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Abstract. The article is devoted to the peculiarities of determination of seismic loads on steel
silos with a flat bottom according to newly introduced DBN B.2.6-221:2021, harmonized with the
global system of European codification Eurocode. The main focus is on the general methods of
specifying seismic action and the principles of schematizing seismic action for analysis silos. The
parameters of the acceleration spectra of the horizontal and vertical components of seismic load and
their influence on formation of silos reaction in these directions are analyzed. The recommendations
are given for accurate evaluations the inertia-stiff characteristics of silos with a flat bottom in height
based on the analysis of their design features and physical and mechanical characteristics of the
particulate material.
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Introduction. Over the past ten years, Ukraine has been harmonizing its regulatory
framework with the European-wide system of codification of construction design Eurocode. During
this period, hundreds of normative documents of various sectoral subordination have already been
implemented in domestic design practice. Until recently, the state governing bodies of the
construction industry showed a certain liberal approach to project organizations: to design the
object according to the state construction regulations or according to the norms of the united
Europe. However, over time, the project "window of opportunity” in certain directions of
construction began to close, clearly orienting engineers to the European approach.

Analysis of recent research and publications. In the field of agricultural construction, the
new DBN V.2.6-221:2021 "Steel silos for grain with a corrugated wall" became the most significant
regulatory document of recent times [1]. It became iconic thanks to two things: firstly, it is probably
the shortest DBN of Ukraine, secondly, it has almost no meaningful or constructive part. In terms of
form, it is a collection of references to Eurocode norms on the subject of analysis and design of
silos; in fact, it is a document that solved the problem of choosing between domestic and European
regulatory practice. From now on, only Eurocode. For the most part researches in this field
presented by foreign publications [2-6].

Formulation of the problem. The European approach in general turned out to be a surprise
for the stakeholders of agricultural construction. As they say: the bottom (read as engineers) cannot,
and the top (read as manufacturers) do not want. The reason for this dualistic problem is quite
simple. For engineers, it is an unwillingness to understand several dozens of standards that regulate
the calculation of steel silos, and for manufacturers, it is an unwillingness to spend additional funds
on the transition to the European system of reliability of buildings and structures.

Purpose and tasks. This article is a part of the great engineering and educational work of the

authors [7-9], aimed at overcoming this regulatory and economic nihilism among the engineering
and production community of Ukraine. Subjectively, it concerns the analysis of silos with a flat
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bottom for seismic loads in accordance with the European Eurocode standardization system [10-
13]. The main focus is on the general methods of normalizing seismic effects and the principles of
schematizing seismic loads in silo calculations

The general description of seismic action. The analysis of seismic effects in accordance with
section 2.1(1) DSTU-NB EN 1998-1 [11] is performed to comply with one of two main requirements:
the no collapse requirement (abbreviated as NCR) and the damage limitation requirement
(abbreviated as DLR). The seismic action is characterized by the probability P, of its occurrence

during the base period 7; expressed in years. The derivative characteristic of seismic impact is the
average recurrence period 7} , which characterizes the frequency of earthquakes of the same intensity.
These quantities are related by the following ratio:
Tp = _ .
In(1-Fy)
The no-collapse requirement (NCR) needs that the silo shall be designed and constructed to

withstand the design seismic action without local or global collapse, thus retaining its structural
integrity and a residual load bearing capacity after the seismic events. The design seismic action is

characterized by the expected probability of exceedance Py =0.1 over the 7; =50 years.

(1)

According to expression (1), this corresponds to expected recurrence period of Ty, ~ 475 years.

The damage limitation requirement (DLR) stipulates that the silo shall be designed and
constructed to withstand a seismic action having a larger probability of occurrence than the design
seismic action, without the occurrence of damage and the associated limitations of use, the costs of
which would be disproportionately high in comparison with the costs of the silo itself. The seismic
action to be taken into account for the “damage limitation requirement” has a probability of
exceedance, P, =0.1 in 7; =10 years. This corresponds to a recurrence period 1, = 95 years.

