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Abstract

The literature on classical analysis of anisotropic beams assumes that all 1D “moment strain” measures (i.e. twist and
bending curvatures) are of the same order of magnitude, resulting in a linear cross-sectional analysis. The present paper
treats the situation in which one or more of the 1D moment strain measures may be larger than the other(s), resulting in
a non-linear cross-sectional analysis. This type of non-classical analysis is needed, for example, in problems where the
trapeze effect is important, such as in rotor blades. As a precursor to complicated non-linear sectional analysis of
arbitrary cross sections, a non-linear sectional analysis is presented for an anisotropic strip with small pretwist, based on
the dimensional reduction of laminated shell theory to a non-linear one-dimensional theory using the variational-
asymptotic method. Results obtained from this strip-beam analysis are compared with available theoretical and
experimental results for a problem in which the trapeze effect is important. In order to demonstrate the usage of the
results in the analysis of structures made of an arbitrary geometrical combination of pretwisted generally anisotropic
strips, a closed-form expression is derived for the torsional buckling of a column with a cruciform cross section. © 1998
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Modeling of beam-like anisotropic structures having an arbitrary geometry in terms of initial curvature,
pretwist and cross-sectional shape has been the focus of several previous papers [ 1-5]. The primary aim of all
of these is to take advantage of the beam-like configuration, which allows consideration of the ratio between
a characteristic cross-sectional dimension and the wavelength of the deformation along the beam as a small
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parameter. This greatly reduces the computational effort required relative to that for three-dimensional (3D)
modeling of the structure. The simplification of the problem arises from decomposition of the 3D problem
into two simpler problems: a two-dimensional (2D) problem, which provides in a compact form the
cross-sectional properties using a mathematical technique called the variational-asymptotic method, and
a non-linear one-dimensional (1D) problem along the length of the beam.

Almost all of the cross-sectional analyses for composite beams in the literature are linear. Linearity
precludes a cross-sectional analysis from capturing, for example, the trapeze effect, which is of well-known
importance in rotor blades. Although the trapeze effect is fundamentally a non-linear coupling of extension
and twist, in rotor blade analyses it is frequently exhibited as a linear term that increases the effective
torsional rigidity as a function of axial force; see, for example, Ref. [6]. This term is not contained in the exact
intrinsic equilibrium equations for a beam, for example, those of Reissner [7]. Therefore, it must enter the
analysis through the constitutive law. Although contained in the analytical treatments of Berdichevsky [8],
there are no published treatments of the trapeze effect from an asymptotic point of view for general
cross-sectional analysis. The most general cross-sectional analysis in which the non-linear terms needed to
model the trapeze effect are included is the work of Borri and Merlini [9], who developed these terms from
a “geometric stiffness” point of view.

The objective of this paper is to gain insight into the non-linear cross-sectional modeling of a beam. In
order to understand how non-linear phenomena such as the trapeze effect can be captured in a cross-
sectional analysis, a simplified configuration is considered for which classical laminated shell theory (CLST)
can be used as a starting point, namely a laminated strip-like beam with small pretwist. Even this simplified
analysis turns out to be challenging, but it does give a good indication of how a similar analysis can be
carried out for more general cross-sectional geometries. Results from this analysis are compared with
experiment and another theory. The usage of the theory in analysing beams made of a combination of
generally anisotropic pretwisted strips is then indicated through an example — a cruciform cross section. The
torsional buckling load is determined for this structure.

2. Analytical development

In order to meet our objective, we attempt to model a thin pretwisted composite strip as a beam, including
those non-linear effects that need to be considered, by virtue of the special geometry, to achieve asymptotical
correctness. This is achieved by deriving its strain energy function in terms of 1D quantities only. Starting
from CLST, the variational-asymptotic method is used as a tool to carry out the dimensional reduction from
2D to 1D.

2.1. Undeformed strip geometry

Asymptotic methods require small parameters. Here the wavelength of deformation along the strip is
denoted by /. The width and thickness of the strip are denoted by b and h, respectively. From the geometry of
the strip, the natural small parameters are the thickness-to-width ratio 6, = h/b; the width-to-length ratio
Jp = b//; and the width times pretwist per unit length 6, = bk, where k, is the derivative of the pretwist angle
with respect to length along the strip. The geometry of the strip is shown in Fig. 1. The Cartesian coordinate
measures x; are directed along the length, width, and thickness of the strip for i = 1,2, and 3, respectively,
parallel to corresponding unit vectors b;. (Here and throughout the paper, Latin indices run from 1 to 3 while
Greek indices run from 1 to 2; repeated indices are summed over their ranges.) The domain of the strip-beam
issuchthat0 < x; </, — b/2 < x, <b/2and — h/2 < x3 < h/2. The strip has a pretwist rate k;(x;), so that
the unit vectors associated with the cross-sectional plane, b, and bs, are functions of x;.
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xp,b,(x,)

X5.05(x;)

Fig. 1. Pretwisted strip configuration and coordinate system.

