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One of the factors influencing the stress-strain state of the structure is the placement method of the columns and their step.
The problem formulated in the article is to determine the design solution of the space grid structure with the least weight.
The paper examines how the columns location, the number of support points, and the supports step affect the force values in
the space grid structure rods and the supports (columns). The first variant of the model adopted a space grid structure supported
in the corners of four columns. The second variant of the model adopted a space grid structure supported on two sides —
six columns on each side. In the third variant, the structure is supported by 20 columns along the perimeter. It has been deter-
mined that the third method of supporting location is the most efficient.
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Hanpy:xeHo-1epopMoBaHuii CTaH CTPYKTYPHOI INIUTH
Cpionax H.M.", uranenxo JI.A.2, Iluranenxo I'.M.3, Famymka C.A.*

I:CyMchKkuii HallioHaILHUIA arpapHuii YHiIBEpCHTET
2CyMCBbKUH HalliOHANbHMIT arpapHuii yHiBEPCUTET
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4CyMchbKkuii HallioHaILHUIA arpapHuii YHiIBEpCUTET
*Anpeca s muctyBanHs E-mail: nataliia.sribniak@snau.edu.ua

CTpyKTYpHI IUTUTH — LI IPOCTOPOBI CTEPIKHBOBI KOHCTPYKIii. PopMa CTpyKTypHOI OAMHHULI IUIUTH € TOAIOHOI0 10 hopMHU
NPUPOJHUX KPUCTAIIB, TOMY, OYEBUIHO, € ePEKTHBHOIO Ta 3aCIyroBye Ha HociipkeHHs. CTPYKTypa CKIaga€eThesl i3 MpocTo-
POBHX eJieMeHTIB 3a (opMoOI0 HmipaMiau, 110 TOBTOPIOIOThCs Gararopa3oBo. CTPYKTYpHI IUIMTH IIUPOKO 3aCTOCOBYIOTHCS
JUISL TIEPEKPHUTTS OJHOMOBEPXOBHUX CIOPYA 1 MalOTh BEJIMKE DPIi3HOMAHITTS KOHCTPYKTHBHHX 1 apXiTEeKTypHHX (GOpM.
CTpyKTypHa KOHCTPYKLIs € 6araTo pa3iB CTATUYHO HEBH3HAYYBAaHOK KOHCTPYKLi€r0. OJJHUM i3 YMHHHUKIB, 10 BIUIMBAIOTH HA
HaIpyXeHo-1e()OPMOBaHHI CTaH KOHCTPYKIii, € po3TalryBaHHs KOJOH. CxeMma, KPOK pO3TalllyBaHHsS KOJIOH, iX KiIbKiCTh
BIUIMBAIOTh Ha BEJIMYUHU 3YCUIIb B CTEPIKHSIX CTPYKTYpPH. 3a/1a4a, o GOpPMYIIOETHCS B CTATT, HOJISIra€ y BU3HAYCHHI KOHC-
TPYKTUBHOI'O BHPILIEHHS CTPYKTYPHOI IUIMTH 3 HallMEHILOIO Barolo cepell IEKUIbKOX KOHCTPYKTHBHUX BapiaHTIB IUIMT, 11O
BIIPI3HSIOTHCS Pi3HOIO KiJIBKICTIO OMOP, ajie MaloTh OJHAKOBI po3MipH B IUI1aHi. B po6oTi nociimkeHo, sik caMme po3TallyBaHH;
KOJIOH, KUIBKICTh TOYOK CIIMPaHHS Ta KPOK ONOP BIUIMBAIOTH HA BEJIMYMHU 3yCHJIb B YCIX €JIE€MEHTaX CTPYKTYPHOI IUIMTH Ta B
caMux oropax (kojoHax).ba3oBa cTpyKTypHa IUIMTA [0 BEPXHBOMY HOsicy Mae po3Mipu B ruiani 30%30 m. Ha 6as3i wiel muiutu
CTBOPEHO TPH PO3PaxXyHKOBI MOEINI, SIKI BiIPI3HSAIOTHCS KPOKOM KOJIOH Ta iX kinmbkicTio. IIpn mepmomy BapianTi Monemni
MIpUIfHATE CIIMPAHHS IUIMTH B KyTaxX Ha 4OTHPH KoJoHU. Kpok xomon npuitasro 27 . [Ipu npyromy BapiaHTi NpuiHATE CIIH-
paHHS IUIUTH 110 JIBOM CTOPOHAM — Ha LIICTh KOJIOH 3 KOXKHOTO OOKy. BincTanp Mixk kosoHamu 6 M. IIpu TpeThoMy BapiaHTi
CIUPaHHS CTPYKTYpPHA IUINTa COMPAEThCs Ha 20 KOJIOH O MEPUMETPY, L0 PO3TAIIOBaHI 3 KPOKOM 6 M. Y BHCHOBKaX IpoaHa-
Ji30BaHO PE3yJIbTATH CTATHYHOTO PO3PAaXyHKY MOJENeH CTPYKTYPHOI IUIMTH MOKPUTTS 3 Pi3HUM CIIOCOOOM PO3TalllyBaHHS
omnop. BusHa4eHo, 1110 3a KpUTEPieM METaTOMICTKICTKOCTI [JIsl PO3TIITHYTHX MPOSKTHUX PillleHb HaitO1mbi1 eekTHBHUM TpeTiit
BapiaHT PO3TAIIyBaHHS KOJIOH.

