-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Northumbria Research Link

Northumbria Research Link

Citation: Vo, Thuc P. and Lee, Jaehong (2009) Geometrically nonlinear analysis of thin-

walled composite box beams. Computers & Structures , 87 (3—4). 236 - 245.
Published by: UNSPECIFIED
URL: http://www.sciencedirect.com/science/article/pii/S0045794908002095

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/13378/

Northumbria University has developed Northumbria Research Link (NRL) to enable
users to access the University’s research output. Copyright @ and moral rights for items
on NRL are retained by the individual author(s) and/or other copyright owners. Single
copies of full items can be reproduced, displayed or performed, and given to third parties
in any format or medium for personal research or study, educational, or not-for-profit
purposes without prior permission or charge, provided the authors, title and full
bibliographic details are given, as well as a hyperlink and/or URL to the original
metadata page. The content must not be changed in any way. Full items must not be

sold commercially in any format or medium without formal permission of the copyright
holder. The full policy is available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher’'s website (a subscription

may be required.)

www.northumbria.ac.uk/nrl Mﬂ?“a

University Library


https://core.ac.uk/display/16381579?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://nrl.northumbria.ac.uk/policies.html

* Revised Manuscript (without changes highlighted)
Click here to view linked References

Geometrically nonlinear analysis of thin-walled composite box beams

Thuc Phuong Vo* and Jaehong Leef

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

(Dated: August 25, 2008)

A general geometrically nonlinear model for thin-walled composite space beams with arbitrary
lay-ups under various types of loadings has been presented by using variational formulation based
on the classical lamination theory. 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 beam under vertical load
to investigate the effect of geometric nonlinearity and address the effects of the fiber orientation,

laminate stacking sequence, load parameter on axial-flexural-torsional response.

Keywords: thin-walled composites; classical lamination theory; 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]
and Gjelsvik [2]. The 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. Within the formulation of this theory, the flexural displacements are assumed to be finite,
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while the twist angle is taken to arbitrarily large. In the development of a geometrically nonlinear beam element,
basically an updated Lagrangian or a total Lagrangian formulation can be employed. These formulations must be
implemented using appropriate displacement interpolation functions. Bathe and Bolourchi [3] presented two consis-
tent large rotation nonlinear three dimensional beam formulations: an updated Lagrangian and a total Lagrangian
formulation for a 2-node Hermitian interpolation beam. Thin-walled composite structures are often very thin and
have complicated material anisotropy. The studies of composite material 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 ap-
proach requires a two-dimensional finite element analysis to obtain the cross-section stiffness matrix. Atilgan and
Hodges et al. [4,5] 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. [6,7], Volovoi et al. [8], Yu et al. [9]) 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. [10]
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 [11] presented
nonlinear model for thin-walled composites 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 [12,13] to take into account the warping effect of composite beams undergoing large
deflection or finite rotation. Kalfon and Rand [14] 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 [15] developed a fully nonlinear
theory of curved and twisted composite rotor blades. The theory accounted for warpings 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. [16,17] developed non-linear theory of composite thin-
walled 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 deserves the



works of Machado, Cortinez and Piovan [18,19,20] 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 (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 composite thin-walled
beam with general cross-section. Recently, by using a geometrically higher-order non-linear beam theory, Machado
[20] 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. A general
geometrically nonlinear theory was derived by Lee [21] to study the lateral buckling of thin-walled composite beams
with monosymmetric sections.

In the present paper, the analytical model developed by the authors [22] is extended to the geometric nonlinearity. A
systematic approach based on the variational formulation is used to formulate the theory. A geometrically nonlinear
model for thin-walled composite space beams with arbitrary laminate stacking sequences is given. The general
nonlinear governing equations are derived and solved by means of an incremental Newton—Raphson method. Based
on the analytical model, 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 effect of geometric nonlinearity and address the effects of the fiber orientation,

laminate stacking sequence, 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 (x,y, z) coordinate systems are related through an angle of orientation 6 as defined in
Fig.1. Point P is called the pole axis, through which the axis 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.



2. 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.

3. The Kirchhoff-Love assumption in classical plate theory remains valid for laminated composite thin-walled

beams.

