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Multidomain Modeling and Analysis of
Delaminated Stiffened Composite Shells

B. P. Naganarayana,* B. Z. Huang," and S. N. Atluri*
Georgia Institute of Technology, Atlanta, Georgia 30332-0356

A unified method is presented for modeling delaminated stiffened laminated composite shells, synthesizing
accurate multiple postbuckling solution paths under compressive loading, and predicting delamination growth.
A multidomain modeling technique is presented for modeling the delaminated stiffened shell structures. Error-
free formulations are presented for a two-noded curved stiffener element and a three-noded shell element for
geometrically nonlinear applications. An accurate and simple automated solution strategy based on Newton-type
iterations is presented for predicting the general geometrically nonlinear and postbuckling behavior of structures.
Finally, a simple method is derived for predicting the delamination growth by using the pointwise energy release
rate at the delamination front as evaluated from the three-dimensional J integral.

I. Introduction

AMINATED composites are gaining importance in aircraft

structural applications as a result of their very high strength-
to-weight ratios. These applications are, however, still very limited
because of the lack of a thorough understanding of the failure mech-
anisms involved in the laminated structures. In particular, the phe-
nomenon of progressive failure in laminated composite structures is
yet to be understood and, as a result, reliable strategies for designing
optimal laminated composite structures for desired life and strength
are not yet available.

It is known that delaminations are the most frequent causes of fail-
ure of laminated structures, particularly under compressive loads.
The presence of delaminations leads to a reduction in the overall
buckling strength of the structure. In addition, the delaminations
tend to grow rapidly under postbuckling loads, causing further re-
duction in structural strength and leading ultimately to fatal struc-
tural failure, Very limited analytical work in this area exists in the
literature. 2

In this paper, in an effort to gain understanding of the strength re-
duction resulting from the presence of delaminations and the mech-
anisms of delamination growth, a unified method is developed for
modeling delaminated stiffened composite structures, for accurately
predicting their geometrically nonlinear behavior under normal and
postbuckling loading conditions, and for predicting delamination
growth by using the pointwise energy release rate at the delamina-
tion front.

The transverse shear deformation is found to play an important
role in cases of laminated composite structures. Hence, the trans-
verse shear deformation of the structure is explicitly introduced in
this work in accordance with the Reissner-Mindlin theory of shell
flexure. The junction between the delaminated sublaminates and the
nondelaminated shell is modeled by using a two-dimensional gen-
eralization of the so-called multidomain model® presented earlier
for one-dimensional problems by Chai et al.* The stiffener degrees
of freedom are related to the shell degrees of freedom, again, in
accordance with the Reissner—Mindlin theory.

A two-noded curved stiffener element (BEAM2)’ and a three-
noded shell element (SHELL3)® are developed. based on the
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respective theoretical formulations. In the case of the shell element,
the C° continuity is exactly preserved for the field variables. How-
ever, the C! continuity required for the transverse deflection across
the element boundaries is achieved a posteriori in a weak form. The
causes of locking and the associated stress oscillations are located.
The constrained strain fields are modified to eliminate locking us-
ing appropriate reduced integration for the associated constrained
components of the strain energy.

An automated, incremental, general nonlinear and postbuck-
ling Newton-type solution strategy, incorporating an arc length—
controlled load incrementation and branch switching based on
a linearized asymptotic solution,”? is utilized while using the
displacement-type finite element model. The stresses are postpro-
cessed for each load increment, to obtain pointwise energy release
rate distribution along the delamination front, by using the adapted
J-integral approach.’