The position vector from a point fixed in an inertial reference frame to a generic point on the middle
surface of the strip is r = x;b; + x,b,(x;). The position vector of an arbitrary material point in the strip is
then

r=r + x3b3(x1) = x,-b,-. (1)

By differentiating ¥ with respect to the coordinate measures we find the covariant base vectors for the
undeformed geometry to be

g1 = by + ky(x,b3 — x3b)),

g =b,,

g3 =bs, )
while the contravariant base vectors for the undeformed geometry are

g' =by,

g’ =b, + kyxsby,

g® =b; — kix,b;. ?3)

2.2. Kinematical formulation

Before applying the variational-asymptotic method, we will formulate the kinematics of the problem using
the procedure outlined by Danielson and Hodges [10].
The position vector R(xy, x,, x3) of an arbitrary material point in the deformed configuration is given by

R= x1by + u;(xq)b; + x2B5(x1) + x3B3(x1) + Wilxq, X5, X3)Bi{xy), )

where u; are rigid-body displacements; B; are orthogonal unit vectors introduced by rigid body rotation; and
w; are warping displacements of the beam cross section.

Based on the main exchange rules in [11] and the recovering relations in [12], the warping displacement
component that is normal to the local shell surface can be split into two parts: an average across the thickness
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and an unknown variation due to Poisson-like effects. Thus

W?ﬁ(xla X2, x3) = W3(x1: x2) + AS(xh X2, X3), (5)
where
h2
J Aj(xy, X2, x3) dx3 = 0. (6)
—h/2

Motivated by the smallness of J, and consistent with the above references, the two components of shell
warping displacements that are in the local tangential direction are each split into three parts: the average
warping, a part linear in the thickness coordinate due to average local rotations, and the rest of the unknown
variations, for example, due to the shell curvature:

WalX1, X2, X3) = WelX1, X2) + X30,(X1, X2) + Ay(Xy, X2, X3), (7)
where
/2
J A(x1, X2, x3)dx3 =0 (8)
—h2
and
/2
J A, 3(x1, X2, x3) dx3 = 0. )
—n2

Eq. (4) now takes the form
R = x;b; + ub; + x,B, + wB; + x3(¢,B; + ¢,B, + B3) + AB,. (10)

Note that u;(x;) and B;(x;) are beam quantities, while ¢,(x4, x,) and w;(x;, x,) reflect shell behavior. In
particular, u;(x,) represent rigid-body translations of the cross section; B;(x;) are dictated by the rigid-body
rotations of the cross section; w;(x4, x,) are the warping; and ¢,(x;, x,) are local rotation variables. Thus, the
warping displacements are governed by the constraints

wip =0, <ws2) =<9, (1)

where the notation

b/2
(@)= J (o) dx, (12)
—b/2
is used.
The covariant base vectors for the deformed geometry are determined by
R
Gi=- (13)
0X;

in the evaluation of which we eliminate u; and B; by introducing the 1D strain measures y,; and x;, which
satisfy

_ [(x1 4+ ug)by + usby + uzbs]

’ >

N

B, (14)

B/ = [(k; + x1)B; + K3B, + k3B3] x By,



D.H. Hodges et al. | International Journal of Non-Linear Mechanics 34 (1999) 259-277 263

where
b; = klbl X bia
s = /(L +uy)? + (ty — kyuz)? + (s + kyuz)® = 1+ 4, (15)

and s is the running arc-length along the beam reference line.

We can now evaluate the deformation gradient tensor A = G;g’. Following Danielson and Hodges [10]
we arrange the components of A in mixed bases into a matrix A, the elements of which are given by
A;; = B;-A-b; as follows:

A =147 + (X3 +ws + Az)ky — (X3 + wy + X3do)ks + Wi + X3Py + ki[xa(wy 2 + X3¢1.2)
— X201 + Ay 3x; — Ay 5x3] — Az + Al

Az =wi o+ X301,2+ A1,

Az =¢1 +Ars,

Az = (Wi + x3d1) ks — (X3 + w3 + As)icy + wh + X35 — ki[ws + Az — x3(Wa 2 + X3¢02.5)
— Xo¢2 + Az 3x; — Ay 5X3] + Ay + A),

Aza =1+ wy 5+ X3922+ Az 5,

Azz =y + Ay s,

Aszy = (X2 + wy + X3Pa)ky — (Wy + X3d )6, + Wi + A5 + ky[wy + x3(P2 + w3 2 + Az 5)
+ Ay — X575 3] — Ayis + Agicy,

Azz =w3 5+ Az .z,

Az =1+ A5 ;. (16)

If small local rotations were to be assumed (not the assumption made in this paper), the 3D strains would
be approximated by the difference of the symmetric component of the deformation gradient tensor with the
identity matrix I3, namely the symmetric matrix