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,

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

= U(z)cosf(s) + V(z)sinb(s) + ®(z)r(s) (1b)

<
—
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|

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 shear strain become

o o
Vsz = dz  Os

(2)

where ¢(s) is thickness of contour box section, F'(s) is the St. Venant circuit shear flow. After substituting for o from

Eq.(1) and considering the following geometric relations,
dx = dscosf (3a)

dy = dssinf (3b)

Eq.(2) can be integrated with respect to s from the origin to an arbitrary point on the contour,

where differentiation with respect to the axial coordinate z is denoted by primes ('); W represents the average axial
displacement of the beam in the z direction; = and y are the coordinates of the contour in the (x,y,z) coordinate

system; and w is the so-called sectorial coordinate or warping function given by

(s) = /Sj [r(s) - F(S)}ds (5a)

ds = 24; i=1,..,n (5b)

w
]{ 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

explicit forms of w(s) and F(s) for box section are given in 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 @, v, w by the assumption 3.

u(s,z,n) = (s, z) (6a)
v(s,z,n) = ﬁ(s,z)—naﬂ((;’z) (6b)
w(s,z,n) = w(s,z)—naaéi’z) (6¢)

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

nonlinear terms are neglected, are considered and given by

Oow 11,0u,2 v, 2
o = 3 +3l3) "+ (5] (72)
ov Ow
Ysz = E + % (7b)
By substituting Eqs.(1), (4) and (6) into Eq.(7), and using the following relations
x —xp =qcosf+rsind (8a)
Y —Yp =qsinf —rcosf (8b)
Eq.(7) can be rewritten as
€, = & +nk, +n’x. (9a)
Vsz — '_Ysz +n’_isz (gb)
where
ow 1[,0u.\2 ov .2
e, = v 1lrou v 1
=5 talg) (5] (10a)
0%u 0%u O0v
_z = —— — 2—— 1
" 072 050z 0z (10b)
0%u
Rsz = -2 1
" 050z (10c)
_ 0% \2
X= = (3532) (10d)

In Eq.(10), €., k., ks, and Y, are midsurface axial strain, biaxial curvature and high order curvature of the shell,

respectively. The above shell strains can be converted to beam strain components by substituting Eqgs.(1), (4) and



(6) into Eq.(10) as

€. = €+ TRy + YKy + Wky (11a)
Ry = kKysinf — Ky cos0 — kyq + 2x,7 (11b)
Rex = Kz (11c)
Xz = Xz (11d)

where €, 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

1

€ =Wig [U?+V?+ (1% 4+ ¢*) 07| —2,V'® +y,U'd (12a)

by = =V =U'® (12b)

Ky = “U"+V'® (12¢)
_ "

Ky = — (12d)

Kex = 20/ (12e)
1 2

xe = 3@ (12f)

The resulting strains can be obtained from Egs.(9) and (11) as

€. = €2+ (x+nsind)r, + (y —ncosd)r, + (v —nq)kw + (2rn +n?)x. (13a)
F

sz — o7/ vsz 13b

Yo = () (13b)

I1l. VARIATIONAL FORMULATION

Total potential energy of the system is calculated by sum of strain energy and the work done by external forces

nm=u+v (14)
where U is the strain energy
1
U = 3 /(ozez + 05252 )dV (15)

The variation of strain energy is calculated by substituting Eq.(13) into Eq.(15)

U = / {Uz {562 + (z +nsinb)dry + (y —ncost)dik, + (w — ng)dky, + (2rn + n?)0x. | + o5 (n + %)5552}@

!
= / (N.oe; + MoKy + Myoky + M,0k, + Midks, + R.0x,)ds (16)
0



where N, M, My, M,,, M, R, are axial force, bending moments in the x and y directions, warping moment (bi-
moment), torsional moment and high order stress resultant with respect to the centroid respectively, defined by

integrating over the cross-sectional area A as

N, o.dsdn (17a)

3
I
N

=
I

o.(x + nsinf)dsdn (17Db)

0, (y — ncosf)dsdn (17¢)

5
I

o, (w —nq)dsdn (174d)
osz(n + %)dsdn (17e)

R, = / o.(2rn + n?)dsdn (171)
A
After substituting Eqs.(12) and (13) into Eq.(16), the variation of the strain energy can be obtained

l
U = / [NZ(SW’ — MySU" — Mp6V" — M,69" + 2M69" + N, (U'sU’ + V'6V')
0

+ (My — 2, N,)(V'6®" + ®'6V") — (M, — y,N,)(U'6®" + @'6U") + (TI%NZ + RZ)CI)’(SCI)’} dz (18)
On the other hand, the variation of work done by external forces can be written as
oV =— /(pzéw + prou + psov)dv (19)

