BicHuk TepHONiIbCHKOr0 HAIOHAIBLHOI0 TEXHIYHOT0 YHIBEPCHTETY
https://doi.org/10.33108/visnyk_tntu

7~ \
EW Scientific Journal of the Ternopil National Technical University
\/ 2019, N 3 (95) https://doi.org/10.33108/visnyk_tntu2019.03

ISSN 2522-4433. Web: visnyk.tntu.edu.ua

UDC 539.3

INTERPHASE INCISION ON THE LIMIT WELDING OF
ORTHOTROPIC PLATE WITH ELLIPTICAL HOLE AND
CLOSED ELASTICRIB

Andriy Syasky!; Oleg Dejneka?

1Rivne State University of Humanities, Rivne, Ukraine
2National University of Water and Environmental Engineering, Rivne, Ukraine

Summary. In a generalized plane stressed state, a mixed contact problem for an infinite orthotropic plate
with an elliptical hole, whose contour is amplified by a closed elastic rib, is considered in the presence of a
symmetric interfacial section of a small width at the boundary of their weld, the shores of which in the process of
deformation are not in contact. By simulating the reinforcing rib with a curvilinear rod of a stable rectangular
cross-section, and a welding seam — a elastic line of constant rigidity on tension (compression), a system of
singular integral differential equations was constructed to determine the contact forces on the surfaces of the
separation of the plate materials, the welding seam and the reinforcing rib, as well as the internal forces factors
in the seam and the rib. In order to find the initial parameters in a statically uncertain closed rib, the conditions
for unambiguous displacement of the points of its axis and the angles of rotation of the cross sections are used.
The structure of the desired functions at the ends of the plot of the junction of the plate and the rib is established.
The approximate solution of the problem was constructed by the method of mechanical quadratures and
collocation, which investigated the effect of the stiffness of the weld seam on the distribution of the components of
the stressed state along the contour of the hole in the plate in the welding joint and the reinforcing rib.

Key words: orthotropic plate, elastic rib, welding seam, interphase incision, contact forces, internal force
factors.
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Problem statement. Thin-walled structures in the form of thin plates with curvilinear
holes, the contours of which are reinforced by closed elastic ribs, find wide application in
various branches of engineering practice. Reinforcing ribs, typically making up a relatively
small fraction of the total weight of the structure, significantly affect its strength, stiffness and
stability.

The intensive development of modern engineering and construction has led to extensive
use of piece-uniform plates made of composite materials.

Analysis of known research results. The solution of the problem of determining the
stressed-deformed state of a plate with a hole, the contour of which is reinforced by a closed
elastic rib, depends significantly on the choice of a mathematical model of the rib and the
method of its combination with the plate.

The most common is currently the model of curved rod of constant cross-
section [1-3], and the method of its communication is equivalent to ideal mechanical
contact [2]. Using this approach, the works [1-3] consider a number of problems about the
contact of the closed elastic rib with the contour of the elliptical hole in the infinite orthotropic
plastic, which is in the conditions of the generalized flat stress state, when combined with the
guaranteed tension or welding method.

During manufacture or operation of a plate with a closed stiffening rib, interfacial
defects (cracks or zero-width cuts) may occur on the facet of mating different materials, which
may cause further interfacial breakage.
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Simulating the welding joint with the ideal mechanical contact between the plate and
the reinforcing rib, [4, 5] has built approximate solutions to the problems for the endless
orthotropic plate with circular and elliptical holes in the presence of a zero-width interfacial
cut, the banks of which do not contact during deformation. For the case of a real weld, such
tasks were not considered.

Setting objectives. Consider an infinite orthotropic plate thick 2%, with an elliptical
hole bounded by a smooth cylindrical surface. Its median plane is assigned to Cartesian (X, Y)

and polar (r, &) coordinate systems with a pole O in the center of the hole. Polar axis coincides

with axis Ox and axis of symmetry of hole and defines one of main directions of orthotropy of
plate material. The line of intersection of the midplance plane with the surface of the hole is
indicated through H and we call the contour of the hole with the radius of curvature p.

Assume that in the region [-«,, @, ] («, — polar angle) the contour H is reinforced by

a closed elastic rib in the form of a cylindrical shell with thickness 27, and height 24, . Plate
and rib are connected symmetrically relative to mid plane by welding method. The welding
joint is considered part of a non-stop open cylindrical shell with thickness b,and height 27 .

