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COMPLEX RESISTANCE OF A COMPRESSED-BENT ROD TAKING
INTO ACCOUNT ELASTIC COMPLIANCE OF ITS SUPPORT

This work deals with the urgent problem in the mechanics of a deformable solid: studying factors
of the stress-strain state of a single-span statically indeterminate beam with complex boundary
conditions that is under conditions of complex resistance (axial compression with plane transverse
bending). To solve the problem, both analytical methods (the method of forces in the form of “five”
support moments, the method of initial parameters) and the numerical finite difference method
with a “linear” grid with density n=8 were used. The necessary resolving equations and matrices
are given to take into account changes in the rigidity parameter of the right hinged support
and variations in concentrated and uniformly distributed loads, both along the axis of the beam
and across it. In the final form, diagrams of deflections, bending moments and shear forces were
constructed for specific values of bending rigidity and the degree of elastic compliance of the right
hinge-yielding support. Reliability of the theoretical principles and applied results obtained by the
authors is confirmed on the basis of the given alternative calculation methods.

Key words:complex resistance, elastic compliance of supports, stress-strain state, statically
indeterminate structure, five-moment equation, fictitious reaction of supports, resolution matrix,
finite difference method, boundary conditions, initial method parameters.
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Cepnimai-uiarim TipekTi ecKkepreHgeri ChIFbLIa-UIJIT€H ©3€KTIiH Kyp/aesi keaeprici

By xxymbic medopmaniusianaThiH KATTHI JIeHe MeXaHNKACBIHBIH ©3€KTi Moceseci - Kypesi Keaepri
JKaraafibIHIa OpHAJACKaH KypJesi IeKapaJibiK, MapTTapbl 0ap 6ip apasbIKThl CTATUKAJBIK aHbI-
KTaJMaFaH apKaJBIKTBIH KepHeYJIi-1edopMaIusiIbK, KYHiHiH (hakTOpJIapblH 3epTTEyTe apHAJFAH
(>ka3bIK KOJIJIEHEeH ULIyMEH OCHTIK ChIFbLIy). Moceseni mierry yIniH aHAJIATUKAJBIK dJiCTED JIe
("6ec"Tipek MoMeHTTEPI TYpiHZeri Kymirep oici, GacTanKbl napamerpsep oJici) KoHe KUiiri
n=8 6oJiaThIH "CHI3BIKTHIK " TOPBI OAP CAHIBIK AKBIPJIBI albIPBIM 9J1iCI KOJJIAHBLIAbI. KaxKeTTi 1me-
Iy TeHJeyJep MeH MaTpUIlajap OH YKafbl TOICAJbl TIPEKTIH KATaHJIBbIK IIapaMeTpiHiH e3repyiH
JKOHE apKAJIBIK, OCIHIH OONBIMEH Jie¢ ©3repeTiH IIOFLIPJIAHFaH »KoHe OIpKEeJIKI TapaJifaH *KYKTeMe-
JiepiiH e3repyine MyMKiHmiK Oepesi. COHBIHIA Uiy KATAHIBIFBIHBIH, HAKTHI MOHJIEP] YIH MaRbICY,
Wiy MOMEHTTEPI MEH KOJIJIeHEeH KYIITEPIHIH KoHe OH, »KaK, TOIICAJIbI-MKEeM/Ii TIpEKTEPIHIH cepIiiM/Ii
UKEMJII JI9PEKECiHiH, SI0paJapbl TYPFBI3BLIALI. ABTOPJIAP ajfaH TEOPUSJIbIK Karuiaiap MeH KOJI-
JTAHOAJIBI HOTUKEJIEPIIH CeHIMILTIT Oepiiren HGaama ecenrtey o/liCTepiHiH Heri3iHe pacTaIa/Ibl.
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CJ102kHO€ CONPOTHUBJIEHUE CXKATO-U3OTHYTOTO CTEPXKHS C YYETOM yNpPyroil moIaTIMBOCTUA €€
OOpPBbI

