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Abstract. According to the recent Russian norms, when designing building structures, it is necessary to conduct a
dynamic analysis of wind loads, which previously was required not in all cases. In arched vaults of profiled arched
self-supporting flooring, it was not always necessary to determine the frequencies and forms of natural vibrations. These
parameters can be established using the finite element method. Taking into consideration the complex and lengthy
modeling process of arched vaults, in particular the contact areas in regular transverse joints, a large number of finite
elements in the models and, as a consequence, considerable time for their calculation, it was necessary to identify a
sufficient level of detailing of a finite element model for correct calculations of frequencies and forms of vibrations
considered in the operation of structures. The influence of the detailing of the finite element model of arched vaults
made of profiled flooring on the determination of their natural frequency is revealed. To substantiate the parameters of
the finite element model, it was studied how the results of the calculation was influenced by edge effects, the presence
of friction in the joints of corrugations of the profiled flooring, the influence of rubber gaskets in the joints on the work
of the arched vault. Much attention is paid to the features of the design scheme associated with the choice of the
number of sheets of profiled flooring, taking into account the contact nodes, friction forces, etc. It is established that the
first vibration frequency is little dependent on the number of sheets of corrugated flooring and the presence of rubber
gaskets in the joints. For subsequent frequencies, the difference can be significant.

Key words: finite element method, finite element models, frequencies and forms of natural oscillations of arched vaults,
median surfaces, plates, border conditions.
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Annomauus. CoraacHo coBpeMeHHbIM MmpebOBAHUAM POCCUUCKUX HOPM NPU NPOEKMUPOBAHUU CMPOUMEAbHbIX KOHCM-
pykuuti Heo6XoguMoO BBINOAHSMbL JUHAMUYECKUU QHAAU3 BEMPOBLIX HATPY30K, UMO paHee mpeOOBAAOCH He BO BCeX CAY-
uaax. B apounblx cBogax u3 npoguAuUpPOBAHHOTO APOYHOIO CAMOHECYW,er0 HACMUAQ He BCerga ObLA0 HeobXoguMo onpege-
Asmb yacmomsl U (popmMbl COOCMBEHHBIX KoAebanul. Aannble napamempbsl MOKHO YCMAHOBUMD C UCNOAL30BAHUEM MEmo-
ga KOHEeUHbIX 9AeMeHmoB. [IpunumMas BO BHUMAHUE CAOXKHbIU U GAUMEABHbIU NPOUECC MOGEAUPOBAHUS APOYHbLIX CBOJOB,
B YQCmMHOCMU 30H KOHMAKMA B PEryAsipHbIX NONepeuHblX CMbIKAX, O0AbUIOe KOAUYEeCMBO KOHEUHbIX JIAeMeHMOB B MOge-
ASIX U, KOK CAegCmBUe, 3HAUUMEABHOE BPEMS gAsA UX pacuemd, nompebOoBAAOCh BhlABUMb JOCIMAMOYHYO cmeneHb gemd-
AU3QUUU KOHEYHO-3AeMeHMHOU MOgeAu gAsi KODPEKMHOI'O BLIUUCAEHUS Yacmom u opMbl KOAeOQHUU paccMampuBaeMblX
B pabome KOHCMpPYKuuli. BrisiBAeHO BAUAHUE gemaAu3ayuu KOHEeYHO-2AeMeHMHOU MOgeAu apPOYHBIX CBOGOB U3 npoguau-
POBAHHOTO HACMUAQ HA onpegeAeHue ux coocmpBeHHOU uacmomsbl. AAsi 060CHOBAHUS NAPAMEMPOB KOHEUHO-IAeMeHMHOU
MOgeAu U3y4eHO KAK HA pe3yAbmambl paciemad BAUSIOM KpdeBble dQ)@eKmbl, Haauuue mpeHusi B CMbIKAX ropp npoguiu-
POBAHHOTO HACMUAQ, BAUSIHUE HA padomy apoiHOTO CBOGA DPE3UHOBbIX NPOKAAGOK B CMMbIKAX. YgeieHO OOAbWoe BHUMA-
HUe 0COOeHHOCMAM pACYeMHOU CXeMbl, CBS3AHHBIM C BbIOOPOM YUCAQ AUCMOB NPOQUAUPOBAHHOIO HACMUAL, Y4€mOM
KOHMAKMUPYIOWUX Y3A0B, CUAbl MPEHUS U gp. YCMAHOBAEHO, YUMo NepBds 1acmomd KOoAeOaHUl MAA0 3aBUCUM Om HUCAd
AUCMOB NPOQHACMUAA U HOAUYUS B CMBIKAX PE3UHOBLIX NDOKAAGOK. AASl NOCAEGYIOWUX YaCMOom PA3HUUd MoXKem Oblmb
3HAUUMEAbHOU.

