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Abstract

Among various cross-sections, the C-shaped section has been increasingly applied in
construction projects due to its advantages of smooth and beautiful shape, good integrity,
and convenient connection. However, theoretical research on the buckling problem of C-
shaped components is limited. The plate-beam theory combined with the Euler beam
model and Kirchhof plate model to establish an energy variational model. This article
derives the bending and torsional buckling model of C-shaped cross-sectional members
within the framework of plate beam theory. The results show that the bending and
torsional buckling of C-shaped axially compressed members are decoupled, and the
control equation does not include the cross coupling term. This theoretical result is of
great significance for the design and application of C-section components.
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1. Introduction

From the early 20th century to the present, over the past 100 years, a large amount of effective basic
and applied research has been conducted on the elastic bending torsion buckling theory of open thin-
walled components. Representative buckling theories include the traditional theory of zero mid plane
shear strain represented by Vlasov and Bleich, the theory of zero total shear strain in the middle plane,
such as nonlinear shear strain energy proposed by Lv Liewu and Shen Shizhao, Pi&Trahair theory,
theory of zero total shear strain in the middle plane represented by Ghobarah&Tso, transverse normal
stress theory proposed Hugue&Ma and Tong Genshu. The achievements of these theories are the
basis for the current formulation of standards and the stability design of engineering structures.
However, Research has found that these theories have the following issues: Firstly, the derivation of
all theories follows the concept of Vlasov sector coordinate or Wagner unit warping. The application
of Vlasov sector coordinate is the difficulty in the thin-walled components, since Vlasov sector
coordinate belongs to the unconventional coordinate system, difficult to understand. Secondly, The
displacement expressions of any point on the cross-section is established based on the basic
assumptions, zero mid plane shear strain, not well referencing existing engineering mechanics
achievements, such as mature thin plate theory and beam theory. Thirdly, according to the
displacement expression, all strain energy cannot be naturally derived, such as free torsional strain
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energy and Secondary warping strain energy, which need to be manually supplement during the
derivation process, otherwise it will lead to incorrect conclusions.

As well known, Kirchhof thin plate theory and Euler beam theory are the most widely used and mature
engineering mechanics theories in engineering, with the advantages of high accuracy and easy
understanding. The plate-beam theory is a new engineering theory proposed by Professor Zhang
Wenfu[1-7], which can solve problems such as combined torsion and bending torsion buckling of
thin-walled components. The theory contains three basic assumptions: hypothesis of rigid cross-
section, hypothesis of plate deformation and hypothesis of beam deformation. Among them,
hypothesis of rigid cross-section is the basic one first proposed by Vlasov to describe the deformation
theory of thin-walled members. The plate deformation assumption and beam deformation assumption
are first proposed based on the principle of plate deformation decomposition. The out-of-plane
deformation of the member is described by Kirchhoff-plate theory, while the in-plane deformation is
described by Euler-beam theory. Different from the classical Vlasov theory, the longitudinal
displacement, strain and strain energy can be derived from the mature Kirchhoff-plate theory and
Euler-beam theory, which can solve the problem of representing the warping function generated
during the composite of multiple materials.

The derivation process of the plate-beam theory is rational and thus avoids being arbitrary and any
resulting unnecessary controversy. Moreover, theoretical practice [8-10] shows that plate-beam
theory can deal with steel-concrete composite plates, open/closed cross-sections, and combined cross-
sections. In this paper, a new theory of open thin-wall member with C-type cross-section elastic
bending is established based on plate-beam theory.

2. Basic Hypotheses

2.1 Hypothesis of Rigid Cross-section

Hypothesis of rigid cross-section means that the contour of the crosssection is undeformable, i.e. the
cross-section is rigid after the occurrence of the beam lateral buckling.

This is the well-known peripheral rigidity hypothesis of Vlasov, which means that the local and
distortional buckling are excluded in the LTB model. It also shows that the shear deformation of a
plate in the tangential plane (i.e. the middle surface) caused by the in-plane bending is ignored.

2.2 Hypothesis of Neglecting Shear Deformation

Hypothesis of neglecting shear deformation means that, the deformation of the in-plane bending and
that of the out-of-plane bending and torsion of each flat plate (either a web or flange plate) can be
described by the Euler-beam model and Kirchhoff-plate model, respectively.

