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Abstract. The large spans dome structures made of aluminum alloys work is considered. The dome elements material choice is
due to the lower weight compared to steel elements, the material corrosion resistance and the lower thermal expansion coefficient. A
two-rod three-hinged model — the von Mises truss (MT) — was used as the research model. The normal stresses on relative
deformations dependences graphs for a low-pitched truss with rod inclination angles of 80 and 85 degrees from the vertical for
aluminum alloy 5083 with different tubular profiles thicknesses were obtained. The research was carried out in accordance with the
provisions described in DSTU-NB EN 1999. An analytical expressions system was derived for determining the aluminum alloy
elasticity modulus on strain diagrams. Analytical dependences describing the aluminum MT trusses' operation for all alloys with
known mechanical and deformation properties have been obtained. The relative concentrated force in the truss's ridge node on the
relative vertical deformations dependences graphs are plotted, taking into account the geometric and physical nonlinear material
operation. The conducted research practical significance is that the obtained dependencies allow modeling the MT trusses with
aluminum-based rods operation, taking into account various truss geometries. When modeling trusses, an inclined load and the
presence of elastic supports in the ridge node were taken into account. Dependencies make it possible to predict the aluminum
ribbed-ring domes stability loss, which are modeled by MT trusses.
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The problem statement

Dome structures are one of the most efficient roof structures in terms of both material consumption
and energy efficiency [1, 2].

Dome roofs are more often designed and built using steel structures. The steel structures advantages
are high strength, low deformability, and dome elements joints manufacturability. The disadvantages
are the dome's relatively high weight and its elements' high thermal expansion coefficient, which is
important for roof structures exposed to direct sunlight. Steel elements have lower corrosion resistance
compared to aluminum.

When designing an aluminum dome, you can create a truly unique rounded structure due to the
material practicality. Aluminum has a long service life, light weight, relatively high mechanical
strength and corrosion resistance. Together, all these properties create a unique product that will last
for decades in any weather conditions.

Domes made of aluminum profiles do not contain harmful impurities and fully meet the
environmental safety requirements.

One of the most important disadvantages is low temperature resistance, which consists in the
material reduced strength when heated to certain temperatures (>80 degrees), which for some alloys is,
as a rule, lower than that of steel. This shortcoming must be taken into account during design, not only
when calculating temperature resistance, but also when designing aluminum structures welded joints.

Another no less important aluminum alloys property is the material behavior under load. Ensuring
the domes upper tiers' stability against concentrated loads remains a problematic issue.

Some aluminum alloys are also characterized by a non-linear relationship between stresses and
strains. The linear deformation clearly defined area absence is usually taken into account by using
physically nonlinear calculation models in the structures design.
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The recent research and publications analysis

Many scientific works have been devoted to the aluminum and its alloys as materials properties
study for building structures. Thus, in [3], the aluminum alloy samples stability and ultimate strength
experimental research and study was carried out. In work [4], the aluminum alloy 6082-T6 columns
stability under the axial compressive load action is investigated by finite element modeling. The work
[5] is devoted to study the aluminum alloy I-beam columns' stability loss with torsional shape and the
behavior after the stability loss. In [6], the thin-walled cross-section columns' experimental and
numerical study of stability loss is considered. The irregularly shaped thin-walled aluminum alloy
columns stability loss under axial compression experimental and numerical studies are given in [7]. An
aluminum alloy T-shaped columns stability study is described in [8].

In works [9, 10], an aluminum alloy circular section tubular element stability under the axial loads
action is studied. An aluminum alloy single corner fixed at one end stability loss is studied in the
article [11]. The superplastic aluminum alloy 5083 mechanical behavior during the microforming
process was investigated by the finite element method in [12]. The article [13] presents an equilibrium
approach and a simplified energy method for the local and deformation extruded aluminum alloy
corner columns stability loss. The article [14] describes an improved technique for constructing valid
and effective aluminum alloy AMg2 (1520) deformation diagrams under uniaxial tension.