As a general rule, a no-collapse requirement (NCR) is adopted in silo seismic analysis,
although a damage limitation requirement (DLR) may also be imposed for some storage, especially
those located near critical infrastructure sites. The normative intensity of seismic effects in points of
the macroseismic scale for the construction area is adopted in accordance with section NB. 2.5 of the
National Appendix [13] based on a set of general seismic zoning maps of territory of Ukraine ZSR-
2004. The set includes three main maps ZSR-2004-A, ZSR-2004-B and ZSR-2004-C, which are
characterized by the following indicators of the probability of an earthquake of a given intensity:

o ZSR-2004-A: the probability of exceedance the normative seismic intensity during the
T; =50years — P, =0.1; corresponds to the average recurrence period 7, ~ 475 years;

e 7ZSR-2004-B: the probability of exceedance the normative seismic intensity during the
T; =50years — P, =0.05; corresponds to the average recurrence period 7y ~1000 years;

e ZSR-2004-C: the probability of exceedance the normative seismic intensity during the
T; =50years — P, =0.01; corresponds to the average recurrence period 7, = 5000 years.

The choice of a specific card depends on the class of consequences of the silo:
e ZSR-2004-A: silos of class consequence CC1 and CC2 at silo limit height 73.5 meters;
e ZSR-2004-B: silos of class consequence CC2 at a silo height from 73.5 to 100 meters;
e ZSR-2004-C: silos of class consequence CC3.

Taking into account that height of all currently known silos does not exceed 73.5 m, the ZSR-
2004-B map is not used for structures of this class and maps A and C remain for seismic intensity.
In addition, guided by our experience in assessing the class of silo consequences in accordance with
norms [1, 14, 15], it can be asserted that the majority of silos of various sizes and structures belong
to the class of consequences CC1, which allows us to limit ourselves only to the ZSR-2004-A map.

In addition, the construction site on which the silo will be installed must be classified
according to the type of soil base. According to section 3.1.2 of the norms [11], seven types of soils
are distinguished. The soil classification is performed according to the data of engineering and
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geological investigations based on the average speed of propagation of seismic waves vy 30 or the
total sum of shock pulses during a standard penetration test. If the upper 30-meter soil layer is
heterogeneous, then the average speed of the seismic wave is estimated by the expression:

- 30
V.30 /Z hlv, (2)

where /; and v; denote the thickness (in meters) and shear-wave velocity (at a shear strain

level of 107 or less) of the i-th formation or layer (i =1... N'), in a total of N , existing in the top
30 m.

For sites with ground conditions matching either one of the two special ground types S1 or S2
(see classification [11]), special studies for the definition of the seismic action are required. For
these types, and particularly for S2, the possibility of soil failure under the seismic action shall be
taken into account.

The normative seismicity, expressed in points /,, determines the calculated level of
maximum accelerations a,, of the base on which the silo is located. The value a,; are used to
determine inertial seismic loads, which are entered into the calculation of seismic resistance as
static. The quantities /, and a,, are related by the following ratio:

1,-7
agr/ g =0, =0.1-27 ", 3)
where g ~9.81m/c? — is the acceleration of gravity; o ¢ — 1s the coefficient, which express the

acceleration of the base of the silo in portions of acceleration of gravity (see table 1).

The relationship of base accelerations with seismicity, which is expressed in points fablel
I, 5 6 7 8 9 10
a, 0.025 0.05 0.1 0.2 0.4 0.8
Agp s m/s* 0.245 0.491 0.981 1.962 3.924 7.848

The design acceleration of the soil a,, for seismic analysis of the silo and all its structural
elements, is determined by the product:

CngCZgR'}/[, (4)

where y; — importance factor, which is accepted depending on the importance class of

buildings in accordance with section 4.2.5 [11] and section NB. 2.13 of the National Annex [13], see
table 2.

Table 2.
Importance classes for buildings
Class Building descriptions 7
| Buildings of minor importance for public safety, e.g. agricultural buildings, etc. 0.8
II Ordinary buildings, not belonging in the other categories 1.0
11 Buildings whose seismic resistance is of importance in view of the consequences associated 12
with a collapse, e.g. schools, assembly halls, cultural institutions etc. ‘
v Buildings whose integrity during earthquakes is of vital importance for civil protection, e.g. 1.4

hospitals, fire stations, power plants, etc.
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According to the guidelines [12], the values of the importance factor can be set in National
Annex to DSTU-EN [5]. However, the Ukrainian version [13] of these appendices does not contain
any recommendations on the normalization of the factor y;. In this regard, for silos of different

classes, in our opinion, it is possible to accept the importance class "I" with the value y; =0.8 .
The design acceleration a, of the construction site soil on which the silo is located provokes

the appearance of dynamic effects on the silo itself. The magnitude of these impacts depends on the
inertia-stiffness characteristics of the silo and is characterized by the design spectrum of
accelerations of the horizontal and vertical components of the seismic action. The horizontal
reaction spectrum is described according to section 3.2.2.5 of the norms [11]:

