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Flexural-torsional behavior 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: June 4, 2007)

This paper presents a flexural-torsional analysis of composite box beams. A general analytical
model applicable to thin-walled composite box beams subjected to vertical and torsional load is
developed. This model is based on the shear-deformable beam theory, and accounts for the flexural
response of the thin-walled composites for arbitrary laminate stacking sequence configuration,
i.e. unsymmetric as well as symmetric. Governing equations are derived from the principle of
the stationary value of total potential energy. Numerical results are obtained for thin-walled
composites under vertical loading, addressing the effects of fiber angle and span-to-height ratio of
the composite beam.
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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. In particular, the use of pultruded composites
in civil engineering structures await increased attention.

Thin-walled composite structures are often very thin and have complicated material anisotropy. Accordingly,
warping and other secondary coupling effects should be considered in the analysis of thin-walled composite structures.
The theory of thin-walled closed section members made of isotropic materials was first developed by Vlasov [1] and
Gjelsvik [2]. For fiber-reinforced composites, some analyses have been formulated to analyze composite box beams
with varying levels of assumptions. Chandra et al. [3] discussed the structural couplings effects for symmetric and
anti-symmetric box beams under flexural, torsional, and extensional loads. Smith and Chopra [4] formulated and
evaluation of an analytical model for composite box-beams. The box-beams walls were modeled as orthotropic-ply
laminated plates, so that the elastic properties vary both through the thickness and around the box-beams contour;
deformation is described in terms of extension, bending, twisting, shearing, and torsion-related out- of-plane warping.
Song and Librescu [5] focused on the formulation of the dynamic problem of laminated composite thick- and thin-
walled, single-cell beams of arbitrary cross-section and on the investigation of their associated free vibration behavior.
Qin and Librescu [6] provided further contribution and validations on a shear-deformable theory of anisotropic thin-
walled beams. The solution methodology was based on the Extended Galerkin’s Method and the non-classical effects
on the static responses and natural frequencies were investigated. Kim and White [7,8] developed an efficient method
to account for 3-dimensional elastic effects in laminated beam walls. In this analysis primary and secondary torsional
warping and transverse shear effects, both of the cross-section and of the beam walls, were considered. Pluzsik and
Kollar [9] presented a beam theory for thin-walled open and closed section composite beams which analyzes the
effect of shear deformation and restrained warping. Salim and Davalos [10] presented the linear analysis of open and
closed sections made of general laminated composites by extending Gjelsvik’s model [2]. This model accounted for all
possible elastic couplings in composite sections, such as extension- and bending-torsion. The effect of warping-torsion
on the torsional stiffness of the beam was investigated. Recently, Librescu and Song [11] introduced the monograph
about thin-walled composite beams. The monograph was concerned not only with the foundation and formulation of
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FIG. 1 Definition of coordinates and generalized displacements in thin-walled closed sections

modern linear and nonlinear theories of composite thin-walled beams but also provided powerful mathematical tools
to address issues of statics and dynamics of composite thin-walled beam. The effects of transverse shear, warping
inhibition, and of various elastic couplings on the behavior of these structures, have been highlighted. Piovan and
Cortinez [12] presented a new theoretical model for the generalized linear analysis of thin-walled beams with open or
closed cross-sections. The model was developed by employing a non-linear displacement field and allowed studying
many problems of static, free vibrations with or without arbitrary initial stresses and linear stability of composite thin-
walled beams with general cross-sections. More recently, Vo and Lee [13] presented analytical model which accounts
for flexural-torsional behavior of composite box beams. They developed one-dimensional finite element model to
investigate the flexural-torsional behavior of thin-walled composite beams.

In this paper, an analytical model for thin-walled open-section composite beams developed by Lee [14] has been
extended to the composite box beams. This model is based on the first-order shear deformable beam theory, and
accounts for all the structural coupling coming from the material anisotropy. Governing equations are derived from the
principle of the stationary value of total potential energy. Numerical results are obtained for thin-walled composites
under vertical loading, addressing the effects of fiber angle and span-to-height ratio of the composite beams.