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.(6)

l _ _
oY = — /S/O (P20W + ppdn + P50V — mz% - ms%)dsdz (20)

where P, ps, M., Mg, Py, are shell forces defined by

(Pz,m2) = /pz(l,n)dn (21a)
(s, Ms) = /ps(l,n)dn (21Db)
Pn = /pndn (21C)

After substituting Eqgs.(1) and (4) into Eq.(20), the variation of the work done by the external forces can be written

with respect to the bar forces

l
5V =— / [P.OW + VadU + MU’ + V0V + M6V’ + T6® + M,,60'|dz (22)
0



where the bar forces are related to the shell forces as

P, = /ﬁzds (23a)

Vy = /(]55 sin@ — p,, cos f)ds (23b)
V, = /(]55 cos 0 + Py, sin 0)ds (23c)
T = [t =pag+mds (234)
M, = /(mz sinf — p,x)ds (23e)
M, = /(mz cosf — p,y)ds (23f)
Mo = [(mag—pawyis (238)

Principle of total potential energy can be stated as
0 =9I = oU + 6V (24)

Substituting Eqgs.(18) and (22) into Eq.(24), the weak form of the present theory for thin-walled composite beams are

given by

l
0 = / [NzéW’ — M,U" — M,6V" — M,6®" + 2M,6%' + N.(U'SU’ + V'sV")
0
+ (M, — 2, N) (V60 + &'6V') — (M, — y,N.)(U'8®' + '6U") + (12N, + R.)®'5¢’

— PoOW = VodU — MU' = V3V — MoV’ — To® — M,,6¢'|dz (25)

IV. CONSTITUTIVE EQUATIONS

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

k k
Oz Qf Qi €z
= (26)
Osz Qfﬁ Qgﬁ ’YSZ
where Q;‘J 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.[23].



The constitutive equations for bar forces and bar strains are obtained by using Eqs.(13), (17) and (26)

E1n Ei2 Ei3 Eiy Eis Eig €
Eao Eo3 FEaq FEas Eog Ky

Es3 Esy E3s Esg Ky

Ey Eys Eyg Kuw

Ess Ese Ksz

Sym. Eeg Xz

where F;; are stiffnesses of the thin-walled composite, and can be defined by

Eyy

Eys

Ey6

e T T T T T T T T T T

/
/
/
J
J
/
/

Aq1ds

(A112 + Biisinf)ds

(A11y — By1 cosf)ds

(Aj1w — Bi1q)ds

(A16§ + Big)ds

(2B117 + D11)ds

(A112? 4 2Bp128in 0 4 D1y sin® 0)ds

:Allxy + B11(ysin@ — z cos§) — D1y sin 6 cos 9} ds

_Allsz + Bii(wsinf — qz) — Dllqsinﬂ ds

Fsin6
2t

r F
AlGEI —+ B16 (I + ) —+ D16 sin 9:| dS

_2B11r:c + D11(x + 2rsinf) 4+ Fiq sin 9} ds
(A11y2 — 2B11y cos + D11 COS2 H)ds

_Allyw — Bii1(wcos8 + qy) + D11g cos 0} ds

Fcos6
2t

rF
Aw%y + Bigs(y — ) — D¢ cos 9} ds

_2B11’I”y + Dll(y — 2rcos 9) — F11 COs 9:| ds

(A11w2 — 2B11u}q —+ D11q2)d5

Fq

F
[Alﬁﬂw + Blﬁ(w — o

) — Dlgq} ds

{2Bllrw + D11(w —2rq) — Fllq} ds
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F? F
Ess = | (Aso 5 + Beo + Des)ds (28s)
F F
Frg = {2316r— + Dig(= +2r) — Fw}ds (28t)
. 2 21
Feg = /(4D117‘2 +4rF + Hll)dS (28u)

where A;;, B;j, D;; matrices are extensional, coupling, bending stiffness and Fj;, H;; matrices are higher order stiff-

nesses, respectively, defined by
(Aij, Bij, Dij, Fij, Hij) = /Qij(lvn;n27n37n4)dn (29)

It appears that the laminate stiffnesses E;; depend on the cross section of the composite beam. The explicit forms of

the laminate stiffnesses E;; for composite box section are given in the Appendix A.

