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The work’s aim is to investigate the tall two-rods three-hinged von-Mises trusses' deformation
regularities at the sloped load that applied to the ridge joint.The horizontal elastic support
influence in the ridge joint when changing the force's inclination angle in a wide range is also
investigated Particular attention is paid to the tall two-rod trusses' skew-symmetric stability loss
possibility. The possibility of the skew-symmetric shape of a loss of stability of high trusses with
at a very small angle of inclination of the force from the vertical axis was confirmed. The
horizontal elastic support's influence on increasing the stability against skew-symmetric
deformation was shown.It was found that skew-symmetry deformation is essentially non-linear,
but under certain conditions it is not catastrophic.It is also noticed that asymmetric deformation
depends on vertical deformation.Scientific novelty lies in a detailed study of the tall two-rod three-
hinged trusses' deformation, and the establishment of the tendency of such structures to skew-
symmetric buckling.The tall von-Mises trusses' new detailed deformation regularities character at
skew-symmetric deformation at small inclination angles of force that applied in the ridge joint has
been established. Also, the two-rod structures' new deformation regularities has been revealed with
a wide inclination angles range of the concentrated force applied in the ridge joint. It is shown that
on increasing the loading's inclination angles, which coincide with the rod's inclination angles , the
stability loss of the individual rods is possible, since there is a significant increase in the truss'
carrying capacity. The research results can be used in the structure design of large general
dimensions, modeling of which gives the real structure work under various loads.

Keywords: buckling; skew-symmetric deformation; tall von-Mises truss; horizontl elastic
supports; sloped load; three-hinged truss; ridge joint.

1. Introduction. Topicality. Simple structural systems, which contain
two three or four tall support legs, are in use in special metal constructions.
The structures with two legs additionally could be fixed by the cable-stayed
system. There are not enough researches, which consists to the deformation
patterns of such systems in the literature. The behavior of such systems on
reach maximum carrying capacity could be non-linear by the character. It is
important because the support legs' dimensions could reach 10-50 m for such
structures as Ferris wheels and other attractions, bridge and overpass supports
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[1]. The design scheme of such
systems is  hinge-connected:
support legs are hinged to the
base and hinge-connected in the
ridge. (Fig. 1).

Thus, there are a number of
tasks of the tall elastic three-
hinged systems stress-strain state.

Historically,  the  elastic
shallow  von-Mises  trusses'
stability loss of has captured the
researchers attention primarily by
nonlinear snapping-through
collapsing processes [25, 26].
Subsequently, such effects as
snapping-through and nonlinear
deformation were found as a thin-
walled _Sh_ells_’ stability ~loss Fig. 1. The tall three-hinged system's design
characteristic sign [1, 2, 3, 4, 20], scheme
various structural systems'
nonlinear deformation's aspects, including the stability loss, are described in
[5, 11, 14, 22,23]. The efficiency of using spatial rod systems is due to
construction volume approximation's possibility to the functional one on well-
known criterion [6]. Therefore, the stability problems study of rod spatial
domes and shells, frame systems with constant and variable cross-section is
aimed at creating economic structural systems [7,8,9, 10, 11, 22]. The
revealed aspects of calopstic nonlinear deformation of systems found a new
direction for complex systems under the influence of destructive loads [12].

In general, the three-hinged systems, which type is shown at Fig. 1, could
be assigned name the tall von-Mises trusses (Mises R. (Richard Edler von
Mises) [10, 15, 25, 26].

In recent years, interesting new studies [10, 13, 15, 16-19, 21, 22, 24] have
been devoted to the rod systems' like von-Mises trusses nonlinear deformation
study. But the tall trusses' systems at a sloped loading demand additional
research. Particular attention should be paid to the tall two-rod systems'
tendency to skew-symmetric deformation and stability loss with skew-
symmetric shape [10, 13, 15, 16-19, 21, 22, 27]. In specified works, the von-
Mises shallow trusses studies' overview under various conditions of fixing and
loading is provided.

