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Geometrically nonlinear theory of thin-walled composite box beams using
shear-deformable beam theory

Thuc Phuong Vo* and Jaehong Leef

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

(Dated: September 4, 2009)

A general geometrically nonlinear model for thin-walled composite space beams with arbitrary
lay-ups under various types of loadings 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 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 Kérmén sense is
developed. Numerical results are obtained for thin-walled composite box beams under vertical
load to investigate the effects of shear deformation, geometric nonlinearity and fiber orientation

on 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 a variety of 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.

The theory of thin-walled closed section members made of isotropic materials was first developed by Vlasov [1]
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and Gjelsvik [2]. A large number of practical problems require a geometrically nonlinear formulation, such as the
postbuckling behavior, load carrying capacity of structures used in aeronautical, aerospace as well as in mechanical
and civil engineering. Thin-walled composite structures are often very thin and have complicated material anisotropy.
The studies of these structures carried out so far may broadly be divided into two groups. The first and most
common approach is based on an analytical technique, while the other approach requires a two-dimensional finite
element analysis to obtain the cross-section stiffness matrix. Atilgan and Hodges et al. [3,4] pioneered the second
approach, which was referred to as the so-called ”Variational Asymptotic Beam Section Analysis” (VABS). VABS
used the variational asymptotic method (VAM) to split a three-dimensional nonlinear elasticity problem into a two-
dimensional linear cross-sectional analysis and a one-dimensional, nonlinear beam problem. Hodges and co-workers
(e.g., Cesnik et al. [5,6], Volovoi et al. [7], Yu et al. [8]) further applied the concept introduced by VAM to two
dimensional cross-sectional problem and derived closed-form expressions for the cross-sectional stiffness coefficients of
thin-walled beams. By using Atilgan and Hodges’s beam model, Jeon et al. [9] developed an analysis model of large
deflection for the static and dynamic analysis of composite box beams.

In the present investigation, an analytical approach is adopted for the derivation of the cross-sectional stiffness
matrix considering different effects and their coupling to yield a general formulation. Bauld and Tzeng [10] presented
nonlinear model for thin-walled composite beams by extending Gjelsvik’s formulation to the balanced symmetric
laminated composite materials. However, the formulation was somewhat not consistent in the sense that it used
coordinate mapping when developing nonlinear stresses instead of variational formulation. A finite element formulation
was developed by Stemple and Lee [11,12] to take into account the warping effect of composite beams undergoing
large deflection or finite rotation. Kalfon and Rand [13] derived the nonlinear theoretical modeling of laminated
thin-walled composite helicopter rotor blades. The derivation was based on nonlinear geometry with a detailed
treatment of the body loads in the axial direction which were induced by the rotation. Pai and Nayfeh [14] developed
a fully nonlinear theory of curved and twisted composite rotor blades. The theory accounted for warping due to
bending, extensional, shearing and torsional loadings, and three-dimensional stress effects by using the results of a
two-dimensional, static, sectional, finite element analysis. Bhaskar and Librescu et al. [15,16] 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 [17-19] who introduced a geometrically non-linear

theory for thin-walled composite beams for both open and closed cross-sections and took into account shear flexibility
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(bending and warping shear). This non-linear formulation was developed by using a non-linear displacement field,
whose rotations were based on the rule of semi-tangential transformation. It was used for analyzing the stability
of thin-walled composite beams with general cross-section. By using a geometrically higher-order non-linear beam
theory, Machado [19] investigated the influence of large rotations on the buckling and free vibration behavior of thin-
walled composite beam. However, it was strictly valid for symmetric balanced laminates and especially orthotropic
laminates. Recently, Sapountzakis and Panagos [20] 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 (AEM), a BEM-based method.

In this paper, which is an extension of the authors’ previous works [21-25], a geometrically nonlinear model for thin-
walled composite beams with arbitrary lay-ups under various types of loadings 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 that accounts
for the geometric nonlinearity in the von Karman sense is developed. Numerical results are obtained for thin-walled
composite box beam under vertical load to investigate the effects of shear deformation, geometric nonlinearity, fiber

orientation, laminate stacking sequence and load parameter on 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 (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 zp,y,. A line through P parallel to the z axis is
called the pole axis.

