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Geometrical nonlinear analysis of thin-walled composite beams using finite
element method based on first order shear deformation theory

Thuc Phuong Vo* and Jaehong Leef

Department of Architectural Engineering, Sejong University
98 Kunja Dong, Kwangjin Ku, Seoul 143-747, Korea

(Dated: January 22, 2010)

Based on a seven-degree-of-freedom shear deformable beam model, a geometrical nonlinear analy-
sis of thin-walled composite beams with arbitrary lay-ups under various types of loads is presented.
This model accounts for all the structural coupling coming from both material anisotropy and ge-
ometric nonlinearity. The general nonlinear governing equations are derived and solved by means
of an incremental Newton-Raphson method. A displacement-based one-dimensional finite element
model that accounts for the geometric nonlinearity in the von Kdrman sense is developed to solve
the problem. Numerical results are obtained for thin-walled composite beam under vertical load
to investigate the effects of fiber orientation, geometric nonlinearity and shear deformation on the

axial-flexural-torsional response.

Keywords: Thin-walled composite beams; shear deformation; axial-flexural-torsional response; nonlinear theory.

I. INTRODUCTION

Fiber-reinforced composite materials have been used over the past few decades in various structures. Composites
have many desirable characteristics, such as high ratio of stiffness and strength to weight, corrosion resistance and
magnetic transparency. Thin-walled structural shapes made up of composite materials, which are usually produced by
pultrusion, are being increasingly used in many engineering fields. A large number of practical problems of thin-walled

composite structures require a geometrically nonlinear formulation, such as the post-buckling behavior, load carrying
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capacity of structures used in aeronautical, aerospace as well as in mechanical and civil engineering. In such cases,
linear finite element models are not able to predict the structural response accurately. Hence, the development of
efficient and accurate nonlinear finite element models becomes crucial.

The geometrical nonlinear analysis of thin-walled composite beams has received considerable attention by researchers
since the development of comprehensive theory of thin-walled bars by Vlasov [1] and Gjelsvik [2]. Bauld and Tzeng
[3] presented nonlinear model for the balanced symmetric laminated composite materials by extending Gjelsvik’s
formulation. However, the formulation was somewhat not consistent in the sense that it used coordinate mapping
when developing nonlinear stresses instead of variational formulation. Gupta and Rao [4,5] developed finite element
analysis to study instability of thin-walled open-section composite beams. The nonlinear expressions for the strains
occurring in these members under axial, flexural and torsional loads, were incorporated in a general instability
analysis. A finite element formulation was developed by Stemple and Lee [6,7] to take into account the warping
effect of composite beams undergoing large deflection or finite rotation. By extending model of Bauld and Tzeng
[3], Omidvar and Ghorbanpoor [8] derived a nonlinear finite element analysis of thin-walled open-section composite
beams with symmetric lay-up based on the updated Lagrangian formulation. Fraternali and Feo [9] formulated a small
strain and moderate rotation theory of thin-walled composite beams by generalizing the classical Vlasov theory. This
beam model accounted for axial, bending, torsion and warping deformations and allowed one to predict critical loads
and initial post-buckling behavior. Rajasekaran and Nalinaa [10] presented the formulation for static, bucking and
vibration analysis of non-prismatic thin-walled composite spatial members of generic section. The theory was limited
to small strains, moderate deflections and small rotations. Bhaskar, Librescu and Song [11,12] developed non-linear
theory of thin-walled composite beams, which was employed in a broad field of engineering problems. In this model,
the transverse shear deformation was taken into account but the warping torsion component was neglected. Special
attention deserved the works of Machado, Cortinez and Piovan [13,14] who introduced a geometrically non-linear
theory for analyzing the stability of thin-walled composite beams. This model applied for both open and closed
cross-sections and took into account shear flexibility (bending and warping shear). However, it was strictly valid for
symmetric balanced laminates and especially orthotropic laminates. Sapountzakis and Panagos [15] introduced the
non-linear analysis of a composite Timoshenko beam with arbitrary variable cross section undergoing moderate large
deflections by employing the analog equation method, a boundary element method (BEM)-based method. Cardoso
et al. [16] developed two-node Hermitean finite beam elements, with seven-degree-of-freedom per node for structural

analysis of thin-walled composite beams with geometrically nonlinear behavior, including post-critical behavior and



warping deformation.