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. 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 @,? 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)cosf(s) — ®(z)q(s) (1a)
0(s,z) = U(z)cosb(s) + V(z)sinf(s) + ®(2)r(s) (1b)



These equations apply to the whole contour. The out-of-plane shell displacement @ 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

us(5,2) = 262 (2) s B(s) — 5. (2) cos(s) +92(2a(s) (28)
el5:2) = 282(2) 0088(5) +95(2)sind(s) — 15 (s) — [r22) — ()] (20)

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  Ow
P)/sz(saz) = E + E (3)

After substituting for v 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)+ Uy (2)als) + Val2)y(s) + V() (s) (5)

where U, ¥, and ¥, represent rotations of the cross section with respect to =,y and w, respectively, given by

Uy = 7.(2) = U (62)
Uy = vy.(2) =V (6b)
T, = 75(2) — @ (6c)
When the transverse shear effect is ignored, Eq.(6) degenerate 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

(s) = /Sj [r(s) - F(S)}ds (7a)

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

w
i t(s)
where r(s) is height of a triangle with the base ds; A; is the area circumscribed by the contour of the i circuit. The
explicit forms of w(s), F(s) for box section are given in the Appendix of Ref.[13].
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 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) = ﬁ(s,z)+n¢_s(s,z) (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 v, is given by definition
s (5, 2) ow i ou

5,2) = — + —

TnziS on Oz

By comparing Eq.(2) and (9), the function can v, can be written as

Y, =¥, sinf — ¥, cosf — V,q (10)



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

ou

s (11)

hs = —

The strains associated with the small-displacement theory of elasticity are given by

€s(s,z,m) = &l(s,2)+ nks(s, 2) (12a)
€.(s,2,n) = &/(s,2)+nk.(s,z2) (12b)
Ysz(8,2,m) = Fs2(8,2) + nks2(s, 2) (12¢)
Vnz(8,2,n) = Fnx(8,2) + nknz(s, 2) (12d)
where

_ ov  _ 0w

& = 59 &7 5, (13a)

o O

Rs = 5570 R~ 5 (13b)

e [

/{'SZ - as + 62’ b) /{'TLZ - 0 (13C)

All the other strains are identically zero. In Eq.(13), € and R, are assumed to be zero, and €,, %, and Rs, are
midsurface axial strain and biaxial curvature of the shell, respectively. The above shell strains can be converted to
beam strain components by substituting Eqs.(1), (5) and (8) into Eq.(13) as

€. = €+ TRy + YKy + Wky (14a)
Ry = Kysinh — kg cos0 — Kyq (14b)
Rsy = Kz (14c)

where €7, kg, Ky, ko and ks, are axial strain, biaxial curvatures in the x and y direction, warping curvature with
respect to the shear center, and twisting curvature in the beam, respectively defined as

e =w (15a)
Ky = U (15b)
Ky = U (15¢)
fo = U (15d)
Koy = ® — U, (15e)

The resulting strains can be obtained from Eqs.(12) and (14) as
€ = e€;+ (x+nsind)r, + (y — ncosb)ry + (w—nq)ky (16a)

F
Ysz = Vap €080+, sin€ + 17 (r — 2—)+/<asz(n—|— 2t) (16b)
Tnz = Vg SN0 — g, cos — 5 (16c)
11l. VARIATIONAL FORMULATION
Total potential energy of the system is calculated by sum of strain energy and potential energy

M=U+YV (17)

where U is the strain energy

1
U = 5 /(Uzez + OszYsz + Unz”)/sz)dv (18)



The strain energy is calculated by substituting Eq.(16) into Eq.(18)

U = %/ {02 [62 + (z +nsinb)ky, + (y —ncosO)ry + (w — nq)ﬁw}

F F
+ 052 [fy;z cos 0 +y,, sin 6 4 5 (r — E) + ksz(n + g)} +0on: [vgz sinf — . cosf — "yf)q} }dv (19)

The variation of the strain energy, Eq.(19), can be stated as

!
U = / (N20e, + Mydky + Mydky + Mok, + Vidry,, + Vo, + Ty, + Midk,.)ds (20)
0

where N, My, My, M,,,V,,V,, T, M, are axial force, bending moments in the x and y directions, warping mo-
ment (bimoment), and tortional moment with respect to the centroid, respectively, defined by integrating over the
cross-sectional area A as

N, = /O’std’n (21a)
A
M, = /az(x+nsin9)dsdn (21b)
A
M, = /az(y—ncosﬂ)dsdn (21c)
A
M, = /Uz(w—nq)dsdn (21d)
A
V, = /(Usz cos 0 + oy, sin B)dsdn (21e)
A
V, = /(Usz sin @ — o, cos 0)dsdn (21f)
A
F
T = /A[osz(r— 2_t) — Op.q|dsdn (21g)
F
M, = /osz(n—i——)dsdn (21h)
N 2