V. GOVERNING EQUATIONS

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

varied quantities by parts and collecting the coeflicients of §W, §U, dV and §&

N.+P, =0 (30a)

M;’ + [NL(U' + 4, ®)]) — [M, @) +V, — M; =0 (30Db)

M) + [N (V' — 2,®")] + [M,®'] +V, — M), = 0 (30c)

M+ 2M] + [N.(r2®" + y, U’ — 2, V') + [M,V'] — [M,U") + [R.® +T - M, = 0 (30d)
The natural boundary conditions are of the form

oW : N, (31a)

oU M; + N (U + y,®') — M, P’ (31b)

U’ . M, (31c)

8V o M.+ N, (V' —z,9") + M, 9’ (31d)

oV . M, (31e)

60 : M/, +2M; + N.(rp® + y,U' — z,V') + M, V' — MU' + R.®’ (31f)

5" M, (31g)
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The 7" denotes the warping restraint boundary condition. When the warping of the cross section is restrained,

®’ = 0 and when the warping is not restrained (free warping), M,, = 0. Eq.(30) is the general nonlinear equilibrium

equations. In general, moment loads are not considered in the analysis (M, = M, = M, =0).

By substituting Egs.(12) and (27) into Eq.(30), the explicit form of the governing equations can be expressed with

respect to the laminate stiffnesses E;; as

1
1

1
1

En [W/ +
Ero [W' +
En [W' +
Ei3 [W’ +
Eis [W’ +
B [W’ +
Er [W/ +

Eqy [W' +

1
5[U/Q 4 V/2 4 (7‘2 +q2)<1>’2} _ ,TpV/‘I)/ —l—ypU’(I)’] _ Elg(UN _ V/(I)/)

/

1
_E13(VI/ + UI@/) _ E14¢/H + 2E15(I)I/ 4 §E16¢/2 + Pz

1
5[U/2 4 V/2 4 (7,2 +q2)<1>’2} _ ,TpVI‘I)/ —l—ypU’(I)'] _ E22(U// _ V/‘I)/)

"

1
_E23(V/I + U/(I)I) _ E24¢/I + 2E25(I)I/ 4 §E26¢/2

1
5[U/2 4 V/2 4 (7,2 +q2)<1>’2} _ ,TpVI‘I)/ —l—ypU’(I)'] _ Elg(UH _ V/‘I)/)

I
1
_Elg(VH + UI‘I)/) _ E14(I)H + 2E15‘1>” 4 §E16(I)I2 (U/ 4 yp(l)/)}

1
5[U/2 + V/2 + (’I“2 +q2)<1>’2} _ xpV“b’ —I—ypU/(I)I] _ E23(U// _ V/‘I>/)

1
—Es3(V" + U'®') — E3,9" + 2E359" + 51236<1>’2

I
@’} + V.

1
5[U/Q 4 V/2 4 (’I“2 +q2)q)/2} _ xpV“b’ —I—ypU’fI)/] _ E23(U// _ V/q)/>

"

1
—E33(V" +U'®') — E3,®" 4 2E359" + 51336<1>’2

1
5[U/Q + V/2 4 (7“2 _|_q2)q)/2} _ a:pV“b’ —I—ypU’fI)/] _ EIZ(UN _ V/q)/>

/
1
_E13(VN + U/(I)/) - E14(I)N + 2E15‘I)” + §E16(I)/2 (V/ - Ipq)/>}

1
5[U/Q 4 V/2 4 (7‘2 +q2)q)/2} _ ,TpV/‘I)/ —l—ypU’(I)’] _ E22(U// _ V/(I)/)

!/
1
—Eo3(V" +U'®') — Fpy®" + 2F559" + 5E26<1>’2 @’} +V,

1
5[U/2 4 V/2 4 (7,2 +q2)<1>’2} _ ,TpVI‘I)/ —l—ypU’(I)'] _ E24(UH _ V/‘I)/)

"

1
_E34(V/I + U/(I)I) _ E44¢/I + 2E45(I)I/ 4 §E46¢/2

(32a)

(32b)