To derive the analytical model for a thin-walled composite beam, the following assumptions are made

1. The contour of the thin wall does not deform in its own plane.
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2. Transverse shear strains v;,,7,, and warping shear 7, are incorporated. It is assumed that they are uniform

over the cross-sections.

3. The linear shear strain 7., of the middle surface is to have the same distribution in the contour direction as it

does in the St. Venant torsion in each element.

According to assumption 1, the midsurface displacement components u,v 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

u(s,z) = U(z)sinf(s) — V(z)cos(s) — ®(z)q(s) (1a)

U(z)cosO(s) + V(z)sinf(s) + ®(2)r(s) (1b)

<
—
“CD

N
~

I

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 the warping shear strains

Tnz(8,2) = 722 (2) sinb(s) — 7. (2) cos 0(s) + 5 (2)q(s) (2a)

Vsz(8,2) = 772(2) cos 0(s) + 7. (2) sin0(s) — 2 (2)r(s) — |12(2) — ‘P'(Z)} (2b)

where t(s) is the thickness of contour box section, F(s) is the St. Venant circuit shear flow. Further, it is assumed
that midsurface shear strain in s — n direction is zero (Js, = 0). From the definition of the shear strain, 7,, can also
be given for each element of middle surface as
ov  OJw
_ _ov oJw 3
Tas(5,2) = 5=+ - 3)

After substituting for ¢ from Eq.(1) into Eq.(3) and considering the following geometric relations

dx = dscosf (4a)

dy = dssinf (4b)
Displacement w can be integrated with respect to s from the origin to an arbitrary point on the contour

B(s,2) = W(z)+ Ty (2)a(s) + Val2)y(s) + Vo (2)eo(s) (5)
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where V., ¥, and ¥, represent rotations of the cross section with respect to =,y and w, respectively, given by

Uy = 7,.(2) - U’ (6a)
U, = 0. (2) =V (6b)
T, = (z) - @ (6¢)

When the transverse shear effect is ignored, Eq.(6) degenerates to ¥, = —U’, ¥, = =V’ and ¥, = —®’, 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

w(s) = / [r(s)_F (S)}ds (7a)
]{ F(s)
i t(s)

where 7(s) is height of a triangle with the base ds; A; is the area circumscribed by the contour of the ¢ circuit. The

ds = 24; i=1,..,n (7h)

explicit forms of w(s), F(s) for box section are given in the Appendix of Ref.[22].
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) = a(s,z) (8a)
v(s,z,n) = (s, 2) + ns(s, 2) (8b)
w(s,z,n) = w(s,z)+n.(s, 2) (8¢)

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 ~,. is given by definition
ow = 0u
Ynz(8,2) = — + — 9
By comparing Eq.(2) and (9), the function can 1, can be written as

Y, =W, sinf — U, cos — ¥yq (10)

Similarly, using the assumption that the shear strain 7s, should vanish at midsurface, the function 1, can be obtained

. ou
’(/Js = _g (11)
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The von Karman 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

Oow 1r1,0u\2 0v, 2
ov  Ow
’YSZ(S,Z,TL) - & + E (12b)
ow  Ou
Vnz(8,2,n) = o + . (12¢)
By substituting Egs.(1), (5) and (8) into Eq.(12), and using the following relations
x —xp =qcosl+rsind (13a)
Y — Yp =qsind —rcosf (13b)
Eq.(12) can be rewritten as
€. = & +nk, +n’x. (14a)
Vsz = 'ﬁ/sz + Nksz (14b)
Ynz = Ynz T Nknz (14C)
where
ow 11,0u\2 00,2
e, = v 1lrou v 1
e = 5 ol + @] (150)
o*u _ 0*u Ov
R, = — 20 o000 15b
" 0z 080z 0z (15b)
d*u
Rsz = -2 1
" 050z (15¢)
_ 0%*u \2
X = (8882) (15d)