The variation of the work done by the vertical and torsional load can be stated as
l
oV = —/ V0V + ToD)dz (22)
0

where Vy is vertical load and 7 is applied torsional load. Using the principle that the variation of the total potential
energy is zero, the following weak statement is obtained

l
0 = /O {NLW 4+ M0W, 4 MW, MOV, 4 Vo +W,) + V0V 4 0,)

TS + W) + Md(® — W) + V0V + Téfb}ds (23)

IV. CONSTITUTIVE EQUATIONS

The constitutive equations of a k*" orthotropic lamina in the laminate co-ordinate system of box section are given

by
k e A Tk
P _ | @1 QT €z (24)
Osz QT(} Q&; Vsz
where Q;‘j are transformed reduced stiffnesses. The transformed reduced stiffnesses can be calculated from the

transformed stiffnesses based on the plane stress assumption and plane strain assumption. More detailed explanation
can be found in Ref.[16]



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

Onz = Q55'Ynz (25)

The constitutive equations for bar forces and bar strains are obtained by using Eqs.(16), (21) and (24)

N, [ By Eip B3 By Eis Eig Eir Eig] €2
M, Ey FEo3 Foy Eos FEog For Eag Ky
M, L33 E3q E3s FE3s E37 Esg Kz
M, \ _ LBy Eys Eie Eyr By K (26)
M, Ess Esg Esr Esg Ksz
Va E¢s Egr Ees Yoz
Vy Eqr Erg Vyz
T | sym. Ess | U g
where E;; are stiffnesses of the thin-walled composite. (E; 5, E;s @ = 1..8) can be defined by
Ei5 = /(Alﬁ + Big)ds (27a)
Eis = /Alﬁ r— (27b)
Fsin6
Eys = /|:A]_6 x + Big(z + Szltn )+ D16 sin@} ds (27¢)
F
Egg = (AlGCE + Blg sin 6‘)(’!‘ — E)ds (27(1)
Fcost
Ess = / |:A]_6 y+ Big(y — 62(28 ) — D¢ cos 9} ds (27e)
F
Egg = (Ale B]_ﬁ COS 6‘)(’!‘ — E)ds (27f)
Fq
E45 = |:A16 w + Blﬁ(w — E) Dle:| d (27g)
F
E48 = (Algw — Blgq)(T' — 2_t)d8 (27h)
F? F .
Ess = /(A66 12 + B66 + Dﬁﬁ)d (271)
F .
By = (AGG + Bgg) cos fds (27))
F
Esy = (AGG + BGG) sin Ods (271{)
F F
Fss — / (Aso g, + Boo)(r — 5:)ds (271)
F .
Egs = [AGG(’I‘ — 5) cos — Assgsin 9} ds (27m)
F..
E.;s = [AGG(T — 5) sin @ 4+ Assq cos 9} ds (27n)
F 2
Fgs = [AGG(T — E) =+ A55q }ds (270)
where A;;, B;; and D;; matrices are extensional, coupling and bending stiffness, respectively, defined by
(AzjaB’LjaD’Lj = /Qw‘(l,ﬂ,?’ﬁ)dﬂ (28)

Other values of E;; can be found in Ref.[14]. The explicit forms of the laminate stiffnesses E;; can be calculated
for composite box section are given in the Appendix.



V. GOVERNING EQUATIONS

The 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, éU, 6V, 09,6V, ¥, and §V¥,,

N/ 0
V=0
Vy/:Vy

M +T =T
M; Ve, =0
MQ’C Vy =0
M, +M,—T =0

The natural boundary conditions are of the form

oW : N,
oU : 'V,
ov oV,
0P : T+ M,
0wy, + M,y
oV, : M,
ov, : M,

(30a)
(30b)
(30¢)
(30d)
(30e)
(30f)
(30g)

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, M,, = 0.