Plate structure is considered in conditions of generalized flat stress state caused by
uniformly distributed forces p and g acting at infinity in directions of coordinate axes.

The purpose of the work is to determine the components of the stressed state on the
contour H in the plate, reinforcement rib and weld.

Main equations of the problem. We conditionally divide the three-component
structure into separate elements (endless orthotropic plate with elliptical hole, welding seam,
reinforcing rib), replacing the action of one body with another by unknown contact forces.

The infinite orthotropic plate is in equilibrium under the action of the load on infinity
and normal and tangential contact forces 7,, S, , which are transmitted to the contour H from
the side of the weld.

Let the shape of the elliptical hole in the plate be determined by the function [6]

z:x+iy=a)(§)=RO(§+?j, 1)

a conformal mapping of the appearance S~ of the unit circle  inthe area ¢ = pe™* to the area

occupied by the middle plane of the plate. Here R, = a%b =1 — characteristic size of the hole;

a-b - . . . ~
£ :—b — eccentricity of the ellipse; a=1+¢, b=1-¢ —semi-axes of the ellipse; (p, 1) —
a+

polar coordinates of points in the plane ¢ ; i =v/~1.

The deformations of the elliptical hole H contour in the plate at the specified load are
determined from the ratios [5]

1 1% o ol -
&, =W{C(2)Tp (ﬂ/) —; J- [(Dl(ﬂ/, t)Tp (t)+q)2(ﬂ/, t)SM (t):|dt+0{¢9‘/1 +ﬂ\/ }’

—ay

1 17 20 o0
Y% =m{cu)sﬂ(z) = j [@,(4, 1), (t)+ D, (4, )T, (t) ]dt +aV —,b’g}}' (2)

—aq
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were

@,(4, 1) = Hy (4 1) ~Gy(4, Detg = @, 01 1)==G, (k)= H, (1 ctg ™S

D, (4, t)=H,(1, 1) -G, (4, t)ctg%; @, (A, )=G, (A, )+ H, (2, t)ctg%;

C(ﬂ):(ﬂlﬂz—vx)(a2+ﬂ2); a+iff=a' (o), o=e;

&, ,V — relative elongation of contour H and the angle of rotation of the to it; E,, v, —Young's
modulus and Poisson's ratio of plate material in direction of axis Ox; pg,, p, — roots of
characteristic equation [6]; [-«,, a,] — image of section at display (1). The remaining

designations are as in [5].
If the contact forces become known, the ring forces 7,on H can be determined

according to the formula given in [5].
Welding seam, as a part of open nonmotent shell, in common middle plane of plate and

ribs will be identified with elastic line of constant stiffness for tension (compression) E,F, of
(E, — Young 's modulus of weld material), which in section of communication coincides with

. . _ 1) _ (1)
contour H. Its deformation is performed by contact forces AT =7, -7,", AS=S, -S/,
transmitted to it from plate (7, S, )and reinforcing rib (7", S')).

Stress-deformed condition of weld joint is determined by axial longitudinal force N ‘*
and relative elongation £{”, which are connected to each other by the Hooke’s law [7]

N@1)=E,Fe(1). (3)

Differential equilibria of the seam element

o _ _ZdNT'(D)
NP =pAT(A); - AS(A) =1
or
N(O)(ﬂ) . dN(O) (/1)

(4)

(1) _ _ (1) —
LA =T,(N-=—77 S (D) =S, D+ 5

allow the conditions of equilibrium of the seam as a rigid whole

J.O(AT(/U +iAS(4))ow' (o)dA =0

-a,

transform to look
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N(O)(_ao)zN(O)(ao)zo : (5)

Reinforcing rib is modeled by closed curvilinear rod (ring) of constant rectangular cross
section, is in equilibrium under action of contact forces 7.", S transmitted in its outer side

surface from welding seam.
The components of the stress state of such a rod will be represented as

N, =—Ngcos@+N; Q =—Ngysin0+Q; LY =L, +[x—x,—m1+cos®)N,+L,, (6)

where N,, Q,, L — longitudinal and transverse forces and bending moment arising in cross
sections of rod and related to its axis; N,, Q, =0, L, — similar values in conventional cross

section of rod by plane; 8 =-r; N, é Zb — corresponding components (6) caused by contact
forces; 6 — the angle of the normal at the point (x, y) of the contour H to the axis Ox ;
Xy = X(-7); ﬁ(_ao) =0(-a,) = Zb(_ao) =0; e’ = ow'(0)/ |0 (0)].