3. Energy Equation Derivation via Plate-beam Theory

3.1 Coordinate Systems and Geometric Quantities

For loss of generality, the C-shaped aluminum section alloy column shown in Figure 1 is the research
object.

In order to describe the deformation, the plate-beam theory needs to introduce two sets of coordinate

systems: overall coordinate system *VZ " and local coordinate system /%2 These two sets of
coordinate systems are similar to those of Vlasov theory. Both sets of coordinate systems follow the
right-handed spiral rule. The origin of the overall coordinate system is selected in the center of the
section, and the origin of the local coordinate system of each plate is selected in the center of the plate.
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Figure 1. Coordinate systems and deformation diagram of C-type section

It is known that the length of the C-shaped section column is  ; the height and thickness of the web
are hw and [, respectively; the breadth and thickness of the flange are bf and? ,, respectively; the
elastic modulus is E ; shear modulus is G ; and Poisson's ratio is £ .

If the C-shaped column bends under the action of axial pressure, there are two unknown amounts of
the cross section, the corner around the shear core (z) and the side of the shear core (center) moving
along the axis X, u(z).

Length /4 is a geometric quantity that we often use in the beam and column buckling theory for the
distance between the upper and lower flanges. Note the definition of the total height of the section

h=h, +t '+, the distance between the flange and the web itself to the center of the section h=h,+2t s
and the coordinate of the shear core (€,,¢,). It should be noted that the distance between the center

and the shear heart }),, and the diagram is negative under the overall coordinate system.

3.2 Strain energy of bending and torsion buckling

3.2.1 Strain Energy of the Web

(1) Deformation of the web

The center coordinate of the combined section is C(0,0). The overall coordinate of the web center is
B (eW,O), where the origin of the web local coordinate is located at the web center. The displacement

of any point under the local coordinate system (i,s) is:

a=—, X=Xy =—Nn—e, Yy—Y,=— (1)
Where, & is the corner from the axis 7#to the overall coordinate system ) . The coordinate

transformation relationship is as:
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(’,.SJ SlIl? —C057 —n—e n+e (2)
B 3z . 3« _ B
T COS— SiIn— § §
2 2

RY/4 . 37
cos— sin— 7,
v, 2 2 u (n+e)o
3 3z
v, |= s1n7 —c0s7 -7 | 0|=|-u-s0 (3)
0 0 0 1 \@ 0
The displacement of the web center is:
W =—u, v =ed, w)=0, & =0 4)

In particular, ugv, vgv, M& are the web center displacements on directions of the axis #, axis S and

axis zof the local coordinate system.

(2) Displacement field of the web

a. In-plane bending (no in-plane bending).

b. Out-of-plane bending (Kirchhoff-plate model).

According to the principle of deformation decomposition, the displacement pattern outside the web
plane is:

Displacement along the axis 7.

u,(s,z)=—u+s6 (5)
Displacement along the axis S.

v, (n,2)=(n+e)d (6)

The longitudinal displacement (the displacement along the axis z) needs to be determined according
to the Kirchhoff-plate model, 1. E.

LY
B 0z oz )| oz 0z )
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(3) Geometric equation of the web (linear strain)

ow,, 0’u 0%0
&= =n| —5 [+ ns| —
0z 0z 0z

gS'W Zavw =O
- 0s

5W 8\/ 89 o0 20
7/sz w + (}’l +e) — | = (2 +e
’ Os 82 62 Oz 52
(4) Physical equations

For the Kirchhoff-plate model, there is:

(5) The strain energy of the web
a. Strain energy of the in-plane bending

U\i;l-plane — 0

b. Strain energy for out-of-plane bending (Kirchhoff-plate model)

On the basis of:
U_%J.J.J{lE 2 (52 +G}/ézw}dndsdz

) 5 2 2
pormm 2 L1 2y o 20N 46l v ef 22| andses
v 21— 622 oz’ 24

We have:

In which,

3

” *dnds —I I n’*dnds =
3.3

”nZSZdnds = I_%Ié”zszdnds _ }iv;‘_i;v

AW
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The available integral result is as:

L) B [(ne o) (meYaoY | (ne 00
U‘(;utfplane :Ejo " 5 ;Vzw P 3 + 1\:‘: 2 2 +G %"’ezAw (a_j dz (14)
—/1 z zZ z

For slender beams and strips, because of ,u2 far less than 1. Therefore, in the derivation of Vlasov,

using the simplified relationship,

out—plane _l L @ ’ 82_6 2 % 2
A (2] ] RECAY () RYEAYC ST

In which:

hlt
El). = E| Ml
(E1,) = B| T J
3
(GJ,), = G[hW;W +e2ij

3.2.2 Strain Energy of the Upper Flange
(1) The deformation of the upper flange

h b t
The overall coordinate of the center of the upper flange is (xcf ,—EJ , where X, = —(—f ——— ewJ .