In studies [17, 19, 27], it is shown that tall three-hinged trusses have a
nonlinear deformation character under asymmetric load, and, accordingly, are
subject to the skew-symmetric buckling. But more detailed von-Mises trusses'
studies on the tendency to manifest skew-symmetric stability loss have not
been carried out enough.
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2. The work aim is to investigate the influence of the horizontal elastic
support and inclined loading in the truss ridge joint to the tall von-Mises
trusses deformational state.

3. Research. The tall three-hinged truss deformational scheme was reviewed
(Fig. 1) under applying the loading force P with an angle Sp in the ridge joint. To
investigate the tall three-hinged truss deformational state the classic, static and
energetic approaches used [3, 6]. In these researches, the structure stress-strain is
determining through the trusses deformational calculations taking into account
the rods reduction and potential energy change.

The three-hinged tall truss, which consists of two rods with a length /, was
considered (Fig. 1). The truss has a span 2*aq, and height of structure /. The
support’s leg inclination angle out of the vertical axis is og. The horizontal
support rigidity characteristic marked as £,.

After loading the considered system by force P inclined with an angle fp at the
structure’s top joint there will be rods compression with their length reduction: Aly,
=l—1,; Al =l b,. At the deformation state, the rods length will have the values /;
and /,. The relative deformations of each inclined rack will be:

81:Al()1/l() =]- ll/l(), (13)
&= Al()z /l() =]- lz/ l(). (1b)
The forces in the rods due to force balance in the joint:
PsinfBp — upk, = N; sin(ay;) — N, sin(ay;),
Pcosfp = N, cos(ay;) + N, cos(ay,). )

The relations between the three-hinged truss’ dimensions and the topjoint’s

displacements could be written as:

tga =@—>f=&'u = v,tgf
T r tgag’ * prere

(-2) (1-5rt)
Ay —Up = a ——);a,—Uup=a -— ,
0 P 0 p 0 P 0 P gbp

up vp
ap +up =a0(1+—);a0+up = a0(1+—tgﬁp),
Ay Ay

(o) -l
Y vp)_(tgaoz vp) = o tgag  ap/
Geometrically the relation through the top-joint’s displacements and

structure’s initial dimensions to the deformations links the rod’s angles
trigonometric functions after the deformations each to other.

€)

sin(ay;) = o — Y
e \/(ao —up)? + (f —vp)?
(@) = [ @
R = \/(ao —up)? + (f —vp)?
cos(a,;) = f v
207 Jlag + up)? + (f — vp)? )
. Qo + Up
sin(ay;) =

\/(ao +up)?+ (f —vp)?
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From the equations (3...5) the truss deformational state consists of the

deformations continuity equation trough the equal vertical displacements at the
top joint with the inclined loading.

f —vp =1, cos(ay;) =1y cos(ay);
2ay = ly; sin(ay;) + 1y sin(ay)). (6)
The rod’s relative deformations is (Fig. 1):

- ( Up )sin (aor)

& 1-—tgp,

a, sin (ay;)’ )
_q (1 4 Up " )sin (o)
2= Qo ghr sin (@)

The rod’s compressive internal forces at the deformational state with the

inclined loading is:

N EA N [1 (1 Upy )Sin (a"’)] EA
= = = —_ —_—— [
1 = &1EAcqp; 1 a gBp sin (aty) calr ®
p sin (ag;)
N, = SZEAcal;—> N, = [1 — (1 + a—otgﬁp)m] EAcal-

The external forces balance with the elastic support’s internal forces

(7. = - uyk,) gives an equation:

Psinfy — upk, = N, sin(a,;) — N,sin (ay;),
Pcosfp = N; cos(ay;) + N, cos(ay)). 9)
Combining the ratios (3 ... 8) with equation 9 gives the criterion for von-

Mises truss' operation at an inclined load and the horizontal elastic support in

the top joint.
Pcosfp
EAcal
1 v 1 v
tgao G n tgao  ao _

+

) s(al-B) [0k s k-2
\/(1 aotgﬁp) +(tgam a, (1+a0tgﬁp) + tgay, ao
2sin(ag),

Psinfp  up kya,

v EAcal Qo EAcal B v
. ZP
1 ao thp B 1 + aO thP

) s (ol [t k2
\/(1 aotgﬁp) +(tgam a, (1+a0tgﬁp) + tgay, ao
v

2= tgPpsin(agy).

