capacity of stiffeners reinforcing the cylindrical wall of a silo. The first method involves
replacing the system of a corrugated sheet wall and external stiffeners, plus potentially
circumferential rings, with an equivalent cylindrical shell with orthotropic characteristics.

Tangential vertical forces ny g4 from the friction of the grain against the wall surface
can cause a loss of stability, potentially leading to the complete destruction of the silo. The
load-bearing criterion is formulated as follows (see [15] formula (5.63)):

(3.8) Nx,Ed < Nx,Rd

where: ny g4 is the meridional force, and n, rg is the buckling capacity of the orthotropic
shell. This value is defined by formula (5.69) [15]:
AxNx Rer
(3.9 NxRd = —————
YMm1
where: a, = 0.8 [15], yar1 = 1.1 [15].

The method for verifying the buckling capacity of the silo wall under meridional compres-
sion is described in section 5.3.4.3.3 of the PN EN 1993-4-1 standard. The silo wall can be
treated as an orthotropic shell provided that the circumferential spacing of the stiffeners does
not exceed the value:

2 0.25
r Dy)

(3.10) ds,max = de( Cy

where: Dy, —is the bending stiffness per unit width in the direction of the panel corrugation
(steel sheet) with the thinnest sheet metal, Cy, — is the membrane stiffness per unit width in the
direction of the panel corrugation (steel sheet) with the thinnest sheet metal, and r is the radius
of the cylindrical shell.

The recommended value of the coefficient k49 = 7.4. With:

Dy = Dy, = 0.13Etd*
(3.11)

2 12
ned
Co=Cy = Et(l + yTE )
according to formula (4.6) and (4.5) from [15] respectively. The parameters [, ¢, and d in these
formulas are the wave parameters of the shell (wave length / = 76 mm, wave height d = 14 mm)
and the sheet metal thickness r = 0.8 mm at the point of checking the buckling capacity.
For the considered silo:

2D

(312) ds,max = kd@( C

0.25
Y ) =955 mm
y

The spacing of the stiffeners used in the silo d = 1200 mm exceeds this value. Despite not
meeting this condition, the procedure from section 5.3.4.3.3 of the standard [15] was applied,
treating the obtained results as an approximate assessment of the buckling capacity of the silo wall.
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In the considered cross-sections of the silo (selected strakes), the critical value of
the meridional force n, g, Was determined by minimizing the expression below concerning
the critical number of circumferential waves j and the height of the buckling half-wave /; of
the silo shell. This pressure is determined by formula (5.65) of the standard [15]:

1 A
(3.13) Nx,Rcr = ._(Al + _2)
Jrw A3z

where:
Ay = j [w*Cay + 20% (Cas + C) + Css] + Cap +2j%Cas

Ay =20 (C1a + C33) (Coa + j2Ca5) (Cra + j2w*C1y)
— (WC11 + C33)(Cop + j2Cas)? — 0 (Cop + W C33) (Cp + jw?Cra)?

A3 = (W*Ci1 + C33)(Cp + Cas + w*C33) — w? (Ci2 + C33)?

EA
Cii=Cy+— = Cp=Cy+EA,/d,
S
(3.14) Ci12 =vCyCog C33=Cyg
’ SEAY
Ciy = £ - Cos = erEAr/(rdr)
rdg
EI, L EAse2 EI. | EAcél
[D¢+d,.+ i | [D9+dr+ d,e]
Cyy = 5 Css = 3
r r
GIts GIrr
vyDyDg [Dgo+0.5(% + 2]
Cps = ——F— Ce6 = 5
r r
r
w=——
Jli
wh

elrie._ is the length of the vertical half-wave corresponding to the potential buckling form; it
should be selected to minimize values nx g according to (3.13),

Ay —is the cross-sectional area of the stringer stiffener,

I, —is the moment of inertia of the vertical stiffener’s cross-section relative to its own axis
parallel to the circumference,

ds — is the spacing of stringer stiffeners,

I;s — is the uniform torsion constant of the stringer stiffener,

e —is the eccentricity of the stringer stiffener measured from the mid-surface of the shell,