By substituting Eqgs.(15), (26) into Eq.(29) the explicit form of the governing equations can be expressed with

respect to the laminate stiffnesses F;; as

EnW" 4 EigU" + Er7V" + (E15 + E1g)®" + EnpV)) + E16V), + E13V
+E17V, + BV + (Es — E5)V,

EygW" 4 EgU" + Eg7V" + (Ese + Egs)®” + Eo V) + Eee V), + E36 V),
+Er V), + BV, + (Egs — Ese) VL,

EvyW" 4 EgrU" + Er7V" + (Es7 + Erg)®"” + Eor V) + Eer V), + E37 0
+FE77V! + E47 9], + (Ers — Es7) ¥,

(E1s + Erg)W" + (Es6 + Ees)U" + (Es7 + E75)V" + (Ess5 + 2E358 + Esg)®”
+(E2s + Eog) ¥y + (Es6 + Fes) ¥y + (Ess + E3s) ¥y + (Es7 + Ers) V),
+(Bas + Eag) ¥, + (Ess — Es55) ¥,

EoW" — ExgW' + ExgU" — EgU' + Eor V" — Eg7V' 4 (Eas + Eog)®”
—(Es6 + Ees)®' + ExW) — Ege Wy + Eo3V) + (Ear — Es6)V), — EerW,

+ B2y W], 4 (Eog — Eas — Ey6) ¥, + (Esg — Fes) o,

EisW" — EviW' + EsgU" — EgyU' + E57 V" — Erg V' + (Es5 + E3s)®”
—(Es7 + Er3)®" + EpsVy + (Esg — Eer)Vy, — Egr ¥y, + B33V} — Erg ¥,
+E34 W], 4 (F3s — Es5 — E47) W, + (Es7 — Frg) Wy,

E\uW" + (E1s — Erg)W' + EgeU" + (Esg — Egs)U’ + Ex7V" + (Es7 — Ezs)V’
+(Eas + Eg)®" + (Ess — Egg)®' + E24Vy) + (Eas — Fag + Fag) V),

+(Es6 — Ees)Vy + E34 V) + (Es5 — Ess + Ear) V), + (Es7r — Er5)¥,,
+E4 V], — (Es5 — 2E58 + Egs) ¥,

0

(31a)
(31Db)

(31c)

(31d)

(31e)

(31f)

(31g)

Eq.(31) is most general form of a thin-walled laminated composite with a box section. For general anisotropic
materials, the dependent variables, U, V, W, ®, ¥, ¥, and ¥, are fully-coupled implying that the beam undergoes



a coupled behavior involving bending, twising, extension, transverse shearing, and warping. If all the coupling effects
are neglected, Eq.(31) can be simplified to the uncoupled differential equations as

(EA)eomW" = 0 (32a)

(GAy)eom(U" + W) = 0 (32b)

(GAL)com(V" +01) =V, (32¢)

(Gjl)com + (GJB)com:| (I)N - (GJQ)com\I/L; =7 (32d)

(E1y)com¥y — (GAy)com(U' +9,) = 0 (32e)

(EL)comV) — (GAL) com(V' +¥,) = 0 (32f)

(Elw)comqjg + (GJZ)com(I)/ - [(Gjl)com - (GJB)com \ij =0 (32g)

From above equations, (EA)om represents axial rigidity; (GAz)com, (GAy)com represent shear rigidities with respect
to z and y axis; (Ely)com and (Ely)com represent flexural rigidities with respect to x and y axis; (EI,)com repre-
sents warping rigidity; and (GJ1)com, (GJ2)ecom; (GJ3)com represent torsional rigidities of the thin-walled composite,
respectively, written as

(EA)eom = B (33a)
(ELy)com = Ex (33Db)
(El:)com = FEs3 (33¢)
(Ely)com = FEaa (33d)
(GAy)eom = Fes (33e)
(GAz)com = Err (33f)
(GJ1)com = Ess5+ Ess (33g)
(GJ2)com = Es5 — Ess (33h)
(GJ3)com = 2Ess (331)

For bending analysis with respect to z-axis, only Eqs.(32c¢) and (32f) are involved, and these equations are well-
known as Timoshenko beam equations.

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 generalized displacements are expressed over each
element as a linear combination of the one-dimensional Lagrange interpolation function @ associated with node j
and the nodal values

W = Zu}j@ (343‘)
j=1

U= ub (310)
j=1

V = Z’Uja; (340)
j=1

¢ = Z(bj@ (34d)
j=1

v, = Zwyj@ (34e)
j=1

U, = Y 9.0, (34f)
j=1
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FIG. 2 Geometry and stacking sequence of thin-walled composite beam for verification
n
U, = Z Vi b (34g)
J=1

Substituting these expressions into the weak statement in Eq.(23), the finite element model of a typical element
can be expressed as

[ K11 K2 Ki3 Ky Kis Kig Ki7]
Koo Koz Koy Koz Kog Koy
K33 K34 K35 K3e Kzr
Ky Kys Kie Kar

Kss Kse Ks7 Py

K¢ Kor Py

| sym. Koy (%

o < g 8

(35a)

Il
cooThgho o

where [K] is the element stiffness matrix and [f] is the element force vector. More detailed explanation explicit forms
of [K] and [f] can be found in Ref.[14].