Hannast paboTa MOCBAIIEHA AKTyaJbHONW 3ajade MeXaHUKN J1ehOpPMUPYEMOTO TBEPJOTO TeJia
— wuccaenoBanue hakTOpoB HanpszkeHHO-AedopMupyemoro cocroguug (HC) ommomnposernoit
CTATUYECKN HEONPENEJUMONl OaJIKM CO CJIOXKHBIMA T'DAHWYHBIME YCJIOBUSIMH, HAXOISIIEHCs B
YCJIOBHSIX CJIOZKHOIO CONPOTHUBJIEHUsI (OCEBOE CxKaTHe € IUIOCKUM IIOIEpeYHbIM u3rubom). s
pellieHusl [IOCTABJIEHHON 3a/[aui NPUMEHEHbl KaK aHAJUTUYeCKue MeToibl (MeToJ]| CHJI B BHJE
«IIATU» OIIOPHBIX MOMEHTOB, METO/ Ha4aJIbHBIX IIapaMeTpOB), TaK U YUCJICHHBII MeTOJ KOHEYHbIX
pa3HOCTell TIpU <«JIMHEHHO#» ceTke ¢ rycroroit n = 8. IlpuBeeHbl HEOOXOAUMbBIE Pa3PEIIAOIIIe
ypaBHeHUd U MATPHUIILI, IIO3BOJIAIONIE YYUTLIBATL U3MEHEHHE IlapaMeTpa *KEeCTKOCTU IIPaBOn
IMapHUPHOI OIIOPBI U BapbUPOBAHUSA COCPEJIOTOYEHHBIMA U PaABHOMEPHO-paCIpeIeIeHHbBIMA
HArpy3KaM#, KaK BJIOJb OCH OaJIKd, TaK W Tomepek eé. B KOHeYHOM BHIE MOCTPOEHBI SIIOPDHI
MIPOruOOB, U3TUOAIOIINX MOMEHTOB U TIOTIEPETHBIX CHUJI JI/IsT KOHKPETHBIX 3HAUEHNH M3TNOHOM yKecT-
KOCTU WM CTEIIEHU YIPYTOi MOJATIMBOCTU IIPABOM IMIAPHUPHO-TIONATINBOM onopbl. JlocToBepHOCTH
MIOJIyYCHHBIX aBTOPaMU TEOPETUYECKUX IIOJIOKCHUN U IIPUKJIAAHBIX PE3yaAbTaToB IIOATBEPXKJCHA
HAa OCHOBE IPUBEJICHHBIX aJIbTEPHATUBHBIX METOIOB pacyera.

KitoueBbie cioBa: CJi0KHOe COIPOTHUBJIEHUE, VIpyTasl IOJATIMBOCTH OIOp, HAIPSI?KEHHO-
1edbOPMHUPOBAHHOE COCTOsIHUE, CTATHYECKHA HEOIpeejinMas KOHCTPYKIIUs, ypaBHEHUE IISITU
MOMEHTOB, (DUKTHUBHAS PEAKIUsi OMOP, Pa3peIlarolias MaTPUIa, METOJ KOHEYHBIX Pa3HOCTEi,
TPaHUYHbBIE YCJIOBUdA, METOJ, HAYaJIbHBIX apaMeTPOB.

Purpose and tasks of the study. The purpose of this work is to study the issues of the
stress-strain state of a rod structure in the form of a statically indeterminate beam with an
elastic compliant support at the right end by analytical and numerical methods based on the
equations of five support moments and using the method of initial parameters. The following
tasks are solved:

- reviewing scientific literature at the time of the study;

- using the numerical finite difference method with the formation of resolution matrices
with the “density” of the linear grid n=S8;

- using the five moment equations to obtain the initial moment diagram (taking into
account the compliance of the right support);

- checking reliability of the obtained theoretical and applied results based on an alternative
method of initial parameters;

- studying the effect of the rigidity of the right support on the parameters of the stress-
strain state of the studied single-span beam under the simultaneous action of both axial and
transverse loads.
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1 Introduction

Structures used in various branches of technology (construction, transport, mechanical
engineering, mine and underground construction) are often in the state of complex resistance
(a combination of several types of stress: tension-compression, bending, torsion, etc.). The
task is complicated in the presence of support points that have a high compliance coefficient,
which significantly affects the stress-strain state of the structures under study.

It is known that the level of stress-strain state of structures is significantly affected by the
presence of so-called extra connections, the number of which determines the degree of their
static indetermination.