Stress-deformed state of open rib will describe the main equations of one-dimensional

theory of curvilinear rods based on the hypothesis of flat sections [5]:
- differential equations of rod element equilibrium

: N N do() . - - s
LA =T, (N -—= == == an b-nN@)- [QW)e(e)d2=0;

-,

dN‘""(A) __ 0 __dN()
(@' (0)[d2 p |@'(0)|dA’

SPA) =S, (A)+ (")

- physical dependencies for the outer longitudinal fiber of the rod, which contacts the
weld

: 1 nt+n. p-n deo 1 p,—1
= —— | N (D) L (D) s = —— | N, (D) +—LY (D) |
&2 E,Fl[ )+ )}’ do EIF[ R )} ®)

Here the symbol is put: &', 6, — the relative elongation of the fiber and the angle of rotation
of the normal to it; E,F, —the tensile (compression) stiffness of the rod; 7, — the distance from
the axis of the rod to the neutral for pure bending of the longitudinal fiber; o, =(po—n,)n.;

E,, v, — Youlng 's modulus and Poisson ratio of rod material;
- equilibrium conditions of the reinforcing rib as a rigid whole

3]

[ () +is () @ (0)dz =0 L (@) -n @y~ [0 @(@)d2=0, ()

which with (6) can be converted to a view
N(za,) =0(+a,) = L, (+a,) = 0. (10)
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Initial parameters N, L, are determined from conditions of uniqueness of edge cross-
section rotation angle and offsets of points of its axis [5]

f{%{l—%}%} (o )|d/1+—oi( —%cho’(a)lab1+

o, 0 W, <

N T
+—= [1—%)&—(771 +1,)c080 —x, — ]| @'(0) | dA = 0;

N

@y

I{(pcos@ xX)——= (/1) ( pj((771+77)c050 x) ”( )}|a)'(0')|d/1+

-a,

+i—%i(1—%j((nl +7.)cos0—x)|@'(c)|dA+ N, i[(x — pcos 9)% + (11)
+(1_%j((m+m>cos9—x)gc—xo—m(coseﬂ))}m,(aﬂdﬂ:0.

Mathematical problem model. The boundary conditions of the task are formulated in
the form of conditions of seam deformation of the plate, weld and reinforcing rib

e, (M= (D=2 V(2)=6,(2), Ael-a;al. (12)

Substituting (2), (3), (8) into edge conditions (12), after certain transformations, we
obtain a system of singular integral equations with Hilbert nuclei to determine contact forces

T,, S, andfunctions N@, N, Q, L,

ElFl _l a _ _ i
ZEXh(a”ﬂz){C(ﬂ)TP(/l) p. J.[dbl(/l, T, (1) +D,(4, t)spl(t)]dt+agﬂ + BV }

—ag

=-N, (:0S9+N+77p77 pP= n‘(L

- Ot (x—x, -1, (1+cosO)N, + L, ):
0

ElFl
2E h(a’ + B%)

{C(/l)SM (1) +% j[cp3(,1, £)S,,(t) + D, (2, T, (©)]dt +aV° - ,H’g'f} =

-a,

A
:J‘{ N, cos@+ N + Pwﬂl (LO +(x=x,—n,(1+cos@))N, +Zb)}|a)’(0')|d/1 ;
0

0

E,F, ~\ ~ —x, -1, 0
NO (1) = o+, (L + L)+ N+ (r=x, = (I+cosO)y, +1.) _ oly ’
EF b= b n.p 0

c

(13)
Ael-ay; a,].
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This system is supplemented by differential equilibrium equations of rib (7) and
conditions (11).

The relations (7), (11), (13) form a complete system of equations for determining
functions T, S,,, N, N, Q, L,, constant N,, L} and form a mathematical model of the
problem.

If the desired functions and steel become known, the ring forces on the contour H in the
plate can be determined by formula [5], the internal forces and moments in the amplification

rib from the ratios (6), and the values 7.,", S} is based on the dependencies (4).

Normal stresses in the outer and inner longitudinal fibers of the rib are found according
to Hooke 's law in its one-dimensional form [5]

F P N p=2n, o,

1

o0 ZL{N1+771+77C P L(bl):|; o® =L{N1+ n.—m pP—1 L;l)i|.