In this paper, which is an extension of the authors’ previous works [17,18], a geometrically nonlinear model for
thin-walled composite beams with arbitrary lay-ups under various types of loads is presented. This model is based on
the first-order shear deformable beam theory, and accounts for all the structural coupling coming from both material
anisotropy and geometric nonlinearity. The general nonlinear governing equations are derived and solved by means
of an incremental Newton-Raphson method. A displacement-based one-dimensional finite element model with seven-
degree-of-freedom per node that accounts for the geometric nonlinearity in the von Karmén sense is developed to
solve the problem. Numerical results are obtained for thin-walled composite beam under vertical load to investigate

the effects of fiber orientation, geometric nonlinearity and shear deformation on the axial-flexural-torsional response.

Il. KINEMATICS

The theoretical developments presented in this paper require two sets of coordinate systems which are mutually
interrelated. The first coordinate system is the orthogonal Cartesian coordinate system (z,y, z), for which the x and
y axes lie in the plane of the cross section and the z axis parallel to the longitudinal axis of the beam. The second
coordinate system is the local plate coordinate system (n, s, z) as shown in Fig.1, wherein the n axis is normal to the
middle surface of a plate element, the s axis is tangent to the middle surface and is directed along the contour line
of the cross section. The (n, s, z) and (z,y, z) coordinate systems are related through an angle of orientation ¥. As
defined in Fig.1, a point P, called the pole, is placed at an arbitrary point x,,y,. A line through P parallel to the z
axis is called the pole axis.

To derive the analytical model for thin-walled composite beams, the following assumptions are made:
1. The contour of the thin wall does not deform in its own plane.

2. Transverse shear strains v;.,7,, and warping shear strain 7, are incorporated. It is assumed that they are

uniform over the cross-sections.

According to assumption 1, the midsurface displacement components u,? at a point A in the contour coordinate
system can be expressed in terms of a displacements U,V of the pole P in the z,y directions, respectively, and the

rotation angle ® about the pole axis,

a(s,z) = U(z)sinyp(s) — V(z)cosip(s) — P(z)q(s) (1a)

0(s,z) = U(z)cosyp(s) + V(z)siny(s) + ®(2)r(s) (1b)



These equations apply to the whole contour. The out-of-plane shell displacement w can now be found from the
assumption 2. For each element of middle surface, the midsurface shear strains in the contour can be expressed with
respect to the transverse shear and warping shear strains.

Vnz(8,2) = 2. (2) sinp(s) — 7,.(2) cos ¥(s) — 75 (2)q(s) (2a)
Vs=(8,2) = 2. (2) cosh(s) + 7. (2) sin o (s) + 5 (2)r(s) (2b)

Further, it is assumed that midsurface shear strain in s — n direction is zero (Js, = 0). From the definition of the
shear strain, 4, = 0 can also be given for each element of middle surface as:
ov  Ow
Vsz(8,2) = — + —— 3
’VSZ( ) az 85 ( )
Displacement w can be integrated with respect to s from the origin to an arbitrary point on the contour,

w(s,z) = W(z) +Vy(2)x(s) + Va(2)y(s) + Vo (2)w(s) (4)

where ¥,, ¥, and V¥, represent rotations of the cross section with respect to z,y and w, respectively, given by:

Uy = 7,.(2) - U (5a)
U, = 0. (2) =V (5b)
Ty = 75(2) — @ (5¢)

When the shear deformation effect is ignored, Eq.(5) degenerates to ¥, = —U’, ¥, = =V’ and ¥, = —®'. As a
result, the number of unknown variables reduces to four leading to the Euler-Bernoulli beam model. The prime (*) is
used to indicate differentiation with respect to z and w is the so-called sectorial coordinate or warping function given

by

o) = | jr<s>ds (6)