(32¢)
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1
1
1
1

1
FEis [W/ + 5[U/2 4 V/2 4 (7,2 +q2)<1>’2} _ ,TpVI‘I)/ —l—ypU’(I)'] _ E25(UH _ V/‘I)/)
/

1
_E35(V/I + UI@/) _ E45(I)I/ + 2E55@/I 4 §E56(I)I2

1
Ell [W/ + 5 [U/2 + V/2 + (’I“2 4 q2)<1>’2} _ Ipvlq)/ + ypU/CI)'] _ Eu(U” _ V/‘I>/)

I
1
—Ei(V" 4+ U'®) = B1u®” + 28150 + S E160™ | (150" + y,U” — xpv’)}

1
F1a [W’ +5 [U?+V?+ (1 +¢*) 07| — 2, V'@ + ypU’fb’] — En(U" -V'd)

!
w}

1
Eis [W/ + 5 [U/Q + V/2 4 (’I“2 4 q2)®/2} _ a:pV’@’ 4 ypU’CI)’] _ E23(U// _ V/‘b/)

!
w}

1
Ei6 [W/ 4 5[U/Q 4 V/2 4 (7‘2 +q2)q)/2} _ ,TpV/‘I)/ —l—ypU’(I)’] _ Egg(U” _ V/(I)/)

1
_E23 (V// 4 U/@/) _ E24(b” 4 2E25¢N + 5E126(b/2

1
—E33(V" + U'®') — E3,®" + 2E359" + 51336<1>’2

!/
1
—Es3s(V" +U'®) — Ey6®" + 2F56®" + 5E66<1>’2 @’} +7 =0 (32d)

Eq.(32) is most general form for axial-flexural-torsional behavior of a thin-walled composite beam, 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
displacement based finite element method. The generalized displacements are expressed over each element as a com-
bination of the one-dimensional linear Lagrange interpolation function ¥; and Hermite-cubic interpolation function

1; associated with node j and the nodal values

2

W= w0, (33a)
j=1
4

U= uy (33b)
j=1

4
V=Y (330)
j=1
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4
o= > ¢y (33d)
j=1

Substituting these expressions into the weak statement in Eq.(25), the finite element model of a typical element

can be expressed as

[K{Ah{A} = {f} (34)

The direct stiffness coefficients Kf‘jﬁ = (Kf;ﬁ o+ (Kf;ﬁ )~ are defined in the Appendix B. The nonlinear algebraic
equations of present theory can be linearized using Newton—Raphson iterative method. Solution of Eq.(34) by the
Newton—Raphson iteration method results in the following linearized equations for the incremental solution at the

rt iteration (Bathe [24])

[TAY~H]{0Ar = ~{R{A} ™)} (35)

where the tangent stiffness matrix is calculated using the definition
_ 6{R} r—1
THAY Y] = (2= 36
T{ar ) = (5ay) (36)
The residual vector vector after the (r — 1) iteration is given by
{RUAY ™D} = [K{AY  HHAY T = {f} (37)
The solution at the r*" iteration is then given by

{AY ={a} "+ {04} (38)

The details of the direct stiffness matrix are given in the Appendix B. In Eq.(34), {A} is the unknown nodal

displacements

{Ay={WUV T (39)

VIl. NUMERICAL EXAMPLES

Throughout numerical examples, a tolerance of ¢ = 1072 and maximum allowable iterations of 20 (per load step) are

used to check for convergence of nodal displacements in the Newton—Raphson iteration scheme. The initial solution
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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.2
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 [12])

FE; =146.78GPa , Fy = 10.3GPa ,G12 = 6.2GPa ,v15 = 0.28 (40)

The vertical displacement and the angle of twist at the tip of the beam are plotted in Figs.3 and 4 with respect to
fiber angle variation. It is shown that the vertical displacement more than doubles when fiber angle is varied from
6 = 0° to § = 90°. Tt seems that the solutions in Stemple and Lee [12] and Kalfon and Rand [14] were calculated
by using plane strain assumption. The axial and horizontal displacements with respect to fiber angle change are
illustrated in Figs.5 and 6. These responses are due to coupling-induced geometrical nonlinear effect, which are not
present in the linear analysis. The maximum coupling of this type is shown to be near fiber angle § = 30°. The
accuracy of the predictions from present model with Stemple and Lee [12] and Kalfon and Rand [14] can be seen. 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 = 8m 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 and fiber orientation on the
displacements. It is noted earlier by Lee [21,25] that the results based on the plane stress assumption (o5 = 0) yield
better agreement with ABAQUS solution. For this reason, plane stress assumption (o5 = 0) is used in numerical
computation. The geometry and stacking sequence of the composite box beam is shown in Fig.7, and the following

engineering constants are used

El/Eg = 25, Glg/Eg = 0.6, V1ig = 0.25 (41)

For convenience, the following nondimensional values of the axial, vertical displacement, and load parameter are
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used
v
T = — 42b
7= (420)
_ qL*
_ 42
1 Eq1b3ty (42)