II. Multidomain Model

In this paper, we shall consider a general stiffened laminated com-
posite shell with a single delamination of an arbitrary shape and lo-
cation, subjected to arbitrary compressive loads (Fig. 1). The struc-
ture is modeled using the multishell model in which the delaminated
shell is assumed to be assembled with three distinct shells: 1) lam-
inate: nondelaminated zone Q(1, 2) delaminate: thinner side of the
delaminated zone Q®, and 3) base: thicker side of the delaminated
zone Q. The three shells Q¥, i = 1, 2, 3, respectively, have mid-
surface areas A®, thicknesses ¢ @, boundaries 2%, and midsurface
boundaries 3.4%. The delamination edge is denoted by I". The as-
sumptions of Reissner-Mindlin theory of plate bending are used for
modeling each shell and the joint between them. Thus, for each shell,
the three-dimensional displacement field (U = {U, U, Us}) can
be expressed in terms of the corresponding midsurface displacement
(u = {u1 uz us3)) and rotation (@ = {6, 8, 0)) fields as

U? (%o, 33) = 8 (x) — %5709 (x,) o)
where x{ (@ = 1,2) are the in-plane curvilinear shell coordi-
nates and x|’ is the thickness coordinate for the ith (i = 1,2, 3)
shell (Fig. 1). The structural continuity at the delamination front I'is
maintained by assuming the deformation to be unique at the junc-
tion of the three shells, i.e., UV = U? = U® on T in accordance
with the Reissner—-Mindlin law of flexure [Eq. (1)]. In other words,
at the delamination edge, the midsurface degrees of freedom of the
delaminate and the base shells are assumed to be related to those of
the nondelaminated shell by

(1) 2)

— 3)
U3” = Uy

=u3
o = 62 = 6

u® = 1l + B

)

al
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Fig.1 Multidomain model for delaminated stiffened composite shells.

where £% is the distance of the midsurface of the ith shell from
the laminate midsurface (Fig. 1). It can be noted that the foregoing
continuity conditions at the delamination edge can be modified ap-
propriately when using any other alternative plate/shell theory (e.g.,
higher-order shear deformable theory) or by choosing appropriate
heuristic multipoint constraints based on experience.

Similarly, the beam (stiffener) degrees of freedom are related to
the shell degrees of freedom such that the transverse variations of
deformation across the shell and beam section are consistent with
Reissner—-Mindlin theory:

b __ .8 b .. s b __ s 5
Uz = Us, 6, =6, u, = u, +eb, 3)

where superscripts b and s represent beam and shell degrees of
freedom, respectively, and e is the eccentricity of the stiffener’s
neutral axis with reference to the neutral surface of the shell.

If ¢, (¢ = 1, 2) are the midsurface rotations characterizing the
transformation of the normal to the undeformed midsurface to that
of the deformed midsurface, we have

¢ot = U3 + baﬁuﬁ (4)

where b is the curvature tensor of the shell’s midsurface.

In the present formulation, the engineering transverse shear
strains y,s3 are considered as independent midsurface degrees of
freedom, assuming that they do not vary over the shell thickness.
The engineering transverse shear strains are related to the section
rotations 8, and the midsurface rotations ¢, in accordance with the
Reissner—-Mindlin theory of plate flexure as

Va3 = ¢ot — 0, : - (5

For each shell, the in-plane strain components (€1, €22, €12) and
the transverse shear strain components (€3, €x3) of the three-

dimensional Green—Lagrange strain tensor (including large defor-
mations) are given by

€9 = U + Upa + (Us o + bapUsp)

% (Us g + bpaUs) — bogUs]? (6)

€] = 1ywl®

respectively, where, again, o, $=1,2 and i =1, 2, 3. Using the
three-dimensional displacement field description [Eq. (1)] in
Eqgs. (6) and neglecting the nonlinear terms associated with the
section rotations, the in-plane components of the Green-Lagrange
strain tensor can be simplified as

@ _ (D @)
€up = (Eam + vig) + 35" (kg + x43) 9
where sgg, and v(‘g are the linear and nonlinear components of the
membrane strains and « ('g and x, ) are the flexural strain components
related to midsurface rotations ¢, and transverse shear strains y,3,
respectively, given by