KunrodoBi ciroBa: cTpykrypHa mnta, perymoanas HIIC, cTpykTypa, MeTaJoeMHICTb, ONTUMI3ALIis, PETYIATOP HAPYKEHb
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Introduction

In the world construction practice, many unique and
unusual constructions of public and industrial function
have been created. The load-bearing structures are con-
sidered separately for each of the structures

Metal space grid roof structures are widely used.
These roof systems are distinguished not only by origi-
nal architectural forms but also by progressive design
solutions. Pipe profiles occupy a special place in the de-
sign of large-role roofs. They have an efficient cross-
section of the rod and perceive axial forces. [1, 2].

Structural slabs (structures) are spatial rod structures
[1] similar in structure with crystalline metal grates
[3, 4].

They are characterised by many positive properties:
multiple connections, versatility, the possibility of pro-
duction on high-performance production lines, simplic-
ity of transportation [5]. The structure consists of spa-
tial elements in the shape of a pyramid which is re-
peated many a time and oft [8]. Multiple connections
cause a number of advantages of structural designs in
comparison with traditional structures, which are made
up of roof trusses, secondary trusses, girders [8].

As noted in [1], the structures can be used as a roof
structure for large buildings in the plan [6]. Internal
forces in space grid structures, therefore, cross-section
and weight of the structural elements, largely depends
on the accepted design parameters. Finding the most ef-
fective design solution for the structural plate is one of
the tasks to be solved in the initial stages of design [7].
The option that is chosen directly affects the further la-
bor intensity of manufacture, installation, and, ulti-
mately, the cost of the structure.

Review of research sources and publications

Spatial structures are three-dimensional systems con-
sisting of linear members, subjected to loads at their
joints or along their length, and connected to each other
using pin or moment connections. These structures can
take various forms such as flat-double-layer grid
(FDLG) or flat-multi-layer grid, braced barrel vault, or
dome, or any other form (free-form). The decision to
use rod systems as a roof structure is primarily associ-
ated with obtaining the most effective design solution
for the space grid structure. The criterion for this deci-
sion may be material capacity. The choice of the orien-
tation of the structural structure relative to the support
contour directly affects the economic performance of
the structure. For example, the internal forces in the
chord of the structure are obtained by 27% less in the
diagonal orientation of the structure relative to the
square support contour than in the orientation of the
structure parallel to the support contour. The maximum
roof displacement is 4 times less than the displacement
of the conventional trusses roofs [12]. In [12] it is indi-
cated that the support of space grid structures with
chord grids of triangular lattice on four or more nodes
causes static indeterminate of the structure. In such a
system, a change in the ratio of the rigidity of the rod
causes a significant redistribution of internal forces in
the rods. At the same time, there is no significant redis-
tribution of internal forces in the statically determinate

structure (when the lower triangular grid is supported
by three nodes and the quadrangular grid by four nodes)

In addition, in order to obtain a structure with mini-
mum weight, the regulation of the stress-strain state can
be carried out by varying many parameters.