Stacking sequence of this beam consists of two layers with equal thickness as follows: [0]2 at top flange and right
web, [—0]2 at left web and bottom flange, respectively (Fig.7). For this lay-up, most coupling stiffnesses become zero,
but Ei6, 25 and Es5 do not vanish due to unsymmetric stacking sequence of 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. Figs.8 and 9 show the load versus vertical displacement and the
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 ¢ = 2 and 4 for fiber angle § = 90° and 45°,
respectively. When comparing with linear analysis, all the nonlinear displacements increase with increasing value of
the load, except for the vertical displacement. This is due to the fact that the geometrical nonlinear effect causes
axial-flexural-torsional coupling which results in an increase in the flexural stiffness and a decrease in the 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 85% and 325% of the linear value, respectively. It is from Fig.10 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 are not present. It implies that the structure under eccentric transverse load not
only causes transverse 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 effect further, the same configuration with the previous example except
the load and the laminate stacking sequence is considered. A constant applied load is analyzed while the fiber angle is
rotated in the webs and flanges. Based on previous numerical example, an applied load § = 5.0 is chosen to show effect
of fiber orientation on the axial-flexural-torsional response. Variation of the axial, vertical displacements with respect

to fiber angle variation are plotted in Fig.11. As expected, no linear axial displacement w is seen for all fiber angle.
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For fiber angles less than 8 = 30°, the vertical displacement of linear and nonlinear analysis coincides. Especially, in
Fig.12, the angle of twist of two analyses shows the same tendency and reaches minimum value between fiber angle
6 € [20° —30°], that is, because the torsional rigidity FEs5 becomes maximum value at this range. However, as the fiber
orientation is rotated off-axis, the geometrical nonlinear effect is prominent, that is, the discrepancy between the linear
and nonlinear analysis becomes significant. It is observed that the nonlinear vertical displacement are not as sensitive
as the nonlinear axial and torsional displacement when fiber angle changes. The difference between displacements
of two analyses is minimum at # = 0° and reaches maximum value at # = 90°. This phenomenon can be explained
that the axial, flexural and torsional rigidities decrease significantly with increasing fiber angle, and thus, the relative

geometrical nonlinear effect becomes larger for higher fiber angles.

VIIl. CONCLUDING REMARKS

A general geometrically nonlinear model for thin-walled composite space beams with arbitrary laminate stacking
sequences under various types of loadings has been presented by using variational formulation based on the classical
lamination theory. General nonlinear governing equations are derived from the principle of the stationary value of
total potential energy 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 Karméan sense is developed.
Numerical results are obtained to investigate the effect of geometric nonlinearity on axial-flexural-torsional response,
address the effects of fiber orientation, laminate stacking sequence and load parameter. The present model is found

to be appropriate and efficient in analyzing geometrically nonlinear behavior of thin-walled composite box beam.
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APPENDIX A

The explicit forms of the laminate stiffnesses E;; for composite box section in Fig.13 can be defined by
Eig = (=21 + 22,)Bib1 + Dby + (—2y2 + 2y,) Bi b2 + D3 1bo
+ (2z3 — 21,,) B} by + D3 1b1 + (2ys — 2y,) Biiba + Di1bo (43a)

FEog = (—2&[:1 + 2$p)$1B%1b1 + D}1(3x1 — 2£L'p)b1 — Flllbl
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[(—2y2 + 2yp) B}, + DI1]03 + (—2y2 + 2yp)z1B11bs + DI 21bo

+
DN =

2x3 — 2$p)x3B%1bl + D%l (3&[:3 — 2£L'p)b1 + F131b1

+

[(—2y4 + 2y,) B, — D103 + (2ya — 2y,)23B11b2 + DY 23bs (43b)

Ess = [(2551 - 2%)3%1 - Dh]b% + (=221 + 2951))?/43}11?1 + D}1y4bl

TN~ N

—2y2 + 2?/17)?/23%1172 + D%1 (3y2 — 2yp)ba — F121b2

(223 — 22) B}y + D}1]b% + (223 — 22,)y2 BY b1 + Di1y2b1

N | =

2ys — 2y,)ya Bl b2 + DYy (3ys — 2y,)bo + Fiybs (43c)