A, —is the cross-sectional area of the ring stiffener,

I- — is the moment of inertia of the stiffening ring’s cross-section relative to the vertical
axis (circumferential bending),

d, —is the distance between ring stiffeners,

I;, — is the uniform torsion constant of the ring stiffener,

e, — is the eccentricity of the stiffening ring measured from the mid-surface of the shell,

Cy — is the sheeting stretching stiffness in the meridional direction (see Section 4.4 in
standard [14]),

Cy is the sheeting stretching stiffness in the circumferential direction (see Section 4.4 in
standard [14]),
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C 40 —1s the sheeting stretching stiffness in membrane shear (see section 4.4 in standard [14]),

D 4 —is the sheeting flexural rigidity in the axial direction (see Section 4.4 in standard [14]),

D g —is the sheeting flexural rigidity in the circumferential direction (see Section 4.4 in
standard [14]),

D - is the sheeting twisting flexural rigidity in twisting (see Section 4.4 in standard [14]),

r — is the radius of the cylindrical shell,

Jj — is the number of full waves around the circumference; it should be selected to
minimize (3.13).

The design value of the meridional force causing buckling, i.e., the buckling capacity, is
determined from formula (3.15):

nx,Rcr 0.8
= 7=Hx,Rcr = O~727nx,Rcr

(3.15) Nx,Rd = Qn =
YM1 1.1

The buckling capacity of the silo wall was verified for data from the area of the third shell
from the bottom. The calculation results are presented in Table 2 and Figure 4.

Table 2. Results of calculations

Radius of cylindrical part of silo: r = 3435 mm, For j =4, [; = 17100 mm,
steel sheet plate: = 0.8 mm, d = 14 mm, [ = 76 mm, nx,Rer = 491.81 kKN/m,
E =210000 MPa. (see Fig. 5).

stiffener thickness: f5; = 3 mm, ey = 36.83 mm,

Ag =723.5 mm?2, Iy =45.85-10* mm?, I3 = 0.065 - 10* mm?,
Cg =365.714 N/mm, Cg = 1.821 - 10° N/mm,

D 4 = 9085 Nmm?/mm, D g = 4.281 - 10° Nmm? /mm,

Cpo =5.962 - 10* N/mm, D ¢ = 3735 Nmm? /mm.

The smallest value of ny g, was obtained for /; = 17 100 mm, i.e. a buckling half-wave
equal to the full height of the cylindrical part of the silo, and for j = 4, i.e. for 4 waves around
the perimeter.

1.7-10°

1.5-10°

14-10*

3

Fig. 4. Determination of the minimum of the function nx rc,(J, ;)
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The bearing capacity of an orthotropic wall in the meridional direction is obtained from
the formula (3.15):

(3.16) Ny.ra = 0.727nx ger = 0.727 - 491.81 = 357.54 kN/m

Each stiffener is subjected to a force Ny grq = 357.54 - 1.2 = 429.08 kN. This value is
significantly higher than the compressive force in the stiffener at the considered section:
NEgg = 205.57 kN (discharge state, characteristic value; see Table 1, position for z = 15.5 m.
The standard buckling capacity criterion is therefore met under this condition.

=)

—d 2w
z(y)fzsm i

3

I
(b)

Fig. 5. Wall stiffener as a bar on a elastic foundation (a) and method of profiling the sheeting (b)

An alternative method for estimating the capacity of the wall stiffener is described in section
20 of the annex [16] to the standard [15]. This approach involves considering the stiffener as
a compressed member resting on an elastic foundation and hinged at the ends (see Fig. 5a).