KaloueBble cAoBa: Memog KOHEUHBIX 9AeMeHMOB, KOHEUHO-2AeMeHMHble MOgeAl, 4acmomsl U popMbl COOCMBEHHbIX
KoaebaHUll apOYHBIX CBOGOB, CepequHHble NOBepXHOCMU, NAACMUHbl, TDAHUYHblEe YCAOBUS.

Introduction

© KRASOTINA L. V., ROBRA J., 2019

It is known, that any real con-
structive system is oscillating and
its dynamic behavior under condi-
tions of variable external loading
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can be estimated by comparing the
dominant frequencies of external
forces and the natural frequencies
of the systems.

Modern structures of buildings

MPOMBILLUTEHHOE U TPAXOAHCKOE CTPOUTE/ILCTBO

are complex. They consist of many
different constractions and sys-
tems of connections. The compo-
nents of the system interact with
each other and their totality gener-
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a sport building

Puc. 1. llpumep ucnoav3oBanus apoynozo cBoda

8 cnopmuBrHom coopydceHuu

ates different natural frequencies
and natural vibrations. The theo-
retical determination of natural vi-
brations and natural frequencies is
a complex dynamic problem. In the
practice of designing products for
mechanical engineering, the meth-
ods for determining the natural
frequencies of typical parts and
structural elements are well devel-
oped [1-3].

In former time in Russia for the
design of buildings and structures
it was commonly not necessary to
determine the natural frequencies,
only in some cases specified by
the standards. The experimental
and theoretical foundations for
calculating the interaction of build-
ings and structures with a dynamic
wind load were developed in the
late 1950's and early 1960's. Since
that time the rules are practically
not changed. Such calculations
were labor-intensive, required a
large amount of computer calcula-
tions. Furthermore the capabilities
of the computers in this time were
limited, they did not allow to apply
developed calculation methods [4].
Until recently according to Russian
standards (SNiP 2.01.07-85 *
“Loads and actions”) the dynamic
component of wind load could be
ignored, if the following three con-
ditions were fulfilled: the height of
building is maximum 40 m in case

Fig. 1. An example of the use of arch system covering

Fig. 2. Arch system — covering a shopping center

Puc. 2. Apounsili cBo0 8 nokpsimuu mop2oBozo ueHmpa

of a multiy-story building; the
height of building 36 m in case of a
single-story industrial building with
the ratio height to width is less
than 1.5; the building is situated in
an area that is surrounded by ob-
stacles of 10 m height or more.

It was assumed, that in the men-
tioned cases the natural frequen-
cies of buildings built from tradi-
tional materials were significantly
higher than the forced frequencies
of dynamic wind load [5], which
minimize the risk of resonance.

Now, in accordance with the
changed standards for the design
of  building elements (SP
20.13330.2016. Updated version
of SNiP 2.01.07-85 * “Loads and
actions”), the method of calcula-
tion of dynamic wind loads acting
on buildings has been changed.
According to the modern stan-
dards the calculations of all struc-
tures must be carried out taking
into account the dynamic effects.

The tasks of such calculations
are to determine the natural fre-
quencies of the projected objects
in order to exclude the appearance
of resonance. In cases if resonance
appears, it is necessary to deter-
mine the maximum stresses in
structural elements that arise dur-
ing the oscillation process and
compare it with the maximum per-
missible values determined from
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the strength and rigidity condi-
tions [5].

In connection with the forego-
ing, one of the most important
questions is the determination the
optimal parameters of different
beam systems and plate systems
[6—9].

At the present, arch systems
made of trapezoidal sheets are
widely used in the construction in-
dustry. They are made of
thin-walled trapezoidal sheets
bent to a cylindrical shape and are
used as a roof for buildings and
structures [10—13].