+

Eg = =[(—2z1 + 22,)A1BY; + Diy (A + 23y — 23,,) — F4 b7 + (=221 + 22,)CB1 by

N =

+ D11 (C = (=221 + 22,)(—ya + 4p))b1 — Fiy (—ya + yp)br

+ %[(—292 + 2yp) A2 By + D7 (Az + 2y2 — 2y,) — F121} b3 4 (—2y2 + 2yp) (A1b1 + C) B, ba

+ DI (b + C = (=2yo + 2yp) (w1 — x))b2 — Ffy (21 — )b

+ %[(2:1;3 —2x,) A3 B, + D3, (A3 — 2x3 4 22,) — F11 b3 + (223 — 23, ) (A1by + Azbs + C) B} by

+ Dii(— (223 — 22,)(y2 — yp) + Arb1 + Azby + C)b1 — FT1 (Y2 — yp)br

+ % [(2ys — 2yp) A4 By + D1y (As — 2ya + 2y,) — 1105 + (294 — 29)(C + Arb1 + Agby + Azb1) B by

+ D1 (C 4 Ayby + Asby + Azby — (2ys — 2yp)(—23 + 2p))b2 — FY (—3 + 2p)be (43d)
Ess = %(—:cl + :vp)%Biﬁbl + D%(% — 2a1 + 2ap)b1 + Fighy

1 F F
+ 5(=y2+yp) 5 Bish + Dig(5,~ — 22 + 2yp)bz + Fighs
2 2ty 2ty

1 F F
+ =(w3 — xp) = Bisby + Dig(=— + 2w3 — 22,)by + Fighy
2t 2t

2
1 F F

+ =(ya — Yp) 5~ Bigba + D1y (5 + 2ys — 2yp)ba + Fiho (43e)
2 2ty 2ty

FEeg = (—4.%‘1 + 4$p)(—.’£1 + .’L'p)Dilbl + (—4.%‘1 + 4.%'p)F111b1 + Hlllbl
+ (—4y2 + 4yp) (—y2 + yp) D31 b2 + (— 4y + 4y, Fi1ba + Hiy by
+ (4w3 — 4ap) (23 — ) D31by + (dag — 4w, Fiby + Hiby

+ (dya — 4yp)(ya — yp) Db + (4ya — dyp) Fiyba + Hi by (43f)

where the St. Venant circuit shear flow F', constant C' and other values of E;; can be found in Ref.[22].
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APPENDIX B

The element direct stiffness matrix [K] is divided into the linear terms denoted by subscript L and the nonlinear

terms denoted by subscript N, respectively.

K (K2 (K (54| RN (K2 (KB (K
2 23 2 21 2 23 24
K] = (KL (K)o (KL . (Kin (K )n (KN (KN (1)
(K3 (KX (KN (KP)n (KN (KN
| sym. (Ko | | KN (KP)n (K (K5)N |

Linear terms of direct stiffness matrix and the force vector are given in Ref.[22]. Nonlinear terms of direct stiffness

matrix can be expressed by

3w = | B @) — B (45)
(KN = /O l %[EH(V’ — 2, @) + Ep @' Wiydz (45Db)
(Ki)y = /O l % (B (120 + g, U — 2,V') + EpoV' — EygU' + Eyo®' Wl de (45¢)
(K3 )N = 2K0" (45d)
(KP)n = /0 l %[EH(U' +yp®)? = 2E13(U" + 4, @) + Es3®?|¢jydz

- /Ol [% [E1oU" + E13V" + E14®" — 2E,59' | Y[} + %[EM(U/ + yp®') — Eas®'| (v + w;w;')} dz  (45e)
(K®)y = /O l % [E11 (V! — 2,@") + E1®' [ (U + y, @ )i — % [Ers(V! — 2,®") + Ep®'| 0 ju)dz

- [ BV~ 0, + En®)ui; + 2 [Ba(U’ + 5,8 - Euv)uiu]] (45¢)
(KN = /Ol %[(Ezs — Eiyp)U" + (B33 — E1syp)V" + (Esq — Erayp)®" | iydz

+ /Ol % [B11(120 + y,U' — 2,V') + BV’ — EigU’ + Ei6@'| (U’ + y,® )i dz

_ /Ol [% [Ers(rp® + ypU' — 2,V') + Ea3V' — EssU’ + E36®'|®' — [E15U’ — 2(Ess — E15yp)]}1/)£1/);dz

_ /O l % [Era(r}® + ypU' — 2,V') + EspV' — EasU’ + Egs®'| '] dz

- /0 l (B0 4+ 5,®) — By dz (45g)
(KJN = 2(Kf)n (45h)
(Kin = (K3~ (451)

