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Abstract

This paper reports both the theoretical analysis and
experimental results performed on advanced compos-
ite wing boxes under pure torsion. By taking into
account the nonlinear effective shear modulus of skin
panels operating during postbuckling, it is possible to
obtain good correlation between the theoretical and
the experimental behaviour. An incomplete diago-
nal shear stress field is used to calculate the effective
shear modulus, that can be reduced by up to 50%
in comparison to the unbuckled panels, thus causing
a drastic reduction in the wing box’s torsional stiff-
ness. Furthermore, an analytical solution has been
devoloped to investigate the postbuckling behaviour
of anisotropic panels under pure shear and lateral
pressure. By taking into account the large change
in the area enclosed by the mid-line of the box wall,
due to the rilevant out-of-plane skin panels deflection
in the postbuckling range, it is possible to obtain a
better correlation between the theoretical and the ex-
perimental behaviour. At a shear load triple that of
buckling, our results revealed angles of twist up to
75% greater than those predicted by the linear anal-
ysis.

Nomenclature

A area enclosed by midline of the box wall

A.r, effective skin area cooperating with flange,

Ay or cooperating with upright

Aesa  average Young's modulus of skin laminate
in « direction multiplied by thickness

Ar cross sectional area of flange

Ay cross sectional area of upright

A extensional stiffnesses

Agss  shear extensional stiffness of skin laminate

Agew  shear extensional stiffness of web laminate
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a distance between uprights

B,H,L wing box width, height and length
Cpq Unknown coefficients for deflection W
D;; flexural stiffnesses

Ei,E, lamina modulus in 1-2 directions

F Nondimensional Airy function=1)/A,5h?

Fri Unknown coeff. for the Airy function
G12,v12 lamina shear mod. and Poisson’s ratio
k diagonal-tension factor

M; torsion moment

Nr,Ny  load/width on flange and upright

N, load/width on effective skin area

Nuy cooperating with flanges and uprights
Nyy applied shear flow

Noyer buckling shear flow of panel

N1, N, tensile and compressive load in wrinkles
tp,ty flange and upright thickness

ts, tw skin and web panel thickness

U Strain Energy

U,V W Displacement components

w Nondimensional out-of-plane deflection
o angle of principal direction of buckle

6 angle of twist of wing box

&n, ¢ Nondimensional x,y,z coordinate

P Airy function

Introduction

Composite aerospace structures are often de-
signed so that they will not buckle below the limit
load. Many of the analytical and experimental re-
sults available in the literature for composite panels
under uniaxial compression or shear loading!~3
port noticeable postbuckling behaviour before failure.
These panels are usually tested separately from the
main structure, which may yield erroneous results.
Indeed, additional loads are created on wing-box pan-
els when torsion loads are applied to the box beam.
Torsion curvature, associated with shear load, causes
a distributed load perpendicular to both upper and

re-
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lower wing-box panels resulting in a lateral pressure.
Additional effects are created by the structure when
skin panels are in the postbuckling phase. A diago-
nal shear stress field* appears and the effective shear
modulus diminishes as the stress increases. Conse-
quently, the torsional stiffness of the whole wing box
is no longer linear and considerably reduced®. Fur-
thermore, a very large change in the area enclosed by
the mid-line of the box wall, due to the rilevant out-
of-plane skin panels deflection in the highest post-
buckling range, is possible5~%, thus causing a reduc-
tion in the wing box’s torsional stiffness.

A nonlinear analysis is presented in this paper
to investigate the postbuckling behaviour of aniso-
tropic panels under combined biaxial compression,
shear loads and lateral pressure; initial imperfections
are also included in the analysis. The deflection of
the orthotropic rectangular plate under combined lat-
eral and inplane loads has been investigated by Chia®.
The nonlinear terms have been included in this anal-
ysis and some theoretical results are reported for a
simply-supported plate under uniaxial compression.
However, analytical and experimental results of ani-
sotropic panels under inplane shear and lateral pres-
sure have not been found.

To be taken into account is, also, the highly non-
linear behaviour of specially orthotropic laminates un-
der shear stress. The shear modulus G, of these
materials may vary by 50% at relatively low levels
of shear stress!®. Thus, the tangent modulus the-
ory must be used to predict torsional behaviour. For
angle-ply laminates such as those used in the present
tests, the influence of the variation in G, with shear
stress was taken into consideration; this effect was
not significant; only in the last test, carried out up
to very high load, was noted a slight influence.