The main types of loads acting
on the arch system are atmo-
spheric — snow and wind loads
[14]. Under their influence, a com-
plex stress-strain state arises in
the elements, which is a result of
the three-dimensional characteris-
tic of the arch systems made of
profiled sheet. Such systems are
of low stiffness, and the natural
frequencies of these structures
can be close to the forced fre-
quency of dynamic wind load, in-
cluding vortex induced vibrations
and gust-inducted vibrations.
Forced excitations can also be
caused by seismic loads or other
base excitations. Therefore the
designs of such buildings and
structures should be done by con-
sidering the dynamic behavior.
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Fig. 3. The places of transverse joints with a double
sheet at the upper flanges

Puc. 3. lTonepeynsie cmoiku ¢ 0BolHol moawuHol

Ha BGPIHU.Z nosikax

Formulation of the problem

As an object of investigation,
an arch system made of trape-
zoidal corrugated sheet was cho-
sen. Such designs have recently
found wide application. Examples
of structures considered in this
publication are shown in Figures 1
and 2

The structural feature of arch
systems made of trapezoidal sheet
is the presence of transverse joints
(Figure 3).

The technologically possible
width of a trapezoidal profiled and
arched sheet varies from 500 to
900 mm depending on the height
(type) of the profile. Transverse
joints in arch systems is a result in
periodic sections with a double
thickness of the upper flange of
profile, which leads to an increased
rigidity of shell (see Fig. 3). This
must be taken into account in the
calculations of these constructions,
including dynamic calculations.

Theory. General analytical
methods for determining the natu-
ral frequencies of mechanical sys-
tems are difficult to use for the
object of study.

Recently, scientists have
attempted to improve the theory of
determining the natural frequencies
of different design systems [15—
17], including using finite-element
models. But nevertheless, at the
present time there is no universal
method for solving this problem.

In accordance with modern
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Fig. 4. FE-model of an arch system made of two

overlapping workpieces (profile AH60, 1 mm thickness)

Puc. 4. KoneyHno-anemenmuas modensb apoyHozo cBoda,

Boinosinennas u3 08yx apoyHelx 3a2omoBok (npoghuse
AH60, moawura — 1 mm)

design Russian standards (SP
20.13330.2016) of all constructi-
ons, it is necessary to perform
dynamic calculations. It includes the
determination of the natural fre-
quencies and natural vibrations and
the consideration of the dynamic
component of wind load. The cha-
racteristic value of the main wind
load in accordance with Russian
standards (SP 20.13330.2016) is
defined as the sum of the average
component w,, and the dynamic
component w,:

W=w,+w, 1)

The average component of the
main wind load depends on the
height of the building, the wind
area and the type of terrain. It
does not depend on the natural
frequency.

The characteristic value of the
dynamic component of the main
wind load at the equivalent height
must be determined in accordance
with Russian standards as follows:
o for structures and their structu-
ral elements, in which the first na-
tural frequency, 7, Hz, is greater
than the limit of the natural
frequency f;,, the dynamic
component of wind load can be
determined according to the
formula

Wp = Wmﬁ(ze)V: (2)

where w,, is the average value of the
component of the main wind load; vis the
coefficient of three-dimensional correla-

MPOMBILLUTEHHOE U TPAXOAHCKOE CTPOUTE/ILCTBO

tion of dynamic wind load; &(z,) is the
wind pressure pulsation coefficient;

e for all structures and structural
elements in which 7, <f,, <7, the
characteristic value of the dynamic
component of the main wind load
must be determined from SP
20.13330.2016:

Wy =w,EHZ ), (3)

where £ is the second natural frequency; &
is the coefficient of dynamics, determined
depending on the logarithmic decrement
of the oscillations & and the parameter of
first natural frequency £

g = VWOk(zak)Yf (4)
9407, '
where w, Pa, is the characteristic value
of wind pressure; k(z,,) is a coefficient,
taking into account the change in wind
pressure for altitude z,,; v, is a safety
factor.

Therefore, for a correct design
of arch systems it is necessary to
know at least the first two natural
frequencies. In the Russian stan-
dards the method for determining
the natural frequencies is not regu-
lated. This is the purpose of re-
search.

Methods. For research, the fini-
te element method (FEM) was
used. Finite-element models make
it possible to take into account all
structural features of arch sys-
tems, such as the geometry of the
cross section of arched blanks, the
presence of transverse joints and
connecting elements.

Taking into account that the
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arch system of this publi-
cation have a transverse
corrugation profile (are
geometrically orthotro-
pic), have regular tech-
nological joints (techno-
logically orthotropic), the-
oretical the determina-
tion of the natural fre-
quencies is not possible.
The natural frequencies
and natural vibrations of
arch system were deter-
mined using the FEM. Fi-
nite-element models make
it possible to take into
account all the above
mentioned features of
the constructions under
dynamic load.