The regulatory document [15] recommends calculating aluminum structures using the material's
elastic operation scheme, taking into account the constant elasticity modulus E = 70,000 MPa in the
calculations. However, it does not exclude the performing calculations possibility taking into account
physically non-linear work.

In DSTU-NB EN 1999-1-1:2010 [16], the nonlinear material operation is considered for three
material operation models under load:

* bilinear model;
« trilinear model;
* continuous model.

The aluminum alloy ribbed-ring dome's work using the continuous model was considered.

The dome structures rods' stability was previously considered in works [17 - 21]. In works [17, 18],
the ribbed-ring dome's generalized joints stability criterion was derived and investigated using the MT
truss as a calculation model, under various initial load conditions and various initial dome geometric
parameters, as well as the ridge node stiffness.

In work [19], the high domes operation and their asymmetric stability loss problem is considered.

The work [20] considered to the two-bar model stability loss with the ridge node bars elastic
connection with hinged supports.

To study the aluminum ribbed-ring dome's stability under load, a two-bar three-hinged MT truss
calculation model was used, which description is given in [17].

An aluminum MT truss structures caloptic behavior problem relates to the particularly critical
structures' load-bearing capacity rapid loss general problem. This is important when taking into
account the other force factors influence [22, 23], which change the metal's physical and mechanical
characteristics, and there is a need to take into account the structure's nonlinear operation.

The problem formulation
Conduct a von-Mises truss nodal stability loss study, with the rods made of aluminum alloy
5083DT, under the concentrated load action in the ridge node using numerical simulation.

The main research material presentation.

The von Mises truss model as a model to study an aluminum ribbed-ring dome's buckling was
chosen. The MT truss model which was used for numerical studies has the following geometrical and
physical initial parameters (see Table 1).

Just as in work [21], the following notations were introduced:

- The relative vertical truss deformation is determined by the formula:

v
Vrel]=-L, (1)
g
where vp —truss’ ridge node vertical displacement; a, — an initialtruss’ half-span.
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- The relative concentrated force in the ridge node determined by the formula:

P
Plren= L8P @)
EAcal
where P —concentrated force in the truss ridge node; Sfp — the concentrated force inclination angle from

the vertical; £ — truss rod's material elasticity modulus; 4., — the rods' calculated cross-sectional area.

Table 1
The MT three-hinged truss model parameters
Parameter name Denotation Value | Dimensionality
The initial rods inclination angles from the vertical O 80
degree
()] 85
1/2 of truss span ay 1 meter
Truss rod calculated cross-sectional area Aear 1 square meter
The ridge node's elastic supports stiffness (vertical and k, 0
. N'm
horizontal) ky 0
The Initial truss height at the rod angle from the vertical: f 87.489 millimeter
85 degrees / 80 degrees 0 176.327

The system rods' relative deformations depend on the rods' inclination angles and on the
concentrated load inclination angle at the truss ridge node [17]

(1—v[rel]tan B, )sin o,

g =1- , , 3)
sin o,
1+v[rel]tan sin ¢
y, -1 (el tan By )sinay W
sina,,

where o, —the MT truss’ rods initial angle.
(1-v{rel]tan B, )’

\/(1 —v{relltan By )" +((1/tan gy )~ virel])’
(1+[rel]tan Bp)’

\/(1 +freljtan Bp) +((1/tan gy )~ virel])’

According to Appendix E [16], to determine the normal stresses' dependence on relative strains ¢,
there are several approaches listed earlier. The approach described in paragraph E.2.2.1 was used to
construct a smooth shape-continuing diagram. To do this, the diagram divided into 3 sections:

- elastic work;

- inelastic work;

- strain hardening.