The analysis of the stress-strain state of such structures is widely reflected in the scientific
works of domestic and foreign scientists. The essence of the problem lies in obtaining final
results with complex loading patterns (both in the axial and transverse directions), in the
presence, alongside with rigid supports, of supports that have significant compliance in the
direction of their settlement. Elastic compliance is characterized by damping (cushioning)
of supports, which affects the magnitude of deflections and internal forces in statically
indeterminate beams (single-span and multi-span). Among the results obtained in this area
of studies, the following can be noted.

In works [1, 2|, oblique bending of beams under eccentric compression and torsion is
considered, and the calculation of cylindrical helical springs for their axial compression is
also given. Work [3| sets out a method of calculating the strength of structural elements
subject to variants of complex resistance (eccentric tension-compression. oblique bending);
various reference data for carrying out relevant engineering calculations are also provided
here.

In work [4], the compliance of compressed rods with elastic support is studied. taking
into account their supercritical behavior; in this case, large deflections of rods with hinged
supports are studied (the problem of nonlinear elastic resistance). Based on the results of the
analytical study, resolving nonlinear integral-differential equations were obtained; the variant
of loss of stability in the form of a mechanical “clap” was analyzed.

Study [5] provides an analysis of the stress-strain state of a rod on an elastic foundation
with initial deflections and elastic-yielding fastenings at the ends (the following types of
deformation are taken into account: bending. linear. shear). In a particular case, for linearly
elastic fastenings at the ends of the rod. its supercritical behavior was also studied.

In work [6], the problem of supercritical behavior of an elastically fixed (non-rotating)
rod is considered on the basis of the iterative method in determining its displacements.

In works [7-9], the flexibility of supporting steel beams on columns (racks) was studied.
In works [10. 11]. a method was proposed to take into account compliance in the nodes of
metal structures. Study [12] deals with the issues of regulating the level of supports in metal
structures by changing the values of their rigidity (or compliance).

The authors of works [13-15] studied the operation of continuous beams of constant and
variable cross sections both when they are supported on an elastic continuous space. and
when they are supported on elastic-yielding supports; The study was carried out using the
analytical method of five supporting points. The Winkler model was used for the elastic
foundation of the structure.

Based on the above review of previously published scientific works, this article continues
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studying this field of mechanics of a deformable solid for cases of complex resistance in the
presence of an elastic-yielding support at one of the ends of a single-span beam.

In this regard, this work sets the purpose of studying structures taking into account the
above factors.

2 Theoretical propositions and calculation methods

The object of analysis is a single-span statically indeterminate beam in the compressed-bent
state in the presence of a hinged support with the corresponding compliance coefficient “C”
(Fig. 1, a).
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Figure 1: Design diagram of a compressed-bent beam with an elastic-yielding support B:
a) design diagram of a beam with an elastic-yielding support B; b) the basic force method
system; c) diagram of bending moments (M) from shear forces P,, ¢,; d) a fragment of
a regular linear grid; f) diagram of deflections (yc,m) (without taklng into account the
settlement of the support B); g) calculated diagram of deflections (M) taking into account B
settlement

To solve the purpose, there should be used the numerical finite difference method [16. 17].
The initial differential equation of compressed-bent rods has the form [18]:

dQ?/ 2 MO
prERAR Aty 3 (1)
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where y = y(z) is the required function of the beam deflection

N,
2 x
= 2
o= (2)
is the parameter of the longitudinal axial load P, effect (Fig. 1,a) (N, = —F,); My is a

bending moment from the initial transverse load P,, ¢, (Fig.1,a); EJ is the beam flexural
rigidity.

Before applying the finite difference method to implement equation , it is necessary to
construct a diagram of bending moments from a given load P,, ¢,, taking into account the
elastic compliance of support “B”. To do this, there should be used the method of equation
of five support moments [18, 19|. The basic system of the force method is given in Figure 1,
b (C is the compliance coefficient of the support B).