The displacement of any point in the local coordinate (n,s)of the upper flange is:

a=27, X=X =85+%s, y—yoz‘g_” (16)
r\ (sin2z —cos2z) ST ¥t .
B - R o ) 17)
v, cos2zr  sin2x n 5 s+,
h
v, cosO sin0 r, Y u u+6 n+5
v, |=|sin0 —cosO —r | 0]|= _‘9(5+xcf) (18)
0 0 0 1 )\o )

The displacement of the center of the upper flange is:
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h
u =0, vf°=u+50, w =0, =0 (19)

In which, u?, v?, and véf) are the flange center displaced along the axis #, axis § and axis z of

the local coordinate system.

According to the principle of deformation decomposition, the variable form (15.223) can be
decomposed into:

v, u+—0 no
v |=| 0 +| —(s+x,)0 (20)
6 0 6

out—plane
in—plane

(2) In-plane strain energy of bending of the upper flange (Euler-beam model)

According to the principle of deformation decomposition, the displacement pattern in the upper flange
is:

Displacement along the axis 7#:
u(z)=ul =0 21)

Displacement along the axis S:
vf(z)zvgzmge 22)

The longitudinal displacement (the displacement along the axis z) needs to be determined by the
Euler-beam model, i. E:

0
wy(s,z)=ud ==L

oz

0 h ou hoo
=——|u+-0|s=—s| —+-— (23)
82[ 2 } [82 2 82}

Geometric equation (Linear strain):

2 2
_ﬁwf:_{ﬁquh@H} gva%Z() (24)

oz 2 oz° as

191



International Core Journal of Engineering Volume 10 Issue 3, 2024

ISSN: 2414-1895 DOI: 10.6919/ICJE.202403_10(3).0023
ow, Ove ou hoé ou h 86’
Ver =2 T ==ty T =t [F0 (25)
T 0O Oz 0z 20z oz 20z
Physical equation:
o-z,f :Egz,f
(26)
z-sz,f = G}/ sz,f
Strain energy:
U= lfo.c. e, + ey Yandstz =L [[[ (o e, indsa @

Then,

izt =4 1] -] 24o(4)22] o
_axt Hf { {82 (@‘Zﬂ} dsdndz (28)

The integral result is:

e _ 1 1 ou Y B (o) ou oY
Ut =2 [ [(Ely)ﬂ(gj +(E1y)f17(az—2j +(E1y)ﬂh(az—2j(§j dz (29)

(3) Out-of -plane strain energy of bending of upper flange (Kirchhoff-plate model)

According to the principle of deformation decomposition, the displacement pattern of the outside of
the plane of the upper flange is:

Displacement along the axis S:

U, (S, Z) = —(S +X )¢9 (30)

Displacement along the axis 7
vi(n,z)=n6 (31D

The longitudinal displacement (the displacement along the axis z) needs to be determined according
to the Kirchhoff sh model, i. e:
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ou oo
wy(n,5,2)=—n = |=n(s+x,, (32)
0z oz
Geometric equations (Linear strain):
ow 00 ov
£, 28—;=n(s+x(,f{822 j, Ep =a—sf=0 (33)
ow, Ovs 89 eld 00
7sz £ t—= +n =2n — (34)
T 08 Oz 82 o oz
Physical equations:
E
o.;= E.;
z,f l—ﬂz ( z,t) (35)

Tz £ = Gysz,f

E

7 is named subtracted elastic modulus of the length direction in Vlasov theory.