Thus, the entire normal stresses dependence graph on relative deformations can be represented as an
equations' system:

; )

; (6)

Eg; at 0<g <g,

G = L[O.Z(Ei/E_E)S—(81-/8_9)2+1.85(81-/8_e)—0.2j| at €, < <15z, )

fe|:fmax/fe_15((fmax/]2)_1)(5_3/51):| at 158_e< & S Epax

where i — the point number on the graph for which normal stresses are determined; f; = f, - conditional

elastic limit; g :%; &y = 0.55 - strain corresponding to stress f.; fmax = fu — tensile force at the
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curve's top; emax = 0,5¢, — strain corresponding to stress fiax; €, =0.30— 0.22( £ /400) — the ultimate

deformation nominal value at f, <400 N/ mm? ; E = 70000 N/ mm?® - aluminum elastic modulus.
Section O<eg <eg, is characterized by a linear relationship between stresses and strains,

corresponding to Hooke’s law.
Section g,<es<l3e,, which is an inelastic work section, is characterized by a nonlinear

relationship between stresses and strains, described by a third-degree polynomial
Section 1.5¢, < €<¢,,, - deformation strengthening section for the aluminum alloy under study.

For the study, it was decided to use aluminum alloy 5083 DT, corresponding to the extruded pipe
profile. Strength indicators for such alloys are shown in Table 2.

Table 2
Strength and relative deformation indicators of alloy 5083 DT
EN-AW Product | Thickness, fo Jus = € e
alloy shape mm N/mm? N/mm? e P u
5083 DT <10 200 280 2.857e-3 1.429e-3 0.190
<5 235 300 3.357e-3 1.679e-3 0.171

The MT truss stability study was carried out by modeling the truss' operation according to a
deformed scheme. The model chosen was a symmetrical MT truss without elastic supports in the ridge
node, which parameters were described earlier (see Table 1).

First, in iteration, the each truss rod relative deformations were determined using formulas (3) and
(4). Then, for each relative strain value, a suitable region on the tensile diagram was determined, and
then, according to the system of formulas (7), the normal stress value was determined for the
corresponding point on the diagram. Then the relationship graph between stresses and relative
deformations was plotted for each truss rod (Fig. 1, 2).

To determine the elastic modulus for each point on the dependence diagram (see Fig. 1,2), tangent
value of tangent's angle was determined:

do
E; =tan ¢, :i, (®)
de;
where i — point number on the graphs (see Fig. 1, 2).

300

s

o, MPa

0 0,002 0,004

0,006 0,008 0,01 0,012 0,014 0,016

£ %
Fig. 1. Aluminum alloy 5083DT tensile diagram for the MT truss model at 80 degrees rods' inclination angle from the vertical:

o —normal stresses in the rods, MPa; ¢ — relative truss rods' deformation during compression, %;
t — aluminum profile wall thickness, mm
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Fig. 2. Aluminum alloy 5083DT tensile diagram for the MT truss model at 85 degrees rods' inclination angle from the vertical:

o —normal stresses in the rods, MPa; ¢ — relative truss rods' deformation during compression, %;
t — aluminum profile wall thickness, mm

According to expression (8), for each tensile diagram section, the normal stresses dependence
derivative on relative deformations can be presented as equations system:

E at 0<g <g,
E =49 _ Le_(lzgf _408_381""378_3) at £, <€ <15z, )
de; | 20¢g?
(38_e(fmax _fe))/zgzz at 158_9 <E S Enyy

where i — point number on the graphs (see Fig. 1, 2).

After determining the elastic modulus values for each point on the tensile diagram, according to the
system of equations (9), the truss ridge node relative concentrated force value was determined
according to the formulas given in [17].

Taking into account the previously introduced notation (1), the expression will look like:

Pcosfp  vpk, _ 1 1
Ed.y  Edy (1-v[rel]tan Bp)> " (1+v{rel]tan B, )’
2
((l/tan aO,)—v[rel]) ((l/tan 0{01)—\/[rel])2
where P — concentrated force in the truss ridge node; fp — the concentrated force inclination angle from
the vertical; o, — the truss rods' initial inclination angle; £ — rod’s material elasticity modulus; 4., —

~2singy,  (10)

truss rods' calculated cross-sectional area; vp — the truss ridge node's vertical displacement; &, — the
truss vertical supports' rigidity; v[rel] — the truss' relative deformation according to (1).