In Eq.(15), €., k., Rs: 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), (5) and (8) into Eq.(15) as

€2 = €+ TRy + Yky + Why (16a)
Ry = kysinf — kg cos0 — kg + 2x.7 (16Db)
Rsr = Kz (16¢)
X = Xz (16d)
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where €3, Ky, Ky, Ko, ks> 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

w o

1
© = WI+§[U/2+V/2+(T‘2+(]2)(I)/2] —.’L'pVIfI)I—I—ypUI(I)/
ke = U, —U'®

Ky = U4 V'O

Ky = U,
ksy = @ — W,
1
L, = _(1)12
X2 =5

The resulting strains can be obtained from Eqgs.(14) and (16) as
€ = €+ (x+nsinbd)r, + (y —ncosf)r, + (w —nq)ky + (2rn +n?)x.

. . F F
YVer = 7;z0059+7;z51n9+7w(7°_%)4"{0%(”"' %)

Ynz = Yp.Sin0 — 7y, cost —0q

I1l. VARIATIONAL FORMULATION

Total potential energy of the system is calculated by sum of strain energy and potential energy
n=u+v

where U is the strain energy

1
U = 5 /(Gzez + 052752 + o'nz'ysz)d’u

The strain energy is calculated by substituting Eq.(18) into Eq.(20)

U = 3 / {O’Z [62 + (z +nsinb)ry, + (y —ncosb)ky, + (w — ng)kew + (2rn + nQ)XZ}
o o : o F F o : o o
+ 0.2 [’sz cos 0 + 7, sin ) + 5 (r — %) + Koz (n + %)} +0n- {”sz sinf —,, cosf — qu} dv

The variation of the strain energy, Eq.(21), can be stated as

!
U = / (N20e. + Mydky + Mydky + Mok, + Vidry,, + Vo, + Ty, + Mok, + R.0x.)ds
0

(17a)
(17b)
(17¢)
(17d)
(17¢)

(17f)

(18a)
(18b)

(18¢)

(19)
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where N, M, M, M,,, V,,V,, T, M, R, are axial force, bending moments in the = and y directions, warping moment
(bimoment), shear force in the 2 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 (23a)
A
M, = / o.(x +nsinf)dsdn (23b)
A
M, = / 0.(y —ncosf)dsdn (23¢)
A
M, = / o, (w —ng)dsdn (23d)
A
V., = / (052 cos O + 0, sin0)dsdn (23e)
A
Vv, = / (052 8in6 — o, cosB)dsdn (23f)
A
F
T = / [osz(r — —) — on2q|dsdn (23g)
N 2
F
M, = / 0s2(n + —)dsdn (23h)
N 21
R, = / 0. (2rn +n?)dsdn (23i)
A

The variation of the strain energy can be obtained by substituting Eqs.(17) and (18) into Eq.(22)

U = /Ol [NZ(SW’ + MyoW;, + Mo, + Mo, + Voo (U' + Wy) + V,0(V' + Wy,)
+ To(D +V,) + M5(® — W)+ N (U'SU +V'§V')
+ (M, — 2, N.)(V'6®" + &'V') — (M, — ypN.)(U'6®" + @'6U’) + (r2N. + Rz)cb’(scp’} dz (24)
On the other hand, the variation of work done by external forces can be written as
oY = — /(Pz5w + pndu + psov)dv (25)

where p.,pn,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.(8)
l
Y =— / /(ﬁzdw + P 0T + P56V + Moth, + mgibs)dsdz (26)
0 Js
where p., ps, M., Mg, Py, are shell forces defined by

(p=ymz) = [ p=(1,n)dn (27a)

Pn = Dndn (27C)

/
(Ps,Ms) = /nps(l,n)dn (27h)
/



O©CO~NOOOTA~AWNPE

After substituting Egs.(1) and (5) into Eq.(26), the variation of the work done by the external forces can be written

with respect to the bar forces
1
oY =— / [P.0W + V. 0U + M0, + VoV + MydU, + TP + M,00,]dz (28)
0

where the bar forces are related to the shell forces as

P, = / p=ds (29a)
Vy = /(f’s siné — p,, cosB)ds (29b)
V. = / (ps cos b + py, sin0)ds (29¢)
T = [ =pag+mds (20)
M, = /(mz sinf + p.x)ds (29¢)
M, = /(—mz cos + p.y)ds (29f)
M, = / (=m=q + p-w)ds (29g)