The objectives
of this research

Considering the large
number of input parame-
ters, the long and com-
plicated process of arch

Natural frequencies and vibration modes of arched systems for models with
varying degrees of detailed
(CoBcTBeHHbIE HacTOThI M (POPMLI KoneGaHHiA apodHLIX CBOQOE ANA
10 AleTanusaumm)

cpa CT

Natural frequecies, Hz
CobcrtaeHHble uacTtoTbl, [y

2 3 4 5
Form of natural vibrations
DopMbl cOBCTBEHHDBIX YACTOT

1 — one profiled sheet; 2 — two profiled sheets with contact sur-

faces in the transverse joints; 3 — four profiled sheets, with contact

surfaces in the transverse joints; 4 — monolith, four profiled sheets
without contact; 5 — four profiled sheets, taking into account the
contact of surfaces and rubber gaskets

1 — 00un npogpunupoBarnsii nucm; 2 — 06a npoguaupoBarHeIx
aucma ¢ yyemom KoHmakma noBepxHocmeli B nonepeyHsix cmol-
Kax; 3 — yemeoipe npoguaupoBaAHHLIX AUCMA C Y4€mOoM KOHMAK-
ma noBepxHocmel B nonepeyHelx cmoikax, 4 — MOHOAUMHbIG
Bapuanm, yemeipe npoguaupoBarHHLIX AUCMa 6€3 NonepeyHsIX
cmbikoB u 6e3 yyuema koHmakma B Hux; 5 — yemeipe npogpunupo-
BaHHbIX IUCMA € y4emom KoHmaxkma noBepxHocmed u pe3uHoBbi-
Mu Braadviwamu

Fig. 5. Results of determination of natural frequencies
of the arch systems

Puc. 5. Pesynemamer onpedenernus cob6cmBeHHbIX
yacmom apoyHelx cB0008

tion and processing of
analysis results were car-
ried out using PRE /
POST processor FEMAP.
To determine the natural
frequencies and natural vib-
rations, the universal block
of the “NX NASTRAN”
software package “Nor-
mal Modes” is used.

An example of a
finite-element model of
an arch system made of
two workpieces from the
AH60 profile, a span of 4
m, a rise of arch of 0.8 m,
is shown in Figure 4.

In finite-element mod-
els of arch systems, la-
mellar finite elements of
the QUAD-4 type were
used, the calculations
were carried out taking
into account the physical
non-linearity of the mate-
rial of the arched.

Particular  attention

simulation and the considerable
time of calculating the finite-ele-
ment models, it became necessary
to solve the problem of the re-
quired degree of detailing of fi-
nite-element model.

When choosing the degree of
detail of the finite-element model
of arch arches, it is necessary to
keep in mind the complex and
lengthy modeling process, a large
number of finite elements and the
long time for their calculation.

In order to obtain correct re-
sults for the determination of nat-
ural frequencies and natural vibra-
tions of arch system, it was re-
quired to investigate the following
things:

e which part of the arch system
should be modeled (with what
number of profiled sheets) to ex-
clude the edge effect on the re-
sults of determining the natural
frequencies of vibration;

e it is necessary or not necessary
to model the transverse joints (see
Fig. 3), taking into account friction

in them, possible slippage and the
presence of connecting elements;
o whether it is necessary to model
rubber gaskets for connecting ele-
ments in transverse joints.

To solve the problem, a numeri-
cal experiment was carried out. A
number of geometric and discrete
models of various variants of arch
system consisting of one, two,
four and ten workpieces with
transverse joints are considered.
A variant of the arch system of
four workpieces with rubber gas-
kets in the transverse joint in the
places of connecting elements is
considered, and also the same set
of ten blanks without regard to
joints ("monolithic"). To analyze
the obtained results of determin-
ing the natural frequencies and
natural vibration, all finite-element
models of arch systems were
made with the same span, rise of
arch, thickness and type of profile.

Geometric and discrete models
of arch systems, external data,
boundary conditions and visualiza-
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was paid to the contact surfaces
of the transverse joint while creat-
ing the finite-element models. They
do not have boundary conditions
for kinematic fixing.

The special feature of the cre-
ated FEM were modeling the con-
ditions of contact conjugation line
of shell elements and taking into
account the changes of these con-
ditions under dynamic loading.