2+1- 25 2 , if 0<T <Ty;
3 T, g 3
23 if Ty <T<Tg;
q
S, (T)=a,-S- , (5)
R R R Ay
q T’ Y = b
23T dp -y Ly T>T,,
g T N

where T' — is the fundamental period of vibration of the silo for lateral motion in the direction
considered; Ty, T, T, — characteristic periods on the curves of the acceleration spectrums on

Figure 1 and 2 with values according to the table 3; S — is the soil factor (see table 3); #=0.2 —is
the lower bound factor for the horizontal design spectrum; g — is the behavior factor (see below).
The values of periods Ty, T-, T}, and the soil index S, which unambiguously describe the

design spectrum of accelerations, depend on the type of soil and could be given in the national
appendix [13]. However, there is no information on their rationing in the national annex.
Instructions of section NB. 2.8 of the appendix [13] do not resolve the issue of normalization of
parameters Ty, T, T, S and, moreover, contradict section NB. 2.9 and NB. 2.10 of the appendix

[13]. In view of this, in the calculations of silos, it is necessary to accept the basic recommendations
of norms [11]. According to these recommendations, two sets of parameters T, T-, T, S should

be considered, corresponding to type I and type II spectra. For earthquakes with a magnitude of

surface waves less than 5.5, the spectrum of type II is adopted, for other cases - the spectrum of type
I (see Table 3).

Table 3.
Parameters of horizontal spectra of soil response under seismic action
Ground Type 1 spectrum Type 2 spectrum
type S Ty, s To,s Tp,s S Tg,s T, s Tp,s
A 1.0 0.15 0.4 2.0 1.0 0.05 0.25 1.2
B 1.2 0.15 0.5 2.0 1.35 0.05 0.25 1.2
C 1.15 0.20 0.6 2.0 1.5 0.1 0.25 1.2
D 1.35 0.20 0.8 2.0 1.8 0.1 0.30 1.2
E 1.4 0.15 0.5 2.0 1.6 0.05 0.25 1.2

Taking into account the set of seismic zoning maps of the territory of Ukraine, it is
recommended to use type 1 for the design spectrum of the horizontal response of the ground. For
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the vertical component of the seismic action, the design spectrum S, ,(T") is given by expression (5)

when the acceleration a, is replaced by the acceleration a,,

and the soil factor S is taken equal to 1.0. Other parameters a

of the ground in the vertical direction,

ve» Ig» Tc, Tp of the vertical

reaction spectrum are taken according to the data in Table 4.

Table 4.
Parameters of vertical spectra of soil response under seismic action
Type spectrum a, /a, Ty,s T, s Tp,s
Type 1 0.90
P 0.05 0.15 1.0
Type 2 0.45

The examples of calculated design spectra of accelerations of horizontal and vertical
components of seismic action, on the basis of which the silo analysis is performed, are shown below
in Figure 1 and 2. The figure also shows the characteristic periods 7y, T, T, which correspond to

the places of changes in the shape of the spectra.

2

J

2.5

0.5

0 0.5 1 15 2 25 3 35 4
. Thg-The-Tho
Fig. 1. The example of design spectrum of accelerations of the horizontal component of seismic action

The behavior factor ¢ is an approximation of the ratio of the seismic forces that the structure

would experience if its response was completely elastic with 5 % viscous damping, to the seismic
forces that may be used in the design, with a conventional elastic analysis model, still ensuring a
satisfactory response of the silo. The Values of the behavior factor with appropriate justification can
be determined individually for each direction of seismic action. According to section 3.4 of the
norms [6] and section 3.2.2.5(6) of the norms [5], the behavior factor for all directions of seismic
action can be taken equal to 1.5.

With the accepted parameters of the reaction spectrum, design value of horizontal
displacement of the base on which the silo is placed is determined according to section 3.2.2.4 of
the norms [5]:

d, =0.025-a,-S-T.-T),. (6)
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Fig. 2. The example of design spectrum of accelerations of the vertical component of seismic action

The seismic loads on the silo body. The loads from the action of seismic influences,
described in the previous section, cause additional tensile forces in the sheets of the silo body due to
the inertial interaction of the particulate material with the shell. The quantitative assessment of these
loads is carried out in accordance with the general instructions of section 3 of DSTU-NB EN 1998-
4 [12], by applying additional pressure in the places of contact of the stores contents with the shell
sheets according to the trigonometric dependence:

Aph,s(ya 9) = Aph,so (y)-cosH, (7)
where 6 — is the angle between the radial line to the point of interest on wall and the direction

of the horizontal component of the seismic action; A , ,(v) — is the reference pressure:

Aph’so(y)=ay(y)~min{min[Ha,0.5dc],3y}, (8)
where H, — is the silo body height; «,(y) — is the ratio of the response acceleration a,(y)

of the silos at a vertical distance y to the acceleration of gravity.