Among them, 1—

For slender beams and strips, the constitutive equation reduces to >~ E | 50 that, strain energy

1—u

of the upper flange caused by out-of-plane bending deformation and torsion,

U= %Hj (0'252 +o.E,+1.),, )dndsdz = %”J‘ (O'Z’fgz’f + Vo tTons )indsdz (36)

ez =L ([l b 62, o

== j ”{ { s+x, )[ zfﬂzm[zn[%ﬂz}dndsdz 37)
_m{ E?s? + 2(n%s Cf+xcf{§7ﬂz+G(4n2{aafj2}dndsdz

The integral result is:

I R AN 00\ 00\’
Ut :EL {(Elw)ﬂ(az—zJ +(EAfx§f{aZ—2J +(GJk)ﬂ(Ej dz (38)

In which,
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31.3
(51.), - E[” j

144

is the second warping stiffness of the upper flange;

is the St-Venant torsional stiffness of the upper flange.
3.2.3 Strain Energy of the Lower Flange

According to the calculation process of strain energy at the upper flange, the strain energy at the lower
flange is obtained as:

| 1 ou n (o0 AR AN
Ut =ng[<Ezy>f{aZ—2‘j (o), 2 28] ) o 24 22) ]dz as)

2
Ui =1 Jj[(ﬂw W 5] e, )(‘2—9”& (0
3.3 Total Strain Energy of the Uniaxial Symmetric C-shaped Beam
U=U_+U, = U\i;l-plane n Uvovut-plane n Ugl-plane n Ugut.plane n Ug-plane n Uf(;ut-plane (41)
In which,
Ui?-plane —0:

2 2 2
out—plane _l L ﬂ 82_6 % .
Uw _2"‘0 (Ely)w 822 +(E1w)w 622 +(GJk)w Oz dZ’

e 1 g ou\ w0\ o\ %0
g (2] (2 (2 e
Uout—plane _1 L ( 629 ’ ( 2 626 ’ 69 ? dZ
f,top —EL EIW)fl 62_2 +\E4;x; 82_2 +(GJk)f1 E s
e 1 g ou Y n (oY o\ %0
Uf,bottomZEJ.O (E[)/')f2 62_2 +(E[y)f27 622 _(Ely)fgh 62_2 62_2 dZa

I I 0%0 ) 00\
Uf,btotlz:)m :EJ‘O (Elw)ﬁ(gj +(GJk)f2(Ej ]dZ’
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(42)

Looking at this expression, we find that the last term [—j[—j of the strain energy is the

influence of the cross term, which actually reflects the coupling effect of the bending and torsion
deformations. However, if the unknown quantity u(z) is selected, it is defined as the lateral shift of
a special point (i. e. shear core) along the X axis, then the purpose of decoupling can be achieved.

To formally eliminate the influence of this cross term, the last item in the above equation is zero,

3
E, z(h—j< )+

1—pul 12
Using geometric relations, the relationship between €, and e, is:

e = hw2+tf — e, (15.246)

Then, it takes:

E, (ht (hw+tfj
-2\ 12 2

EW hwt\?v + Ef tfbs
-2 12 ) 1-42| 12

hy=e +y,=

If take:
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3 3
(EIV) — Ew . hwtw + Ef - tfbf
creomp 1— o012 1=\ 12

as the flexural stiffness around the weak axis, while:

3 2
(EIW )comp = EW (hWtW J(hw T _hslj +

E, of t.b;
h
l_lufz(vl)[lz j+

1-u2 | 12 2
1—pu2\ 144 ) 1-p} 144
For the constrained torsional stiffness or called warping stiffness, while:
ht bt;
(G )y = G [TJ + Gf[ o j (47)

For free torsional stiffness, the total strain energy of a single-axial symmetric C-type column can be
expressed as:

L ou) %0\ 20
U= E.[o [(E[y )comp (gj + (E[y )Comp( a2 J + (GJ K )comp (EJ }dz (48)

4. Initial Stress Potential Energy of Torsion Flexion

4.1 Initial Stress and Potential Energy of the Web
Under axial pressure, the initial stress of the web is:

o = E P
= EA),, “
In the formula,
(EA)com = EWAW +EfAf (50)

The positive and negative signs of stress are the same as those in the mechanics of materials, that is,
the tensile stress is positive, while the compressive stress is negative.

The initial stress potential energy of the web is:
Ve, = j” (O'Z’W(]g:&, )1ndsdz (51)

In which,
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oo o) (22

So there is:

posamme ___ELP_ - m {{ ( j ste, - yo)(%ﬂz +[n(%ﬂ2}dndsdz

The integral result is:

1 (ouY ou 06
(%) ‘Aw"(a)(aj*

v EA
(EA). ( Wt +2—ht to h t Azj(aej

~
Il
|
shj
~
&
2,

24 " Oz

Where,
AI = ew _y 0

Cut the distance from the web itself to the section.