Theoretical Analysis

In a wing box under a pure torque (Fig. 1), the
angle of twist 6 is defined by Bredt’s theory?, and is
extended to composite structures as

2H
Asew

_ ML, 2B

0 =
4A?% " Aggs

(1)

Theoretically, the shear extensional stiffness of lam-
inates is constant up to N,,..; however in practice,
structures always exhibit an incomplete diago- nal
shear stress field in panels operating in the postbuck-
ling phase. As is well known*, in this field the tension
diagonal carries the majority of the shear stress, since

the buckled diagonal cannot withstand any signifi-
cant additional load. We therefore introduce k (char-
acterizing the degree to which the diagonal tension
is developed), defined by the empirical expression?

k= tanh[o.SlOg(Nzy/Na:ycr)] (2)

this allows N, to be divided (Fig. 2) into a pure
shear component N,,ps and a diagonal tension com-
ponent nyDT by

Na:y = NzyPS + NmyDT (3)

Nzyps = (1- k)ny (4)

A value of k = 0 signifies an unbuckled panel;
in this case, the panel is subjected to tension and
compression loads, per unit width, of the same value
as the applied shear flow along two diagonals ori-
ented at +45° with respect to the sides. A value
of k = 1 signifies a panel in pure diagonal tension
(DT); here the panel is subjected to a tension load
N1 = 2N,/ sin(2a) along one diagonal oriented at
an angle a, while along the second diagonal no com-
pression load, per unit width, is applied. In the in-
complete diagonal tension (IDT), the superposition
of the two load systems gives the true load system.

N:L‘yDT = kN:z:y

Determination of the Angle «

Let us consider a panel delimited by two flanges
and two uprights under shear flow (Fig. 3); it has
been assumed in Ref. 4, that in a controlled diag-
onal tension field the isotropic skin panel may also
carry compressive stresses parallel to the flanges or
to the uprights. The loads per unit width in flanges,
uprights (or ribs), and in the effective width of the
anisotropic panel cooperating with them, have been
determined in Ref.5. The a angle value of interest
here is that which minimizes the total strain energy
of the system Uy,; with respect to «:

Ut :8_U_ ?_[_]E+?_§[l_]:0 - (5)
Ja Ja  Oa da

in which U is the strain energy of the panel in a
diagonal tension field neglecting loads deriving from
the pure shear field, Ur is the strain energy of the
flanges and cooperating part of the panel, Uy is the
strain energy of the uprights and cooperating part
of the panel. The following expression of the strain
energy will be used in the subsequent calculations

U= % /V cedV = —;—[leab/(Aem)] (6)
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in which
kNg,

—_— 7
sin(a) cos(a) (7)

Finally, the angle o is obtained by assigning a
stationary value to the total strain energy of the plate

with respect to «, leading to:

Ny =

kN, sina—cos’a  NpAp

A sin o cos® o grtp grts
tan2 o = eso S
NvAy  NuAw
quty quts

(8)
since a is enclosed in both terms of Eq. (8), an
iterative cycle is necessary in order to obtain the final
value, which usually lies between 45 — 37 deg. As the
angle of diagonal tension is known, it is possible to
determine the extensional shear stiffness of laminate
in this field, as shown below.

Determination of the Plate Equivalent Stiffness

The expression of the effective shear extensional
stiffness of the diagonal tension anisotropic panel has
been obtained by applying the principle of virtual
work®.

1 1 beot?a  atan®a

AssDT

Aeso sin? a cos? a gr qu
(9)
In the incomplete diagonal tension field, the su-
perposition of the two shear strain deformations [Eq.
(3)] gives the true shear extensional stiffness of the
panel
v _1- k N k (10)
AssipT  Assps  AessDT
it is then possible to determine the effective angle of
twist 6 of the wing box [Eq. (1)] for different values
of the applied shear stress. By applying Eqs. (8)
and (9) to the isotropic panel, the same expressions
reported in Ref. [4] are obtained.
A calculation illustrating the use of this theoret-
ical model is reported in Appendix A of Ref. 5 for
one of the wing boxes tested.

Determination of the Area enclosed by the box wall

With respect to the unbuckled wing box skin
panel, the out-of-plane deflection of the skin has to
be determined for taking into account the very large
deflection at which the panel is subjected when op-
erates in the highest postbuckling range.

