International Journal for Computational Civil and Structural Engineering, 21(1) 136—145 (2025)
DOI:10.22337/2587-9618-2025-21-1-136-145

TORSION IN THE ELEMENTS OF THE METAL DOME FRAME,
SUPPORTED BY SPARSELY INSTALLED COLUMNS

Evgeny V. Lebed

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Annotation. The effect of torsion on the stress state of the main elements of a metal ribbed-annular dome was
investigated. The dependence of the torsion effect on the increase in the distance between the columns support-
ing the dome was revealed. At the same time, the dependence of torsion on the type of nodal junctions of the
frame elements among themselves was determined. The object of the study was a ribbed-ring dome, all elements
of which are made of steel pipes. The dome had different support schemes on columns of steel pipes, installed
not under each rib, but cyclically symmetrical along the contour. There were four such schemes. In addition, the
type of nodal connections of the frame elements to each other has been changed for each scheme. There were
five different types of conjugations. The research was carried out through calculations of various models. There
were twenty models in total. During the calculations, the stresses in the main elements of the dome models were
determined, which were compared with each other. In this case, comparative diagrams of the stress state depend-
ences of the elements of the ribbed-ring dome are obtained. The effect of torsion on the stress state of the ele-
ments of the ribbed-ring dome of the considered models is estimated. The degree of change in the stress state of
individual frame elements due to torsion has been established. According to the results of the study, significant
stress changes due to torsion in the upper ring and noticeable in the meridional ribs were noted. The dependence
of the nature of their changes on the type of nodal connections has been established. It is recommended to take
into account the torsion effect when designing metal rib-ring domes.

Keywords: ribbed-ring dome, computer model, meridional ribs, upper and lower rings, columns, torsion,
nodal connections, static calculation

KPYUEHHUE B QJIEMEHTAX KAPKACA METAJIVIMYECKOI'O
KYHOJIA, OITUPAIOINETI'OCA HA PEAKO YCTAHOBJIEHHBIE
KOJIOHHBbI

E.B. /leoeow

HammonansHsIi nccnenoBaTenbckuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENBHBIN YHUBEpCHTET, T. Mocksa, POCCIS

AnHoTauus. Vccnenoanoch BAMSHUS KPYUCHHS Ha HANPSHKCHHOE COCTOSTHHE OCHOBHBIX HJIEMEHTOB METATITNYECKOTO
PEOPUCTO-KOJIBIIEBOTO KyIoJia. BhIsSBIIsIach 3aBUCUMOCTD 3(h(EeKTa KPYUCHHUS OT YBSJIMUYCHUS PACCTOSIHUS MEXKIY MO~
JICPXKUBAOIIUMH KYTIOJI KOJIOHHaMH. OJTHOBPEMEHHO € STUM ONpPEAEIsIach 3aBUCUMOCTh KPYUYEHHUs OT BHIA Y3JIOBBIX
COMPSDKEHMIA IIEMEHTOB Kapkaca Mexy co0oi. OObEKTOM HCCIIeIoBaHKs ObUT PeOPHCTO-KOMIBLEBOM KYIIOI, BCE dJie-
MCHTBI KOTOPOT'O MPUHSATHI U3 CTATBHBIX TpyO. Kymon uMen pasHble cXeMbl ONUPAHUs Ha KOJIOHHBI M3 CTATBHBIX TPYO,
YCTaHOBJICHHBIC HE O/ KXKIIBIM PeOpOM, HO IUKIIMICCKA CUMMETPIYHO TI0 KOHTYpY. Takux cxem Obut0 9ethipe. Kpo-
M€ TOTO, JUTs KKION PacueTHON CXEMbI M3MEHSUICS BT Y3JIOBBIX COIPSDKCHHI AJIEMCHTOB KapKaca MEexy coooi. Pas-
HBIX BHIOB COMPSDKEHIH OBLIO IITh. M cciemoBaHust IPOBOFIIHACH TIOCPEICTBOM PacueToOB pasHBIX Mojeneil. Beero mo-
JIeJIell HaCYMUTHIBATIOCH TBAMATh. B TIporiecce pacdeTroB ONpenessuIich HAPSHKEHUST B OCHOBHBIX JIEMEHTAX KYTIOJb-
HBIX MOJICTICH, KOTOPBIE CPABHUBAIIACH MEKTy COOOI. [Tpr STOM moTydeHbI CpaBHUTENBHBIC TATPAMMBI 3aBUCHMOCTEH
HAIPSDKEHHOTO COCTOSIHIIA JIEMEHTOB PeOpPHCTO-KOJBIIEBOTO KyTofa. JlaHa OIeHKa BIMSIHYS KPy4YEeHHS Ha HANpsDKEH-
HOE COCTOSTHHE 3JIEMEHTOB PEOPHCTO-KOJIBIIEBOTO KYTIONA PACCMOTPEHHBIX MOJICNCH. Y CTAHOBJIEHA CTETICHh N3MEHEHHS
HaIPSDKEHHOTO COCTOSHUSI OTZENBHBIX JIEMEHTOB Kapkaca M3-3a KpydeHust. [1o pesynbraram ucciesioBanust ObLH OT-
MCYCHbI 3HAYUTECIIbHBIC U3MCHCHUSA HaHpH)KCHI/Iﬁ n3-3a KPpY4YC€HUA B BEPXHEM KOJIBLIC U 3aMCTHBIC B MEPUAUOHAIbHBIX
pedpax. YcraHoBIeHa 3aBUCUMOCTh XapaKkTepa UX U3MEHEHHUH OT THIIA Y3JIOBBIX COSMHEHH. PeKOMEHIOBAaHO YUUThI-
BaTh YPPEKT KpydIeHHUS TIPH MPOSKTUPOBAHUI METAILTMYCCKUX PEOPHUCTO-KOJBIIEBBIX KYIIOJIOB.