_A+AT

E
2

—1I (17)

the elements of which are given by
Eyy =711 + X3Ky — XoK3 + W3Ka + X301 — X3¢aK3 + Wy — Waks + Azky
+ ki[xX3(Wi.2 + X31.2) — X201 — X2A1 3 + X34y 5] — Ayics + A,
2E 5 = Wi, — X3K1 + X301, 2 — Waky + X305 + X3P1K3 + wiks + wh — Aziy
—kilws + Az — X3(x302,2 + W2 2) + X2z + X285 3 — X385 5] + Asks + Ay 5 + A,
2E13 = ¢ + XaKy + W3 + X3aky + Ay — Xadiky + Waky — wiky + ki[wa + X3(A35 + w3 2 + @)
— X2A5.3 + Ayl 4+ Ak — Arks + Ay 3,
Eyy=wya+ X322 + Az s,
2E;3 =+ wia+ A0+ A,
E3zz3 =Aj 5. (18)
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The variational-asymptotic method can be applied in an iterative manner, where a preliminary order of
magnitude analysis is used to develop a somewhat arbitrary estimation scheme. At the end of the first step of
applying the method, the results are checked to see if they are actually of the assumed order. If not, an
additional step must be taken to obtain asymptotically correct results, as suggested by Berdichevsky [12].
Here, for the preliminary step we note that all the E;; are O(e). Also, the geometry implies a relation among
the warping variables:

A3+ ¢ +Ass+ ¢+ +A55)°=(1+e), (19)

where e = O(¢). Based on these observations, one can obtain the following estimation scheme:

w, = 0(eb), w3 =20 <%>,
On

¢a =0 <5£> > Ai = 0(85hb)5

11 =00), K, = 0%) 3 = 0<§> (20)

where it is noted that ¢; = — x,x; + O(¢) (follows from the smallness of E;3) and ¢, = — w3 5 + O(e)
(follows from the smallness of E,3) are larger in magnitude than the strains. They represent moderate local
rotations.

The orders of magnitude of A; are estimated as follows: the stretch through the thickness is approximately
E;3 = Aj 5, clearly O(e). If A, 5 were to be larger in magnitude than the strains, then the sum ¢, + ws ,
would have to be of the same order in order to retain the smallness of E,; and furthermore
Ay 3 = — (¢ + w3, 3) + O(e). This would imply A, = Ao — x3(d2 + w3 5) + O(eh) where A,q is indepen-
dent of x3. Using Eq. (8), A, = — x3(¢p, + w3, ) + O(eh). This, however, violates the constraint involving
A, in Eq. (9). Hence, the sum ¢, + w3 , and A, 3 can only be of the order of the strains. Similarly, if A; ; were
to be larger in magnitude than the strains, then A; 3 = — (¢; + x,%;) + O(¢) in order to retain the smallness
of E{3. This would imply A; = Ajg — x3(¢p1 + x,%) + O(eh) where A, is independent of x;. Using Eq. (8),
Ay = — x5(¢p1 + x,x4) + O(eh). This, however, violates the constraint involving A; in Eq. (9). Hence A; 3 can
only be of the order of the strains. Thus A; are all of O(gd,b).

The 3D strains I' are obtained using the moderate local rotation approximation [10] so that

A*> EA- AE
I'=E 7 + 7 , (21)
where 4 is the anti-symmetric component of A. The 3D strain components that are of further interest to us
are

O (€9,/y)
f_/b X371 &
', = Y11 — XpK3 + X3Kp + kyix3r, + 5 + wiic, + O| &0y, €6, 5 )
h
o —
O(&2/07)
O (¢2/07)
1 2
Iy =wy, — X3W3.23 3 W32" + O (£dy),
0() 0(e8,/0,)
— &2
20, = wi o — 2x3K61 + ki(Xaw3,2 — w3) + Ki(xaw3 2 — w3) + 0<85b: €0y, €04, 5—> (22)
s i

0(e) 0(&°/97)
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Since the ¢’s are all small parameters, we ought to retain the terms of O(&d,/d;) in comparison to the terms of
O(e). Furthermore, the terms of O(&*/d7) assume significance. Denoting the ratio ¢/5; by the small parameter
A, we note that the zeroth-order approximation to the strain energy should contain all the terms up to O(Es?)
while the first-order approximation should contain all the terms up to O(Ee?A?), where a typical stiffness
coefficient is of O(E). This in turn means that the zeroth-order approximation to the strains should contain
all terms up to O(¢) while the first-order approximation should contain all relevant terms up to O(¢A?). On
the other hand, terms of O(ed;), O(ed;), O(ed,) and O(e?/5,) can be included in the higher-order approxima-
tions to the strains, if necessary.