For node A (Fig. 1, b) (Mp=0; Mo =0): ({,, =Ly =0; b1 = L)

0aaMa~+daMp+ Aap =0.0r 04 aMs+ Asp =0. (3)
TP S S G N (4)
AA — Unn — 3E.J €2a AP — nP—EJ f B

3 w3 s 2(6)
AR = =P+ =12 = 27 + 18 = 45(tm?
P, ¢
Rp= 2+ % —646=120).
2 9
45 0.87-1073
A AP=39 08 6
According to (3)):
Aup 13.58205 - 1073
My=— =~ =24.233 (tm). 5
4 6a.A 0.560483 - 103 (tm) (5)

Let’s write down equation in finite differences for the i-th node of the regular linear
grid (Fig.1, d):

Mo i
EJ

1
= (Y — 20i + o) + QFyi = —
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or

Mop\?
i (6)

Let’s pre-calculate the load parameters «;(i = 1.2.3.7.8) (N; = £P, = 120 t)

Yi (24+ GN) + (ye +ye) = —

N; 120 - 36
A% = (0.1250)* =7 = 0015625 (W) = 0.01776316;

My, 12.7673 s ) L
Ap = — —3.3598- 1073 (0.75)% = 1.8899-1073:
Y= BJ T 38.10° (0.75) ’

Aop = 0.3593-1073 ; Asp = —1.0053-10%; Aup = —2.2036 - 1073;
Asp = —1.9021-10 —3; Agp = —1.436-1073; A;p = —0.8006 - 1073.

The system of resolving finite-difference equations for the beam obtained from expression
(5) (Fig. 1, a) is given in Table 1.

Table 1: Matrix for calculating a compressed-bent rod (Fig. 1, a)
Y1 Y2 Y3 Ya Ys Ys Y7 Right part
-1.982237 | 1 1.8899 - 107
1 -1.982237 | 1 0.3593 - 1073
1 -1.982237 | 1 —1.0053 - 10°
1 -1.982237 | 1 —2.2031-103
1 -1.982237 | 1 —1.9021-1073
1 -1.982237 | 1 —1.436-107°
1 -1.982237 | —0.8005-10~7

In the matrix form system of linear algebraic equations (SLAE) (6]) presented in Table 1
wull take the form

| O O | W DN~

A =P (7)

The SLAE @ solution gives the vector of deflections at the nodes of the linear grid (Fig.1,
a), that is:

T=4atF (8)

A~1 is the reverse matrix.

To assess reliability of the obtained results of deflections 7 @, let’s construct a diagram
of deflections for the beam (Fig. 2) (without taking into account elastic compliance of the
support B (taking ¢ = 0):

_ ¢ _ -3. _ —3.
baa= g7 = 0526316107 Ay p = 11.842:107 (9)
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; . _ _ 11.842107% __
According to (3): M4 = —onae=s = —22.5 tm.
Comparing values (5, 10), one establishes that the presence of an elastic-yielding support
“B” in the beam (Fig. 2, a) increases the value of the bending moment M4 in relation to the

rigid support by (7.7%):

24.233 — 22.5
d=————-100% = 7.7%.
22.500
’ =2t
0) prta=22,5tm P =12t qy=24/m
() ' Y W W S 0 D W éHPx:?Z@‘
= ONICEN I GO
4 =0,75m @ @ =, 75m 1 @
& 2=3m Z=3m
Ra=]15 75t [=6m RyS5,25¢
A
b)
2 m ] i
ey = = i
4-"’
>, E‘D W
o) —

Figure 2: Calculation of a compressed-bent beam with rigid support B: a) design diagram
of a beam with rigid supports A. B; b) diagram of bending moments M,. tm (without taking
into account the axial landing forces of the support B); ¢) diagram of deflections yi (without
taking into account the axial force P,); d) diagram of transverse forces (without taking into
account the axial force P,)

Figure 2, b shows a diagram of the bending moments of a compressed-bent beam with
absolutely rigid supports A and B (without taking into account the effect of the axial force
P,, constructed by the initial parameters method [20]). (My = Ma = —22.5tm; Qo = Qa =
Ry =15571t) (Yo =ya =0; 0y =04 = 0.0):
z—0)° (z —3)° 2(x—0)4.