Ao

Finally:

+




118 ISSN 2410-2547
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

Pcosfp
EAcal 1 1
= + — 2sin(ay,),
v 2 v 2 (10.2)
(1-Zesr) (1+ 3 asr)
=
(tg%l Qo tgag Ao
Psinﬁp - upku _
EAcal
( 1 ﬁ)z ( 1 v )2
1+ tga()l—ao tga, a, (1O~b)

(1 ‘Z_ﬁtg"") o (1 +Z—’;tgﬁp)2

v
+2-% tgPBp sin(ay)).
20

The equation (10.a) is a regularity that describes the truss' deformation in
the vertical direction. Equation (10.a) is similar to the von-Mises truss' level of
stability, which was obtained in [10]. The equation (10.b) is a regularity that
describes the truss’ deformation in the horizontal direction with the inclined
loading taking into account the elastic support’s horizontal reaction.

Equation (10.a) was well studied for sloped von-Mises trusses with the
support racks’ angle to the vertical axis ap > 70°earlier at the scientific
researches [10, 15].

Equation (10.a) will became to the well-known equation [] when force’s
angle is absent fp =0, cosflp = 1 (formula 11).

P 1 P 1 )
A= 2( —v—)I —sin (ayg,) |- (11)

cal tgaoz Ay 1+( 1 _&)2
tgag ao

4. The numerical studies results. The deformed state numerical
researches of the tall three-hinged trusses with sloped load. The tall two-rod
trusses’ numerical studies with an inclined loading have done with support's

rack sloping angle values from the vertical axis 15° < a,, > 70°. The research

T —

aim is the tall von-Mises trusses tendency influence to nonlinear deformation
under inclined load.
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Fig. 2. The von-Mises trusses deformations numerical studies using an equation (10.a) with
the relative vertical displacements vp/f with ao = 35°. Where: 1 - fp=10°; 2 - fp=25°; 3 - Bp=30°;
4 - Bp=35°%5 - Bp=45°

The tall three-hinged truss structure' deformations (Fig. 2) corresponds to
the low structures' deformation regularities at the angles of inclination of the
support racks o > 70°. However, such deformation is possible only with
significant deformations and absolutely elastic material. The maximum critical
loading was determined with a top joint's serial vertical displacements. It is
shown that an increasing the force P inclination angle fp increases the critical
loading value. But the deformation's character significantly changes if an angle
value fip is equals or bigger than support rack's angle from vertical fp>35°.

0 05 1 15 2

Fig. 3. The von-Mises truss numerical studies results using the equation (10.b) with the relative

horizontal displacements vp/f with ag = 35° (k, =0). Where: 1 - Bp=10°2 - Bp=25%3 - fp=
30%4 - fp=135°%5-pfp=45°
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The von-Mises truss deformation analysis using an equation (10.b) with the
relative horizontal displacements vp/f and « =35° reveals the nonlinear

local effects with big loading values, which are relative to reaching a structure
a critical loading obtained with the equation (10.a).

1. Elastic horizontal support’s impact to the structure deformation with an
inclined loading. The Numerical studies of the horizontal elastic support's
effect on the tall trusses’ deformation were carried out (Fig. 4).

8

u

Fig. 4. The von-Mises truss’ numerical studies results by equation (10.b) with the relative
horizontal displacements vp/f and ay=35°, and with relative horizontal elastic support’s
stiffness((kyag)/(EAcq)=1,0). Where: 1 - £p=10° 2 - fp=25°;3 - p=30°; 4 - fp=35°; 5 - fp=45°

The tall trusses’ strain-state analysis and comparison using an equation
(10.b) without horizontal elastic support (Fig. 3, £, =0 and with horizontal

elastic support shows that horizontal elastic support (Fig. 4, (k,a,=1,0)) (k,a,

- an elastic horizontal support relative stiffness) reduces the nonlinear effects
influence and increases the structure’s carrying capacity. The structure's
deformation nature along the axis up/a, is determined by the structure's riged
joint deformation along the axis, depending on the values (vp/f).