The stiffness parameter K depends on the material and geometry of the silo wall. It
is determined according to formulas (5.74) to (5.76a) from [16], where the basic stiffness
parameters of the corrugated sheet metal are defined as follows (see Fig. 5b):

EAf 7T2d2
(317) Cy:T %El‘(l‘l‘w)

EJry 1 of  #?d?
3.18 Dy = = —Etd* 1+ —
(3-18) TR ( BT

The formula for the stiffness parameter K is of the form (see formula (5.74) of [16]):

(3.19) K= 1{—2CyDy  sin’” ¢}

r 1%
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where:
(3.20) ¢ = %
(3.21) v =fDy+r*Cyf + ¢ cos’ ¢p(tan ¢ + 2g)*
—2[2g%sin2¢ — 2g(cos 2¢ — cos ¢) — sin ¢(cos ¢ — 1)]}
392 B rsz[(l —cos @) (1 +3cos¢p) — ¢sin2g] —Dysin2¢)
(3:22) "~ Dy(2¢ +sin2¢) + r2Cy[2¢(2 + cos 2¢) — 3 sin 2¢]
(3.23) f= 41;{(4g2 +1)(2¢ +sin2¢) +4g(1 —cos2¢) — 2sin2¢}

In formula (3.22) for g, the corrections suggested in the paper [14] are included.

The effective length of the compression bar is calculated from the formula (5.72) in [16]:

EI 1/4
(3.24) L. = 7r( sy)

and from this the reduction factor y of the flexural buckling resistance of the bar (stiffener) is
determined using the procedure described in clause 6.3.1.3 of [18]. The buckling resistance
Np,ra obtained as a result of this procedure is compared with the force Ng4 occurring in the
stiffener at the considered height of the silo wall.

Table 3. Calculations of buckling resistance of stiffeners

13th strake, plate = 0.8 mm, stiffener t;; = 3.0 mm, | Np gy = 152.64 kN,

Ag =7.235 cm?, Jgy = 45.852 cm®, fy = 500 MPa, Npg = 205.57 kN,
K =0.6036 N/mm?, L, = 198.5 cm exceeding 35%

14th strake, plate ¢ = 1.2 mm, stiffener t5; = 3.5 mm, | Np rg = 193.18 kN,
As =8.431 cm?, Jgy = 53.425 cm*, £, = 500 MPa, Npg = 224.65 kN,
K =0.9054 N/mm?, L, = 186.4 cm exceeding 16%

15th strake, plate ¢ = 1.5 mm, stiffener z5; = 3.5 mm, | Np rg = 206.90 kN,
A = 8.431 cm?, Jgy = 53.425 cm*, £, = 500 MPa, Ngg = 244.67 kN,
K =1.132 N/mm?, L, = 176.3 cm exceeding 18%

The results of the calculations for the three selected stiffener cross-sections (three bottom
strakes) are presented in Table 3. The calculated buckling capacities were compared with
the forces in the stiffener from the characteristic loads (the special situation studied) in the
discharging state (Tables 1 and Fig. 2). The largest resistance exceeding (35%) occurred within
the strake 13 (third from bottom) in the area where there is a reduction in steel sheet thickness
to 0.8 mm.
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4. Numerical simulations

In order to assess the buckling capacity of the silo wall, numerical simulations were carried
out using Linear Buckling Analysis (LBA) with the Symulia Abaqus software. This software
was successfully used to perform LBA of thin walled beams as it was confirmed in [18].

The model accounted for the actual shape, appropriate thicknesses, and material properties
of the corrugated sheets and stiffeners, as well as the shell construction of the hopper and
roof, along with the bottom ring and column structure, according to the design documentation.
Connections between the shell sheets and the stiffeners were modeled using pin-like, rigid
sleeves placed at the bolt connection points, maintaining the appropriate distance between the
median surfaces of the corrugated sheets and stiffeners (see Fig. 6).

Fig. 6. Discrete model of the analysed silo section

For the purpose of the buckling analysis, details of the structural continuity of the stiffeners
along their length were not included in the model. Utilizing the symmetry of the entire structure,
only half of it was modeled.

The analysis considered characteristic loads in the discharging state, including tangential
and normal pressures applied to the cylindrical wall of the silo. Additionally, it took into account
hopper loads, the structure’s self-weight, and loads from the supports of the charging gallery.