For the further transformations convenience, the expression's parts (8) are designated as 4 and B for
the expression part on the left and right, respectively, thus obtaining:

A= B;ZSﬁP _ E‘)'P;lkv , (11)
i“*cal i“*cal
B= ! + ! —2siney, (12)
(1-v{rel]tan B,)’ " (1+{rel]tan §,,)’ o
((1/tan o) =virel])’ ((1/tan ey )= virel])’

where i — point number on the graphs (see Fig. 1, 2).
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If we substitute the elastic modulus value into expression (11) according to system (9), then we will
have the following expressions' system:

PeosPy oy

at 0<g <e
EAcal EAcal ’

3 3 _
4= 205 €. cos By - Veveky e <e<15E  (13)

7 (125,.2 _40g.6 + 372) A, f (1253 _40e.e +37€2 )4,

2 2
_2hecoshy  _ 2evpk, at 15¢,<€<¢
389 (fmax _fe)Acal 3€e(fmax _fe)Acal
Thus, by combining the expressions' system (13) and expression (12) in the expression form A=B,
we can determine the force Pi value for each point i on the diagrams.
The numerical simulation resultsare presentedat graphs (Fig. 3, 4).
As can be seen at the graphs (see Fig. 3, 4), at first the truss' deformation occurs slowly according to
a nonlinear dependence, and after the truss loses stability, more rapid deformation occurs because of
the ridge node snap-through collapse. At the same time, interestingly, for a truss with the 80 degrees
rods initial inclination angle, the stability loss occurred in the deformation strengthening zone on the

max*

graph (see Fig. 1), which is characterized by deformations 1.55 <E< &y -
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Fig. 3. The relative concentrated force at the MT truss ridge node P[rel] dependence graph on the relative vertical deformations

v[rel] for aluminum alloy 5083DT at the 80 degrees rods' inclination angle from vertical of : ¢ - the wall thickness of aluminum
profile, mm

For a truss with the 85 degrees rods initial inclination angle from the vertical, the stability loss
occurred somewhat earlier, compared to a truss with the 80 degrees inclination angle. The truss
stability loss occurred in the inelastic deformation zone on the graph (see Fig. 2). which is
characterized by deformations ¢, <& <1.5¢, . It can also be noted that the truss deformation in the

aluminum elastic work zone occurs more slowly than that observed in the inelastic operation and strain

hardening zones.
Jumps on the graphs (see Fig. 3, 4) are associated with changes in the derivatives values determined
from expressions (9) and (13).The jump on the graph (see Fig. 3) is associated with a change from

section 2 (&p <& < 1.55 ) to section 3 (1.55 <& < &,y ) on the diagram (see Fig. 1).The jump on the
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graph (see Fig.4) is associated with a change from section 1 (0<e<g,) to section 2
(ep<e< 1.55 ) on the diagram (see Fig. 2).
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Fig. 4. The relative concentrated force at the MT truss ridge node P[rel] dependence graph on the relative vertical deformations
v[rel] for aluminum alloy 5083DT at the 85 degrees rods' inclination angle from vertical of : ¢ - the wall thickness of aluminum
profile, mm

To obtain the MT truss relative vertical force dependences graphs on the relative vertical
deformations without jumps, it is necessary, instead of using the values obtained from expressions (9)
or (13), to search for approximated dependences for the graphs (Fig. 1, 2). In this case, special
attention should be paid to places on the approximated diagrams where the dependence graph goes
from rising to declining, which will give zero and negative elastic modulus values.

Conclusions

1. The ribbed-ring dome deformations made of aluminum alloy 5083DT numerical modeling with
the MT truss model, and loaded at the ridge unit with a vertical concentrated load was performed. The
modeling takes into account the three-hinged truss model geometric nonlinearity and the truss rods
material physical nonlinearity.

2. According to the Appendix E [16] provisions, the normal stresses dependences graphs in the MT
truss rods on these rods' relative deformations arising during truss deformation were obtained.