The 3D strain measures are related to the 2D strain measures by I'y; = 6,5 + X3p,5, Where &, are the
membrane strains and p,; are the middle surface bending curvatures. Hence, by inspection of Eq. (22), we can
obtain the relation between 2D (shell) measures and the 1D (beam) measures. The membrane strains are

2 2
~ 2 X32K1
€11 R Y11 — Xakz + kiX3K1 + + wikK,,
L,

€22 R Wy 5 + 5 W3 2,

2815 ® Wy 2 + k(w3 5 — w3) + Kq(Xw3, 5 — W3) (23)
while the curvatures are

P11 R Kz,

P22 X — W3 22,

2p12 N — 2K1. (24)

In the above equations, the underlined terms are non-linear and arise due to moderate local rotation. The
non-underlined terms in these equations are the dominant ones, the only ones needed for the zeroth-order
approximation. The first approximation should include all the above terms.

2.3 Shell theory

The stiffness coefficients for CLST are given by

C7? = B ity g, (25)
where
EaﬂS 3Ev533
Eiﬁfﬁ“/é _ Edﬂvﬁ _ E3333 _ Hquo:ﬁuGyév’
—G 50 aZ(f * b,)
« = 0q — X ni,
a 3 0x,0x,

N — eijk 6(f‘~b1) 5(f‘-bk)
' \/? ﬁxl 6X2 ’

O(F-b;) O(F - b))
ox, Oxp |

Clo = det |:5ij
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For our pretwisted rectangular strip,

fi=pi=1,

2 -1 — kyx3

fi =l = —F———s.
P 1 (k)

Hence, it is seen that the largest correction to any of the stiffness coefficients of O(E) of CLPT, owing to
a pretwist per unit length 6, = bk, is O(6,0,E). As the strains to be considered in the first approximation are
of O(e, £2/6}), the largest additional term contributed by a CLST stiffness coefficient to the energy is still
smaller than the smallest term contributed by a CLPT stiffness coefficient. Hence, both CLPT and CLST
give exactly same zeroth and first-order approximations to the energy.

(26)

2.4. Strain energy of the strip

As we currently consider the strip to be a 2D elastic body, its strain energy density (i.e. energy per unit
middle surface area) is given by

é11 T é11
€22 €22
U2D=1 24, [A B] 21| 27)
P11 B D P11
P22 P22
2012 2015

where ¢,5 and p,; are the 2D strain measures defined in Egs. (23) and (24); and 4, D and B are the membrane,
bending and coupling (3 x 3) stiffness matrices respectively.

The beam strain energy density (energy per unit length of the strip) is given by U,p = <U,p). In order to
carry out this integration we need to obtain the unknown functions of x, in Eq. (27) (i.e. w;; note that ¢, have
been pre-determined while A; do not appear in the first-order approximation to the strain energy — only in the
constraints, so that they are uncoupled from the rest of the problem). This is achieved (at any given order of
approximation in the variational-asymptotic method) by minimizing the strain energy functional
U = j"(/)UlDdxl subject to the constraints in Eqgs. (6), (8), (9) and (11).

2.4.1. Zeroth-order approximation

The zeroth-order approximation to the 2D strain energy consists of all terms of O(E¢?) thus leading to the
asymptotic classical linear theory for generally anisotropic pretwisted rectangular strips. Hence the zeroth-
order approximations to the 2D membrane and bending strains are all of the non-underlined terms (of O(g))
in Egs. (23) and (24), respectively. All zeroth-order variables will be denoted by a superscript 0. Minimization
of the zeroth-order strain energy leads to &, (the only strain measure which has a w{-dependent term),
£9, (the only strain measure which has a w3-dependent term) and p3, (the only strain measure which has
a w3-dependent term) being expressed in terms of the other known 2D strain measures. Closed-form
solutions are then obtained for the zeroth-order warping displacements w{ and it is verified that their orders
of magnitude agree with our estimations. For example, the shell out-of-plane warping is given by

Biyy11 + Dyacs — 2D5ek4 n
24D,,

B B>k
Xo(b? — 4x3) 123 | (803 — by TL2SLEL (28)

0 — (12x2 — b2 2 1
ws = (12x3 = b7) 24D,, 960D,
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The new stiffness variables used above (the quantities with an overbar) are defined in the Appendix.
Expressions are also provided in the appendix for the shell in-plane warping field, w.

2.4.2. First-order approximation

The first-order approximation to the 2D strain energy consists of all terms of O(Ee?), O(Ee*A) and
O(E&*A?). Hence, the first-order approximations to the 2D strains should contain all terms up to O(¢A?). This
consists of both the underlined and non-underlined terms in Egs. (23) and (24). First-order variables will be
denoted by a superscript I. The warping displacements are given by wi = w? + W,;, where the perturbation
quantities W; are assumed to be of an order higher than the corresponding zeroth-order quantities, w?. Thus,
W, = O(¢Ab) and W3 = O(eAb/d,). The strain measures Eqs. (23) and (24) can be then rewritten as

2.2
_ kox2 X32K1 0 -
€11 = Y11 — XaK3 + K1X3K; + 5 + W3k, + Wik,
£ € £ eA eA?
eA
_ 0 5
€12 = 812 + €12,
& eA
_ 0 &
&2 = €22 + €22,
3 eA
P11 = K,
&
—_ w0 ~
P22 = W3,22 + W3 22,
€ A
2p12 = — 2Ky (29)

&

Minimization with respect to the three unknowns &;,, &,, and W; is equivalent to minimization with respect
to w; and is conducted in three steps:

1. Only the terms of order ¢?A? are retained upon the substitution of Eq. (29) into the energy.

2. &}, (the only strain measure which has a W,-dependent term) and &5, (the only strain measure which has
a w,-dependent term) are expressed in terms of the other 2D strain measures.