The displacement components u, v, w representing the deformation of any generic point on the profile section are
given with respect to the midsurface displacements u, v, w by assuming the first order variation of inplane displacements

v, w through the thickness of the contour as:
u(s,z,n) = u(s,z) (7a)
v(s,z,n) = (s,2) +ns(s, 2) (7b)

w(s,z,n) = w(s,z) +np,(s,z) (7c)
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where, 1, and 1), denote the rotations of a transverse normal about the z and s axis, respectively. These functions
can be determined by considering that the midsurface shear strains 7, is given by definition:

ow Ou

Anz(8,2) = an + 2

By comparing Eq.(2) and (8), the function 1, can be written as
Y, =V, siny) — ¥, cosyh — U, q (9)

Similarly, using the assumption that the shear strain s, should vanish at midsurface, the function v, can be obtained

- ou
I/Js = _g (10)

The von Karmén type strains, in which only the products of u, v, and their derivatives are retained and all other

nonlinear terms are neglected are given by

€.(s,z,m) = Z—Z—i—%[(%)z—k(%f] (11a)
Vsz(8,2,m) = % + 8871;} (11b)
sl zm) = 204 O (11¢)
By substituting Egs.(1), (4) and (7) into Eq.(11), and using the following relations
T —xp = qcostp + rsiny (12a)
Y —Yp = gsiny —rcosp (12b)
Eq.(11) can be rewritten as
€. = & +nk, +n’y. (13a)
Vsz = sz T Nz (13b)
Tnz = Tnz + NFns (13¢)
where
e = %+%[(%)2+ (%)2] (14a)
Ry = —% —2%% (14b)
Rse = —2532 (14c)
Xz = (61252)2 (14d)



In Eq.(14), €, k., ks, and Y, are midsurface axial strain and biaxial curvature of the shell, respectively. The above

shell strains can be converted to beam strain components by substituting Eqgs.(1), (4) and (7) into Eq.(14) as

€. = €+ TRy + Yky + Wk (15a)
Ry = KySINY — Ky COSY — Kuwq + 2X,T (15Db)
Rsz = Ksz (15¢)
Xz = Xz (15d)

where €7, kg, Ky, Kw, sz and X, are axial strain, biaxial curvatures in the x and y direction, warping curvature with

respect to the shear center, twisting and high order curvature in the beam, respectively defined as

1
€ =W+t U2+ V"2 + (1 + ¢*)®?] — 2,V'® + y,U' P (16a)
Ky = U, —U'® (16b)
ky = ¥, +V'® (16¢)
Ko = W, (16d)
ksy = ' — U, (16e)
1 12
X = 1o (16f)

The resulting strains can be obtained from Eqgs.(13) and (15) as

€. = €2+ (x+nsing)ry, + (y —ncos)k, + (w0 — ng)ky + (2rn +n?)x. (17a)
Vsz = Var COSY + vy, SINY + 0T + Nk, (17b)
Tne = Voo SINY — 7y, COSY =50 (17¢)

11l. VARIATIONAL FORMULATION
Total potential energy of the system is calculated by sum of strain energy and potential energy
M=U+V (18)
where U is the strain energy

1
U - 5»/}0362+-ogzysz+-oﬁzqhz)du (19)



The strain energy is calculated by substituting Eq.(17) into Eq.(19)

1
U = 3 / {az {e(z’ + (z +nsiny)ky, + (y —ncos))kg + (w — ng)ky, + (2rn + n2)x4
v
+ 0,z [viz cos )+, sin + 07 + n’{sz:| + Onz [722 siny —v,, cos¢) — WZQ] }dv (20)
The variation of the strain energy, Eq.(20), can be stated as

l
U = / (N.0e, + Mydky + Mydk, + Mok, + Vidy,, + V0, + Ty, + Midks, + R.0x.)dz (21)
0

where N, My, M,, M,,,V,,V,, T, M, and R, are axial force, bending moments in the x and y directions, warping
moment (bimoment), shear force in the x and y directions, warping torque, torsional moment and the high order

stress resultant with respect to the centroid respectively, defined by integrating over the cross-sectional area A as

N

/ o dsdn (22a)
A

/ o.(x 4+ nsiny)dsdn (22b)
A

=
I

8
I

o.(y —ncos)dsdn (22¢)

S
I

0. (w —ng)dsdn (22d)

A
I

(052 COSY + 0y sin)dsdn (22e)
(052 8N — 0y, cOs)dsdn (22f)
(0527 — Onzq)dsdn (22g)

M,

-~
I
i T

oszndsdn (22h)