3. The expressions systems (9) and (13) are derived that allow the elastic modulus to be determined
for the MT truss, taking into account the aluminum materials operation physically nonlinear model, not
only for the materials given in [16], but also for any aluminum-based materials, for which their strength-
deformation characteristics have been determined by testing, as is done in Table 2.

4. The relative concentrated load in the the truss ridge node dependences graphs on the ridge node
relative vertical displacements were obtained.

5. The MT trusses deformation analysis, which rods are made of aluminum-based materials, showed
nonlinear relationships between the truss vertical deformations and the concentrated nodal load; the
deformation nature in the elastic deformations zone is slower than in the elastic deformations and
deformation strengthening zones.

6. The research practical significance is that the obtained dependencies (9), (12), (13) make it
possible to simulate any MT trusses with rods made of aluminum-based materials, taking into account
any truss geometry, various initial parameters, such as an inclined load presence and an elastic supports
presence in the ridge node. This allows us to predict the ribbed-ring domes stability loss modeled using
MT trusses.
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Tonkacheiev V.H., Bilyk S.1., Tonkacheiev H.M.
ALUMINUM DOME STRUCTURES' STABILITY STUDY

The large spans dome structures made of aluminum alloys work is considered. The dome elements material choice is due to
the lower weight compared to steel elements, the material corrosion resistance and the lower thermal expansion coefficient. An
existing scientific research analysis related to the structures made of aluminum or aluminum alloys stability loss problem was
carried out. A two-rod three-hinged model — the von Mises truss (MT) — was used as the research model. The normal stresses
on relative deformations dependences graphs for a low-pitched truss with rod inclination angles of 80 and 85 degrees from the
vertical for aluminum alloy 5083 with different tubular profiles thicknesses were obtained. The research was carried out in
accordance with the provisions described in DSTU-NB EN 1999. An analytical expressions system was derived for determining
the aluminum alloy elasticity modulus on strain diagrams. Analytical dependences describing the aluminum MT trusses'
operation for all alloys with known mechanical and deformation properties have been obtained. The relative concentrated force
in the truss's ridge node on the relative vertical deformations dependences graphs are plotted, taking into account the geometric
and physical nonlinear material operation. The conducted research practical significance is that the obtained dependencies allow
modeling the MT trusses with aluminum-based rods operation, taking into account various truss geometries. When modeling
trusses, an inclined load and the presence of elastic supports in the ridge node were taken into account. Dependencies make it
possible to predict the aluminum ribbed-ring domes stability loss, which are modeled by MT trusses.

Keywords: dome, stability, aluminum, alloy, tensile diagram, geometric nonlinearity, physical nonlinearity, von Mises truss.

Tonxauees B.I'., Binuk C.1., Touxkaueecs I".M.
JOCJIKEHHS CTIMKOCTI KYIMOJbHUX KOHCTPYKIINA 3 AJTFOMIHIFO