3. These expressions are substituted into the first-order strain energy functional, and the result is
minimized with respect to Ws, subject to the appropriate constraints.

Closed-form solutions are then obtained for the perturbations to the zeroth-order warping displacements
w?, and it is verified that their orders of magnitude agree with our estimations. For example, the perturbation
to the shell out-of-plane warping is given by

~ (b* — 80x3)Bioki x5 (7h* — 40b%x3 + 48x3)(— 2B7, + A11D,,)K5k5
Wy = — = _
? 1920D,, 5760D2,

L (6% = 12003 + 240x3)Bag ey | (7h* — 12053 + 240x9) B, Dy ar3
5760D2, 5760D32,

(7b4 — 120b2x§ + 240x§)1§12D_26K1K2
2880D3,

L= 23b° — 336b*x2 — 560b2x% + 896x8)B2, + (29h° — 420b*x% + 560b>x4 — 448x8) A, 1Dyl k k1K
161280D3, '

(30)
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See the appendix for the procedure to obtain closed-form solutions to Ww,, the first-order perturbations of the
shell in-plane warping field.
Now we can integrate U,p with respect to x, across the width and obtain the 1D strain energy density as
UID :%S?ESJSZ + Sr[sln:lgn + %EI[S,JS,,, (31)
where the linear and non-linear 1D strain vectors, ¢; and ¢, respectively, are defined as follows:
&= {“/11 K1 K2 Ks}T,

Sn:{K% K% K2Y11 K2K3 K2K1}T, (32)

and the matrices [S;], [S;,], and [S,] can be thought of as partitions of a 9 x 9 matrix [S].
The linear stiffness matrix [S,;] is given by

[ _ _ pAk , |
bA;, — 2bBy6 + 1121 - bB,, 0
_ b34, .k _ b3B, ¢k b A, k2 — b3B, 1k
—2bBig+ 5 bDge — ="+ = = 2bDye 5 .
_ _ b3B, k _
bB,, — 2bDy¢ + 1121 - bDy, 0
0 0 0
L 12|
The non-linear stiffness matrix [S;,] is given by
i b Ay, 1
0
N 0 0 0
b3§16 szll bSZIID_IZ bSZIIEIZ
— ky — 1 —= ky 0 0
12 160 360D, , 360D, (34)
b3§11 bszllD_26 b7ZIIE12 k2 0 0 0 0
24 180D,, ' 10080D,, '
szllglz
0 0 0 ——

The elements of the non-linear stiffness matrix [S,] are given by

b4,
5= 50
S56 = Sss = S68 = S78 = Ssg =0,

b3A,B,,
Ss7=—F57 =
720D,



D.H. Hodges et al. | International Journal of Non-Linear Mechanics 34 (1999) 259-277 269

b*411Dys | b'A11By,

Sso = — L 12k
39 360D,, | 10080D,,
_ bSZnD_%z
6= 72002, °
— bSZIIEIZD_IZ
o7 720D%,
S _ _b5211512526_b7211312512
09 360D3, 6048003,
o bSZuE%Z

Sop ==
720D,

b5211E12526 b7leg%2

Sqo = — e — Ly
0 360D2, 60480D2, "

_ b72113%2 b71‘T%1
~10080D3, 30240D,,’

88

Soo = L L = 1 £ 35
%27 180D2, 360D,, 15120D2, 90720D,, = 403200D2, (35)

szllD_g() szllD_IZ b7lel§12D_26k < ng%l ngIIB%Z >k2

1 1-

The new stiffness variables used above (the quantities with a double overbar) are defined in the appendix.

Linear extension-twist coupling is reflected in S;,, while non-linear extension-twist coupling is exhibited in

Sis. A purely torsion-twist non-linearity is exhibited in S,s and Sss. Pretwist affects only the linear

extension-twist coupling stiffness, but it affects both the linear (S,,) and non-linear (S,5) parts of the purely
torsional non-linear terms in the energy.

As expected, the two bending measures differ widely in their behavior. Note that x5, which represents
bending about the x5 axis (i.e. the stiff direction), is small compared to the other two 1D curvatures and is
coupled only in a very weak non-linear fashion with the other bending, x,, through S,5 and Sgg. On the other
hand, the flatwise bending, x,, could be very large and is extensively coupled with extension and twist. Linear
bending- twist coupling comes from S, 3, while non-linear bending-twist coupling stems from a large number
of terms like Sss, S»6, Ss59, Sgo and Sgo. All the above observations are for generally anisotropic strips. Many
of the couplings drop out for special layups.