—12 :
6 24

—0)?
EJy = —22.5 % +15.75.

or

EJy = —11.25 (2)° + 2.625(z)* — 2(z — 3)° — 0.0833(x)"; (10)
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a = ﬁ (—5.247069) = —1.38081 - 1072 (m) ;
b) (x — Lsm: Yo = —4.4408 - 1073 (m) ;

¢) (x =225m: y3 = —7.6813- 10_ (m);

d) (z =3.0m): y4 = —9.7698 - 1073 (m) ;

e) (v = 3.75m): = —9.7626 - 10 3 (m);

f) (z = 4.5mm: yg = —7.771 - 10™%m;

g) (x =5.25m): y; = —4.2944 - 1073 (m) .

The diagram of the beam deflections with absolutely rigid supports A and B (without
taking into account the effect of the axial force P,) is shown in Figure 2. c.

Let’s calculate the ordinates of the diagram M (Fig. 2,b):

(0.75)

M; = Ry -0.75 — g =8.25-0.75 — (0.75)% = 5.625 (tm) ;

Mg =10.225 (tm); My = 13.50 (tm); M, = 15.75(tm); (11)

Mz =7.785(tm); My = —1.125(tm); My = —11.25(tm); My = M,, = —22tm.

Let’s build the diagram of the beam transverse forces with absolutely rigid supports A
and B (without taking into account the effect of the axial force P,):

Qa = Ra=15.75t; Q1 = 14.25; Q2 = 12.75; Q5 = 11.25; (12)

QI* =15.75 — 2.3 = 9.75: Qy9" = 9.75 — P, = 9.75 — 12 = —2.25.

3 Research results

Based on equation using the data in Table 1, the values of deflections at the nodes of the
linear grid were obtained (Fig. 1, a) taking into account the elastic compliance of the hinge
support “B”:

yr=1.013-107%(m); y3 =3.914-107% (m); v; =7.167-107°%(m);
yi =9.402-107° (m);yi = 9.417-107% (m); yi =7.514-107%(m); (13)
ys =4.161-107° (m).

The diagrams of deflections y; (i = 1.2.3.4.5.6.7) are presented in Figure 1,e.

Let’s determine the settlement (displacement. deflection) of the elastic-yielding support
“B” [(¢=0.87m/t); the value of the support compliance coefficient|: (Rp = 7.961 ¢ (Fig. 1,b)

yp = Rp =7.61-0.87-107%. or yg = 6.926 - 1073 (m) . (14)
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Taking into account expression based on the method of initial parameters [20], let’s
construct a diagram of deflections y; (Fig. 1.f), calculating the ordinates of this diagram (the
origin is at point “B”). Along the cross section (m-n) (Fig. 1.b) there is:

7.961 12 p
EJy=—EJ 6926107 + QEJu + ~z— 2’ + = (v - 3)° + T (15)

With the initial conditions, z = 6m; y4 = 0.0; from there are determined the 6,
values:

EJfy = —16.38 (16)
By substituting into (with EJ = 3.8 - 1073tm?) there is obtained:

y = 1073(—6.926 — 4.31x + 0.34922° — 0.5623 (v — 3)* — 0.02137 - %) . (17)

According to there are calculated deflections at the design nodes i = 1.2.3.4.5.6.7. B:

ya = 0.0; y; = 1.6627-107%; y, = 5.1607 - 1072; y5 = 9.1369 - 10~3;
ys = 12.1585 - 1073 y5 = 13.1936 - 1073; 35 = 12.3206 - 1073; (18)
y; = 10.018 - 1073; yp = 6.926 - 1073,

Based on [18], p. 467-468 and with the use of equations of the initial parameters method,

K =1.15-10° (t/m) is the spring stiffness coefficient in the support “B”, the origin of the
point (at point “B”). The initial parameters (at point “B”) are as follows:

M (0) = 0; Q(0) =Ky (0);y(0) # 0; 5 (0) # 0; (19)

P, =12t; P, = 120t; K =1.15 - 10° (3) L EJ=38-10° (tm?); (= 6m;
M
Rp = 7.961t (support reaction); a? = % = 120
P, a=0.1777.
The boundary conditions (at the point A):

T3105m2 is the parameter of the axial force

y(0)=0; y(0)=0. (20)

The equation of the method of initial parameters (|18, formulas 2.35 <+ 2.38, p. 461)
(taking into account condition (19)):