KioueBble ciioBa: pe6pI/ICTO-KOHLHeB0ﬁ KYII0JI, KOMIIBIOTEpHAad MOACIIb, MCPUANOHAJIILHBIC pe6pa,
BCPXHCC U HUIKHEEC KOJIbLA, KOJIOHHBI, KDYUCHUC, Y3JIOBBIC CONIPAKCHUA, CTaTHYCCKUU pac4deT
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Torsion in the Elements of the Metal Dome Frame, Supported by Sparsely Installed Columns

INTRODUCTION

Recently, publications have begun to actively
pay attention to the study of the operation of
metal structural elements taking into account
torsion. The vast majority of publications are
usually devoted to open-profile beams. For ex-
ample, the article [1] studies the behavior of a
cantilever beam during torsion, and the article
[2] compares the results of a theoretical and ex-
perimental study of the operation of an I-beam
during bending. In addition to beams, frame rod
systems are being considered. For example, in
the article [3], an L-shaped and U-shaped frame
with channel elements is considered, and the
subject of the study is the bimoment diagrams.
The article [4] considers a U-shaped rod systems
of I-beams, and the subject of the study is the
angle of rotation of the cross-section elements at
the node.

There are no publications in the open press on
the study of torsion in the elements of metal
domes. Due to the spatial rigidity and cost-
effectiveness of metal consumption, domes oc-
cupy a leading place as long-span coatings [5].
Metal domes are used as load-bearing frames for
building coverings due to the reliability of such
core systems [6, 7].

The geometric schemes of metal dome frames
depend on the covered spans and the purpose of
the building [8, 9]. Ribbed-ring domes are con-
sidered to be the simplest according to the geo-
metric scheme. But even in ribbed-ring domes,
various geometric schemes are possible, related
to the number of sectors around the circumfer-
ence and tiers in height. In addition, an im-
portant factor in the operation of the dome
frame is the curvature and the number of col-
umns supporting them. The static scheme of the
entire building frame and the internal forces in
the elements of the dome frames depend on this,
but there are no studies of metal domes support-
ed by sparsely installed columns in the open
press.

Usually columns in ribbed-ring domes are
placed under each meridional rib. However,
with a large number of sectors or edges in the

dome frame, such a design solution may be in-
convenient for various reasons. In this case,
fewer columns are used compared to the number
of meridional ribs, which leads, as shown by the
previous study of the author [10], to a change in
the nature of the dome, which is manifested by a
change in internal forces in the elements of the
dome frame. The same study showed that, de-
spite the similarity of the shape of the dome de-
formations, with a decrease in the number of
columns under the dome, there is a significant
increase in deflections of the dome frame.
Studies of dome-type rod systems in various
computer programs have been carried out by
many scientists. For example, the stress state of
dome frames was analyzed when its geometric
parameters changed [11], with different ratios of
dome height to diameter for different spans
[12]. As well as when the roof is included in the
work in the cells of the frame between the steel
ribs and rings [13], with different dome height-
to-diameter ratios and different cross-sections of
the elements [14], with different heights com-
pared to the span of the dome frame with con-
nections [15]. Previously, the author performed
a comparative study of ribbed-ring domes with
different numbers of connections [16] and dif-
ferent sizes of the upper ring [17].