R, = / 0. (2rn +n?)dsdn (22i)
A
The variation of the strain energy can be obtained by substituting Eqs.(16) and (17) into Eq.(21)

l
U = / [Nzaw' + MW, + M,oW, + MU, + V,5(U' + W) + V, (V' + 0,,)
0
+ T6(® + W) + M5(® —U,) + N, (U'SU +V'§V')

+ (My — 2,N,)(V'§®" + ®'6V') — (M, — y,N.)(U'6®" + @'6U") + (rf)Nz + Rz)@’dq)'} dz (23)
On the other hand, the variation of work done by external forces can be written as

oY =— /(pz5w + prou + psov)dv (24)

where p,,p,,ps are forces acting in z,n and s direction.



The above expression can be written with respect to the shell forces and displacements by using Eq.(7)
l — —
oY =— / /(pzéw + D0l + Ps0T + M1, + Msths)dsdz
0 Js
where D, ps, M., Mg, Py, are shell forces defined by

(p-r2) = / p-(1,n)dn
(B i) = / po(1, n)dn

Pn = /pndn
n

(25)

(26a)
(26b)

(26¢)

After substituting Eqgs.(1) and (4) into Eq.(25), the variation of the work done by the external forces can be written

with respect to the bar forces
l
oY = — / (PL0W + V30U + MyoW, + VoV + My6¥, + TP + M,,09,,)dz
0

where the bar forces are related to the shell forces as

P, = /ﬁzds

V, = /(138 siny — p,, cos))ds
V, = /(]38 cos ) + Py, sine))ds
T = /(ﬁsr — Pnq + ms)ds

M, = /(mz siny + p,x)ds

M, = /(—mzcosw+ﬁzy)d8

£
I

/ (—mzq + p.w)ds

(28a)
(28b)
(28¢)
(28d)
(28e)
(28f)

(28g)

Using the principle that the variation of the total potential energy is zero, the weak form of the present theory for

thin-walled composite beams is given by

l
0 = / [NZ(SW’ + MoV, + MoV, + M0V, + V,06(U' +¥,) + V,0(V' + ¥,)
0
+ T8 + U,) + M5(®' — V) + N, (U'sU +V'5V')
+ (My — 2pN.)(V'6®" + @'6V') — (My — ypN.)(U'6®" + ®'6U") + (r2N, + R.)®'60’

— PoOW = VodU — My8W, = V8V — MW, — T60 — M0, |dz

(29)



IV. CONSTITUTIVE EQUATIONS

The constitutive equations of a k' orthotropic lamina in the laminate co-ordinate system of section are given by

Oz QTI QT6 €2
= (30)

Ogz QT()‘ QEG '-Ysz
where Q;‘] are transformed reduced stiffnesses. The transformed reduced stiffnesses can be calculated from the
transformed stiffnesses based on the plane stress (o0, = 0) and plane strain (e, = 0) assumption. More detailed

explanation can be found in Ref.[19].

The constitutive relation for out-of-plane stress and strain is given by

Onz = QE)S’YTLZ (31)

The constitutive equations for bar forces and bar strains are obtained by using Eqgs.(17), (22) and (30)

N, - Ev Eyp Ei3 Eny Eis Eig Eir Eig E19_ €
M, Eay Ep3 FEay Eos Eog L7 Eag FEag Ky
M, Ess E3y Ess E3s Esr Ess Esg Kz
M, Eus Eys Eas Ear Eus Eyg Kw
My ¢ = Es5 Ese Esr Ess Esg Ksz (32)
Ve Eec Eer Ees Eeg Yoz
Vy Er7 Ers Erg Vy=
T Egss Esg Yo
R, | sym. Ego | | Xz

where E;; are the laminate stiffnesses of thin-walled composite beams. (E;9 ¢ =1..9) can be defined by

By — / (2rB11 + Dy1)ds (33a)

Eyy = / {27&%311 + D11(x + 2rsiny) + Fiq sin 1/)} ds (33Db)

Esg = / {QTyBu + D11(y — 2r cosp) — Fyq cos w} ds (33¢)

Ey = / [2rw311 + D11(w — 2rq) — an} ds (33d)

Es9 = /(2T‘D16 + Fig)ds (33e)
s

Egg = /(2r316 + D1g) cos thds (33f)
S



where Aij7 Bija

Erg = /(2rB16 + Dqg) sintpds
Egg = /(27‘316 +D16)T'd5

Eg9g = /(4T2D11 +4rF + Hll)ds

matrices, respectively, defined by

(Aij, Bij, Dij, Fij, Hij) Z/Q_ij(lyn,n%n?’,m)dn

Other values of the laminate stiffnesses E;; can be found in Ref.[17].