It is noticed that the influence of the elastic horizontal support increases at
Pp > agy;, comparison of graph 5 to graphs 2, 3, 4 in Fig. 3 and in Fig. 4.

2. An asymmetrical shape stability loss’ possibility analysis under
symmetrical load.

The skew-symmetric shape buckling possibility for the tall von-Mises
trusses were investigated in works [10]. The tall von-Mises trusses’
deformation with small vertical force’s angles (Fig. 5) which is applied at the
ridge joint by equation (10.b) and 5=0,01° and with horizontal elastic support
absense: k,=0 is showing (Fig. 5). Based on the numerical studies results has
built the dependencies' diagrams of the ridged force's projection on the
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horizontal axis (Psinfp with f=0,01°) to the relative horizontal
displacements(up/ay) with the angles' range from the vertical axis 0o=15°...
33° It has been confirmed that, at angle (<22,637 °, the tall trusses are
subject to a skew-symmetric stability loss (Fig. 5, diagrams 1, 2, 3). This effect
manifests itself at the very beginning of loading and is not catastrophic, and is
associated with deformation with the symmetrical load.

|| Psinf3,
B

0,0003 |

0,0005

0,0004

0,0002 \

\

\
‘ !\
2 \
NS
0] 0,0 . 0,0004 / D,DDO(&O,QOOB 0,001 0,0012
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Fig. 5. The von-Mises truss’ deformation numerical studies results by equation (10.b) with the
relative horizontal displacements up/a, with $=0,01°, and with the relative horizontal elastic
support’s stiffnes (k,=0).Where: 1 — 0=15°; 2- 0o~20°; 3 - 00=22,637°%; 4 - 00/=27°; 5- 0p/=33°

An Influence of the horizontal elastic support that placed at the ridge joint
to the skew-symmetric stability loss tendency was investigated (Fig. 6, 7, 8).

i
B

05

2,5 3

-0,5

-1,5

Fig. 6. The von-Mises truss’ deformations numerical studies by the equation (10.a) with the
vertical relative displacements vp/f and with ((kyaq)/(EAcq)=0,25), fr=0,01°. Where:1 - ap=15
0; 2- Qo :200; 3- 0(01:22,637 0; 4 - 0(01:270; 5- 0(01:33 °,
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It has been confirmed that the horizontal elastic support has no effect on
the truss' stability in the vertical direction (Fig. 1, Fig. 6). The skew-symmetric
buckling study was carried out at a small load angle S =0,01° (8» =0,00017)
applied in the ridge joint. The results of such studies are presented in
(Fig. 7, 8).
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Fig. 7. The force’s projection altereations numerical studies results (PsinfBp)/(EA.q) by the

equation (10.b) with the horizontal relative displacements up/a, and B» =0,01° and with the
horizontal support’s relative stiffnes ((kyao)/(EAcq) = 0,25). Where: 1 - ao=15°% 2 - a9=20° 3

- a01=22,637°; 4 - 0(()1:270; 5- 0(()1:330
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Fig. 8. The force’s projection altereations numerical studies results (PsinfBp)/(EA.q) by the
equation (10.b) with the vertical relative displacements vp/f and Br =0,01° and with the
horizontal support’s relative stiffnes ((kyao)/(EAcq) = 0,25). Where: 1 - ao=15°% 2 - a9=20° 3
- a01=22,637°; 4 - 0(()1:270; 5- 0(()1:330
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Studies have confirmed (Fig. 5, 7, 8) that at small inclination angles the
two-rod trusses could be subjected to a buckling with a skew-symmetric shape
00/<22,637°, but with a horizontal elastic support the value of the critical angle

k
w20 _( 25 and with

from the vertical decreases. This behavior is observed at
cal

the angle values a(<15,0°.