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 = / [NZM/V’ + MW, + Mp0W!, + MW, + Voo(U' + W,) + V,6(V' + T,
0
+ TH(D +V,) + M5(®" — W,) + N (U'SU +V'5V")
+ (M, — z,N,)(V'6®' + &'5V’) — (M, — y,N.)(U'6®' + '6U’) + (r2N. + R.)®'60’

— PLW = VodU — My, — V5V — M50, — T6® — M,00,,|dz (30)

IV. CONSTITUTIVE EQUATIONS

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

Oz QTI QT(S €z
= (31)
Osz QTG Qgﬁ Vsz
where ij are transformed reduced stiffnesses. The transformed reduced stiffnesses can be calculated from the

transformed stiffnesses based on the plane stress (o5 = 0) and plane strain (e, = 0) assumption. More detailed

explanation can be found in Ref.[26].
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The constitutive relation for out-of-plane stress and strain is given by

The constitutive equations for bar forces and bar strains are obtained by using Eqs.(18), (23) and (31)

R

Onz = Q55’7nz

Ey Ere Eiz B Eis
Ey Ess FEay FEbos

E3s E3q Ess

Ey Eys

Ess

Sym.

Eig
Ea
Ese
Eqg
Ese

Ege

E7
Eyr
Es37
Eqr
Es7
Eer

E77

where E;; are the laminate stiffnesses of thin-walled composite beams.

Eqg

Eag

= /(27‘311 + Dll)ds

— / _271@.811 + Dy1(z 4 2rsind) + Fiy sin 9} ds

Eig
Ess
E3s
Eys
Ess
FEes
Ers

Egg

(Eio

Eng
Esg
Esg
Exg
Esg
Egg
Erg
Egg

Eogg

i =1..9) can be defined by

= / _2ryB11 + D11(y — 27 cos @) — Fyq cos 9}

= / _2rwBu + D11(w — 2rq) — Fll‘]} ds

r F F
= 2B1g7r— + Dig(— + 2 F;
/S_ 16T2t+ 16(2t+ r) + Fig

= /(2r316 + D16) cos 0ds

= /(27’316 + D16) sin Ods

= /(27’316 —+ DlG)(T —

2t

E)ds

= /(47’2D11 + 4TF11 + Hll)ds

}ds

10

(32)

(34a)
(34b)
(34c)
(34d)
(34e)
(34f)
(34g)
(34h)

(34i)

where A;j, B;;, D;; matrices are extensional, coupling, bending stiffness and F;;, H;; matrices are the higher order

stiffnesses, respectively, defined by

(AijaBiijijanaHij):/Qij(lvnan27n37n4)dn

(35)

Other values of E;; can be found in Ref.[23]. The explicit forms of the laminate stiffnesses E;; for composite box

section are given in the Appendix.



O©CO~NOOOTA~AWNPE

V. GOVERNING EQUATIONS

11

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, 6U, 6V, 0®, 0¥, 0¥, and 0¥,

N, +P,
Vm/ + [NZ(UI + ypq)l)]l - [qu)/]/ + Ve

Vy/ + [NZ(V/ - qu)l)]l + [Myq)/]/ +Vy

M{+T" + [N.(r2® +y,U' — 2, V)" + [M, V'] — [MU'] + [R.®] + T

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

M), + M, —T+ M,

The natural boundary conditions are of the form

oW
oU :
oV
0P
ow, :
0w,

ov,

N,
Vo + NL(U' + y,®) — M, @
V, + N.(V' — 2,®') + M,d’

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

(37a)
(37b)
(37¢)
(37d)
(37e)
(37f)

(37g)