V. GOVERNING EQUATIONS

10
(332)
(33h)

(33i)

D;; are the extensional, coupling, bending stiffness matrices and Fj;, H;; are the higher order stiffness

The nonlinear equilibrium equations of the present study can be obtained by integrating the derivatives of the

varied quantities by parts and collecting the coefficients of 6W, dU, 6V, 6®, 6V, 0¥, and 0¥,

N+ P
Vzl + [NZ(U/ + yp(I)/)}/ - [qu)/]l + Ve

Vyl + [N(V' = 2,@")] + [Myq)/]l +Vy

M +T + [Nz(rf,(b’ +y,U =z, V] + [M, V'] = [M,U') + [R.®] +T

M, -V, + M,
M, -V, + M,

M/ + M, —T+ M,

The natural boundary conditions are of the form

SW
U
5V
P -
50,
50,

0w, :

N,
Vo + N.(U' + y,®) — M, '
Vy + NV — 2,®') + M, ®'

T+ My + N.(r2®' + y,U' — 2,V') + M,V — MU' + R.®'

(35a)
(35b)
(35¢)

(35d)
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Eq.(36g) denotes the warping restraint boundary condition. When the warping of the cross section is restrained,
¥, = 0 and when the warping is not restrained, M, = 0.

By substituting Eqgs.(16) and (32) into Eq.(35), the explicit form of the governing equations can be expressed with
respect to the laminate stiffnesses E;;. Eq.(35) is the most general nonlinear equations for axial, flexural, torsional
and shearing behavior of thin-walled composite beams under various types of loads, and the dependent variables, W,

U,v,®, ¥,, ¥, and ¥, are fully coupled.

VI. FINITE ELEMENT FORMULATION

The present theory for thin-walled composite beams described in the previous section was implemented via a one-
dimensional displacement-based finite element method. The linear, quadratic and cubic elements with seven degrees
of freedom at each node are derived. The same interpolation function is used for all the translational and rotational
displacements. The generalized displacements are expressed over each element as a combination of the one-dimensional

Lagrange interpolation function 25; associated with node j and the nodal values

W= we; (37a)
j=1
j=1

V = Z’qu/lj); (37C)
j=1

e = > 00, (37d)
j=1

v, = Zwyj@ (37e)
j=1
j=1

v, = Zd’wj@ (37g)
j=1

where n is the number of nodes in an element and Lagrange interpolation function ES; for linear, quadratic and cubic
elements are available in the literature.
Substituting these expressions into the weak statement in Eq.(29), the finite element model of a typical element

can be expressed as

[K{AYHAY={f} (38)
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The nonlinear algebraic equations of present theory are solved by an iterative method. Thus, the nonlinear equa-
tions are linearized by evaluating the nonlinear terms with the known solution from preceding iterations. The
Newton—Raphson method that uses the tangent stiffness matrix, which is symmetric for all structural problems,
is used in this study. By using this method, solution of Eq.(38) results in the following linearized equations for the

incremental solution at the 7" iteration (Reddy [20])

[T{AYy —{AY = {f} = (KA (39)

where the tangent stiffness matrix is defined by

0K
af ik, apf
o= 8u]’§ uy + K (40)
In Eq.(38), {A} is the unknown nodal displacements
Ay=(WUuVvoev, v, v, 7T (41)

VIl. NUMERICAL EXAMPLES

Throughout the numerical examples, a tolerance of ¢ = 1073 and maximum allowable iterations of 20 (per load
step) are used to check for the convergence of nodal displacements in the Newton—Raphson iteration scheme. The
initial solution vector is chosen to be the zero vector, so that the first iteration solution corresponds to the linear
solution. Plane stress assumption (o, = 0) is used in the numerical computation.