Such parameters that can change are: the class of steel
rod elements of the plate, the choice of the orientation
of the space grid structures relative to the support con-
tour, different types of chord grid (triangular, rectangu-
lar, rotated relative to each other by 45° chord grids
from square grids); number of columns and their loca-
tion (in the corners, on the sides of the plate, on the pe-
rimeter of the plate) [12], methods of connecting the
rods of the structure. So, the criteria and factors influ-
encing the change of internal forces in rods of structure
and on: internal force value are many enough. Sepa-
rately, each of the factors needs research and analysis,
because such a criterion of design efficiency as metal
capacity is the most important criterion in the first stage
of finding the optimal design. The second criterion of
efficiency is the labour content of the erection of the
structure.

The objective of the work and research methods

The aim of the work is to determine the least material
capacity model of a spatial grid structure. Three options
for the location of the support columns are accepted for
stress regulators. The scheme, the interval of columns,
the number of columns influence the force values in the
rods of the structure.

Objectives that were formulated to achieve this goal:

— the creation of finite element models of space grid
structures in the Lira-SAPR software for studying their
structural behavior when changing the layout of col-
umns and their number;

— selection of the cross-sections of the structural ele-
ments of the space grid structures models based on the
results of static analysis;

— calculating the weights of each model of the space
grid structure and determining the space grid structure
model with the lowest weight. At the same time, the
sufficient manufacturability of the model remains.

The object of the research is the space grid structure
(structural rod plates of the roof) with chord grids of
square lattices having a different number of supports.

The subject of the research is the stress-strain state of
the structural rod plates of the roof with chord grids of
square lattices, which have a different number of sup-
ports and their interval.

The research method is the method of computer
modeling of structures using software systems that im-
plement the finite element method (SP LIRA-SAPR).

The research results make it possible to determine the
most effective of several possible space grid structures
of the roof according to the criterion of effective mate-
rial consumption, that is, according to the criterion of
the lowest weight of the structure.
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Basic material and results

As indicated in the study [4], there are 20 main types
of rod plates of interest for the practice of designing
structural roof slabs (space grid structures).

Among this set, one can single out a system of the type
of inclined cross trusses of two directions [9].

A structural slab (Fig. 1-2) with dimensions in the
plan of 30.0 x 30.0 m, having an orthogonal grid of
chords with a cell of 3.0 x 3.0 m and a height along the
axes of the chords 3.0 m.

The structural plate (Fig.1-2) with a plan size of
30.0 x30.0 m, with an orthogonal grid of chords with a
cell of 3.0 x 3.0 m and chords height of 3.0 m is taken
as the structure to be researched. Thus, the height of the
structure is 1/10 of the span, which is the optimal height
for simply supported structural plates [13]. The nodes
of the upper and bottom chords are connected by diag-
onal rod elements.
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The crystals of the structural plate have the shape of
a pyramid with a square base. The columns are 6,0 m
high. The structural plate is supported on the columns
along with the lower chords. The plate dimensions in
the plan, the active load, the crystal type are taken as
parameters, do not change.

The restrictions are the strength condition for the ten-
sioned rods, the stability condition for the compressed
rods, the limit slenderness and the limit deflection of
the structure [14]. There are no intermediate supports
in the structure (Fig. 2). The combination of all ele-
ments made in a hinged way, intersections of all ele-
ments — pipes electro-welded straight-seam according
to GOST 10704-91.

The rod system on the square plan works in two di-
rections and belongs to the most perfect types of space
grid structures.

Figure 1 — The system of the type of inclined cross trusses in two directions
and with chord grids of square lattices is used to model the structural plate (a);
the spatial model of the structural plate is researched investigated (b)
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Figure 2 — Geometric scheme of the space grid structure: top view (plane XOY) (a);
side view (plane XOZ or YOZ) (b)
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There are no monitors and level differences in the
building. To ensure the removal of atmospheric precip-
itation, as a rule, the space grid structure is made with
a two-sided slope.

However, this design feature is neglected in this static
analysis.

When a square space is overlapped, the space grid
structure makes full use of its load-carrying capacity. It
is the square form exactly, not the rectangular form, that
is, the ratio of sides 1:1 determines its work in two di-
rections. Data is given that with the height-to-width as-
pect ratio of 1:0.8, the space grid structure begins to
work in only one direction and the difference in forces
in the elements along and across the span is 2,25 times
[15].