4.2 Initial Stress Potential Energy of the Upper Flange
Under the axial pressure state, the initial stress of the upper flange is:

_ ___EP
z,w0 (EA)

com

In the formula,

(EA\n=E, A, +E A4

According to the above provisions, the compressive stress of the upper flange shall be negative.

The initial stress potential energy of the upper flange is:
v, = ”J‘(Jz,fos:f? ndsdz

Where:
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& G Es e TR e

So there is:

s E; }:Om m {K j n+e, + yo)(%ﬂz{ (Zfﬂ }dndsdz (59)

The integral result is:

(&) ()
T ¥ IL 2 '\ oz oz \ oz

= , dz (60)
f,to
P (B 1, 1 L1, oYeey
— bt +—bt; +— bt
1\ 24 24 24 oz
Where,
4 =e;+y,=h,
Is the distance from the center of the upper flange itself to the section.
4.3 Total Initial Stress Potential Energy
V=V +V;
3422
E P |2 oz 0z \ 0z
EA com;
() LI A L (aej
L 24 24 24 0z
- I ) _ 07 Mz (61)

0
L -212)
E P |2 0z oz \ O

EA
(EA) (lbtf+2—bt +— btf j(aej

24 oz

Perhaps:
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| E AP E.AP (aujz
+ — | +
(EA)comp (EA)comp aZ
E.P (i Kt +ihwtfv + hthAfJ +
1 e || (B \12 12 00Y
= ep 1 (6_j te ©
Z
%(—bﬁtf +—bt; +bfth§j
(EA),, \12 12
2{_ EAP | EAP }( ou J( @j
(EA)comp (EA)comp aZ aZ
The first term in the above equation can be reduced to:
EA, EA | [ouY [ouY
e, Ea (&) & (63)
comp comp Z
Note the following relationship:
E ht A} + E.bt A
:EwAw(ew_y0)2+EfAf(ef+y0)2 (64)
= (EwAwew2 + EfAfef2 )+ (EwAw +E 4, )yo2 + (EfAfef -E 4,e, )
From the condition of zero bending moment, it is known:
E‘fAfef _EwAwew :0 (65)
Thus, formula (64) can be simplified to:
EwhwtwAlz + EvfbfthZ2 = (E‘wzélwew2 + E‘fA‘fef2 )+ (EA)compy02 (66)
where,
(EA)comp = WAW +EfAf (67)

According to equation (65), the second item can be simplified to:
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i(L nt, +Lhwtfv + hthAfjJr
(EA) gy \12 12 (aejz
E.P 1, 1, 5 ) 0z
(EA)comp (Ebftf +Ebftf +byt 4, (68)
(L) + L, +(EL). i (00Y 00\’
= P& =p(f |
(EA )Comp oz Pleomp | 57

(E]x)comp Ew(%h\ile_'-Ef(Lbfl;;j-’_(EwAwe\i + EfAfefz)

12
1, 1,
(E[y )comp = EW(Ehthj+Ef Ebftfj (69)
(EL )y + L), +(EA) s (EL), +(EL),
(’” D )2 = = +
comp (EA )comp (EA )comp

This is the square of the radius of the plate-beam theory. Unlike the traditional formula, this result
can consider the case where the flange and web are different materials. In addition, all physical
quantities, such as equation (66), are consistent with the exact solution of the mechanics of materials,
while the Vlasov theory can only give an approximate formula.

The third item can be simplified to:

it

comp )comp

_ {_ (Ewa P( b ;’ﬂ j N { (SZ)AW + (;;)Af _P(ef + ¥, %{%)(g} (70)

comp comp comp

| A e[ 2

comp

Using the new definition of the centroid, i. e:

(71)

Th It of the third item is. P ((%t)((%’)
e result of the third item is. — =
Yo >\ o

To sum up, the initial stress potential energy can be written more simply as:
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el (ouY 00 ou'\ 86
V=—— — | +Plr — | +2 — = 72
AR ) 22 o
5. Energy Variation Model and Differential Equation Model
5.1 Energy Variation Model
The total potential energy of bending bending of T-shaped steel column is:
i 2 \2 2 7\? 2]
(er) [ sz, [ 29 v, [92] -
1 L Y Jcomp aZZ comp 822 comp 82
m=v+v==[ dz (73)
270

ouY oY
Pl —p 7\ —ap
i [82} (r” )i‘”“"[ 82) yo[

ou

Oz

|

&
0z

At this point, it can transform the twist-bending problem of C-section column into an energy variation
model: find the sum of two functions u(z)andé(z)in the interval 0<z <L, so that they meet the
prescribed geometric boundary conditions, and make the following formula:

H=J:F(u',u”,6”,6’")dx (74)

Where:

1

- E 2 2
ou 00
{2 (2] ol

The defined energy functional takes the minimum value.