VIl. NUMERICAL EXAMPLES

For verification purpose, a cantilever composite box beam with length [ = 0.762m, the cross section and the stacking
sequences shown in Fig.2 is subjected to a 4.45N tip shear load. For all the analyses, the assumption (o5 = 0) is
made. The following material properties are used

El = 141.96GPa ) E2 = 9.79GPa ) G12 = G13 = 6.0GPa , V12 = 0.34 (36)

Ten linear elements with two nodes are used for verification. The resulting of bending slope and the angle of twist
using present analysis are compared with previous available results for two stacking sequences CAS, CUS in Figs.3,4
and 5. It is seen that the results by the present analysis are in good agreement with the solution in Ref.[4,6,8].

In order to investigate the coupling, the transverse shear deformation and warping restraint effects, a clamped
composite box beam under an eccentric uniform load V,=-6.5 K N/m is considered (Fig.6). The loads with respect
to shear center are Vy=-6.5 K N/m and 7=-0.325 KNm/m. For convenience, the following nondimensional values
of angle of twist, vertical displacement and shear deformation parameter are used

_ 9B

¢ = NE (37a)

_ UEQb?

v o= Vi (37h)
Vs

a = ? (37C)

where v are the vertical displacement due to the shear deformation.
In Fig.7, shear deformation parameter o with respect to the span-to-height ratio for different symmetric and
unsymmetric lay-ups are compared with Ref[9]. It is seen that all the results are in excellent agreement.
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FIG. 3 Angle of twist distribution along a cantilever beam with the CAS lay-up and subjected to a 4.45 N load at its tip
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FIG. 4 Bending slope distribution along a cantilever beam with the CAS lay-up and subjected to a 4.45 N load at its tip

Two layers with equal thickness are considered as an anti-symmetric angle-ply laminate [#/—6] in the flanges and
webs (Fig.8a). By using warping restraint (WR) and free warping (FW) model, the maximum angle of twist and the
vertical displacement at mid-span of the beam with respect to the fiber angle change are shown in Figs.9 and 10 for
1/by = 10 and 1/b; = 50. In generating Figs.9 and 10, the finite element solution with no shear effects is calculated
based on previous research [13]. The angle of twist is not affected by shear deformation as shown in Fig.9 even for
lower span-to-height ratio (I/b; = 10). That is, the shear deformation due to torsion is negligibly small for flexural-
torsional behavior of closed-section. Besides, Figs.9 and 10 also show the influence of warping restraint effects on the
angle of twist and the vertical displacement. It is observed that in the investigated case, the warping restraint has
a stiffening effect. Thus, the significant discrepancy between warping restraint (WR) and free warping (FW) models



11

0.01 I
ol
o
o
0.008 - o 4
Ny
0.006 |- 4 _
7/"1 0':--.
0.004 |- _
o/
0.002 Present .
Smith & Chopra Ref[4] ——
Qin & Librescu Ref[6] - - - - -
Kim & White Ref[§] - - o -
0 ! ! !

0 0.2 0.4 0.6 0.8
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FIG. 6 A clamped composite box beam under an eccentric uniform load

occurs only on the the twist deformation, especially for unidirectional fiber angle, while for the vertical displacement,
the influence of warping becomes immaterial. The orthotropy solution of the maximum vertical displacement for the
uncoupled equations as given in Eq.(32) can be directly calculated for the beam with uniformly-distributed loading

and clamped boundary conditions as

4 2
Umax — V’lj V’lj (38)
384(EL)com  8(GAz)com

In Eq.(38), the first term denotes the displacement by the classical beam theory, and the second term is the dis-
placement by the shear deformation. For this stacking sequence, the coupling stiffnesses E15, Fa7, E36 and E4g do not
vanish while all the other coupling stiffnesses become zero. That is, the orthotropy solution given in Eq.(38) might not
be accurate. However, since the coupling stiffnesses are very small compared to the bending stiffness Es3 (Table I),
the coupling effects coming from the material anisotropy become negligible. Consequently, the finite element solution
with warping restraint (WR), free warping (FW) model and the simple orthotropy solution of the classical beam
theory agree well as shown in Fig.10.