Putting in (7), (11), (13), we get a mathematical model of the task for the case when the
welding seam is replaced by an ideal mechanical contact between the plate and the reinforcing
rib [5].

Approximate solution of the problem. The exact solution of the system (7), (11), (13)
cannot be found. For its approximate solution it is necessary to find structure of sought functions
at ends of section of plate and reinforcing rib communication.

On the basis of relations (5), (10) it can be concluded that functions N, N, Q and
L, are limited and continuous at the interval [-a,; a,] and at its ends are zero.
Contact forces T , S, at the ends 1 =+a, have root feature with local oscillation [5,

8]. Ignoring its influence, the approximate solution of the problem can be built by the method
of mechanical quadratures and collocation. Quadrature formulas of this method for singular and
regular integrals are given in [7, 8].

Analysis of numerical results. For orthotropic plate with elliptical (¢ = 0.2) hole and
elastic rib with parameters:

h /h=4/3; n,/R,=0.1; EE, /E =05 «,=27/3

the effect of the relative stiffness of the weld on the distribution of the stress state components
in the weld plate and the reinforcement rib has been studied.

Results of numerical calculation of maximum values 7,, S, 7, on the H plate
contour; ¢F, o®F in the reinforcement rib; o“F, in the weld at b, =0.27,,

p=0, g=1laregivenin Table 1. The values of the angle A4 for which the corresponding values
were determined are given in parentheses.
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Table 1

Maximum values of the components of the stress state in the plate, reinforcing ribs and seam

Material
ofthe | = | 7,0 | S,.z/6) | T,000 | T.(n) | o"F© | o?Fx/3) | oF0)
plate 1
raphite. | L | 44365 | 00717 | 03718 17033 | 38399 | 268945 | 05760
ooxido | 5 | 51698 | 02445 | 02182 | 17180 | 30353 | 28147 | 22765
10 | 5.7347 | 0.3460 | 0.0943 | 1.7298 | 24277 | 2.7483 | 3.6415
epoxy. || 18824 | 06767 | 08992 [18468| 15645 | 08274 | 02332
ey | 5 |22265| 08420 | 07731 [18536 | 12698 | 08038 | 09524
10 | 25108 | 0.9650 | 0.6683 | 1.8593 | 1.0415 | 0.7801 | 15622
sotropic |_L | 10982 | 07305 | 11632 20878 | 10067 | 03785 | 01510
by [ 5 [13118] 08835 | 10819 [20430 | 08263 | 03681 | 06141
10 | 1.4947 | 1.0044 | 09902 | 2.0475 | 06801 | 03566 | 1.0201
poxide. || 07103 | 07189 | 15453 | 28288 | 0.7767 | 02236 | 01153
ass | 5| 08527 | 08445 | 13495 [28340 | 06326 | 02164 | 04744
10 | 0.9706 | 0.9625 | 1.2305 | 2.8386 | 05173 | 02079 | 0.7760
poxide. | L | 0277L| 0623 | 30245 63854 | 05172 | 01036 | 00776
oohite | 5 | 03259 | 07134 | 26167 | 63916 | 0.4081 | 00964 | 03060
10 | 0.3641 | 0.7826 | 2.3055 | 6.3974 | 0.3252 | 00883 | 0.4878

Calculations were made for orthotropic material with physical and mechanical
characteristics of: graphite-epoxide (5, =6.9992; g, =0.7144; v, =025; E /E =25),

glass-epoxide (B, =2.2712; p,=0.7626; v, =0.25; E,/E, =3); isotropic material
(B=p,=1 v, =03, E_/E, =1); epoxide-glass (5, =0.44; p,=131;, v, =0.083;
E,/E, =1/3); epoxide-graphite (5, =0.143; p,=1.401; v, ,=001; E /E =1/25).
Conclusions. For all considered orthotropic materials maximum forces on the contour
of the plate hole grow at magnification £,/ E,, and ring forces on the reinforcement section

are dwindling. Annular forces at the interfacial section are practically independent of the weld
stiffness. Increasing the ratio £, / E, results in a significant reduction of the maximum normal

stresses in the external longitudinal fibers of the reinforcing rib and has practically no effect on
the distribution of similar stresses in the internal fibers. The longitudinal force in the weld is

related to the value E, / E, of the substantially linear relationship.
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MIXK®A3HUM PO3PI3 HA MEXKI 3BAPIOBAHHSI OPTOTPOITHOI
IHHJIACTUHKMU 3 EJIIIITUYHUM OTBOPOM 1 3BAMKHEHOI'O
IHPYKHOI'O PEBPA