5.2 Differential Equation Model

According to the energy variation model derived above, the differential equation model of C-section
can be easily introduced.

F(u',u", g, 6’") (75)

a_u
0z

[%)

From all the derivatives of the functional F (u',u",8',6"):

61,[ auy au" Y /comp
oF oF , ,
F& = % = H 0= ﬁ - (GJk comp 0 B P(i"p )iomp Pyou (77)
oF
F,=——=IEI 0" 78
o 60” ( W)comp ( )
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The following Euler equations and boundary conditions are available.
Euler equation (equilibrium equation):

2
F, —%Fu, +%Fu,, =0
d d’ (7)
FH_EFH'""_QFH" =0
Perhaps:
(E1,),,,u"+ Pu" + Py,6" =0 (80)

(E[W )comp 0(4) + [P(rp )cz:omp - (GJk )comp k” + Pyo”" = O

This is the governing equation for the bending and bending of the C-section. The first equation is the
twisted flexion balance equation around the weak axis .V , while the second equation is the twisted
flexion balance equation around the shear center.

6. Boundary Condition

For the fourth order constant coefficient differential equation, there are four undetermined
coefficients, requiring four boundary conditions given in advance. Two cases of boundary conditions
at each end.

(1) Lateral displacement u(z)

Given U, or:

oF d{(oF , . d "
o _E(au"J = —Pu'~ Py,0 —E[(Ely )t ]_ 0 81)
Given u', or:
(E1,),, u"=0 (82)
(2) Corneré(z)
Given, 6 or:
! ! d 14
(GJk )comp 0" - P(Vp )cz‘omp PyOu - E(Ellwe )= 0 (83)
Given @', or:
(L, )oyy8" =0 (84)

202



International Core Journal of Engineering Volume 10 Issue 3, 2024
ISSN: 2414-1895 DOI: 10.6919/ICJE.202403_10(3).0023

Thus, we obtain all the boundary conditions of the C-section.

The above boundary conditions can be used to combine the initially different rod end boundary
conditions. The following common combinations are summarized as follows:

Articulated end boundary conditions:
u=u"=60=60"=0 (85)

That is, the torsion angle of lateral displacement and around the shear core is zero (geometric
boundary condition), and the bending moment around the weak axis and the double moment around
the shear core are zero (force boundary condition). V

Fixed-end boundary conditions:
u=u'=60=60'=0 (86)

That is, the torsion angle of lateral displacement and around the shear core is zero (geometric
boundary condition), and the rotation angle around the weak axis  and the torsion angle around the
shear core are zero (geometric boundary condition).

Free boundary conditions:
u"=0"=0 (87)

That is, the bending moment around the weak axis V and the double moment around the shear core
are zero (force boundary condition).

In addition, the following natural boundary conditions should be satisfied:

— Pu'~ Py,0’ —%[(Ely Do u']=0 (88)

! ! d n
(G )y @' = P, . Py’ - (E1,07)=0 (89)

That is, the shear force corresponding to the bending moment around the weak axis and the warping
torque corresponding to the double torque around the shear core are zero (force boundary condition).
This is the natural boundary condition, the force boundary condition. Obviously, for such complex
natural boundary conditions. This is also one of the advantages of studying the buckling problem
from the energy variability method.

7. Discussion

Both of the above two equations have a cross-coupling term (the last term), that is, the two equations
are coupled and cannot be solved separately. That is, the bending and torsion buckling of the C-
shaped shaft are synchronized, and this flexion is torsion flexion.

The coefficients of the cross-coupling term in the two equations are equal, which conforms to the
reciprocal law of linear elasticity (Betti's Law), indicating that the above variational derivation is
formally correct.
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The above equation is a system of homogeneous differential equations of the fourth order constant
coefficient, so it is a linear buckling problem.
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