3. Applications
3.1. Extension-twist coupling in pretwisted antisymmetric laminates

In order to evaluate the developed analytical model, we study the special case of cantilevered laminated
strips with antisymmetric layups and loaded only by an axial force at the tip. The reason for the selection of
this specialized case was two-fold. Antisymmetric layups produce laminates with extension-twist coupling;
the non-linear coupling between extension and twist is one of the predominant non-linear effects of the
present analysis. Secondly, experimental and theoretical results have been recently made available for this
specialized case [14], enabling validation of the present theory.
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For antisymmetric laminates, the definitions for the stiffness coefficients with a bar are greatly simplified
because

A16 = A26 = O’
Dis = D36 =0,
Bll = Bzz = B12 = BG6 =0. (36)

This results in the decoupling of «, from the rest of the problem.
The equilibrium equations are derived via the principle of virtual work. First the strain energy is given as

/
U= J Uip(y11, K1, K2, K3) dXq, (37)

0

where the geometrically exact strain measures for classical theory can be found, for example, in [15]. The
principle of virtual work for an axially loaded strip can be written as

oU = F,du,(/), (38)

where F is the axial load applied at the tip x; = /. For the case of an antisymmetric layup under an axial
force, both «, and k3 are zero. The geometrically exact strain—displacement relations reduce to y;; = u} and
k; = 07 where 0, is the elastic angle of twist. The two governing equilibrium equations thus reduce to
algebraic equations for the coupled extension-twist problem:

Ui, Ui _

1
11 T 0Ky

0. (39)

These equations are solved by using the first equation to eliminate y{; in favor of F; and then using the
second to express Fy in terms of «;. For constant k, the tip pretwist angle 0, = /k; and k; is also a constant
so that the elastic tip twist angle 6 = /. The result is

[er 4 ea(07 + 300, + 203)10

F 40
1 ¢3 — (0 + 0o) ’ (40)
where
48 [ _ B3,
= — | D — 222
C1 b( 66 A“)’
“ =50
24/B6
=___1° 41
C3 b2A11 ( )

It is observed that the contribution from the ¢, term is negligible in comparison to that of the ¢; term. As
a result the extension-twist relation developed above takes the following simple form:

c,0
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The laminates considered by Armanios et al. [14] were fabricated from ICI Fiberite T300/954-3 graph-
ite/cyanate prepreg material using the stacking sequence

[ora/(or = 90%)a/ot2/ — 22/(90° — 00)a/ — 0tz (43)

Three specimens each of two laminates are considered with « = 20° and « = 30°. They both have a constant
pretwist of — 0.20°/cm. Results are shown in Fig. 2 for o = 20° laminates and in Fig. 3 for o = 30° laminates.
We see that the results of the present theory agree well with the experimental data. It is observed that the
inclusion of a small pretwist does not significantly affect the results. Furthermore, the present theory, when
specialized for antisymmetric laminates with no bending and torsional loads, reduces to that of Armanios et
al. [14] for the case of infinite transverse shear stiffness. It was also shown in [14] that the effects of finite
transverse shear stiffness are very small and that for the layups considered here for validation, internal
stresses due to the curing process are negligibly small.

40—5 Present Theory, Armanios et al 1996
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Fig. 2. Extension-twist coupling (a = 20°).
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Fig. 3. Extension-twist coupling (x = 30°).
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3.2. Torsional buckling of a column with cruciform section

Another application of the results obtained in this paper would be in the analysis of torsional buckling of
columns made up of an arbitrary geometrical combination of pretwisted generally anisotropic strips. As an
example, we consider here a column with a cruciform cross section shown in Fig. 4. It is composed of two
untwisted strips, denoted by a and b. The stiffness properties and warping fields of the component strips will
be denoted by the use of superscripts a and b, respectively. The strain energy of the section is minimized
subject to the following constraints on the warping variables:

b/2 a/2
hbJ whdx; + haf widx, =0,

—b/2 —a2
b2 a2

hbj (Whs — g8 dxs + h, f (6% — w8 ) dxs = 0
—b/2 —al2

A?(xla 0’ 0) + W?|x3=0 - A?(Xl, Oa O) - W'il|x2=0 = O:
(WZ,3|x3=0 - ¢g|x3=0) + (Ag,3(x19 0,0) — Ag,Z(xla 0, 0))

- (¢g|x2=0 - W%,2|x2=0) — (A%,3(x1, 0,0) — A 5(x4,0,0)) =0,

/2
j Afdx; =0,

—hi/2

hy/2
J Alb de = 0,

—hy/2

X3 b,

ol

Fig. 4. Cruciform configuration and coordinate system.
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rh,/2