To determine accelerations, you can use the lateral force method, which is given in section
4.3.3.2.2 of DSTU-NB EN 1998-1 [11]. The possibility of its application involves the satisfaction
of two requirements: the inertia-stiffness characteristics of the building are uniformly distributed
along the height; the fundamental period of building vibration does not exceed 2.0 s or the product
4T, , where T is one of the characteristics of the design spectrum of accelerations of the horizontal
component of seismic action, see above table 3. Taking into account that the storage product
uniformly fills the volume of the silo in height, and the fundamental period of self-vibrations of the
filled silo rarely exceeds 2.0 s, we can always consider these conditions satisfied a priori. Then the
acceleration of any silo point located at the y level can be estimated assuming a linear dependence

for the fundamental mode of self-vibrations:
a,(y)=A;F, A,:%Zi, 9)

where i — is the ordinal number of the layer of sheets of the silo body (counting from the top)
with their total number n_; F, —is the seismic base shear force:

where 4 =0.85 — is the correction factor (the factor accounts distribution of modal mass of
silo); S,;(7;) — is the ordinate of the design spectrum (5) with an argument value equal to the

fundamental period 7; of natural vibrations of the filled steel silo; M — is the total weight of the
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filled silo, which is easily expressed by the weight of one layer Mg according to the formula
(neglecting the own weight of the steel structures of the silo body):

M=M,-n,, M) =025y, -7-d} I, (11)

where y,, —is the upper characteristic value of the specific gravity of the particulate material in

silo; [, —1s the height of one layer of silo; d, — is the silo diameter.

The estimation of the total weight M is performed on the assumption that the equivalent
surface of the storage product passes over the top of the silo body, i.e. without taking into account
the equivalent height of the bulk cone #4,. This was done in accordance with the provisions of

section 3.3(4) of the norms [12], which recommend taking the weight of particulate material in the
silo when it is subjected to seismic influences equal to 80% of its total weight. The volume of the
storage product corresponding to the height 4, is less than 20% of the weight of the silo when fully

loaded, so the proposed assumption provides a result that is commonly called "safety margin".
The distribution of additional pressures A , ((y,6) along the perimeter of the silo is shown in

Fig. 3. It should be noted that this pressure is not considered a separate load, as its appearance is
caused by the inertial characteristics of the storage product, which exerts static axisymmetric
pressure p,(z) on the silo body. At any point on the silo body, the sum of the static pressure p,(z)

of the particulate material and the effect of the seismic action A , (z,6) cannot be negative. In

ph,s

cases where the algebraic sum of the pressures p,(z) and A , ((z,6) is negative, it is necessary to

redistribute the additional pressure in such a way that its sum with the pressure of the particulate
material is not negative while maintaining the uniform force according to the pressure diagram in
Figure 3 within the given height level z.

Aos( 6)

Avh, SO

Figure. 3. The diagram of additional pressure distribution from seismic action along the silo body