In addition to torsion, there are no publications
(except for the author's) on the study of the de-
pendence of the stress state on the increase in
the distance between the columns supporting the
dome. In addition, it is possible to use various
types of coupling elements of dome frames with
each other, which also affects the torsion in the
elements. The effect of the stiffness of the nodal
joints on the stressed state of the dome is dis-
cussed in the publication [18]. This article pre-
sents a comparative analysis of a low steel dome
of a ribbed-ring type with a diameter of 41 m
and a height of 7 m. The dome consisted of 20
ribs and 10 rings, supported on foundations di-
rectly by each meridional rib. Purlins with glass
cladding were used as rings. The models of this
frame were considered, which differ in two ap-
proaches to calculation — linear and nonlinear,
as well as the type of connection — with rings at-
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tached to the ribs and without attachment to
them. There are no explanations about the spe-
cific interpretation of compounds in the com-
puter model. In addition, in some models, clad-
ding is included in the work, and in some— di-
agonal connections in all sectors. The
publication analyzed dome deformations, inter-
nal forces, and stresses in the elements, but
without torsion.

METHODS

In order to determine the effect of torsion on the
stress state of the main elements of the metal
rib-ring dome frame numerical studies using the
finite element method using the SCAD software
package were performed [19, 20]. Twenty vari-
ants of design models of a dome structure were
considered for the study. They differed from
each other, firstly, in the schemes of supporting
the dome on the columns and, secondly, in the
types of nodal connections of the frame ele-
ments to each other. Twenty different computer
models of the dome structure frame were con-
sidered for the study. They differed from each
other, firstly, by different schemes of supporting
the dome on the columns and, secondly, by dif-
ferent types of nodal connections of the frame
elements to each other.

The object of the study was the frame of a
spherical ribbed-ring dome with a radius of cur-
vature of 23 m, consisting of 36 ribs and 7 rings
(Fig. 1). Thus, the dome is divided by ribs into
36 sectors. The diameter of the lower ring is
39.3 m, the diameter of the upper ring is 5.0 m,
the height of the dome frame is 11 m. The pa-
rameters of the metal dome elements were
adopted based on the results of a preliminary
calculation for operational loads from electro-
welded pipes: the meridional ribs are O 530%9,
the upper ring is O 530%9, the lower ring is O
630%20, the remaining rings are O 273x7.

In the course of the study, four dome support
schemes were considered, the distinguishing
feature of which was the number of sectors be-
tween the columns. So, if the columns were in-
stalled under each riber of the dome, i.e. through
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one sector, then the scheme was designated as 1.
If the columns were installed through two, four
and six sectors, then the schemes were designat-
ed as 2, 4 and 6, respectively (Fig. 2). All sup-
port schemes are characterized by the cyclic
symmetry of the arrangement of columns along
the contour. The columns in all schemes have a
height of 7.0 m and are made of electro-welded
pipes O 402x10.

Figure 1. The ribbed-ring dome under study

The research was carried out on computational
models of frameworks as spatial rod systems. In
the calculated models, each structural element
of the dome frame was represented by a single
rod final element of the KE-10 with six degrees
of freedom at the nodes. Calculations were per-
formed for static impacts in a linear formula-
tion. In the scheme 1 (Fig. 2, a), the number of
elements 504, the number of nodes 288, total
number of degrees of freedom 1728. In the
scheme 2 (Fig. 2, b), the number of elements
486, the number of nodes 270, total number of
degrees of freedom 1620. In the scheme 4
(Fig. 2, ¢), the number of elements 477, the
number of nodes 261, total number of degrees
of freedom 566. In the scheme 6 (Fig. 2, d), the
number of elements 474, the number of nodes
258, total number of degrees of freedom 1548.
In all schemes, restrictions on movement in the
directions of all six degrees of freedom were
imposed in the support nodes. In all schemes,
the upper ring, the lower ring and the meridional
ribs are integral, i.e. all 36 constituent rods of
these rings and 6 rods of each rib are rigidly
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connected to each other. And each of the inter-
mediate rings is formed from separate rods be-
tween the ribs.

Nodes at the junctions of the ribs with the upper
and lower rings, the joints of the columns with
the lower ring, and the joints of the rods of the
intermediate rings with the meridional ribs in
the computational models of each of the
schemes (see Fig. 2) were assigned both hinged
and rigid. In the course of the study, five types
of combinations of nodal connections were con-
sidered, which are conventionally called types
of connections. Their designation and descrip-
tion of the allowed rotations in the joints in the
normal (UY) and tangential (UZ) planes are
given in Table 1. For example, for the S3 type
(see Table 1) these joints are hinged in the nor-
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mal (UY) and tangential (UZ) planes (Fig. 3).
Type S2 (see Table 1) differs from S3 by pro-
hibiting UY rotation only at the junctions of the
ribs with the upper ring (see Fig. 3). Type S1
(see Table 1) differs from S2 by prohibiting the
rotation of UY only at the junctions of the in-
termediate rings with the ribs (see Fig. 3). Type
R1 (see Table 1) differs from S1 by prohibiting
UY rotation at the joints of the ribs and columns
with the lower ring (see Fig. 3). And for the R2
type of connection, they are rigid in the normal
(UY) and tangential (UZ) planes (see Table 1).
The torsion of rods around their axes (UX) has
always remained prohibited.