R P,
(az — sinaz )4 —z® — Y

sinaez Ky (0)
: — z
6L.J 6L.J

q
- 57 (z—3)° Y4 (21)

y(2) =y (0)+y(0)
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i I/

Figure 3: Design diagram of the beam for the method of initial parameters

Ky (0) Rp , P 3 q
PO — o _ 1— — Y (z—3) — 2L ;8 22
y (z) = y'(0)cosaz Yol (1 — cosaz )+2EJZ 2EJ(Z 3) cE]” (22)
Based on condition ([20]), there are written down equations (21, 22)
sinal/ Ky (0) . Rp P, 3 q
0= '(0) - — (—sinal )+ —=0 — (0 —3)" — —L_¢* (23
vy (0)- == = gy @t sl )+ gpFl =5 =3 —gagy s ()
Ky (0) Rp , P 3 4
=y — 1— B ) —y 24
0 =4/ (0)cosal 2E] ( cosa€)+2EJ€ 2EJ(€ 3) 6EJ€ (24)
By solving (23, 24) together, there is obtained:
a = V31581073 = 0.1777;sinal = 0.860; cosal = 0.4840;
Instead of (23, 24), there is obtained:
—9.1933 - 3 (0) + 4.936-1/ (0) = 0.0426 (25)
—4.9826 - y (0) + 0.4801 - 3/ (0) = 0.03316.
From here:
y(0) = —7.097 - 1072y (0) = —4.588 - 107° (26)
By substituting into equations (23, 22), there is obtained
y(2) = 1073 - (=7.097 — 25.819 - sin (0.17772) +382.78 [0.1777z — sin (0.17772) )+ o)

+0.52632(z — 3)* — 0.021932*
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- the equation of the compressed-bent rod deflections with elastic compliant support B.

y (2) = 107% - (—4.588cosaz 4 68.017 (1 — cosaz ) — 1.5789(z — 3)* — 0.087722°  (28)

- the equation for the angle of rotation.

Based on , let’s build the diagram of deflections for a compressed-bent beam with
elastic compliant support B (Fig. 1.f).
Table 2: (o = 0.1777). Parameters of equations (27, 28)

Z.M sinaz oz — sinaz az cosaz
0.75 (7 node) | 0.130 0.003275 0.1333 0.991
1.5 (6 node) 0.257 0.0035 0.2666 0.9651
2.25 (5 node) | 0.3890 0.010825 0.3998 0.9211
3.0 (4 node) 0.508 0.0251 0.5331 0.8612
3.75 (3 node) | 0.6210 0.045 0.6664 0.785
4.5 (2 node) 0.717 0.08265 0.7997 0.6967
5.25 (1 node 0.802 0.13025 0.9329 0.595

)
a) (z = 0.75) (7 node): y; = 10~°(~9.2068);
6

b) (z = 1.5) (6 node): ys = 1073(—12.503774);
c) (z =2.25) (5 node): y5 = 1073(—13.559);
d) (z = 3.0) (4 node): y4 = 1073(—11.2333);
e) (z =3.75) (3 node): y3 = 1073(—10.4627);
f) (z = 4.5) (2 node): y, = 1073(—4.7720);
g) (2 =5.25) (1 node): y; = 107%(—0.3434);
-3
K=115-10° (m); c= % = 0.87 - 10T o EBJ,=38-10° (tm?)

Let’s calculate the bending moments according to formulas ([18]. 2. 37. p. 461):

1.15-10% - 7.097 - 1073
M (2) = —0.1777-10-4.588 - 10 *sinaz — REes sinaz —12(z — 3)—2% (29)

1.5m) (6 node): Mg = 42.0307 - 0.257 — 2.25 = 8.852(tm):;
— 0.75m) (7 node): My = 42.0307 - 0.13 — 0.5625 = 4.9015(tm);
i) Mg = 0 (hinge in the support).