Eq.(37g) 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 Eqs.(17) and (33) into Eq.(36), the explicit form of the governing equations can be expressed with

respect to the laminate stiffnesses E;;. Eq.(36) is the most general nonlinear equilibrium equations for axial, flexural,

torsional and shearing behavior of thin-walled composite beams under various types of loadings, and the dependent

variables, W, U, V, ®, ¥, ¥, and ¥, are fully coupled.
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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 as shown in the Fig.2 are derived. The same interpolation function
is used for all the translational and rotational displacements. Reduced integration of shear terms,
that is, stiffness coefficients involving laminate stiffnesses (E; ;, i = 6..8,j = 6..8) is used to avoid shear
locking. The generalized displacements are expressed over each element as a combination of the one-dimensional

Lagrange interpolation function ?45; associated with node j and the nodal values

=1
=1

V = Z’UJ'Q/Z;; (38C)
=1

¢ = Zcﬁj@' (38d)
j=1

Uy = Yty (38¢)
=1
j=1

\ij = waj@ (38g)
j=1

where n is the number of nodes in an element and Lagrange interpolation function 5; for linear,
quadratic and cubic elements are available in the literature.
Substituting these expressions into the weak statement in Eq.(30), the finite element model of a typical element

can be expressed as

[K{ADH{AY = {f} (39)

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,
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is used in this study. By using this method, solution of Eq.(39) results in the following linearized equations for the

incremental solution at the r** iteration (Reddy [27])

[T{AY~H{AY = {f} = (K{AY (40)

where the tangent stiffness matrix is defined by

(e} aKa’y «
10 = aulg ul + K3 (41)

In Eq.(39), {A} is the unknown nodal displacements

Ay =(WUVOY, T, ¥ }7T (42)

VIl. NUMERICAL EXAMPLES

Throughout numerical examples, a tolerance of ¢ = 10~% and maximum allowable iterations of 20 (per load step)
are used to check for convergence of nodal displacements in the Newton—Raphson iteration scheme. Ten quadratic
elements with three nodes are used in the numerical computation. The initial solution vector is chosen to
be the zero vector, so that the first iteration solution corresponds to the linear solution. The results of the present
analysis are given for both the linear and nonlinear case.

For verification purpose, a cantilever composite box beam with geometry and stacking sequence shown in Fig.3
under a tip vertical load of 1.78 KN is analyzed. The lamination of this beam consists of eight laminae of equal
thickness as follows: [0/ — 02/90]s at the lower flange, [0/62/90]s at the upper flange and [(0/90)s]s at both webs,
respectively. The analysis is carried out assuming both plane stress (o5 = 0) and plane strain (e, = 0) assumptions.

The following material properties are used (Stemple and Lee [11]):
E1 = 146.79GPa 5 E2 = 10.3GPa , V12 = 0.28 ,Glg = G23 = 6.2GPa 5 G13 = 4.82GPa (43)

The angle of twist and horizontal displacement with respect to fiber angle change are illustrated in Figs.4 and 5.
It is clear that horizontal displacement is due solely to coupling-induced geometrical nonlinear effect, which are not
present in the linear analysis. Fig.6 reveals that the vertical displacement more than doubles when fiber angle is

varied from # = 0° to # = 90°. From the aforementioned figures, the coincidence of the results between Stemple
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and Lee [11] and Kalfon and Rand [13] and the present model is observed, while there is the small deviation of the
vertical displacement as fiber angle increases. It seems that the solutions in both of the studies [11,13] were calculated
by using plane strain assumption. The proposed model agrees well with previously available results and can capture
exactly all the geometrical nonlinear response of composite beam.