5. Conclusions. Scientific novelty and practical significance. It is shown
that for tall trusses a load inclination angles dohave avalue. Increasing an
inclination angle the trusses’ load capacity also increasing but it changes the
deformation pattern. With force’s inclination angle, approaching to racks angle
(Bp = agy) the stability loss will occur faster since reaching the critical
loading (Fig. 2). It was shown that with an increasing the load's inclination
angles, which coincide with the rods' inclination angles, the individual rods
stability loss is possiblesince there is a significant increasing the truss carrying
capacity (Fig. 2, 3, 4, diagrams 4, 5).

It was confirmed three-hinged trusses’ deformation nonlinear nature. The
horizontal support’s stiffness reduces the skew-symmetric effects (Fig. 4, 6, 7,
8). The initial imperfections’ influence on the tall trusses’ nonlinear skew-
symmetric deformations (Fig. 5, 7, 8) happens with the rod’s angles from the
vertical axis ag< 22,637°. However, it was shown that the horizontal elastic
support’s influence on increasing the stability from skew-symmetric
deformations and corresponds to decreasing the truss’ rod critical angle values
from the vertical axis (Fig.7,8). It was found that skew-symmetric
deformation has essentially nonlinear, but under certain conditions, it is not
catastrophic.

It found that asymmetric deformations essentially depend on vertical
deformations. The scientific novelty is laying on the tall two-rod three-hinged
truss’ detailed investigation and on such structures' skew-symmetric buckling
tendency determination. The study resultsused for designing the large general
dimensions structures which modeling gives us the structures real work under
the different loads.

It is important to investigate refined models and the structures' buckling
tendency when designing various structures with large overall dimensions in
which testing cannot be fully performed but when their initial imperfections
affect the structures' operation as a whole.
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binuk C.1., Toukauees I.M., binux A.C., Tonkauees B.I".
KOCOCHUMETPUYHA JE®OPMAIISI BUCOKUX ®EPM MU3ECA

Meta pobGOTH - HOCTIANTH 3aKOHOMIpHOCTI aepopmanmii BHCOKHX [BOIUITAHTOBHX TPU
wapHipHux ¢epMm pon-Miseca npu HaBaHTAXKEHHI 3 HAXWIOM, IO MPHKIANAETHCS 10 KOHBKOBOTO
3'ennanHs. TakoX JOCTIPKYETHCS BIUIMB FOPU3OHTAIBHOI IIPY)KHOI OMOPH Ha KOHBKOBE 3'€AHAHHS
IpH 3MiHI KyTa HaXWIy CHJM B IIMPOKOMY Aiana3oHi. OcoOiuBYy yBary IpHIIIEHO MOXJIUBOCTI
BTPaTH CUMMETPHYHOI CTIHKOCTI BHCOKHX [BO CTymiHYacTuX (ep™. IliATBEpIIKEHO MOXKIHBICTH
KOCOCHMETPUYHOI (POPMH BTPATU CTIHKOCTI BUCOKHX (hepM HPH Ay)Ke MAIOMY KyTi HAXHJIy CHIIH
Bil BepTHKayibHOI ocCi. IlokazaHO BIUIMB TOPHU3OHTAJBHOI MPYKHOI ONOPH Ha MiJBHILCHHS
CTIHKOCTI MPOTH KOCOCUMETPUYHOI JedopMallil, BCTAHOBJICHO, 110 KOCOCHMETPTYHA Jedopmartis
10 CYTi € HelHINHO0, ajie 3a MEBHUX YMOB BOHa He KartacTpodiuHa. Takox 3a3HAYa€eThCs, IO
acuMeTpuyHa JedopMallis 3aJIeKUTh Bif BepTukaibHol qedopmarnii. HaykoBa HOBH3HA moysirae B
JeTaJbHOMY BHMBYCHHI jgedopmanmii BHCOKMX [BOIUTAHIOBUX TpU LIApHIpHHX ¢epM Ta
BCTAHOBJICHHI CXHJIBHOCTI TAKMX KOHCTPYKLIH 1O KOCOCHMETPHYHOr0 BUI'HHY. BeraHoBIeHO HOBI
JieTajizoBaHi 3aKOHOMIipHOCTI nedopmanii BHCOKHX (epMm (GoH Mizeca ImpH KOCOCHMETPHYHIMH
nedopmaltii mpyu MalMx KyTax HaXMiy CHJIHM, IO 3aCTOCOBYEThCS B KOHBKOBOMY 3'eiHaHHI. Takox
BHUSBJICHO HOBI 3aKOHOMIpHOCTI Jedopmaimii JBOCTPHIKHEBHX KOHCTPYKLIH i3 ILIMPOKHM
Iiara3oHOM KyTiB HaXWIy KOHLIEHTPOBAHOI CHJIM, IPUKIALCHOI B KOHBKOBOMY 3'€[HAHHI.
IToxazaHo, 110 MpH 30UIBIICHHI KYTiB HAXMIIy HaBaHTAXCHHS, sIKi 30iraloTbCs 3 KyTaMH HaXUITy
CTPWIKHS, MOXUIMBA BTpPaTa CTIHKOCTI OKPEMHX CTDPHIKHIB, OCKIJIbKH BifOyBaeThCs 3HAYHE
301IbIIeHHS Hecy4ol 3aaTHOCTI depmu. PedynpTaTn nOCHipKeHb MOXKYTh OYyTH BUKOPHCTAHI IpH
HPOEKTYBaHHI KOHCTPYKLIM BEIMKHX 3araJibHAX PO3MIpiB, MOJCIIOBAHHS SKHX JA€ pPealbHy
po6OTY KOHCTPYKLIT Mij PI3HUMHU HABAaHTAXKCHHSIMH.