Note that the rotation designations UY, UZ here
and in Table 1 correspond to the local axes of
the finite elements in the SCAD program.
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Figure 2. Schemes of frames with different numbers of sectors between the columns under the
dome: a— I sector, b — 2 sectors, ¢ — 4 sectors, d— 6 sectors.

Figure 3. The initial calculation model of the frame with hinged nodal connections
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Table 1. Resolution of rotations in nodes of various types of element connections of SCAD program

Element connections

Types of Ribs with upper ring | Ribs with lower ring Columns'with lower Interm'edia'te rings
nodes ring with ribs
Uy uz Uy Uz Uy uz Uy uz
S3 * * * * * * * *
S2 * * % % * * %
S1 * * * * * *
R1 % * % %
R2

The sign * means permission of rotation in node, and the absence of the sign means restrain of rotation.

The frames were calculated based on the com-
bined effect of the load on the weight of the en-
closing and load-bearing structures, as well as
the asymmetric snow load acting on one side of
the dome, as the most significant compared to
the symmetrical one. All loads were applied at
the nodes of the computational models of the
framework.

In the course of the study internal forces
N, M., M,, M, in the elements of the model

frames were determined to calculate the stresses
(in the SCAD program they were designated as
N, M,, M_, M, respectively), which were se-

lected in the most stressed elements of the
frame.

Since this study focuses on torsion, attention was
focused on the torque M, and the dependence of
its magnitude on different frame schemes and
types of connections elements in them.

Since the torsion of the elements causes tangential
stresses in the sections, to assess the degree of in-
fluence of torsion on their stress state the reduced
stresses were calculated using the formula

0',:\/02+372 . (1)

Here are the normal stresses o for the tubular
section

N M
o=t @)
AW,
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where M=,/ M2+ M i — this is the resultant of

the moments M, M, .

Tangential stresses 7 in the presence of torque
M, in the pipes

T=—. 3)

The effect of torsion on the stress state was de-
termined by the difference between the reduced
and normal stresses o, — o .

RESULTS

The torques M, manifests itself in all the ele-
ments of the framework, but in comparison with
the moments M,, M, is characterized by rela-

tively small values. In the columns and interme-
diate rings, the values of the torques M, are in-
significant. The meridional ribs of the dome the
torques M, are relatively small, but they show
stable values by type of conjugation, with some
increase with a decrease in the number of col-
umns under the dome (Fig. 4).

In the upper ring of the dome the torque M,
values depend on the types of connections and
increase with a decrease in the number of col-
umns under the dome (Fig. 5). In the lower ring
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of the dome, the torque M, values significantly
depend on the types of connections and increase
with a decrease in the number of columns under
the dome by several times (Fig. 6). In schemes
with the number of sectors between columns 4
and 6, the moments in the upper and lower rings
of the dome reach significant values.

12345

Inn. | Duin. | HH0NS

1 2 4 6
Number of sectors between columns

Figure 4. Maximum moments M ¢ in the meridi-
onal ribs of the dome. Types of connections:
1-83,2-823-81,4—RI, 5-R2
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Figure 5. Maximum moments M « in the upper
ring of the dome. Types of connections: 1 — 53,
2-82,3-81,4—RI, 5—-R2
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Figure 6. Maximum moments M : in the lower
ring of the dome. Types of connections: 1 — S3,
2-82,3-81,4—RI, 5—-R2

Taking into account the identified torques M, ,
a comparison of the reduced stresses o, calcu-

lated according to formula (1) was carried out.
Note that these stresses are conditional, since

their calculation uses the maximum values o

and the maximum values 7 that occurred in
different sections of the same type of elements.
This is explained by the fact that in reality val-
ues are combined in a wide range of values —
from maximum o with minimum 7, to mini-
mum o with maximum 7 .

In the meridional rings of the dome, the values
of the reduced stresses o, depend on the types
of connections and hardly change with a de-
crease in the number of columns under the
dome (Fig. 7), with the exception of scheme 6.
In the upper ring of the dome, the values of the
reduced stresses o, also depend on the types of
connections and clearly increase only when
switching to scheme 6 with a reduced number of
columns under the dome (Fig. 8).