Af,3dx3 =0,
J —h,/2
(hy/2 b

AI,Z dXZ = 0,
J—h/2
rh,/2

A3 3dx3 =0,
J —h,/2
rhy/2

Ag. 2 de = O (44)
J—h/2

We substitute the resulting solution for the warping field into the energy density and integrate over the
section to get the 1D energy from which the elements of the 1D stiffness matrix are extracted. We now
consider a cantilevered column with a cruciform section loaded only by an axial force F; at the tip. As in the
case of the strip, the governing equilibrium equations (see Eq. (39)) are developed using the principle of virtual
work and solved to obtain F in terms of x;. Torsional buckling can now be analysed. The lowest value of the
compressive load, — F; = Frp, at which the elastic twist approaches infinity is the torsional buckling load.
This is given below for the case of a cruciform section made up of strips which have antisymmetric layups and
are of equal width (See the appendix for the more general case a # b.)

(Bis — Bis)’ }

— — 45
Ay + A5 *3)

48| _ _
FTB=;|: 4 + Digs —

Furthermore if both strips are made of identical material and layup, the torsional buckling load is 96D/a.

4. Conclusions

Few approaches are available in the literature to analyze the non-linear “trapeze effect” for anisotropic
beams of arbitrary geometry. Since they are not based on asymptotic approaches, the asymptotical
correctness of these analyses is difficult to assess. Motivated by the need for a rigorous approach to this
problem, we have undertaken a preliminary study of the trapeze phenomenon in anisotropic beams by
developing a geometrically non-linear cross-sectional analysis for pretwisted anisotropic strips. The resulting
non-linear terms appearing in the 1D constitutive relations are essential to satisfy asymptotical correctness of
the theory. They occur naturally owing to the existence of small geometric parameters in the structure. The
dominant additional term in this analysis, relative to those in a strictly classical approach, is due to elastic
twist and flatwise bending.

Our results confirm the known importance in isotropic strips of non-linear extension-twist coupling for
anisotropic ones, in agreement with recently obtained experimental data. Our study also shows that
cross-sectional stiffness constants that are derived from a linear cross-sectional analysis are insufficient for
modeling thin anisotropic strips in the presence of large axial loads.

The extension of the theory to beams made of a combination of pretwisted anisotropic strips is indicated
through an example. The torsional buckling load of a column with a cruciform cross section made up of
untwisted antisymmetric laminates is derived. As expected, D¢g is the main determining factor while the
length and the small pretwist do not affect the buckling load in the first approximation. It should be observed
that without non-linear effects of the type derived herein, it is not possible to predict the torsional buckling
load.

The theory presented in this paper is part of an overall framework of tools under development for
cross-sectional analysis of rotor blades and other slender, anisotropic structural members. The goals include
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development of finite element approaches for arbitrary, built-up cross-sectional geometries, and closed-form
expressions for thin-walled cross sections with arbitrary geometry. To meet these goals, the cross-sectional
analysis for classical theory, already developed [5], is being extended to include the dominant non-classical
effects in the 1D theory [16], such as numerical treatment of non-linear effects [17], Timoshenko- and
Vlasov-like end effects [ 18], higher-frequency dynamic effects [19], other non-linear phenomena such as the
Brazier effect, etc. Work that is underway will be reported in later papers.
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Appendix

The stiffness variables used in the paper are defined as follows:

Ai6Azs — 2415416426 + AT2As6

A= 4
n= A Ao — Arades :

A12A66312 + A16A22316 - A26(A16312 + AlzBl6)

B, —B
= Pt AZe — Azades

A12A66B2s + A16422B26 — Az6(A16Bas + A12Bsg)

B, —B
=Pt Ao — Azdgs

A12A66B26 + A16A22Bss — Az6(A16B26 + A12Bs6)

B, —B
to = Pre AZo — Azxdes

Ag6Bi, — 2436B12B16 + A3,Bis

Dy; =Dy + ,
e A36 — AzrAse

A¢B12B2; + A2:B16Brs — A26(B16B2s + B12B1s)

D.,—D
=Pt A2g— AAg

AgsB32 — 2456B22By6 + Ay,B3s

D,, =D,y + ,
22 A36 — AzrAse

A66BIZB26 + A22B16B66 B A26(BIGBZG + B12B66)
A%6 - A22A66 ’

Dis=Dys+

Ag6B22Bas + A23Br6Bss — A26(B2s” + B23Bse)

Dy — D
20 = Pao AZo — Azade

AgB3s — 2A456B36Bes + AzzBéé,

Dec—D
o0 = oo Ao — AzaAes
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(A2)

- - B}
Ay = Ay — #,
D22
_ _ B,,D
By = By 2 12,
D22
_ _ B,,D
Bis = Bis 2 26,
D22
_ _ D3}
Dy =Dy — ——12,
D22
_ _ D.,D
Dis =Dy — 2 26,
D22
D36
D - ="
66 66 D22
The zeroth-order approximation to the shell in-plane warping field of a generally anisotropic pretwisted
strip is
WO — x2911[(— b* — 4x%)A%6kIBIZ + 24A456(B22B12 — A12D_22):|
0 —

