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Annotation. The article comprehensively discusses an innovative metal sheet structure - a
spiral fold silo: its features, operation under load, and reliability. The stress-strain state of interfold
zone of a spiral-fold silo is considered. The calculations of the stress-strain state of the silo were
compared with the analytical calculations by the software package LIRA-SAPR. The work the
midsection of the shell segment (zone between folded locks) of the spiral-fold silo was experimentally
verified. Considering the results of the studies of the stress-strain state of this metal silos, a
methodology for reliability analysis based on the analysis of the strength reserve was developed. The
obtained results of calculations confirmed the high reliability of metal spiral-fold silos.

Keywords: spiral-fold silo, stress-strain state, experimental study, reliability analysis.

Introduction. The calculation theories of thin-walled storage capacities, such as the spiral-fold
silos that are discussed in this article, were developed based on studies by the steel sheet structures.
The main specificity of sheet metal structures is their ability to be used in various conditions:
structures can be above ground, below ground, semi-buried, underground, or underwater; sheet metal
structures can withstand static and dynamic loads; structures must work reliably under low, medium
and high pressure, under vacuum, under the influence of low, medium and high temperatures, neutral
or aggressive environments. Considering the above features, the structural variation of steel sheet
structures is clear, which can be classified as follows: gas holders, tanks, large diameter pipelines,
silos, protective shell structures, and special sheet structures.

Taking into account the structural variety of sheet metal structures, the following types of their
stress state are distinguished: momentless stress state, when the equilibrium of the shell is ensured
only by stresses evenly distributed over the shell thickness; moment stress state, when the equilibrium
of the shell is ensured by bending stresses (relatively rare for thick shells); edge effect - local bending
of individual sections of sheet metal structures.

Analysis of recent researches and publications. A number of scientists have studied the
calculation methods and experimental studies of metal spiral-fold silos for strength and stability.

In 2008, S. Wirth [1] used the experimental results of small spiral-fold silos to analyze the
possibility of using the EN 1993-1-6 standard [2] for bending of shells. He concluded that it is quite
difficult to numerically determine the resistance close to the experimental results in accordance with
the requirements of EN 1993-1-6.

A significant contribution to the study of spiral-fold silos are made by A. Jiger-Canas
(consulting engineer at Lipp GmbH), Z. Li, and H. Pasternak. Their works [3, 4] are devoted to the
study of thin shells with frequently horizontal ribs. This type of shell includes both spiral-fold silos
and any other containers with horizontal ribs. For instance, in work [3], experimental studies are
described on small cylindrical shells, which were made by welding two semicylindrical shells, and
the annular stiffeners were welded to the cylindrical shell by spot welding.

The geometric dimensions of the shell specimens were measured using 3D scanning
technology. The obtained data on geometric imperfections were directly integrated into the numerical
model through a mapping correlation. The results demonstrated that the bending resistance computed
via finite element analysis closely matched the experimental findings. The primary focus of these
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studies is the behavior of the inter-stiffener regions of the shell under axial compression and the effect
of closely spaced horizontal stiffeners on the overall strength and stability of silo structures.

Identification of previously unresolved parts of the general problem to which the article
is devoted. A review of available studies on spiral-fold silos reveals a lack of comprehensive research
dedicated to these innovative structural systems. In particular, investigations that holistically examine
design features, their influence on the stress—strain state, and reliability assessment have yet to be
conducted.

The aim of the research. The aim of this study is to analyze the stress—strain behavior of steel
spiral-fold silos and to compare theoretical and analytical calculations in order to gain a deeper
understanding of their structural performance and reliability.

Results and discussion. The design of spiral-fold silo shells differs significantly from other
types of steel storage containers, such as prefabricated metal silos made of corrugated panels with
bolted joints, or welded steel tanks. Their unique structural features [5] affect not only the stress-
strain behavior but also the overall performance of the structure. As a result, these silos are highly
versatile, cost-effective, and efficiently used for storing various types of bulk materials, liquids, or as
digesters in bioenergy facilities [6-9].