For verification purpose, the buckling behavior of a cantilever and simply supported symmetrically laminated mono-
symmetric I-beam with length L = 1.0m under axial force at the centroid is performed. The top and bottom flange
widths are 30mm and 50mm and web height are 50mm, respectively. The flanges and web are made of sixteen layers
with each layer 0.13mm in thickness. All computations are carried out for the glass-epoxy materials with the following
material properties: F; = 53.78GPa ,Fy = E3 = 17.93GPa ,G12 = G13 = 8.96GPa ,Go3 = 3.45GPa ,v15 = 0.25.
The critical buckling loads obtained from present model are compared with those of Kim et al. [21] and Vo and
Lee [22], which are based on the linear bifurcation buckling analysis and ABAQUS solution [23]. The results of the
different methods are found to be in a good agreement in Table I. Load versus the lateral displacement of two fiber
angles = 30° and 60° in the flanges and web with different values of initial loading imperfections in z-direction
(Ve = 0.5 x 1073V, 1.0 x 1073V}, and 2.5 x 10’3Vz) are plotted in Figs. 2 and 3. These load-displacement curves

monotonically increase and approach a linear bifurcation buckling load, which is characteristic of an incipient limit-
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point response of the beam. This response is also justified by the fact that the value of the limit-point load decreases
with increasing imperfection amplitude.

In order to demonstrate the accuracy of this study further, a cantilever doubly symmetric composite I-beam with
length L = 0.5m under a tip vertical load P=2000N at the free end is investigated. Lay-ups and material properties
are the same with previous example except the geometry of I-section. Both of flanges width and web height are
50mm. For comparison, the axial and vertical displacements at the free end by this study and the results by 600
nine-noded ABAQUS’s shell elements (S9R5) are presented. The accuracy of the prediction from present model with
the ABAQUS solution can be seen again in Table II for all lamination schemes considered.

A pinned-hinged composite I-beam of length I, = 2m under an eccentric uniform load g acting at the left of the top
flange is considered in order to investigate the effects of fiber orientation, geometric nonlinearity and shear deformation
on the axial-flexural-torsional response. The geometry and stacking sequence of composite I-beam is shown in Fig.4

and the following engineering constants are used
E/Ey =25,G12/Es = 0.6,G12 = G13 = Gaz,v12 = 0.25 (42)

For convenience, the following nondimensional values of the axial, lateral, vertical displacement and load parameter

are used

T = % (43a)
T = b“; (43b)
7 = 1;02 (43¢)
_ qL*

- e 43d
1= Byt (43d)

Stacking sequence of this beam consists of four layers with equal thickness as follows: [0/ — 6] at the bottom
flange and unidirectional at the web and top flange, respectively. Although the lay-up of each flange and web is
locally symmetric, the behavior of global section is unsymmetrical and thus, the coupling stiffnesses F19 and Fgg
do not vanish. Accordingly, this beam sustains two kinds of couplings from material anisotropy and geometric
nonlinearity simultaneously. The load with increment of AGg = 0.015 is increased until the first critical point is
reached. It can be observed in Fig.5 that the highest load decreases monotonically with the increasing of fiber angle
and is about eight times when fiber angle is varied from 8 = 0° to 8 = 90°. Based on the result of this figure,
an applied load § = 1.75 is chosen to show effect of fiber orientation on the axial-flexural-torsional response. The

solution of the linear analysis is also presented to highlight the difference between linear and nonlinear response.
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Axial and horizontal displacements with respect to fiber angle variation are plotted in Fig.6. It should be noted that
no linear axial and lateral displacements w,u are seen for all fiber angles because they are decoupled with vertical
and torsional load. The vertical displacement with respect to fiber angle variation is demonstrated in Fig.7. By
using a combination of one-dimensional linear Lagrange and Hermite-cubic interpolation function in finite element
formulation, the results obtained from previous research [24] based on the classical beam theory are also displayed.
The discrepancy of vertical displacement due to the shear deformation effect is remarkable and should not be ignored
in nonlinear analysis especially for the higher fiber angles. As fiber angle is less than 8 = 30°, the vertical displacement
of linear and nonlinear analysis coincides. However, as the fiber angle increases, since the geometrical nonlinear effect
is prominent, the discrepancy between the linear and nonlinear analysis becomes significant. From the aforementioned
figures, it can be observed that the difference between displacements of two analyzes is minimum at fiber angle § = 0°
and reaches maximum value at § = 90°. This phenomenon can be explained that the axial, flexural, torsional and
shearing rigidities decrease significantly with increasing fiber angle, and thus, the relative geometrical nonlinear effect
becomes larger for the higher fiber angles.