Conclusion. The article examines the peculiarities of determining seismic loads on silos with
a flat bottom in accordance with the newly introduced DBN B.2.6-221:2021, harmonized with the
European Eurocode codification system. The main attention was paid to the methods of
normalization of seismic actions and the principles of schematization of seismic loads on silos. The
parameters of the spectra of soil accelerations for the horizontal and vertical components of the
seismic action and their influence on the formation of reactions of silos in these directions were
analyzed. The recommendations for evaluation the inertia-stiffness characteristics of silos with a
flat bottom in height based on the analysis of their design features and physical and mechanical
characteristics of the storage product are provided.
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Ha mporsizi ocraHHIX JecsiTH pOKiB YKpaiHa TapMOHI3ye CBOIO HOpPMAaTUBHY 0a3y i3
3araJbHOEBPOIICHCHKOI0 CHCTEMOIO HOPMYBaHHS pO3paxyHKiB KoHCTpykiii Eurocode. 3a meit
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nepiof y BITYM3HSAHY TPAKTUKY INPOEKTYBAaHHS BXKE IMIUIEMEHTOBAaHO COTHI HOPMAaTHBHHUX
JIOKYMEHTIB Pi3HOI raiy3eBoi mianopsakoBaHocTi. Jlep:kaBHi KepiBHI opranu OyAiBeIbHOT Tamy3i 10
HE/aBHBOTO Yacy TMpPOSABISUIM JI0 TPOEKTHUX Opra”izamiii mneBHMH JiOepanbHUM  MiAXix:
MMPOEKTYBaTH OO0 €KT 3a JepKaBHUMH OYIiBEIbHUMH HOpMaMH abo0 3a HOpMamMHu 00’ €aHaHOl
€sponu. [IpoTte 3 yacoM, NMPOEKTHE «BIKHO MOXKIMBOCTEI» MO OKpEMHM HampsMKaM OyAiBHHIITBA
MOYaJI0 3aYMHSATHCS, OJHO3HAYHO OPIEHTYIOUM IPOCKTYBAIHHUKIB Ha €BpPOMEHChKHMMA miaxin. B
rajgy3i CUIbCBKOTOCIIO-apPChKOTO OYyAiBHHIITBA HAWOUIBII 3HAKOBHM HOPMAaTHBHHM JOKYMEHTOM
octaHHBOTO 4acy ctaB HoBui JIBH B.2.6-221:2021 «CraneBi cwiocu ajia 3epHa i3 TOoPpOBaHOIO
CTiHKOIO». 3HAKOBHUM BiH CTaB 3aB/ISKH JIBOM pedaM: Mo-mepiue, 1e, MadyThb, camuii KopoTkuii JJbH
VYkpaiau, mo-apyre, BiH Maibke HeMae, aHl 3MICTOBHOI, aHI KOHCTPYKTHBHOT yacTUHU. [1o cyTi — e
CYKYIHICTh MOCWIaHb Ha HOpMHU Eurocode 3a TeMaTHKOIO pO3paxyHKY Ta MPOEKTYBaHHS CHIIOCIB;
1o ¢GakTy — e JOKYMEHT, KMl BUPIIIKB MPo0IeMy BHOOPY MK BITYM3HSHOIO Ta €BPONEHCHKOIO
HOPMAaTUBHOIO NIPAKTHKOW. Bix HuHi, Tineku Eurocode. €Bponeiichbkuii miaXia 3araioM BUSBUBCS
HECITOIBAaHKOIO JJISI CTEUKXOJACPIB CLIHCHKOTOCIIONAPCHKOTO OYMIBHUITBA. SIK TOBOPUTHCS: HU3HU
(BOHU K€ NMPOEKTYBAJIHLHUKHN) HE MOXKYThb, & BEpXH (BOHU ke BUPOOHUKHM) HE X0uyTh. [Ipnunna miel
TyallicTUYHOT TpoOIeMHu J0BOJI mpocTta. JlJIs MPOEKTYBAJIBHUKIB — I1€ HETOTOBHICTh OCATHYTH
JeKiNbKa IeCATKIB HOPM, SIKI PETJIaMEHTYIOTh PO3PaXyYHOK CTaJeBHX CHJIOCIB, a JJIsi BUPOOHUKIB —
HeOakaHHST BUTpAT JOJATKOBUX KOINTIB Ha TEpPeXil J0 €EBPOMEHCHKOI CHUCTEMHU HaAINHOCTI
OyniBenb Ta crnopya. JlaHa cTaTTs € YacTHHOIO BEJIMKOI 1H)KEHEPHO-NPOCBITHULBKOI po0OoTH
aBTOPIB, CIPSIMOBAHOI Ha MO0JaHHS IIOTO HOPMATUBHO-EKOHOMIYHOTO HIT1LTI3MY Cepe/l IHKEHEPHO-
BUPOOHMYOI CHTBHOTH YKpaiHu. IIpeMeTHO BOHA TOPKAETHCS PO3PaxXyHKY CHUIIOCIB 13 MIOCKUM
JTHUIIIEM Ha CEHUCMIYHI HaBaHTAXEHHS BIiAMOBIAHO J0 €BPOIMEHUCHKOT CHCTEMH HOPMYBaHHS
Eurocode. OcHoBHa yBara ()OKyCyeThCSl Ha 3arajbHUX METOJaX HOPMYBaHHS CEHCMIUYHUX BIUIMBIB
Ta MPUHITMIIAX CXeMaTH3allii CeCMIYHIX HaBaHTAKEHb MPU PO3PaXyHKY CHIIOCIB.

KirouoBi cioBa. craneBmii cuiaoc, ceicMiuHI HaBaHTa)KEHHsS, MMOBIPHICTh pYHHYBaHHS,
CHEKTP MPUCKOPEHB IPYHTY, KOS(IIIEHT BaKIUBOCTI, ACUMETPHUYHUA CEHCMIYHHI THCK.
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