To investigate the coupling and transverse shear effects further, the same configuration with the previous example
except the laminate stacking sequence is considered. Stacking sequence of the top flange and the left web are [0/ — 6],
while the bottom flange and the right web are assumed unidirectional (Fig.8b). For this stacking sequence, the
coupling stiffnesses Fas, Foy4, Fos, F34, F35, Fy5, Ese, E57, Ess, Egg and Erg do not vanish while all the other coupling
stiffnesses become zero. Especially, Fa3, F5¢, E57, Fgs and E7g become no more negligibly small as given in Table
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FIG. 8 Geometry and stacking sequence of thin-walled composite beam

TABLE I Ratio of coupling stiffnesses with respect to the bending stiffness and shear deformation parameter o when flanges
and webs are all antisymmetric angle-ply

Fiber angle Ei5/E33 Ey7/Ess Es6/Es3 Eys/Ess3 Shear deformation parameter o
Ratio /b1 = 10 Ratio I/b1 = 50
0 0.000 0.000 0.000 0.000 0.684 0.080
15 -0.044 -0.029 0.015 0.000 0.528 0.043
30 -0.083 -0.055 0.028 0.000 0.266 0.014
45 -0.076 -0.051 0.025 0.000 0.136 0.006
60 -0.024 -0.016 0.008 0.000 0.112 0.005
75 -0.001 -0.001 0.000 0.000 0.119 0.005
90 0.000 0.000 0.000 0.000 0.124 0.006
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TABLE II Ratio of coupling stiffnesses with respect to the bending stiffness and shear deformation parameter o when the
bottom flange and the right web are unidirectional while the top flange and the left web are symmetric angle-ply

Fiber angle Es3/Ess Es¢/Ess Es7/E33 E¢s/E33 E7s/Ess Shear deformation parameter «
Ratio /b1 = 10 Ratio [/b1 = 50
0 0.000 0.000 0.000 0.000 0.000 0.684 0.080
15 0.002 -0.057 -0.115 -0.129 -0.085 0.644 0.070
30 0.055 -0.136 -0.273 -0.393 -0.377 0.597 0.058
45 0.147 -0.099 -0.199 -0.380 -0.462 0.506 0.045
60 0.178 -0.041 -0.082 -0.235 -0.347 0.445 0.037
75 0.182 -0.009 -0.019 -0.147 -0.265 0.415 0.032
90 0.182 0.000 0.000 -0.120 -0.239 0.406 0.027

-

FEM (no shear)
FEM (shear-WR) ——
FEM (Shear-FW) —e—

! ! !
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0

FIG. 9 Variation of angle of twist at mid-span with respect to fiber angle change in the flanges and webs for a clamped
composite box beams under an eccentric uniform load with ratio [/b1 = 10

II. Shear deformation parameter o in Table II shows that the shear effects are significant even for higher fiber angle
for /by = 10. For lower span-to-height ratio (Fig.11), however, the solutions excluding shear effects remarkably
underestimate the displacement for all the range of fiber angle. The orthotropy solutions disagree with the finite
element solutions as anisotropy of the beam gets higher and fiber angle increases. For I/b; = 50, as fiber angle
increases, the orthotropy solution and the finite element solution show discrepancy indicating the coupling effects
become significant (Fig.12). The shear effects are negligible in this case.

VIll. CONCLUDING REMARKS

An analytical model was developed to study the flexural behavior of a laminated composite beam with box sec-
tion. The model is capable of predicting accurate deflection for various configuration including boundary conditions,
laminate orientation and span-to-height ratio. To formulate the problem, a one-dimensional displacement-based finite
element method is employed. The shear effects become significant for lower span-to-height ratio and higher degrees
of orthotropy of the beam. The orthotropy solution is accurate for lower degrees of material anisotropy, but, becomes
inappropriate as the anisotropy of the beam gets higher, and fully coupled equations should be considered for accurate
analysis of thin-walled composite beams. The presented analytical model is found to be appropriate and efficient in
analyzing flexural problem of thin-walled laminated composite box beams.
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FIG. 10 Variation of the vertical displacements at mid-span with respect to fiber angle change in the flanges and webs for a
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APPENDIX

The explicit forms of the laminate stiffnesses F;; for composite box section in Fig.13 can be defined by