To investigate the geometrical nonlinear effect further, the same configuration with the previous example except in
this case, the stacking sequence at two specific fiber angles § = 45° and 90° is considered to study the effects of load
parameter on the displacements in the high nonlinear region. Load versus the vertical and torsional displacement
of two fiber angles are shown in Figs.8 and 9. It is evident that linear analysis is not able to predict accurately
the structural response where the applied load is larger than § = 1.0 for fiber angle # = 90° and 1.5 for fiber angle
6 = 45°, respectively. It is noteworthy that the results by nonlinear analysis are always larger than those of linear
one. This is due to the fact that the geometrical nonlinear effect causes the axial-flexural-torsional-shearing coupling
which results in a decrease in the flexural and torsional stiffness of the beam. The significant influence of the nonlinear
analysis effect is easily verified with increasing load intensity. At the highest load of fiber angle 6 = 45°, the nonlinear
vertical and torsional displacements are about 165% and 125% of the linear values. Figs.10 and 11 clearly highlight
the influence of geometrical nonlinear effect on the axial and lateral displacement of beam. These responses are never
seen in linear analysis, as expected. It implies that a thin-walled composite beam under an eccentric transverse load
not only causes the transverse displacement and angle of twist as would be observed in linear case, but also causes

two additional responses due solely to geometric nonlinearity which does not occur in linear case.
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VIIl. CONCLUDING REMARKS

A geometrical nonlinear analysis of thin-walled composite beams with arbitrary lay-ups under various types of loads
is presented. This model is based on the first-order shear deformable beam theory, and accounts for all the structural
coupling coming from both material anisotropy and geometric nonlinearity. The general nonlinear governing equations
are derived and solved by means of an incremental Newton-Raphson method. A displacement-based one-dimensional
finite element model with seven-degree-of-freedom per node that accounts for the geometric nonlinearity in the von
Karmaén sense is developed. Numerical results are obtained to investigate the effects of fiber orientation, geometric
nonlinearity and shear deformation on the axial-flexural-torsional response. The shear effects become significant for
lower span-to-height ratio. The present model is found to be appropriate and efficient in analyzing geometrically

nonlinear behavior of thin-walled composite beams under external loads.
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CAPTIONS OF TABLES

Table I: Critical bucking loads (N) of a cantilever and simply supported mono-symmetric composite I-beam with
symmetric angle-ply laminates in the flanges and web.
Table IT: The tip axial and vertical displacements of a cantilever doubly symmetric composite I-beam with symmetric

angle-ply laminates in the flanges and web under a vertical load P= 2000N at free end.
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CAPTIONS OF FIGURES

Figure 1: Definition of coordinates and generalized displacements in thin-walled open-sections.

Figure 2: Load versus the lateral displacement at mid-span of a simply supported mono-symmetric composite
I-beam under different values of initial loading imperfections with the fiber angles 30° and 60° in the flanges and web.

Figure 3: Load versus the lateral displacement at free end of a cantilever mono-symmetric composite I-beam under
different values of initial loading imperfections with the fiber angles 30° and 60° in the flanges and web.

Figure 4: A pinned-hinged composite I-beam under an eccentric uniform load.

Figure 5: Variation of the highest load with respect to fiber angle change in the bottom flange of a pinned-hinged
composite I-beam under an eccentric uniform load.

Figure 6: Variation of axial and horizontal displacement at mid-span with respect to fiber angle change in the
bottom flange of a pinned-hinged composite I-beam under an eccentric uniform load.

Figure 7: Variation of the vertical displacement at mid-span with respect to fiber angle change in the bottom flange
of a pinned-hinged composite I-beam under an eccentric uniform load.

Figure 8: Load versus the vertical displacement at mid-span of a pinned-hinged composite I-beam under an eccentric
uniform load with the fiber angles 45° and 90° in the bottom flange.