A characteristic feature of spiral-fold silos is their thin-walled nature ("/; = 1000 =+ 4500),
where 7 is a radius and ¢ is wall thickness, which necessitates detailed strength analysis of the wall.

The analytical model (Fig. 1, a) of the entire silo is represented as a system of short shell
segments connected by closed-type horizontal spiral-fold stiffeners (folded locks). These short shell
segments are referred to as shell segments.

Due to the presence of spiral-fold horizontal stiffeners, the longitudinal force is transmitted to
the silo wall with eccentricity, leading to the development of additional bending moments. These
moments, in turn, cause wall deformation in the inter-fold zones.

The analysis of the silo wall should be carried out based on the deformed configuration
(Fig. 1,b), as simplified geometrically linear methods fail to reflect the actual structural behavior and
do not provide a sufficient safety margin. These simplified methods neglect the additional bending
moments induced by the geometrically nonlinear deformation of the silo shell. The presence of radial
deflection in the inter-fold zones also leads to a reduction in the load-bearing capacity of the wall,
both in terms of stability and strength.
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Fig. 1. Calculation of the spiral-folded silo: a) calculation scheme; b) deformed calculation scheme
of the silo under strength analysis, considering the initial outward deflection of the silo

_48 -



CyuacHi 6ydieenvhi KOHCMPYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 47-54)

In the development of the computational model, the governing equations of longitudinal-
transverse bending with respect to radial displacements were employed for a symmetrically loaded
shell. The following variables were used as primary parameters: P(x), P;(x) are, respectively, the
horizontal and vertical pressure of the bulk material; N; (x) is the longitudinal force from the vertical
pressure of the bulk material P; (x), the weight of the wall Ny, and the load from the roof structure
Ny, w(x) is deflection (radial displacement) in the shell; M (x) is longitudinal bending moment in the
shell; 0%(x), 0% (x) are longitudinal and hoop stresses, respectively.

The horizontal and vertical pressure of the bulk material are determined by the following
expressions:

P(x) = P ="2[1 - exp(— Afx/p)], P(x) = P}" = f P},

where p is the hydraulic radius of the cross-section of the silo, m, which is determined by the
formula p = A/U; A, U are area and perimeter of the silo cross-section; 4 is the lateral pressure ratio
of particulate solids; y is bulk unit weight; P;* is normative horizontal pressure.

According to DBN V.2.2-8-98 [10] the longitudinal force N; (x) induced by the vertical bulk
material pressure acting on the silo bottom P*(x), as well as by the self-weight of the shell Ny, and
the roof structure N, is computed using the following expression:

N1 (x) = p(yx — B}") + No1(x) + No, No1 (%) = ystrz,
where Y, denotes the specific weight of the shell material.

The governing differential equation for the longitudinal-transverse bending equilibrium of the
symmetrically loaded cylindrical shell with respect to radial displacements is expressed as follows:

0" () + 4B w(x) = P(x) + 2 — e - T2, ()
3
where 4 = =, ,8 4 3(1th , D is cylindrical stiffness, D = %, E is modulus of elasticity

of the shell material, v is Poisson's ratio, t is wall thickness, r is radius of the silo.

Since integration is more convenient when performed using expressions in dimensionless
form, the equilibrium equations of a symmetrically loaded cylindrical shell (1) are transformed to a
dimensionless coordinate system & = [x.

W () + 40(§) = 1= D). )
where @(x) is the load function, defined as, @(x) = P(x) + VNl(x) —e- dpl(x)

from the line of action of the shear forces to the mid-surface of the shell.
The solution to the differential equation governing the longitudinal-transverse bending of the
shell segment (2) is expressed in the following form:

), e is the distance

() = CED + GV + GV (D) + Q@) + 55 fy e = € PGddea, B)

where Cy,C,, Cs3, C, are the constants of integration; V;(&;), V5 (&), V5(&;),V4(&;) are fundamental
functions of Krylov O.M. [11]
Let us consider the stress—strain state of a shell segment (can) subjected to the reactive forces
of elastic spiral-fold stiffeners, under the combined action of the following loads:
— horizontal pressure P(x) and vertical pressure P; (x) from the bulk material;
— constant longitudinal compressive force Ny, representing the vertical load from superimposed
structures;
— variable longitudinal compressive force Ny, (x) due to the self-weight of the shell wall;
— eccentrically applied shear forces with respect to the mid-surface of the shell.
To simplify the analysis, the following assumptions are introduced:
— stiffeners (folded locks) are arranged horizontally;
— the silo shell consists of individual shell segments bounded by the stiffeners;
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— within each shell segments, P = const, N,; = const;
2
— the stiffeners are elastic and extend in the radial direction, with radial displacement w, = Z—TA

where T, is the reactive longitudinal force and 4 is the cross-sectional area of the stiffener
(folded lock).

After performing the corresponding transformations, the radial deflection and longitudinal
bending moment are determined at characteristic sections of the i-th shell segment — specifically, at
the shall segment edges and at its midsection:

a)at& =& =0 (& = & = Bl,) — on the edge of the shell segment:

(P+VN,/r—eP;)r? ) ny (&)

@ ($) EA T @+Ens @ ¥
- (P+VN,/r—eP;)r? n4(§)

M = ’ i

O = s ¥

b)at & = & = Bl,/2 — at the midsection of the shell segment:

w(g) _ (P+VNq/T—ePy)7r? ) [1 n 2Bng(§) l (6)

Bt T @+ins @)’
- (P+VNy/r—ePy)r? ny($)
M) = - e e ’
€3] 2B inz(f)+§n3(f) 7

where n4(€:) =V, (f_)nz (f_) - (f_)n1 (f_) — Vs (5)"3 (SE):
ns(€) = ny (HHV3(§) — n2(EVa(§) - %ns(g)vﬂg)
After calculating the radial deflection and bending moment at the characteristic sections of

the i-th shell segment (Equations 4—7), the hoop forces are determined at the shell segment edges and
at its midsection:

No(©) = Z () — vNy; (8)
No(§) = = w(€) —vN,. ©)

The fiber longitudinal and hoop stresses 0%(£), 0% (&) are determined at the edge and at the
midsection of the shell segment:
a) at& =& =0 (& =& = Bl,) — on the edge of the shell segment:

ot (§) =01+ MO, (10)
tZ

where W = =

o (&) = 28, (11)

@ =4 (12)
ok () =8, (13)

The intensity of the fiber stresses is assessed using the maximum values of the longitudinal
and hoop stresses.
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%Ja&(&) — 0, (D)0 (&) + oZ () < 1. (14)

The stress-strain state of the midsection of the shell segment (between the folded locks) with
a constant wall thickness is considered. The section is elastically connected to the adjacent shell
segments and experiences a stress-strain state of longitudinal-transverse bending type.

To compare the theoretical calculations with the results obtained using the finite element
method, a model was created in the LIRA-SAPR software package. The model consists of 3 tiers of
spiral-fold shell segments, with a tiers height of 36.5 cm, a shell radius of r = 4 m, wall thickness of t
= 4 mm, and the cross-sectional area of the folded lock for a 4 mm thick strip A=7,35 cm?’. The
material of the shell is steel C235, with a yield strength R, (x) = 235MIla , elastic modulus

E =2,1-10°MPa, and Poisson's ratio v (not specified in the original text). For simplification, only

the horizontal pressure from the bulk material P(x) = 2,74 Cmiz was applied to the structure.

Calculations were performed according to the algorithm described above. Based on formulas
(4) and (6), the following deflection values were obtained: at the edge of the shell segment w (&) =
0,37mm; at the midsection w(§) = 0,466mm.