Eig = Algby — Algho

(39a)
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Eyp = —Ajghy + ASsby (39h)
F F F F
Eig = Afg(—1+xp — o=)b1 + Ag(=y2 + yp — 5= b2 + A (23 — 2 — o—)b1 + Alg(ya — yp — 5—)b2 (39¢)
2ty 2to 2t3 2ty
1 1
Eoy = §A§6b§ + A2.x1by + 5A‘fﬁbg — Alsx3bo (39d)
Eyr = —A%6$1b1 + Biﬁbl + A§6$3b1 + B%bl (396)
F 1 F F
By = (Algz1 — Big)(—21 +p — 5= )b1 + 5 AT (—y2 + yp — 5= )b5 + Afg # 21(—y2 + yp — 5—)b2
2t1 2 2to 2to
F 1 F F
+ (Afgzs + Big) (w3 —xp — 5—)b1 — = Al (ya — yp — 5-)b3 + Algzs(ya — yp — 5~ )b2 (391)
2t3 2 2ty 2ty
Ess = Afgyabs — Bigby — Ajgyabs — Bighs (39g)
1 1
E37; = EA}Gb% — Algyabr + §A§6b% + Afyab (39h)
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1 F F F
B3y = —5Ajg(—w1 +ap — o) + Algya(—a1 +ap — 5-)bi + (Algyz — Big) (—y2 +yp — 5. )b
2 2t1 2t1 2to
1 F F F .
+ 514?6(173 —Tp — g)b% + Algya (w3 — zp — g)bl + (Algya + Blg) (ya — yp — T = )b2 (391)
3 3
Fio = (A2, Ay — B2 )02 + A2 (Arby + O)b
46—2( 1642 16)b5 + Ajg(A1b1 + C)b2
1 .
+ 5(_A4116A4 =+ B%G)bg — A%G(C 4+ A1by + Axby + A3b1)b2 (39J)
1
Ey = 5(—14%6141 + B116)b2 A%GCbl + = (AlGAg B%G)b% + A?ﬁ(Albl + Asby + O)bl (39k)
LR 1 F s 1 F
Eis = 5(Aj641 — Big)(—21 +2p — )b + AeC(—21 +xp — )1
2 2t1 2tl
Lo 2 F s 2 F
+ 5 (AfgA2 — Big)(—vy2 + yp — 5)03 + Afs(A1b1 + O)(—y2 + yp — 5 )b2
2 2to 2ty
L3 3 F s 3 F
+ §(A16A3 — BlG)(leg — J?p — g)bl + Alﬁ(Albl + A2b2 + C)(ZZ?g — $p — E)bl
3 3
1 F F
+ 5("44116‘44 — Big)(ya — yp — 2_t4)bg + Al6(C + A1by + Agby + Asb)(ys — yp — 274)52 (391)
F
Esg = Alg— 5 by + Baghs — Agg— 2t — Bggbs (39m)
By = —AL b BLpy 4 A3 ib + Bsb (39n)
57 = 662t 1 6601 665, U1 6601 n
F F F
Esg = (Aflse 2t + Bgg) (—x1 + xp — 2—751)51 + (A262_ + Bi)(—y2 + yp — T = )b2
F F
+ (Ao + Bo)(aa — 2, — )b + (Al + Bio)yn — vy — 5 )b (3%)
Eos = Alsby + AZsba + ASb1 + Adgby (39p)
E¢z = 0 (39q)
Lo 2 F 3 12 4 F
Ees = _§A55b1 + Age(—y2 + yp — T = )ba + A 507 — Age(Ya — yp — E)ZD (39r)
E77 = Aéﬁbl + A§5b2 + Agﬁbl + A55b2 (398)
F F
E78 = —AéG(—CCl + Tp — _)bl + AgG(x:; — Tp — —)bl (39t)
2t1 2t3
F 1 F 1
Egs = Ags(—21+ ) — 5)251 + gA%b? + Ads(—y2 +yp — E)ng + §A§5b§
1 2
A3 (s — 1) — S )2by 4 SAB P AL (s — g — S )by 4 £ A 39
+ Age(zs — xp % ) 14’3 5501 + Age (Y4 — p 2% ) 2+3 5502 (39u)
3 4

where the St. Venant circuit shear flow F', the warping functions with respect to the shear center of side 1, 2, 3, 4
w1(s1),w1(s2),w1(s3),w1(s4) and other values of E;; can be found in Ref.[13]
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