For a given boundary contact
problem, contact zones of a vari-
able configuration are characteris-
tic [18].

When determining the natural
frequencies of arch system, it was
taken into account that the coordi-
nates of the nodes of the contact-
ing surfaces of the upper work-
piece should always be larger than
the lower coordinates. Physically it
means the exclusion of interpene-
tration of surfaces of the contact-
ing arched workpieces. In the fi-
nite-element models for modelling
the contact zones the surface-to-
surface type of contact elements
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Puc. 6. /TepBas gpopma co6¢cmBerHHbix Konebarul

(npodosbHoie)

was used. Following conditions
were taken into account:

e in finite-element models of arch
systems made of two or more pro-
filed sheets, the distance between
the middle surfaces of the contact
elements was assumed to be equal
to the thickness of the profile;

¢ the contacting nodes and the
final elements of arch system are
not known in advance;

e friction between sheets is mo-
deled in accordance with the law of
Coulomb friction in the classical
formulation;

¢ the material is isotropic and
obeys Hooke's law;

e deformations and angles of
rotation are small;

e the appearance and disappe-
arance of contact zones (pairs of
nodes, joints) can have any se-
quence;

e the adhesion and slippage of
sheets is simulated.

Results and discussion

The Lanczos complex method
was used. The natural frequencies
and natural vibrations were deter-
mined, with consideration of energy
dissipation, including the version of
FE-model with rubber gaskets.

Some the results of calculations
are:

a — one profiled sheet:

fi = 13.38 Hz; , = 29.53 Hz;
f; = 31.56 Hz; f, = 38.62 Hz;
fs = 53.67,;
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Fig. 6. The first form of natural vibration (longitudinal)

(nonepeynsie)

b — two profiled sheets with
contact of surfaces:
fi = 13.52 Hz; / = 23.12 Hz;
fz = 29.83Hz; f, = 31.93 Hz
fs = 38.66 Hz;

¢ — four profiled sheets, with
contact surfaces:

fi = 13.59 Hz; /4 = 23.41 Hz;
f; = 25.24 Hz; f, = 26.90 Hz;
fs = 30.91 Hz.

The found frequencies of the
lower vibrational modes of of the
arch systems are shown in Figure 5.

Figure 6 shows the first form of
natural vibration of the arch system
of the model with four profiled
sheets; frequency = 13.59 Hz.

In Figure 7 — the second form
of natural vibration of the arch
system of four profiled sheets,
frequency = 23.41 Hz.

Conclusions

To study the influence of seg-
ment length of arch roof the mod-
els with one, two and four profiled
sheet with transverse joints, but
without rubber gaskets in joints
can be compared. It was found
that the effect of segment length
on the first natural frequency is
very low with maximum 2 % devi-
ation. At higher natural frequen-
cies, however, significant differ-
ences occur. The deviation in-
creases with the height of the nat-
ural frequency, in the 5th natural
frequency, a deviation of up to 74
% were found. The edge effect of

MPOMBILLUEHHOE U TPAXOAHCKOE CTPOUTE/ILCTBO

Fig. 7. The second form of natural vibration (transverse)
Puc. 7. Bmopas ¢popma co6cmBeHHbix KonebaHul

the FE-model plays an increasing
role with the increasing order num-
ber of the desired natural fre-
guency.

1. Using a finite element analy-
sis package NATRAN, it is possi-
ble to determine the frequencies
of natural oscillations with suffi-
cient accuracy for engineering cal-
culations.

2. Minimum four profiled sheets
of the arch system should be mod-
eled (to exclude the edge effect on
the results of determining the nat-
ural frequencies of vibration;

3. The effect of transverse jo-
ints becomes apparent when mod-
els 3 and 4 of Fig. 5are compared.
At the 1st and 2nd natural fre-
quency, which play a special role in
most dynamic calculation methods,
the influence of transverse joints
with a maximum of 2 % is negligi-
ble. However, for the determina-
tion of higher natural frequencies,
the influence of transverse joints
should be taken into account.

4. The influence of rubber gas-
kets in longitudinal joints becomes
apparent by comparing model 3
and 5 of Fig. 5. The consideration
of the rubber gaskets generally
leads to a reduction of the natural
frequency. The deviation can be up
to 7 %. It can be caused partly
due to the increased structural
damping, but also due to less ri-
gidity of system.
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