The classical laminate theory has to be modified
for the large deflection and postbuckling analysis of

anisotropic plates under combined biaxial compres-
sion, shear loads and lateral pressure. The strain-
displacement relations become nonlinear when the
components due to the out-of-plane deflection are
taken into account. Plates with the initial imper-
fections wg have been studied on the basis of the
Marguerre approximate nonlinear theory5=9. The re-

Ner Ak sultant strain-displacement relations are

1,2
€p = Ug + Wy + WooWe — 2Wes

— 1,2 —
€y = Vy + Wy + WoyW,y — 2W,yy

€oy = Uy + Vg + WaWy + Wo Wz + Wo Wy — 22W gy

(11)
By using the principle of the stationary value of
the total potential energy, the equilibrium equations
are worked out. The compatibility equation, for pan-
els with initial imperfections, is further used. By in-
troducing the Airy function ¥(xz,y) as
Ny = "/’,yy s Ny = "/'),xx y Nary = “"’lp,xy
(12)
and by substituting the stress-strain relations, in
terms of the 1 function and the out-of-plane dis-
placement, the following nondimensional governing
system is obtained for symmetric panel:

D11 Weeee + 4D16 AW geey + 2(D1g + 2Dg6) AW gy
+4—ﬁ;6’\3VV,€nnn + szz’\4wf,177)nn - /\Z(F’,,],,W&
’*‘F,&Wmn - 2F,£71W,£7/ + FﬂmWO,éé

+FeeWoum — 2FenWoen) —7 =10
(13)
A11A4R71n7/77 - 2A16’\3F,£777m + (2A12 + A66.)/\2F,£§7777

~2A56AF geen + AggFeeee = A2(W3, — WeeW,

+2Wo,enWen — WounWee — Woee W)
(14)
The usual four types of boundary conditions
along the edges of the panel are studied’%; several
conditions have to be satisfied for each boundary.
By defining the nondimensional applied inplane

loads n;f,n,;, ngn as:

LN NG N b?
e = 73 = 13 MTen = 73
h Agy h A22 h A22

(15)

To satisfy the boundary conditions the assumed
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functions are chosen in the following form

F =i 248 (2= M, en+ 0 N Fip XY
h=1 k=1
(16)

W= chpqw(f,n) (17)

p=1 g==1
Wo(€,n) = Tsin(x€)sin(x)  (18)

where X and Y are the characteristic clamped-
clamped beam functions®. While the Airy function
remains the same, the function w(¢,7) is chosen ac-
cording to the boundary conditions to be:

a) BC-1  w(¢,n) = sin(hrf) sin(krn)
b) BC-2 w(&,n) = Xp(€)sin(kmn)
) BC3 w(E,n) = X(€)¥i(n)

d) BC-4 w(¢,n) = sin(hm€)Yi(n)

The nondimensionalized transverse load § has
been expanded in double trigonometric series as

7= Z Z Gmn sin(mn€) sin(nrn) (19)

If the load § is uniform, then

(20)

_ 16g°/m?*mn  for odd m,n
q'nln s
0 for even m,n

Lateral pressure. As the result of the torsion curva-
ture, the shear load applied in the upper and lower
wing box panels are not aligned with respect to each
other; vector addition therefore results in a lateral
load. On the assumption that the Engineer's The-
ory of Bending (ETB) holds, the lateral pressure ¢°
applied to each of the wing box anisotropic panels is
finally calculated as

¢° = M,6/Aa (21)

Solution Method. A set of nonlinear algebraic equa-
tions (the governing system) in terms of Fy; and Cp,
and in terms of calculated Galerkin coefficients has
been obtained by using the Galerkin procedure in Eq.
(13) and Eq. (14).