A pinned-hinged composite box beam of length L = 2m under an eccentric uniform load ¢ acting at the midplane
of the left web is considered in order to investigate the effect of the load parameter, shear deformation and fiber
orientation on the displacements. It is noted earlier by authors [21-25] that the results based on the plane stress
assumption (o = 0) yield better agreement with ABAQUS solution. For this reason, plane stress assumption
(0s = 0) is used in numerical computation. The configuration of the composite box beam is shown in Fig.7, and the

following engineering constants are used

El/E2 = 25, Glg/Eg = 0.6, G12 = G13 = Ggg, v12 = 0.25 (44)

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

used

T = % (45a)
7 = b“—l (45b)
gLt

_ 45
T= B (45¢)

Stacking sequence of this beam consists of two layers with equal thickness as follows: [f]2 at top flange and right
web, [—0]2 at left web and bottom flange, respectively (Fig.8a). For this lay-up, most coupling stiffnesses become
zero, but Ei7, Eig, E19, Eos, E35, Fog and Ess do not vanish due to unsymmetric stacking sequence between the
webs and flanges. Accordingly, this beam sustains simultaneously two kinds of couplings from material anisotropy
and geometric nonlinearity. As the first example, the stacking sequence at two specific fiber angle § = 45°,90° is
considered to investigate the effects of load parameter on the displacements in the high nonlinear region. It should
be noted that for § = 90°, all the coupling stiffness vanish, that is, only geometrical nonlinear effect exists. The load
increment of Ag = 0.05 is employed until the first critical point is reached. The results of the linear analysis are
also presented to highlight the difference between linear and nonlinear responses with increasing load. Figs.9 and 10
show the load versus vertical displacement and load versus torsional displacement at two fiber angles. It is evident
that the linear theory is adequate in a relatively large region up to the point where an applied load reaches value of

7 = 4 and 8 for fiber angle § = 90° and 45°, respectively. When comparing with linear analysis, all the nonlinear
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displacements increase with increasing value of the load. This is due to the fact that the geometrical nonlinear effect
causes axial-flexural-torsional-shearing coupling which results in a decrease in the flexural and torsional stiffness of
the beam. The effect of the geometric nonlinearity is apparent with increasing load intensity. The highest load of
fiber angle 8 = 90° is smaller than that of § = 45°. At this load, for # = 45°, the nonlinear vertical and torsional
displacement is about 120% and 350% of the linear value, respectively. It is from Fig.11 that highlights the influence
of geometrical nonlinear effect on the axial displacement of beam. This response is never seen in linear analysis
because the coupling terms from geometric nonlinearity are not present. It implies that the structure under eccentric
transverse load not only causes the vertical displacement and angle of twist as would be observed in linear case, but
also causes additional response due solely to geometric nonlinearity never seen in linear case.

To investigate the geometrical nonlinear and shear deformation effects further, the same configuration with the
previous example except the load and lay-up is considered. Stacking sequence of the top flange and the right web
are [f]2, while the bottom flange and the left web are assumed unidirectional (Fig.8b). A constant applied load is
analyzed while the fiber angle is rotated in the top flange and the right web. Based on previous numerical example,
an applied load § = 7.0 is chosen to show effect of fiber orientation on the axial-flexural-torsional response. By
using a combination of the one-dimensional linear Lagrange and Hermite-cubic interpolation function
in finite element formulation, the results obtained by authors from previous research [24] based on
the classical beam theory are also displayed. The influence of the shear deformation effect is demonstrated by
presenting the discrepancy of the vertical and torsional displacements with respect to fiber angle variation in Figs.12
and 13. The nonlinear solutions excluding shear deformation effect remarkably underestimate the displacements for
all the range of fiber angles, as expected. As fiber angles are less than 6§ = 30°, the vertical displacement of linear
and nonlinear analysis coincides. The angle of twist of two analyzes shows the same tendency and reaches minimum
value between fiber angle 6 € [30° —40°], that is, because the torsional rigidity becomes maximum value at this range.
However, as the fiber angle increases, since the geometrical nonlinear effect is prominent, the discrepancy between
the linear and nonlinear analysis becomes significant. It is observed that the nonlinear vertical displacement is not
as sensitive as the nonlinear torsional displacement when fiber angle changes. The difference between displacements
of two analyzes is minimum at 8 = 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 higher fiber angles.
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VIll. CONCLUDING REMARKS