Q (2) = 7.611 (cosaz ) — 12 — 2z — P,y (2); (P, = 120t) (30)

Qo = 1.15 - y(0).
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Figure 4: Designing a beam with the use of the initial parameters method: a) design diagram
of the beam; b) design diagram of the moments taking into account the compliance of the
support B (M} ;tm); ¢) design diagram of transverse forces Q; (taking into account the axial
force and compliance of the support B); d) design diagram of deflections (y;, m) taking into
account the settlement of the support B; e) design diagram of the rotation angles (v}, rad)
taking into account the settlement of the support B

Table 3: Parameters of equations (29, 30)

z 0.0 0.75 1.5 2.25 3.0 3.75 4.5 5.25 6.0
y'(2)-10% | -4.347 | -3.9776 | -2.3501 0.1413 | 3.1211 | 5.508 5.8871 | 4.1305 0.0
P.y'(2) 0.522 0.4496 0.266 -0.016 | -0.353 | -0.623 | -0.666 | -0.4676 0.0
0()(x) | 4389 |- - - - - - - -

cosaz 1.00 0.991 0.9651 0.9211 | 0.8612 | 0.785 0.6967 | 0.595 0.484
Based on [21], p. 45:

1) Expression for deflections n = (/45 = /5225 = 0.1777(m") — the axial force

parameter, (y,.00.My.Qo are the initial parameters of the method).
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2) The resolving equation is:

sinnx cosnr — 1 sinnx — nx

= 0
v 0t gy Mot gy 9of (31)
1 L 2,2
ngE(]Zi:Pi[n(x—ai) —sinn (r — a;) ] + n4qEJ (n; + cosnz — 1> :
where
sinnx cosne — 1

0= 0 — M, o

cosnxty 7 Mo + ol Qo+

1 n
+n2EJ2i:Pz‘[1—COSTL($—a¢) ]+n3qEJ (nx — sinnz ). (32)

Based on Figure 3 and equations (31, 32) there is (the beginning of coordinates at the
point B):
a) Initial conditions (at the point B):

My=0; Qo=K-yo=1.15-10%j, (32)

K =1.15-10%/m is the coefficient of the support B rigidity, yo = yp.
b) The boundary conditions (with z = ¢ = 6m) (at the point A):

M (€) #0;Q (€) # 0;y (£) = 0.0 (€) = 0.0, = yp. (34)

Taking into account (33, 34) and according to (31, 32) there is (along the m-n section
(Figure 4), see Table 2)):

! X
(0.1777)* - 3.8 - 107

0 = yo + 5.6275sin(1.0662 )8, — P,

sin (1.0662) — 0.1777 - 6
(0.1777)% - 3.8 - 10°

x {0.1777 (6 — 3) —sin [(0.1777) - (6 — 3)] } + o X

0.1777)* - 62
% (1.15 - 10%) — d ( + cos (1.0662) — 1
( ) (0.1777)* - 3.8-10° 2 ( )
1
0 = cos (1.0662) 6, — P, 017772 38 10° [1—cos[(0.1777) (6 — 3)] | —
q cos (1.0662) — 1

— (0.1777 - 6 — sin (1.0662) ) +

X
(0.1777)* - 3.8 - 10° (0.1777)* - 3.8 - 10°



90 Complex resistance of a compressed-bent rod taking into ...

x (1.15 - 10%)yo.
or
—9.323y, + 4.9230 = 0.041495. Yo = —6.842 - 1073 (m)
—4.94526y, + 0.48460, = 0.031988. 0y = —4.347 - 1073(rad).

Let’s calculate the ordinates of the beam transverse force diagram Q) (taking into account
the axial force P, and elastic compliance of the support B) (Fig. 4, ¢), (|21], formulas 24, 25,
p.46) (P, = 1201):

M

Q. = o = n*EJcosnx 0y + cosnz 0y + P, (cosn (z —a;) + + D inna ) + P.0(2);
x n

Q. = (0.1777)* - 3.8 - 10%cos (1.0662) (—4.347 - 107%) +

+cos (1.0662) (—1.15 - 10* - 6.842 - 107°) + 12 - cos (0.5331) +
+11.255sin(1.0662) + 120 - 6(2);

a) x = 6m; Qa = —0.025246 — 3.808 + 10.334 + 9.693 + 0 = 15.953t;
6) 2 =0; Qp = —7.8679¢;
Checking the calculation (checking the equilibrium of forces on the Y axis): Y Fy, = 0;

Qa+Qp—P,—q,-{=0:;15.952 4 7.8679 + 12 + 2.6 = 0;

23.8200 ~ 24.