PosrispatoTeest pobOTa KyNMOJIBHUX KOHCTPYKIIH BEIMKUX MPOJBbOTIB 31 CIUIaBiB amoMiHilo. Bubip marepiany enemeHTiB
KyInoJry 0OyMOBJICHHH MEHILOI Barol y MOPIBHSAHHI 31 CTAJIEBUMH €JIEMEHTaMH, KOPO3IMHOI CTIHKICTIO MaTepiay, MEHIIUM
Koe(il[ieHTOM TeII0BOro posummpenHs.IIpoBeneHo aHati3 iCHYI0UNX HAyKOBUX JOCIIKEHb I10B’A3aHUX i3 MPOOJIEMOI0 BTPATH
CTIHKOCTI KOHCTPYKIIIH, 1110 BUTOTOBJICHO 3 allIOMiHil0 a0o amoMiHieBUX cruiaBiB. JlocmimkeHa mpoGiiema BTpAaTH CTIHKOCTI
KOHCTPYKIiH peOpHCTO-KUIbLIEBUX KYIOJIB BUKOHAHUX 3 QJIIOMIHIEBUX CIUIABiB. Y SKOCTI MOJEINI JOCIIIPKEHHS BHKOPHUCTaHO
JIBOCTPUIKHEBY TPHUILAPHipHY Mozens — depMy Gon-Mizeca (PM). OrpumMano rpadiky 3a1eXHOCTEH HOPMaJIbHUX HANPYXKEHb
BiJl BiTHOCHMX JiehopMmaltiii Jis MOJOKUCTOl (hepMHu 3 KyTaMu Haxuity cTprokHiB — 80 Ta 85 rpanyciB Bij BepTHKai 171 CIUIaBY
amoMinito 5083, pi3HMX 3a TOBIIMHOIO TpyO4acTux npodinis. JJoCHiPKeHHS BUKOHYBAJIMCh BIIIOBIIHO 10 MOJOXEHb, IO
onucani B /ICTY-H b EN 1999. BuezeHo cucreMy aHaJIiITHYHUX BUPa3iB [yl BU3HAYCHHS MOJYJIS MPYXKHOCTI aJIlOMIiHIEBOTO
CIUIaBy Ha jiarpamax po3rsarty. OTpUMaHO aHAJIITHYHI 3alEKHOCTI, 10 OMUCYIOTh podoTy depm OM 3 amoMmiHilo Ui BCixX
CIUIAaBiB, JUI1 SKMX BiOMI MexaHiuHi Ta Jedopmaniiini Biactuocti. [loOymoBaHO rpadiku 3ajnexHOCTEH BIIHOCHOI
30CepeKEHOI CHIIM B TpeOeHeBOMY By3ily (epmM BiJ BiIHOCHMX BEPTUKAJIBHUX JedopMmaltiii 3 ypaxyBaHHSIM I€OMETPUYHOI Ta
(diznuHOl HemiHifHOT poboTn Martepiany. IIpakTHyHa 3HAYMMICTH NMPOBENEHHUX JOCHI/KEHb IMOJIATA€E B TOMY, LIO OTPUMAHI
3aJISKHOCTI JO3BOJIAIOTh MOAEnoBaTH podoty depm ®M 3i cTpHKHAMM HA OCHOBI AJIOMIHIIO i3 ypaxyBaHHSAM Pi3HOMaHiTHOT
reometpii pepmu. [Ipu MoznentoBaHHs (pepM BPaxOBYETHCS HASBHICTb MOXMJIONO HABAHTAXXEHHS TA MPUCYTHICTh IPYXKHUX OMOP
B IpeOCHEBOMY BY3ily. 3QJISKHOCTI JO3BOJIAIOTH MPOrHO3YBAaTH BTPATY CTIHKOCTI alOMiHIEBUX peOPHCTO—KUIbLIEBUX KYIOJIIB,
sIKi MozienmotoThest pepmamu OM.

KuarouoBi ciioBa: xyno, cTiiikicTb, aJIlOMiHiH, CIJIaB, AiarpamMma po3Tary, reoOMeTpUYHa HENiHIHHICTb, (i3uYHa HENiHIHHICTD,
depma pon-Miseca.
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Toukauece B.I'., Binux C.I., Touxauece .M. JlociinzeHHs1 cTiHKOCTi KyNMOJBHHUX KOHCTPYKUiii 3 amrominito // Omip
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Hocniooceno cmitikicme nonocux peopucmo-Kiibyesux Kynoaieé 6UKOHAHUX 3 aNIOMIHIEBUX CHIABI8 3MOO0eNbOBAHUX 3d
donomozoro gepmu gon Mizeca.
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Tonkacheiev V.H., Bilyk S.I., Tonkacheiev H.M. Aluminum dome structures' stability study // Strength of Materials and
Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA, 2024. — Issue 112. — P. 229-238.

The low-pitched ring-ribbed domes stability made of aluminum alloys modeled via von Mises trusses is considered.

Fig. 4. Ref. 23.
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