The POBUCK computer program®=# has been
developed to solve the set of nonlinear algebraic, re-
sultant from Eq. (13) and (14), using an iterative
procedure in order to find the postbuckling path at
a certain load level. After possible values have been
assigned to the unknowns Cp,, the first step consists
of extracting Fj,;. from the second equation and sub-
stituting it into the first one. The next step is to
solve this final nonlinear system as a function of the

Cpq unknowns and thereby work out the Cp;. The
scientific library software available from ABACI'? is
then employed to solve the final nonlinear system, us-
ing as a base the modified Powell hybrid method for
finding the zero of a system of nonlinear functions:
The user provides a subroutine which calculates the
functions and the ABACI code calculates the jaco-
bian by a forward-difference approximation. The it-
eration is developed until convergence with )y is
reached, within 0.5% . The new minimum total po-
tential energy configuration (also with different num-
bers of half-waves) is obtained, starting with the last
solution of Cp, for subsequent load levels. If con-
vergence has not been reached in this way, one can
assign different initial C'p, values. The ABACI soft-
ware used for solving the nonlinear system quickly
converges to a solution without noticeable problems.
As the out-of-plane deflection of the wing box panel
is calculated, is then possible to obtain the variation
of the area enclosed by midline of the box wall and,
finally, the corrected value of angle of twist.

The POBUCK software operates on an IBM PS2
or higher, requiring about five minutes of CPU time
with 36 terms, using NDP Fortran.

Experimental Tests

Starting from the above considerations, pure
torsion tests were carried out on two wing box
beams with a rectangular cross section; two
graphite/epoxy prepreg materials (M40/914 VICO-
TEX and T300/F263 HEXCEL) were used for man-
ufacturing the specimens.

The boxes consist of four corner filanges and four
panels; four L aluminium flanges (30x30mm, 3 or 5
mm thick) were used at the corners. After the auto-
clave curing, the skin and web panels were bolted to
the flanges along their entire length (see Table 1 for
their geometrical properties). Both the full dimen-
sions as well as the dimensions of box wall midline or
bolt line are reported. The lay-up of the web panel is
twice that of the skin. Both specimens were initially
tested without a rib bolted at the centre of the wing
box, and on a second occasion were tested with such
a rib. Two thin flat aluminium plates (possessing a
very high inplane stiffness and very low out-of-plane
stiffness) were bolted to the ends of the boxes in or-
der to attach them to the torsion machine (Fig.4)!!.
This is composed of a basement (A) where at its four
corners there are two fixed columns (B), one connect-
ing rod (C) and a hydraulic jack (I). The jack is used
to apply the external load, which is then converted
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into a twist moment by two thick, stiff flat plates (E),
to which the box's thin aluminium plates are bolted
(L). The thick plates (E) are connected to the frame
by ball bearings (F) and floating rods (G), allowing
the box to be regarded as a free warping twist prob-
lem without the introduction of corrective stresses.

TABLE 1 - Panel and cross-section dimensions of
wing box n.2 and n.3 tested under pure torsion®.
wing box n.2 wing box n.3

lay-up (453/ — 455/03/90), (—45;/453/05/90),

L 790(768) 790(768)
a 384 384
B 404(400) 404(400)
H 135(133) 135(133)
ts 2 2.35
tw 4 4.62
tr 3 5
ty 2 2

@ All dimensions are in millimeters

The twist moment was applied step by step; de-
flection data for the lower box panel were taken at
different load levels by means of an electrical trans-
ducer mounted on a computer-controlled slideway.
Strains were measured by several linear and rosette
strain gauges placed back-to-back on both the upper
and lower panels at half, a quarter and three quarters
of the length.

Material properties used in the analysis were ex-
perimentally determined to be:
M40/914: E; = 209.6 GPa;

G12 = 4.26 GPa;
T300/F263: Ey = 132.63 GPa; F, = 9.2 GPa;
G = 4.54 GPa; viz = 0.339.

The theoretical buckling load of the skin panel
subjected to shear load was determined by the com-
puter code POBUCK. A summary of the results ob-
tained for the four tests is reported in Table 2. A very
good correlation between analytical buckling loads
and experimental results was obtained.

E, = 6.89 GPa;
Vig = 0.305.

Experimental Results

The angle of twist between the bulkheads as a
function of the applied torsion moment is reported
in Fig. 5 for the four wing box beams. The linear
behaviour traced here was determined by Eq. (1),
in which the shear extensional stiffnesses are consid-
ered constant; it clearly varies considerably from the
experimental results. However, the influence of the

variation of Aggs is evident, since the panel oper-
ated in an incomplete diagonal tension field. In this
situation, the shear stiffness [Eq.(10)], changes as a
function of the shear flow, modifying considerably the
torsional stiffness of the wing box. The variation of
the [amina shear modulus G2 was enclosed in calcu-
lating the skin shear stiffness; its value changed from
454 MPa up to 1.89 MPa at a torsion moment of
17.1 kNm; however, the effect of this variation on
the angle of twist was of only 5.8%.