A geometrically nonlinear analysis for thin-walled composite beams with arbitrary lay-ups under various types of
loadings has been 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. 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 Karman sense is
developed. Numerical results are obtained to investigate the effects of shear deformation, geometric nonlinearity, fiber
orientation and load parameter on axial-flexural-torsional response. The shear effects become significant for lower
span-to-height ratio and higher degrees of orthotropy of the beam. The present model is found to be appropriate and

efficient in analyzing geometrically nonlinear behavior of thin-walled composite beams.
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Appendix
The explicit forms of the laminate stiffnesses F;; for composite box section in Fig.14 can be defined by

Big = (=21 + 2ap)Bi;b1 + Diyby + (=2y2 + 2y,) Bf1 b2 + Diybo

+ (223 — 22,) B by + D3by + (2ys — 2y,) Bl b2 + Diybe (46a)
Eog = (=221 + 2xp,)71 B b1 + Diy (371 — 22)b1 — Fiyby

+ 312+ 20) BY + D]+ (—2s + 2001 By + Dby

+ (213 — 22p)23 B} b1 + D3, (3x3 — 27,)b1 + F{iby
% [(—2ya + 2y,) Biy — D113 + (294 — 2y, )3 B b2 + Diy23bs (46b)
%[(2:171 — 21710)3%1 — D}l]b% + (—2x1 + 2xp)y4B}1b1 + D1 yaby

+ (—2y2 + 2yp)ynglb2 + D%1 (3y2 — 2yp)ba — F121b2
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[(2173 — 22,)B}, + D%]b% + (2x3 — 22 )y2 BY by + D3 y2b1

DN =

2ys — 2yp)ya Bl b2 + DYy (3ya — 2yp)ba + Fiybo (46¢)

—~

N | =

[(—2z1 + 22,) A1 By + D1, (A1 + 221 — 22,) — F ] b7 + (=221 + 22,,)C By, by

D11 (C = (=221 4 22,) (=ya + yp))b1 — Fy (—ya + yp)b1

% [(=2y2 + 2yp) Ao BY, + D7y (A2 + 2y2 — 2y,) — F11]b3 + (—2y2 + 2y)(A1b1 + C) Bf b
D (Arb + C = (=292 + 2yp) (21 — 2))b2 — F7y (21 — )by

%[(2;53 — 21,) A3 BY; + DY (A3 — 23 + 22) — Fy b7 + (223 — 2)(Arb1 + Asby + C) By by
Dy (= (223 = 22,) (Y2 — yp) + Arbr + Azbz + C)by — F7y (y2 — yp)by

% (204 — 20,) AsBYy + D (As — 2ya + 29,) — FA]02 + (254 — 20,)(C + Ayby + Agby + Asby) Bl by
D1 (C 4 Ayby + Agby + Azby — (2ys — 2yp)(—23 + 2p))b2 — Fiy (—3 + 2p)be (46d)

1 F F
—(—Il + Ip)_Biﬁbl + D%G(_ — 2171 + 2Ip)b1 + F116b1

2 2t 2t
%(—?D + yp)2_1;B%6b2 + D%G(z_}; — 2y2 + 2y,)bz + Fibo

%(;cg - IP)%B;”G@ + D§6(2—1; + 233 — 22,)by + Fighy

50 = )5 Blbs + D (5 + 201 = 2y, b2 + Fisbo (46¢)
(—2y2 + 2y,) Bigha + Digbs — (244 — 2yp) Bighs — Digb2 (46f)
(221 — 22,)Bigh1 — Digby + (223 — 21,) Bigb1 + D3sby (46g)
(=221 + 22,) Bl + D%t}} (—z1 +xp — 2—2)51

r
[(=2y2 + 2y,) Bis + Dis) (—y2 + yp — 5—)b2

2to
3 3 F
[(2553 - 2%)316 + Dw} (z3 — Tp — 2_t3)b1
F
[(2ya — 2yp) Big + Dis] (ya — yp — 2_t4)b2 (46h)

(—4xy +4xp) (=21 + 2p)D11by + (—day + 4, Fiiby + Hijby
(—4y2 + 4yp) (—y2 + yp) DI1ba + (—4ya + 4y,) Fi1ba + Hiy b
(4w — dxp) (23 — 2p) Dby + (43 — 42,) Fiby + Hi by

(4ya — 4yp)(ya — yp) Dy + (4ya — dyp) Fy ba + Hiybo (461)

where the St. Venant circuit shear flow F', constant C' and other values of E;; can be found in Refs.[22,23]
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CAPTIONS OF FIGURES

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

Figure 2: Nodal displacements of thin-walled beam element.