The dependence of the reduced stresses o, on
the number of columns under the dome is most
reflected in the lower ring of the dome. The val-
ues o, increase several times when switching to
schemes with a reduced number of columns (in
schemes 2, 4 and 6) and, at the same time, de-
pend on the types of connections (Fig. 9).

20
12345

NI M

1 2 4 6
Number of sectors between columns

o1, kN/em?

Figure 7. Reduced stresses ot in the meridional
ribs of the dome. Types of connections:
1-83,2-82,3-81,4-RIl,5-R2
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Figure 8. Reduced stresses ot in the upper ring
of the dome. Types of connections: 1 —S3, 2 —
S2,3-81,4—R1,5-R2
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Figure 9. Reduced stresses oi in the lower ring
of the dome. Types of connections: 1 — 53,
2-82,3-81,4—-RI, 5-R2

To quantify the effect of torsion on the stress
state of the dome elements, the ratio of the dif-
ference between reduced and normal stresses to
reduced stresses, the so-called fractional effect
of torsion, was calculated using the formula

Ay =—. 4)

In the meridional ribs of the dome the fractional
effect of torsion A, is relatively small and var-

ies in the range from 1% to 5%. It depends on
the type of node connections and increases
slightly in scheme 6 with a reduced number of
columns under the dome (Fig. 10).

In the upper ring of the dome, the fractional in-
fluence of torsion in one type of connections
(S2), depending on the dome support scheme, is
extremely high and varies from 11% to 26%, in
the other (S1) — 1is not significant, since it does
not exceed 1%. In other cases, the fractional ef-
fect of torsion A, is relatively small and varies
in the range from 3% to 8% (Fig. 11).

In the lower ring of the dome, the fractional ef-
fect of torsion A, in only one type of connec-
tions (S1), depending on the dome support
scheme, does not exceed 6%, and with the larg-
est number of columns. In other types of con-
nections, regardless of the support scheme, the
torsion effect A, does not reach even 1%
(Fig. 12). This phenomenon, with a significant
increase in torque M, with a decrease in the
number of dome support columns, is explained

142

Evgeny V. Lebed

by the fact that the bending moments M, , M,

increase much faster.

0.20
<1 010 1234
000 anln. |sunna | Dunn. | BRNNG
1 2 4 6

Number of sectors between columns

Figure 10. The fractional effect of torsion A on

ot in the meridional ribs of the dome. Types of
connections: 1 —S83,2-S82,3-S51, 4—RI,

5—-R2
0.30 5
0.20
4
0:10 345
II'I IIII 1
0.00 =

1 2 4 6
Number of sectors between columns
Figure 11. The fractional effect of torsion A on

ot in the upper ring of the dome. Types of con-
nections.: 1 —S83,2-S2,3-S1,4—RI, 5—R2
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Figure 12. The fractional effect of torsion A on

ot in the lower ring of the dome. Types of con-
nections: 1 —S83,2—-S2,3—-S81,4—RI, 5—R2

CONCLUSIONS

Based on the presented material, the following
conclusions can be drawn:

1. With different types of nodal connections of
the elements of the ribbed-ring dome, in combi-
nation with sparsely installed columns, torques
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of different magnitudes arise in different ele-
ments.

2. In the meridional ribs of the dome, torsion has
a noticeable (up to 5%) effect on their stress state
in all dome support schemes and in various types
of coupling elements, except for rigid ones.

3. Torsion has the most significant effect on the
upper ring. When the nodes are swivel in the
tangential and normal directions, with the ex-
ception of the junctions of the ribs with the up-
per ring, the voltage may increase by 11-26%,
otherwise by no more than 1%. With other types
of swivel connections, the torsion effect is lim-
ited to 8%, and with rigid connections - less
than 5%.

4. In the lower ring of the dome, with hinged
connections only in the tangential direction,
torsion affects its stress state from 6% to 3% in
schemes with columns under each rib and
through the rib, respectively. In other types of
nodes, regardless of the support scheme, the ef-
fect of torsion does not reach 1%.

5. Additional studies should be conducted to
determine the possible effect of torsion on the
stress state of metal ribbed-ring domes with
non-tubular profile elements. It is also necessary
to do this to evaluate the torsion in the interme-
diate rings of the dome, since it is necessary to
take into account their work between the ribs
along the beam circuit from a distributed load.

6. When designing metal ribbed-ring domes, it
is recommended to take into account the effect
of torsion on the bearing capacity of their ele-
ments, especially the upper ring.
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