24(14%6 - A22A66)522

n X2711422(— 24B,6B1s + b*Ageki By + 4x3A66k1 B2 + 24A4,6D55)
24(A36 — Ay, A66)Das

" Kk3[(— b* 4 80x3)A36k By, + 40(b* — 12x3)A56(B22B1> — A12D55)]
960(A36 — A22A466)D22

n K3A22[— 40(b2 — IZX%)B%EU + b4A66k1312 - 80x§A66k1312 + 40b2A16ﬁ22 — 480X%A16D_22]

960(A36 — A22466)D2>

4 Xatco[(— b* — 4x%)A%6k1512 + 24A26(322D_12 - B12D_22)]
24(A36* — Az2A66)D22

+ X2K2A55(— 24By6D 15 + b Ageki Dy, + 4x3A66k1 D1, + 24B16D35)
24(A36 — A22466)D1>

n 320x,1¢1A26[(6B26 — X%Alzkl)D_ZZ + Bzz(X%lﬂEu - 6D_26)]
960(A36 — A22466)D 2>

N Xak1 A6k [(— b* — 48x3)k B, + 80(b* + 4x3)D 6]
960(A36 — A22A466)D22

n X2K1A22(b41466k%§12 + 48X3A66k%312 — 1920B66D_22 + 320X%A16k1D_22)
960(‘4%6 - A22A66)D_22

.\ X3k Az2[ — 320B,6(x3k By ; — 6D36) — 80b* Agok1Drs — 320x3AgskiDas]
960(A%6 — A22466)D22
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X2V11[A66(A12522 - 322312) + A26(B26BIZ - A16522)]
(Aga — As3A66) D>

wh =

_ (b — 12x3)K3[Ag6(B22B12 — A12D35) + Aze(— BasBiz + A16D25)]
24(A36 — Az2A66)D2s

i Xak5[Aee(— BzzD_n + B12D_22) + A26(BZ6D_12 - B16D_22)]
(A§6 — A33A466)D25

n X,k 1 A26[(6Bss — X§A16k1)D_22 + 326(x§k1§12 - 6D_26)]
3(14%6 — Az3A66)D 25

n xok1Ass[(— 6Bae + X3A412k1)D2s + Bao(— Xx3kyBys + 6D56)] )
3(A36 — Az2A66)D3

(A4)

Closed-form solutions to the first-order approximation, wk, to the shell in-plane warping field of a generally
anisotropic pretwisted strip were obtained by the following procedure:

wh=Cy — (ki + ’C1)§(X2W(3).2 — WS + XoWs, 5 — W3)dx,

J[ — As6(A12611 + B12ps + 2Baspiz + Baophs) + Aza(Arset + Bisp'is + 2Bssp'is + Bzaﬂ‘zz)}dx
- 2>
— A3 + AzzAss

1 WQZZ 0 .~
Wy = CZ — 2, + W3_2W3,2 de

B J<A66BZ6ZPIIZ - A263662PI12 - A16A268111 + A12A668111>
— A3 + AzrAss

i <A66B12p111 - A26B16PI11 + A66B22p122 - A26Bzéplzz>dx
— A3 + AzyAes >
(AS)

where the integration constants, C,, are found using the constraints {w,» = 0.
For antisymmetric layups, the torsional buckling load, Frg, of a column with cruciform section in the
general case a # b, is given by

48b(aqu + bgql)D_g6
a*A{ + b2 A%,

24
* (a®AYy + b A% ) (4a® A4, + 9a°b A AL, — 10a°b> A4 A + 9ab® A Ay, + 4b° A% %)

x(— 8a® 443 B%% — 18a’b A4, A4 | BY2 + 20a°h> A4, A4 B
—18a®b3 A4, A% B — 15a°b> 453 B4% + 30a*b* 452 B42

— 23a?b° A% B4% + 16a"b A2 BB, + 6a°b*A% A% Bi¢BY ¢
+20a*b* A% A4 | Bl ¢BY ¢ + 6a?b%A%, A BisBls + 16ab’ A%% Bi B ¢

— 23a°b? AR B + 30a*b* AP By — 15a°b° AL B2



D.H. Hodges et al. | International Journal of Non-Linear Mechanics 34 (1999) 259-277 277

— 18a%b3 A4 | A%, BY% + 20a°h° A4, A4\ BY% — 18ab” A4, A% B2

— 8b8 A3 B2 + 8a® AV DL + 26a"h A% AL Dl

— 20433443 A%, D% + 18’3 A3 A D% + 18a°h> A%, A5 D%

— 20a*b* A%, A2 D% + 26a2b° A% | AB3 D% + 8ab” AL DLy). (A6)
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