The error is: 6 = 0.750% < [0 = 5%] (the calculation was made correctly).

The @F ordinates are calculated in Table 4 (taking into account the data of Tables 2, 3;
the beginning of coordinates is the node B, Fig. 4, a).

Table 4: Ordinates of the )} diagram

No.| &,m | 0.1777x| (x —3) x| (z — 3) 0.1777 sinnx | cosnx | cos(n,z) Q.1
(nz) | (mz) | (nx)
A |6 1.0662 | 3.0 0.5331 0.86 0.484 0.8612 | 15.952
1 5.25 | 0.933 2.25 0.400 0.802 0.595 0.9211 | 14.6201
2 4.5 | 0.800 1.5 0.266 0.717 0.6967 | 0.9651 | 13.1398
3 3.75 | 0.666 0.75 0.133 0.621 0.785 0.9911 | 11.6735
4 3.0 [0.5331 | 0.0 0.0 0.508 0.8612 | 1.0 -
1.8608
) 2.25 | 0.400 - - 0.389 0.9211 | - -
3.3657
6 1.5 | 0.266 - - 0.257 0.9651 | - -
4.9386
7 1075 (01333 |- - 0.13 0.991 - -
6.4023
B |00 |0.0 - - 0.0 1.000 - -
7.8679
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Q. = —0.521613cos (0.1777x) — 7.8683cos (0.1777x) +

+12c0s [(0.1777(x — 3)] + 11.255sin (0.1777x) + 120 -6 ().

Q. = —8.3899cos (0.1777x) + 12cos [(0.1777(x — 3)] +

+11.255sin (0.1772) + 120 - 6(x).
Based on the values in Table 4, there was built the @} diagram (Fig. 4, c).

4 Conclusions

1) In this work, a study of the stress-strain state (SSS) of a single-span statically indeterminate
compressed-bent beam was carried out that is under conditions of complex resistance, taking
into account the elastic compliance of the hinge support B.

2) The initial diagram of bending moments that was constructed by the force method
based on the equation of five support moments, taking into account the compliance coefficient
of the support B with the value ¢ ¢ = 0.87-1073 (%) (Fig. 1, ).

3) The diagram of beam deflections (Fig. 1,f). taking into account along with the
transverse forces P,, ¢, and the action of the axial force P, is constructed taking into account
elastic compliance of support B with the use of the numerical finite difference method with
a regular linear grid of density n=8.

4) In Figure 2, ¢, d, the calculated diagrams of bending moments and transverse forces are
given, taking into account longitudinal-transverse bending and elastic-compliance of supports
B.

5) In Figure 2 c, d, the calculated diagrams of bending moments and transverse forces are
given. taking into account longitudinal-transverse bending and elastic-compliance of supports
“B”.

6) Based on the studies carried out, the following was established:

a) taking into account the action of the axial force P, alongside with the transverse
forces P, q,, as well as taking into account the effect of the elastic compliance of support B
(c=087-1073 (%) is the compliance coefficient) compared to the absolute rigidity of this
support, significantly changes the nature and ordinate values of the bending moment diagram
(compare Fig. 1,c and Fig. 4,b);

b) the diagrams of transverse forces do not significantly change the nature and magnitude
of the ordinates of the diagram of transverse forces (compare Fig. 2,d and Fig. 4,d); the
deflection diagrams (compare Fig. 1,e and Fig. 4,d) differ significantly. In this case, the
magnitude of the deflections at point 5 is by (1,39) times greater when taking into account
the settlement of the support B;

c¢) the diagram of rotation angles, taking into account the axial force P, and the elastic
settlement of the support B, has the largest value at node 2 (see Fig. 4,e); in this case,
the angle of rotation at point 5 approaches zero; here the deflection reaches its maximum.
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Figure 2 c¢,d shows the design diagrams of bending moments and transverse forces taking into
account the longitudinal-transverse bending and elastic compliance of supports B.

7) The theoretical principles and applied results presented in this study can serve as the

basis for calculations and design of core elements of various buildings and their structures
that are used in the field of construction, mechanical engineering,. transport. mine and
underground construction.
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