The greater the difference in the height-to-width as-
pect ratio of the structure, the greater will be the uneven
distribution of forces in its elements in two mutually
perpendicular directions [8]. Thus, we will assume that
in a structural plate with the height-to-width aspect ra-
tio of 1: 1, the forces in its elements will be equal.

The number of columns and the method of their loca-
tion on the plan will be taken as regulators of forces in
the rods of the structure (Fig. 3). In model No.1, the
distance between the columns is 27,0 m and the number
of columns in the model is 4. In model No.2, the dis-
tance between the columns is 6,0 m and the number of
columns in the model is 12. In model No. 3, the distance
between the columns is 6,0 m, the number of columns
in the model is 20.

The spatial model consisting of the space grid struc-
ture (plate) and columns was created for the static anal-
ysis. All elements of the structural plate were defined
by the rods of a spatial truss with three statistical de-
grees of freedom: X, Y, Z, columns — spatial universal
rods (FE No.10) with six statistical degrees of freedom:
X, Y, Z, Ux, Uy, Uz.

Analytical models according to fig. 3 are shown in
fig. 4.

All rods of a structural plate are accepted from com-
mon steel, made from hot-rolled pipe profiles.
Accepted steel class C245 [16] with the following char-
acteristics: R, = 24,0 kN/cm?, R,,= 24,5 kN/cm?,
E =2, 06108 kN/cm?, y = 77,0085 kN/m?, p = 0,3.
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The rods of the upper chord and bottom chord of the
structural plate is made from hot-rolled pipe profile
242x32 mm, the inclined rods are made from hot-rolled
pipe profile 168x25 mm. The columns have 6,0 m
length and are made from a hot-rolled pipe profile
273x40 mm.

Construction loads are constant — roof load (from the
steel sheets and the girders), the dead load of the struc-
ture, which was automatically set in the SP Lira-SAPR.

The live load is the snow load (characteristic for
Sumy) is 1,64 kN / m?. Since the slope of the upper
chord of the structure is o <30 °, a uniform distribution
of the snow cover over the entire roof is assumed [1].

The steel sheets are based on the girders. Girders are
attached to the upper chord of the space grid structure.
Thus, in the analytical models, a point load from the
steel sheet and snow was applied to the nodes of the
upper chord of the space grid structure (Fig. 5).

All rods of a structural plate are accepted from
common steel, made from hot-rolled pipe profiles.
Accepted steel class C245 [16] with the following char-
acteristics: R, = 24,0 kN / ecm %, R,, = 24,5 kN/cm 2,
E =2, 06-108 kN/cm?, y = 77,0085 kN/m?, p = 0,3.

The rods of the upper chord and bottom chord of the
structural plate is made from hot-rolled pipe profile
242 x 32 mm, the inclined rods are made from hot-
rolled pipe profile 168 x 25 mm. The columns have 6,0
m length and are made from a hot-rolled pipe profile
273 x 40 mm. Construction loads are constant — roof
load (from the steel sheets and the girders), the dead
load of the structure, which was automatically set in the
SP Lira-SAPR.

The live load is the snow load (characteristic for
Sumy) is 1,64 kN/m?. Since the slope of the upper
chord of the structure is o < 30 °, a uniform distribution
of the snow cover over the entire roof is assumed [1].

The steel sheets are based on the girders. Girders are
attached to the upper chord of the space grid structure.
Thus, in the analytical models, a point load from the
steel sheet and snow was applied to the nodes of the
upper chord of the space grid structure (Fig. 5).

Figure 3 — Analytical model of location column:
a —model No.1 (in four corners of the bottom chord), b — model No.2 (on both sides of the bottom chord),
¢ —model No.3 (on four sides of the bottom chord with a step of 6,0 m)
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Figure 4 — Spatial analytical models of the space grid structure that are being researched:
analytical model No.1 (a); analytical model No.2 (b); analytical model No.3 (c)
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Figure S — The application scheme of nodal load on the space grid structure

The results of the numerical research of space grid
structure

The static analysis was conducted to determine the
stress-strain state of the whole structure. The selection
of the cross section of tensioned elements was carried
out based on strength analysis, compressed elements
were carried out based on strength and durability anal-
ysis. The static analysis also took into account the lim-
ited slenderness of the elements and vertical linear dis-
placements of the whole structure. Structure designed
by the elastic method of analysis [1].