KarwuoBi ciaoBa: 3ruH; KococuMeTpuyHa jaedopmaiis; Bucoka depma Miseca;
rOpPU30HTAJIbHA IPY)KHA ONOPA; HABAHTAXKECHHS 3 HAXHJIOM; TPU LIApHiIpHA (epMa; KOHBKOBE
3'€/THAHHS.

Bilyk S.I., Tonkacheiev HM., Bilyk A.S., Tonkacheiev V.H.
TALL VON-MISES TRUSSES' SKEW-SYMMETRIC DEFORMATION

The work’s aim is to investigate the tall two-rods three-hinged von-Mises trusses' deformation
regularities at the sloped load that applied to the ridge joint.The horizontal elastic support
influence in the ridge joint when changing the force's inclination angle in a wide range is also
investigated Particular attention is paid to the tall two-rod trusses' skew-symmetric stability loss
possibility. The possibility of the skew-symmetric shape of a loss of stability of high trusses with
at a very small angle of inclination of the force from the vertical axis was confirmed. The
horizontal elastic support's influence on increasing the stability against skew-symmetric
deformation was shown.It was found that skew-symmetry deformation is essentially non-linear,
but under certain conditions it is not catastrophic.It is also noticed that asymmetric deformation
depends on vertical deformation.Scientific novelty lies in a detailed study of the tall two-rod three-
hinged trusses' deformation, and the establishment of the tendency of such structures to skew-
symmetric buckling.The tall von-Mises trusses' new detailed deformation regularities character at
skew-symmetric deformation at small inclination angles of force that applied in the ridge joint has
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been established. Also, the two-rod structures' new deformation regularities has been revealed with
a wide inclination angles range of the concentrated force applied in the ridge joint. It is shown that
on increasing the loading's inclination angles, which coincide with the rod's inclination angles, the
stability loss of the individual rods is possible, since there is a significant increase in the truss'
carrying capacity. The research results can be used in the structure design of large general
dimensions, modeling of which gives the real structure work under various loads.

Keywords: buckling; skew-symmetric deformation; tall von-Mises truss; horizontl elastic
supports; sloped load; three-hinged truss; ridge joint.
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