To validate the theoretical results, a finite element model was developed in the LIRA-SAPR
software environment using the previously specified shell parameters. A general view of the model
is shown in Figure 2. The wall tiers between the ring stiffeners were modeled using shell finite
elements of type 44 (“quadrilateral shell element”), oriented in the vertical plane, with a thickness of
4 mm and an elastic modulus corresponding to steel grade C235. The spiral-fold stiffener was
modeled using type 41 shell elements (“rectangular shell element”) with a cross-sectional area of
7,35 cm?.
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Fig. 2. Finite element model in LIRA-SAPR:
a) Finite element model; b) Displacement mosaic of the shell nodes

The deflections obtained from the LIRA-SAPR simulation are as follows: at the edge of the
shell segment w = 0,353mm; at the midsection w = 0,448mm. The mosaic of displacements for
the shell under horizontal pressure, as calculated in LIRA-SAPR, is shown in Figure 3. The values
are represented using a dimension-color scale (in millimeters) displayed on the left side of the figure.

The difference between the analytically calculated deflections using formulas (4) and (6) and
those obtained from the LIRA-SAPR model is: at the edge of the shell segment 4,8%; at the
midsection 3,8%.

Considering all the structural features of spiral-fold silos and their influence on the stress—strain
state, it becomes evident that detailed investigation of the bending behavior in the interfold zone of
the shell wall is of critical importance. To reveal the actual bending performance of the wall in a
spiral-fold silo, an experimental study was carried out. The objective of the research was to
experimentally determine the deformation evolution of the folded lock during loading and to assess
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the stress—strain state of the silo wall at different stages of bending. This experimental investigation
is described in detail in [12].

The obtained results were compared with a finite element analysis performed using the LIRA-
SAPR software suite. For the simulation, the parameters of the experimental specimen were used.
The silo wall and the folded stiffening rib were modeled using flat shell finite elements of type 44
(“quadrilateral shell element”). The dimensions of the finite elements were 9 mm x 10 mm (Figure
3).To ensure consistency between the computational model and the experiment, the ends of the model
were fixed (clamped).

b)

C) e ok

Fig. 3. Modeling of the experimental specimen in LIRA-SAPR:
a) 3D model; b) model loading; c) displacement mosaic.

When the modeled specimen (Figure 3a) was loaded with a uniformly distributed load
corresponding to the experimental conditions, deflection—load curves for the interfold zone were
constructed (Figure 4). The graph shows that when the load increases to 2.5 kN and above, the
experimental specimens exhibit greater deflections than the numerical results. This discrepancy is
attributed to the opening of the folded seam, which is not accounted for in the computational model.
In summary, the difference in interfold zone deflections between the experimental specimen and the
finite element analysis results ranges from 3% to 5%.
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Fig. 4. Graph of the deflection-load relationship of the specimen in the interfold zone.

Based on the conducted and above-described studies, a methodology was developed for
assessing the reliability of a spiral-fold metal silo using an analysis of the strength reserve factor ¥,
taking into account its stress—strain state [13]. The obtained numerical results confirmed the high
reliability of spiral-fold metal silos.

Conclusions:

1. The article provides a comprehensive review of the innovative metal sheet structure — the
spiral-folded silo.

2. The stress—strain state of the interfold zone of the spiral-fold silo is examined.
A comparison of the results from the finite element method (FEM) with analytical calculations from
the LIRA-SAPR software suite was carried out. The difference between the analytically calculated
deflections using formulas (4) and (6) and those obtained from the LIRA-SAPR model is: at the edge
of the shell segment 4,8%; at the midsection 3,8%.

3. An experimental verification of the behavior of the interfold zone of the shell and the adjacent
folded locks of the spiral-fold silo was performed.