The upper chord rods are under the influence of the
axial compression forces and the bottom chord rods are
under the influence of the axial tension forces.

The axial force N in the inclined rods has an alternat-
ing value, so the rods are in both tension and compres-
sion. Fig. 6 shows the simple bar charts of the maxi-
mum forces in the rods of the structures.

Thus, the charts in Fig. 6 show that the forces in all
chord systems and inclined rods decrease, but at this
time there is an increasing number of structural sup-
ports. There are forces uniform in value in the rods of
the chord systems.

Thus, the maximum compression forces in analytical
model No.2 decreased in comparison with these forces
in analytical model No.1 by 1,71 times, and the maxi-
mum compression forces in analytical model No. 3 de-
creased in comparison with these forces in analytical
model No.1 by 3,12 times. The maximum tensile forces
in analytical model No.2 decreased in comparison with
these forces in analytical model No.1 by 1,85 times, and
the maximum tensile forces in analytical model No.3
decreased in comparison with these forces in analytical
model No.1 by 4,16 times. The maximum compression
forces in the inclined rod in analytical model No.2 de-
creased in comparison to these forces in analytical
model No.1 by 2,53 times, and the maximum compres-
sion forces in analytical model No.3 decreased in com-
parison to these forces in analytical model No.1 by 3,97
times.

a) 0
-10
20 -14,93
5]
o ~
S 5-30 -27,04 ™ model No.1
:E; ;_40 E model No.2
< 50 model No.3
) -47,98
-60
b) 3o ®model No.1
63,12 = model No.2
g 60 model No.3
)
< £ 40 34
=
- p— Z
0
) ~mEmodel No.1 28.12
30 mmodel No.2 ’
é 20 modelNo.3 9,873 7
& E ]O )
== 0 .
= ZLIO 2
< -8,54
13,37
-30
40 - -33,95

Figure 6 — Maximum forces «N» in the rods
of the structures:
axial forces in the rods of the upper chord (a);
axial forces in the rods of the bottom chord (b);
axial forces in the inclined rods (c)
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The maximal tensile forces in model No.2 are
2,84 times less than those in model No.1 and the maxi-
mal tensile forces in model No.3 are 7,57 times less
than those in model No. 1. Fig. 7-8 shows the bar charts
of forces in the columns.

Maximum compression forces in columns in analyti-
cal model No.2 are 2,7 times less than in analytical
model No.l and maximum compression forces in col-
umns in analytical model No.3 are 3,77 times less than
in analytical model No.1. The bending moments in col-
umns also decrease with the increase of the support
points for the space grid structure.

It should be noted that the forces in analytical models
No.2 and No.3 (both in the structure rods and in the col-
umns) decrease in comparison with the forces in the
most stressful analytical model (analytical model No.1)
by approximately the same value. Fig. 9 shows charts
of vertical load deflections at the nodes of the structure
in its cross-section.

For example, Fig. 9 shows that the least rigidity will
be a structure in analytical model No.1, supported by
four columns in the corners. The most rigid scheme will
be analytical model No.3 — with the support of the
structural plate around the perimeter. The general view
of the deformed analytical models is given in Fig. 10.

The deformability of all models is within acceptable
limits [17], and the maximum actual deflection for all
analytical models does not exceed the maximum allow-
able value of 90 mm.

fu=1/300=27000 /300 =90 mm

Cross-section analysis of structural rods

Strength analysis of steel elements with characteristic
strength R,,, < 440 N/mm? with axial tension and com-
pression, it should be performed according to the for-
mula (1.4.1) [16]:

N/A, Ry - <1 (1)

Stability analysis of the elements under axial com-
pression should be calculated by the formula (1.4.3)
[16]:

2

Thus, the required cross-section area with axial ten-
sile strength:

N/ -Ay R, -y <1

A, =N/R, -y (3)

Thus, the required cross-section area with axial com-
pressive strength:

Ay =N/@ Ry -y (4)

Tables 1 and 2 show the maximum axial forces oc-
curring in the rods of the structure and the columns.
Based on these data, we will find the necessary cross-
sectional area of the rods according to the strength (1)
and stability (2) conditions for a compressed rod.