Anapiii Cacbkmii'; Ouer Jleiinexa®

LPignencoruii 0Oepacasnuii 2ymanimapuuii ynieepcumem, Pisne, Yrpaina
2Hayionanvnutl yHisepcumenm 600H020 20CN00apcmead ma
npupoooxopucmyearns, Pisne, Ykpaina

Pe3zome. B ymosax y3acanvHeno20 NIOCKO20 HANPYICEHO20 CMAHY, CMEOPEHO20 PIBHOMIPDHO
PO3NnoOiNeHUMU 3YCUNIAMY, AKI OlI0Mb HA HECKIHYEHHOCMI 6 HANPAMKAX KOOPOUHAMHUX OCell, PO3IAHYMO MIUAHY
KOHMAKMHY 3a0auy 015 HEeCKIHYeHHOI OpMOmMPONHOI NAACMUHKU 3 eLINMUYHUM OMEOPOM, KOHMYD K020
niOCUNeHUll 3AMKHEHUM NPYHCHUM PEOPOM, 3 HAABHOCTNI HA MeXC IX 36aPI06AHHA CUMEMPUUHO20 MIXNCHA3HO20
po3pizy manoi wupuHu, depecu K020 8 npoyeci degpopmayii He Kormaxmyoms. Modenorwyu nidcunosanvHe
pebpo 3aMKHEHUM KPUBONIHIUHUM CIMPUIICHEM CIMAN020 NPAMOKYMHO20 NOREPEeYHO20 nepepizy, a 36aproGaibHUll
Wo8 — NPYICHOW JIHICIO CMANOI JHCOPCMKOCMI Ha po3msaz (CMUCK), NOOYO08AHO CUCMEMY CUHSYIAPHUX
inmezpanvHo-oughepenyianvHux pieHans 3 A0pamu I inbbepma 0na UHAYEHHA KOHMAKMHUX 3YCUTb HA NOBEPXHAX
nOOLLY Mamepianie NiACMUHKY, 36aPHOBAIbLHO20 WEA | NIOCUTIOBAILHO20 pedpa, a MAKONC BHYMPIUHIX CUTOBUX
Qaxmopie y wei ma pebpi. [Ipu yvomy uanpyxceno-oegpopmosanuii cmam po3iMKHEH020 pedpa ORUCAHO
OCHOBHUMU PIGHAHHAMU OOHOBUMIPHOT Meopii KpUBOIHIUHUX CIMPUIICHIB, NOOYOOBAHUMU 3 YPAXYBAHHAM 2inome3u
NJIOCKUX Nepepizie, a 36aplo8aibHO20 Wea — pIieHAHHAMU Oedopmayii npyxcnoi ainii. J{is 3nHaxooicenms
NOYAMKOBUX NAPAMEMPIE Y CIMAMUYHO HEBUSHAYEHOMY 3AMKHEHOMY peOpi BUKOPUCHAHO YMOBU OOHOZHAYHOCHII
3MiujeHb MOYOK 1020 0Ci ma Kymie nogopomy nonepeyHux nepepisie. Bcmanoeneno cmpykmypy wiykanux Qynxyii
Ha KiHYsAX OLISAHKU CHOJYYeHHs naacmuHku u pebpa. Habauowenuil po3e’szox 3adaui no6yo0o8anHo memooom
MeXauiunHux Keaopamyp i Koaoxkayii, AKUM OOCIIONHCEHO GNAUE OPIMOMPONIL Mamepiary NAACmMUnKY ma 8i0HOCHOT
JHCOPCMKOCI  36APIOBANILHOZ0 WBA HA PO3NOOLL KOMNOHEHM HANPYICEHO20 CMAHY NO KOHMYpY OMEOopYy 8
nAACMUHYI, 36aPI0BATLHOMY WG U RIOCUTIOBATLHOMY Pedpi.

Kniouosi cnosa: opmomponna niacmuka, npysjicre pebpo, 36apro8aibHUtli Wos, Midcasnull pospis,
KOHMAKMHI 3YCUNIA, GHYMPIWHI CUT08I (hakmopu.
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