4. Taking into account the results of the stress—strain analysis of the metal spiral-fold silos, a
methodology for assessing their reliability based on the strength reserve analysis was developed. The
obtained calculation results confirmed the high reliability of metal spiral-fold silos.
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TOB «ApximexkmypHo-iHH#CeHEePHUL YeHMP »

AHoTaIis. Y cTaTTi KOMIUIEKCHO PO3TJSHYTO IHHOBAIIHHY METAJIEBY TUCTOBY KOHCTPYKIIIIO —
cripasbHO-(DaNbIIEBUIT  CHJIOC: MOTO0 OCOOJIMBOCTI, po0OOTa MM HABAHTAKECHHSIM, HAJIWHICTD.
Po3rnsiHyTo HanpyxeHo-1eOopMOBaHUN CTaH MPOMDKHOI AUISHKH (MDK (anbleBUMH pedpamu)
000JIOHKH 3 MOCTIHHOIO TOBIIMHOIO CTIHKH. JlUIsTHKA MPYKHO 3’€THAaHA 3 CYCIIHIMH oOWYalkamMu Ta
3a3Ha€ HampyX eHO-1e(OPMOBAHUN CTaH THUILY IO3I0BXKHBO-IIONEPEYHOrO 3THHY. Y pe3yibTari
aHaiizy 0ys0 HaBeleHO (JOPMYJIH MPOTHHY Ta MO30BKHBOTO 3THHAI0UYOTO MOMEHTY Y XapaKTepHUX
nepepizax i-i oOMyaiiku — 1O Kpasgx Ta B cepefauHi. [IpoBeneHO MOPIBHSHHS TEOPETUYHUX
PO3PaxyHKIB HAMPYKEHO-IePOPMOBAHOTO CTAHY 3 PO3PaXyHKAMU METOJOM CKiHYCHHUX €JICMEHTIB
y nporpamaoro komruiekci JIIPA-CAIIP. ¥V pesynpraTti Oyno oTpuMaHO, IO Pi3HHI 3HAYEHBb
nepeMilleHb, po3paxoBaHUX 3a jaomomoroo (opmyn (4), (6) Ta BU3HAYEHHUX Y HPOTPAMHOMY
komruiekci JIIPA-CAIIP cknanae: Ha koHTYyp1 oOuyaiiku — 4,8%; y cepenuni oOuyaiiku — 3,8%.

[TpoBeneHO eKCIEpUMEHTANbHY MEpPeBIpKy poOoTH Mik(danabieBoi 30HM OOOIOHKH Ta
npuieraux ¢anbleBUX 3aMKiB CIipaabHO-(QaIbIeBOTO CHIOCy. J[s miaTBeppKeHHS Pe3yJbTaTiB
eKCIIEpUMEHTY OYJI0 BHKOHAHO IOPIBHAHHS EKCIIEPUMEHTAIBHUX 3aJIKHOCTEH 13 PO3paxyHKOM
METOJOM CKIHYCHHHX eJieMeHTiB y mporpamHomy komiuiekci JIIPA-CAIIP. IlincymoByroun
OTpHMaHi JaHi, MOXXKHA CTBEP/UKYBAaTH, IO PI3HUIS MK MepeMillleHHSIMH MiK(aableBOi 30HU
€KCIIEPUMEHTAJILHOTO 3pa3Ka Ta pO3paxyHKaMH METO/I0M CKIHYEHHHX €JIeMEHTIB ckiaaae 3 — 5 %.

3 BpaxyBaHHSIM pE3yJIbTaTiB MPOBEACHUX JIOCHIKEHb HalpyXeHO-I1e(OPMOBAHOTO CTaHY
METaJIEBUX CHIpaTbHO-(aIbIIEBUX CHIJIOCIB PO3pPOOJICHO METOAMKY OIlIHIOBaHHS HAJIIMHOCTI Ha
OCHOBI aHaii3y pe3epBy MimHOCTI. OjepkaHi pe3yibTaTH PO3PAXYHKIB IMiITBEPIUIN BUCOKY
HaJIHICTh METAJIEBHUX CITipaTbHO-(PAIBIIEBUX CHIIOCIB.

KawuoBi caoBa: cmipanbHO-(anbleBuil  cuiioc, HampyXeHO-Ie(OpMOBaHUI  CTaH,
€KCIIEpUMEHTAJIbHE JTOCIIIDKEHHS, OI[IHIOBAaHHS HAIIHHOCTI.
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