TABLE 2 - Shear buckling analytical results
of the skin panel of the two wing boxes.
wing box n.2 wing box n.3
one bay two bay | one bay two bay
Noyer 21.01 34.19 35.72 56.59
(N/mm)
Mrer 2.27 3.69 3.77 5.97
(kNm)

A very high torsion moment was applied to the
wing box n.3 with the bolted rib; up to a torsion
moment of 10-11 kNm, the only influence affecting
the nonlinear behaviour of the wing box was that of
the skin shear stiffness operating in the IDT field.
However, as consequence of the out-of-plane deflec-
tion of the skin panel operating in the postbuckling
range, the vanation of the area enclosed by the box
wall midline was not negligible (10% at a torsion mo-
ment of 17.1 kNm); this effect, as well as the lateral
pressure (maximum value of 0.0385 MPa), has also
been introduced by the present theory, as reported in
the theoretical analysis, and plotted in Fig. 5d. A
very good correlation was obtained between the re-
sults determined by the present theoretical analysis
and the experimental ones.

The experimental strain.and deflection curves
obtained from the test of wing box n.3 with the
bolted rib are reported in Figs 6 and 7. Figure 6
shows experimental strains as a function of the ap-
plied torsion moment, measured by two back-to-back
rosettes placed at one quarter length of the lower skin
panels (L/4, B/2). The reported mean value of the
two rosettes is considered to be the membrane value.
Shear strain (Fig.6a) was almost constant along the
thickness, and quite linear with the moment, up to
a value of 6.3 kNm. From this point, however, we
can clearly see the nonlinear behaviour of membrane
shear strain due to buckling. Linear strains measured
by back-to-back gauges bonded on the panel at 45
degrees, diagonal in compression, are reported in Fig.
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6b; buckling is also evident and clearly demonstrated
by a strain reversal.

With reference to Fig.2, it is possible to obtain,
in the IDT field, minumum and maximum strains
along the two principal directions oriented at an angle
o and a+90 degrees; they are reported in Fig. 6c and
6d and compared with the experimental strains mea-
sured by the back-to-back rosettes, although they are
bonded on the crest of the wave. While a very good
correlation was obtained for the compressive strain,
a slight difference was noted for the tensile strain, at
the highest applied loads.

Since in the IDT field, flanges and uprights apply
to the skin panel a tensile load, back-to-back strain
gauges were bonded to the skin near to the flanges.
The measured strains in the upright direction are re-
ported in Fig. 6e, and the membrane values com-
pared with the analytical one, shown also in this case
a good correlation.

Figure 7 shows the experimental deflections mea-
sured in 48 points of the lower panel, at two values
of applied twist moment; one can easily detect the
influence of the buckling waves on the panel’s de-
flection. Results very similar to those shown were
obtained for the other three tests at different applied
twist moment.

In the two wing boxes with the bolted rib, test-
ing was performed up to the failure torsion moments
of 12.2 kNm and 18.2 kNm respectively. Failure re-
sulted in a delamination of the skin panels as a conse-
quence of the very high deflection wave of the buck-
led panel. Of note is the fact that the failure load
was approximately one-third that predicted by classi-
cal lamination theory applied to an unbuckled panel
under inplane shear.

Conclusion

A good correlation between theoretical analysis
and experimental results was obtained for wing boxes
under pure torsion by considering the effects of the
nonlinear shear modulus of panels operating under an
incomplete diagonal shear stress as well as the large
change in the area enclosed by the mid-line of the
box wall, due to the rilevant out-of-plane skin pan-
els deflection in the postbuckling range. Although
it was confirmed that composite panels can operate
in the postbuckling field, these tests clearly demon-
strate that the buckling of panels can drastically re-
duce the effective torsional stiffness of the structure
as a whole. Consequently, static and dynamic be-

haviour of an entire wing may be changed, modifying
the performance of aircraft.
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FIGURE 2 - State of loads in the skin panel for an Incomplete Diagonal Tension field.
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FIGURE 3 - State of loads for a IDT field.
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FIGURE 4 - Overall view of the torsion machine.
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FIGURE 7 - Experimental out-of-plane deflection of wing box n.3, with a rib, at two values of applied twist
moment. Skin panel failure.
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