The conducted analysis showed that the examined silo has a buckling load capacity reserve.
The smallest load multiplier for the characteristic applied loads was 2.35. The buckling mode
involved the waviness of the silo wall, primarily in the area of corrugated sheet No. 11,
along with corresponding waviness of the stiffeners. The form of stiffener waviness in this
area involved cross-sectional torsion and is shown in Fig. 7b. Eighteen half-waves were
noted around the entire circumference of the silo (see Fig. 7c), with a length equal to the
circumferential distance between the stiffeners (see Fig. 7b). Vertically, ten half-waves were
distinguished within the range of corrugated sheets 9-13 (see Fig. 7d), where the thickness of
the corrugated sheets was 0.8 mm.
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(@ (b)

Fig. 7. Buckling mode for minimum load multiplier A = 2.35: (a) considered section of the silo; (b) view
of the stiffener buckling form; (c) waviness at the perimeter; (d) waviness diagram at the height of the
cylindrical part of the silo

Subsequent buckling modes, associated with larger load multipliers, took on similar shapes
and occurred at various heights of the silo.

5. Conclusions

The estimation of the buckling capacity of the silo wall using standard procedures led
to two contrasting conclusions. The first method recommended by standard [15] indicated
a reserve capacity. This result was obtained using the procedure appropriate for orthotropic
walls with a stiffener spacing less than ds min, even though this condition was not met. The
resulting stability assessment of the silo wall could only be considered as a rough estimate.

The second method recommended by standard [16] showed insufficient buckling capacity
of the wall for the characteristic loads during silo discharging. The maximum exceedance of
the resistance reached 35%.

The numerical simulations performed, which accounted for both components of the load
from the stored grain, confirmed the existence of a reserve buckling capacity of the silo wall.
The minimum load multiplier for the characteristic load values was 2.35, and the buckling
mode involved the waviness of the silo wall in the area of corrugated sheet No. 11.
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The conducted numerical simulations confirmed a sufficient reserve capacity, as evidenced

by the stable behavior of the structure under both grain storage and silo discharging conditions.

The presented calculations do not exhaust all analyses necessary to determine whether the

silo discussed in this work can be safely operated. Separate groups of necessary verification
calculations include the analysis of the bolt connections used in this silo, as well as the
calculations for the hopper and columns supporting the entire silo. These analyses were beyond
the scope of this presented work.
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Nosnos¢ wyboczeniowa Sciany stalowego silosu na zboze

Stowa kluczowe: blacha falista, zebra Scienne, obliczenia analityczne, silos stalowy, symulacje
numeryczne, no§no$¢ wyboczeniowa

Streszczenie:

Sciany stalowych siloséw na zboze s3 narazone na utrate statecznosci. Przyczyna tego niepozadanego
zjawiska sg pionowe oddzialywania zboza sktadowanego w silosie na §ciany najczesciej wykonywane z bla-
chy falistej o poziomym uktadzie fal. Sily te wywotane tarciem materialu magazynowanego o §ciang, s3 tym
wieksze im wieksza jest chropowato$¢ Sciany. Zewnetrzne zebra pionowe wzmacniajg $ciang silosu i wraz
z blachg falistg tworza powtokowa strukture ortotropowa. Procedury zawarte w obowigzujacych normach
umozliwiajg oszacowanie no$nosci wyboczeniowej §ciany tak skonstruowanego silosu. W pracy przed-
stawiono przyklfad analizy no§nosci wyboczeniowej Sciany silosu stalowego o pojemnosci 700 m?. Zasto-
sowano dwie sposréd metod zalecanych w obowigzujacych normach. Wykonano takze symulacje nume-
ryczne, ktérych celem bylo okreSlenie krytycznego poziomu intensywnosci obcigzenia. Przeprowadzone
analizy pozwolity wyciggnaé wnioski dotyczace nosnosci wyboczeniowej Sciany analizowanego silosu.
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