The cross-sectional area of the rod required with
the strength condition is calculated according to (3)
and (4) and written in tables 1-4. We will also select a
pipe profile according to the schedule of pipes
(GOST 8639-82), calculate its weight and the total
weight of the upper chord, bottom chord, inclined rods
and columns.

Fig. 11 shows the ratio of the space grid structures and
the weight of the columns.

As the number of supports increases, the weight of the
roof plate decreases, and the weight of the columns in-
creases (Fig. 12).
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Figure 9 — Charts of the nodes vertical deflections
of the structure in its cross-section
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Table 1 — Upper Chord Weight Count

Figure 10 — Deformed structure: analytical model No. 1 (a);
analytical model No. 2 (b); analytical model No. 3 (¢)

Model Ne

Z, () o — o« — o« o
g o 3 = = ) w O s E e
EX | $EE |8 €E |S%w|fEg |2 |z
=i 2= 7 g &7 S 8, < & & 2 = .20
S S es< | & g < = 3 g 5.8 5
= O 5 ey = = = = = S =
1 470,68 19,61 80x7 19,6 15,38 0,01538 660 10,15
2 274,09 11,42 80x4 11,88 9,33 0,00933 660 6,16
3 146,46 6,10 50%3,5 37,74 4,94 0,00494 660 3,26
Table 2 — Bottom Chord Weight Count
Model Ne .
e2 | g8, |2 £, |3 |5g |gE |G
EZ 2758 | 2 S £ =Bw |=% |SE =
=8 2 e, oh g4 o g 2 g oD
s 8 cs<d |2 g < 5 g 5 & g5 5
= O & & S = = = = S =
1 619,20 25,80 120x76 26,74 20,99 0,02099 540 11,33
2 333,54 13,90 60x77 14 11 0,011 540 5,94
3 148,71 6,20 50x73,5 6,3 4,94 0,00494 540 2,67
Table 3 — Inclined Rods Weight Count
Model Ne N
% | g3, |2 . |3 |3 |s8 | B
EZ 758 | 2 S £ =Bw |=% |SE =
=8 2 e, oh g, 4 o g 2 g oD
s 8 cs<d |2 g < 5 g 5 & g5 5
= O & & = = = = = S =
1 333,04 13,88 60x7 14 11 0,011 2936 32,30
2 131,15 5,46 50x3 5,48 4,31 0,00431 2936 12,65
3 83,78 3,49 35x3 3,68 2,89 0,00289 2936 8,49
Table 4 — Columns Weight Count
Model Ne o _ — = “ = [T
1 U3 > g = 2 0
S |8l |3E | 28| 5% |FEE
NAN | A s = | 232 | B2¥| BE | £EE| 2558
2 °SE< | 3 E 5 = S22 | E0s5
= O S = u Z 3 Z3% | €5 ¢
1 841,99 35,08 140x7 36,4 28,57 0,17142 4 0,69
2 312,15 13,01 70x5 12,57 9,87 0,05922 12 0,71
3 223,27 9,30 45%7 9,8 7,69 0,04614 20 0,92
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Figure 11 — The ratio of the weight of the space
grid structure and the weight of the columns
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Figure 12 — Weight changes in space grid structure
depending on the number of columns according
to the variants of their location
(model No. 1— 4 columns, model No. 2— 12 columns,
model No.3 — 20 columns)

Conclusions

As the number of supports increases, the weight of the
space grid structure itself decreases and the weight of
the columns increases (see Tables 4-5). The model ac-
cording to variant No.3 has the lowest weight, despite
the largest number of columns in this model. As can be
seen in Fig. 11 the weights of the columns in the weight
of each model are values of the same order. The weight
of the columns is from 0,7 to 0,9 tons, and the weight
of the space grid structure differs by 2,17-3,8 times rel-
ative to the heaviest structure (according to model
No.1). The most rigid is model No.3, the least rigid is
model No.1 (when the space grid structure is supported
by four columns at the corners). Based on the analysis
of the obtained results, we can conclude that the crite-
rion of metal consumption for the considered design so-
lutions is the most effective third option for the location
of the columns (along the perimeter of the lower chord
of the space grid structure with a step of 6,0 m).
In this case, the total weight of the whole structure
would be the lowest. Prospects for further research are:
the study of plate structures models with different vari-
ants of steel classes of construction and the labour con-
tent during the model erection.
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