Figure 9: Load versus the angle of twist at mid-span of a pinned-hinged composite I-beam under an eccentric
uniform load with the fiber angles 45° and 90° in the bottom flange.

Figure 10: Load versus the axial displacement at mid-span of a pinned-hinged composite I-beam under an eccentric
uniform load with the fiber angles 45° and 90° in the bottom flange.

Figure 11: Load versus the horizontal displacement at mid-span of a pinned-hinged composite I-beam under an

eccentric uniform load with the fiber angles 45° and 90° in the bottom flange.
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TABLE I Critical bucking loads (N) of a cantilever and simply supported mono-symmetric composite I-beam with symmetric

angle-ply laminates in the flanges and web.

Lay-ups Cantilever beam Simply supported beam
Kim et al. [21] Vo and Lee [22] Present Vo and Lee [22] Present
ABAQUS Theory
[0]16 2969.7 2998.2 2993.2 2992.0 8918.1 8916.0
[15/ — 15]4s 2790.9 2811.8 2803.6 2802.0 8587.7 8586.0
[30/ — 30]4s 2190.6 2199.7 2184.7 2184.0 7187.1 7186.0
[45/ — 45]4s 1558.9 1561.9 1546.0 1544.0 5352.0 5350.0
[60/ — 60]4s 1239.4 1241.3 1277.8 1228.0 4291.9 4290.0
[75/ — 75]as 1132.2 1134.5 1126.7 1126.0 3898.4 3898.0
[90/ — 90]4s 1106.8 1106.0 3893.4 3892.0
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TABLE II The tip axial and vertical displacements of a cantilever doubly symmetric composite I-beam with symmetric angle-

ply laminates in the flanges and web under a vertical load P= 2000N at free end.

Lay-ups Formulation W (cm) V (cm)
[0]16 ABAQUS -0.152 11.414
Present -0.133 10.569
[15/ — 15]4s ABAQUS -0.177 12.300
Present -0.161 11.649
[30/ — 30]4s ABAQUS -0.300 15.921
Present -0.288 15.561
[45/ — 45]4s ABAQUS -0.605 22.528
Present -0.597 22.364
[60/ — 60]4s ABAQUS -0.965 28.422
Present -0.953 28.250
[75/ — 75]4s ABAQUS -1.153 31.088
Present -1.126 30.724
[90/ — 90]4s ABAQUS -1.202 31.758
Present -1.163 31.235
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FIG. 1 Definition of coordinates and generalized displacements in thin-walled open-sections.
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FIG. 2 Load versus the lateral displacement at mid-span of a simply supported mono-symmetric composite I-beam under

different values of initial loading imperfections with the fiber angles 30° and 60° in the flanges and web.
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FIG. 3 Load versus the lateral displacement at free end of a cantilever mono-symmetric composite I-beam under different

values of initial loading imperfections with the fiber angles 30° and 60° in the flanges and web.
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FIG. 4 A pinned-hinged composite I-beam under

an eccentric uniform load.
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FIG. 5 Variation of the highest load with respect to fiber angle change in the bottom flange of a pinned-hinged composite

I-beam under an eccentric uniform load.
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FIG. 6 Variation of axial and horizontal displacement at mid-span with respect to fiber angle change in the bottom flange of

a pinned-hinged composite [-beam under an eccentric uniform load.
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FIG. 7 Variation of the vertical displacement at mid-span with respect to fiber angle change in the bottom flange of a pinned-

hinged composite I-beam under an eccentric uniform load.
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FIG. 8 Load versus the vertical displacement at mid-span of a pinned-hinged composite I-beam under an eccentric uniform

load with the fiber angles 45° and 90° in the bottom flange.
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FIG. 9 Load versus the angle of twist at mid-span of a pinned-hinged composite I-beam under an eccentric uniform load with

the fiber angles 45° and 90° in the bottom flange.
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FIG. 10 Load versus the axial displacement at mid-span of a pinned-hinged composite I-beam under an eccentric uniform load

with the fiber angles 45° and 90° in the bottom flange.
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FIG. 11 Load versus the horizontal displacement at mid-span of a pinned-hinged composite I-beam under an eccentric uniform

load with the fiber angles 45° and 90° in the bottom flange.