1

1

(K%ﬁ)N = / 5 [En (V' — 1,0')? + 2E15(V' — 2,0)®" + Ezgrb’ﬂw;w;dz
0
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~

- /0 [% [EnU" + Er3V" 4 E14®" — 2E159' |4 + %[EB(VI — 2, @) + B3 ®'| (Vi'0) + wéwé')} dz  (45))
(K%)y = /0 : _% [(Eas — Eromy)U” + (Eag — Bisay)V" + (Bas — Eramy)®" |0’ dz

+ /Ol % [Ev(r2® + y,U' — 2,V') + BV — EU' + E16®'| (V! — 2, @ )ia)dz

+ /Ol E [Bua(r2®' + y,U" = 2,V") + ExaV' — ExgU' + Egg®'|®' + [Bs V' +2(Bas — Eusay)] vtz

- /O l % [Ers(ra® + U’ — 2, V') + Ep3V' — EssU’ + E3e®']| @'y ¢dz

_ /O l % [B1a(V! — 2,®") + Eay @' |00/ dz (45k)
(KN = 2(Kj)n (451)
(Kif) v = (K3~ (45m)
(Ki)v = (K3~ (45n)
(Kiyy = /0 l [% (B (2@ + ypU' — 2,V')? + EpV'™? — EssU”? + Eg®?] + [E12(ra® + y,U' — xpv’)vﬂwgzp;dz

+ /Ol [ — Eg(r2®' + y,U' — 2, V)U' = EagU' + Eig(r2®' + y,U’ — 2,V')® + Ess®'V' — Egﬁ@’U’} Wi dz

- /0 l % [(Bas + E1ar2)U" + (Bsg + Erzr2)V" + (Eag + Br412)®" [9a)ldz

+ /O l [2(E2s — Ersap)V' — 2(Ess — E1syp)U’ + 3(Esg + Eisra) | ¢jdz

- /O l % [Eva(rp® + y,U' — 2,V') + EasV' — EsqU’ + Eg®'] (4]0 + )} )dz (450)
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CAPTIONS OF FIGURES

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

Figure 2: A cantilever composite box beam under a 1.78 kN tip vertical load.

Figure 3: Variation of the vertical displacement with respect to fiber angle change of 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 of a cantilever composite box beam
under a 1.78 kN tip vertical load.

Figure 5: Variation of axial tip displacement with respect to fiber angle change of a cantilever composite box beam
under a 1.78 kN tip vertical load.

Figure 6: Variation of the horizontal displacement with respect to fiber angle change 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: Load versus the vertical displacement at mid-span for a pinned-hinged composite box beam under an
eccentric uniform load.

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

Figure 10: Load versus the axial displacement at mid-span for a pinned-hinged composite box beam under an
eccentric uniform load.

Figure 11: Variation of the vertical and axial displacements at mid-span with respect to fiber angle change for a
pinned-hinged composite box beam under an eccentric uniform load.

Figure 12: Variation of the angle of twist at mid-span with respect to fiber angle change for a pinned-hinged
composite box beam under an eccentric uniform load.

Figure 13: Geometry of thin-walled composite box section.



FIG. 1 Definition of coordinates and generalized displacements in thin-walled closed sections.
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FIG. 2 A cantilever composite box beam under a 1.78 kN tip vertical load
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FIG. 3 Variation of the vertical displacement with respect to fiber angle change of 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 of a cantilever composite box beam under a 1.78 kN

tip vertical load
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FIG. 5 Variation of axial tip displacement with respect to fiber angle change of a cantilever composite box beam under a

1.78 kN tip vertical load
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FIG. 6 Variation of the horizontal displacement with respect to fiber angle change 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 Load versus the vertical displacement at mid-span for a pinned-hinged composite box beam under an eccentric uniform
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FIG. 9 Load versus the angle of twist at mid-span for a pinned-hinged composite box beam under an eccentric uniform load
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FIG. 10 Load versus the axial displacement at mid-span for a pinned-hinged composite box beam under an eccentric uniform

load
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FIG. 11 Variation of the vertical and axial displacements at mid-span with respect to fiber angle change for a pinned-hinged

composite box beam under an eccentric uniform load
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FIG. 12 Variation of the angle of twist at mid-span with respect to fiber angle change for a pinned-hinged composite box beam

under an eccentric uniform load
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FIG. 13 Geometry of thin-walled composite box section
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