Figure 3: A cantilever composite box beam under a 1.78 KN tip vertical load.

Figure 4: Variation of the angle of twist with respect to fiber angle change in the flanges of a cantilever composite
box beam under a 1.78 KN tip vertical load.

Figure 5: Variation of the horizontal displacement with respect to fiber angle change in the flanges of a cantilever
composite box beam under a 1.78 KN tip vertical load.

Figure 6: Variation of the vertical displacement with respect to fiber angle change in the flanges of a cantilever
composite box beam under a 1.78 KN tip vertical load.

Figure 7: A pinned-hinged composite box beam under an eccentric uniform load.

Figure 8: The stacking sequences of thin-walled composite box beams.

Figure 9: Load versus the vertical displacement at mid-span of a pinned-hinged composite box beam under an
eccentric uniform load.

Figure 10: Load versus the angle of twist at mid-span of a pinned-hinged composite box beam under an eccentric
uniform load.

Figure 11: Load versus the axial displacement at mid-span of a pinned-hinged composite box beam under an
eccentric uniform load.

Figure 12: Variation of the vertical displacement at mid-span with respect to fiber angle change in the top flange
and right web of a pinned-hinged composite box beam under an eccentric uniform load.

Figure 13: Variation of the angle of twist at mid-span with respect to fiber angle change in the top flange and right
web of a pinned-hinged composite box beam under an eccentric uniform load.

Figure 14: Geometry of thin-walled composite box section.
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FIG. 1 Definition of coordinates and generalized displacements in thin-walled closed sections.
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FIG. 2 Nodal displacements of thin-walled beam element.
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FIG. 3 A cantilever composite box beam under a 1.78 KN tip vertical load.
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FIG. 4 Variation of the angle of twist with respect to fiber angle change in the flanges of a cantilever composite box beam

under a 1.78 KN tip vertical load.
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FIG. 5 Variation of the horizontal displacement with respect to fiber angle change in the flanges of a cantilever composite box

beam under a 1.78 KN tip vertical load.
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FIG. 6 Variation of the vertical displacement with respect to fiber angle change in the flanges of a cantilever composite box

beam under a 1.78 KN tip vertical load.
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FIG. 7 A pinned-hinged composite box beam under an eccentric uniform load.
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FIG. 8 The stacking sequences of thin-walled composite box beams.
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FIG. 9 Load versus the vertical displacement at mid-span of a pinned-hinged composite box beam under an eccentric uniform

load.



©CO~NOOUAWNR

30

16 F *1 =
*
*
*
12 . _
*
*
*
7 8F ¥ )
4 B —
Linear, 0 = 45° - - %- -+
Nonlinear, § = 45° —*—
Linear, § = 90° - -----
Nonlinear, § = 90° ——
0 | | |
0 0.15 0.3 0.45 0.6

FIG. 10 Load versus the angle of twist at mid-span of a pinned-hinged composite box beam under an eccentric uniform load.
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FIG. 11 Load versus the axial displacement at mid-span of a pinned-hinged composite box beam under an eccentric uniform

load.
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FIG. 12 Variation of the vertical displacement at mid-span with respect to fiber angle change in the top flange and right web

of a pinned-hinged composite box beam under an eccentric uniform load.
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FIG. 13 Variation of the angle of twist at mid-span with respect to fiber angle change in the top flange and right web of a

pinned-hinged composite box beam under an eccentric uniform load.



O©CO~NOOOTA~AWNPE

Y
i
t4 r _______________ JEE _|
T S.C 5
[ yP___—: 1 Y4
| ] ]
i CG x i
; : Y2
! !
! !
L | !
X1 X3
b,

FIG. 14 Geometry of thin-walled composite box section.
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