(1)

ot = = Htap + 1pa]® — [bapus}®

Vap = 3130 + bapug) s g + bpatia)]? ®
Kag = —4[(30 + bapup) p + (U35 + bpalte) o]
xf,’ﬂ’ = 2[ya3.ﬁ + vg3.01?
Equation (7) can be written in a compact form to express
the three-dimensional Green—Lagrange strain components € =
{en1 €x €1p €13 €3} interms of the two-dimensional strain com-
ponents €@ = (e € €2}, 0 = (v vy Vp}?, KO =
{ren w2 €29, X9 = {11 x22 x12}®, and vO = {y13 y2}@ as

@)

. & + 1)+ xa(k +

(0 — {(1 )+ x3(k X)} —B.5
2'7

&)

where § = {uy us us us; us» y13 ya}isthe vector of indepen-
dent degrees of freedom and B the strain-displacement matrix.

Assuming orthotropic material behavior for each lamina, the
in-plane stresses o = {o); 02, 012} and the transverse shear
stresses 7 = {113 723} are related to the corresponding strain
components as

@)
Ey Epn E¢ O 0

@ En Epn Ex 0 0
{:} =|Es Ex Es 0 O
0 0 0 Eu Es;

0 0 O Es Ess

y {(€z+V)+x3(n+x)}(i) .

7Y
where the material constitutive terms E, ,(j') are functions of the thick-
ness coordinate of each shell xg'). Generally, for a laminate with
orthotropic layers, E;; ® are assumed to be piecewise constants over
the laminate thickness.
Now, for each shell, the strain energy density (per unit volume)
can be calculated using Egs. (9) and (10) as

WO =(o e +v)+x+20N7 +r- 70 (D

As we can observe from Eqgs. (7-10), the strain field is a linear
function in x3, whereas the stress field is a piecewise linear function
in x3. Hence, it is often more useful to integrate the strain energy
density explicitly in the thickness direction and define strain energy
density per unit area as

WO = / Whdxy = [N-(g/+v)+ M- (k+x)+ 2 719 (12)
L
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where N = {N;; Ny Njy} are the in-plane stress resultants,
M = {M,; M» M,,} are the bending moment resultants, and Q =
{O15 Qi) are the transverse shear stress resultants given for each
shell by

® (O]

N9 A B O (& +v)
MY =|B D 0 (k+2 (13)
Q 0 0 G Y

and

(Au, Bu, Di)? = / ER (x3)(1, x3, x3) dx3

&

GO = / smsn B (x3) dies
4

as k,l =1, 23correspondtoij = 1,2,6 and m,n = 1,2
correspond to i, j = 4, 5; 51 and s, are the shear correction factors
in the transverse planes 1-3 and 2-3, respectively. Integrating W
[Eq. (13)] over the shell domains, we get the total strain energy
stored in the ith shell as

wo =1 [ Wwoas
AD

=f %[N- @+ +M-(k+x)+0-y1PdA (14
A

IffO ={f, £ f3}© are the body force components acting on
the ith shell and F = {F, F, F;}% are the traction forces acting
on the boundaries of the ith shell, all defined in the curvilinear shell
coordinate system, the potential of the external forces on the ith
shell is given by

PO = f-UdQ+/ F.UdA 15)
Q® FYel0)

Assuming that the body force components and the transverse trac-
tion force component do not vary over shell thickness and that in-
plane traction force components vary linearly over the thickness, we
get

p<f>=f (f-u)(‘)dA+/ F-u+M-0)9dr (16
A FAD

f(r) _ /f(,') dxs, I';,(i) - /F(i) dx,
4 4

M(l) / F(’)x3 dx3
%

where

and M = (M, M, 0}® represent the traction moments acting
on 3A®,

Then, using Egs. (14) and (15), we find that the total potential
energy for the assembly of shells is given by

3

o= Z (W9 — P(’) )

i=

Applying the minimum total potential energy principle (I = 0),
we obtain the following internal equilibrium equations for each
shell:
(Nap + benMig).p = banNupp + fo = 0
Maﬂ.ﬂ +0si3=0 (18)
[Qus + Nogltts p + bpyun)la + 5=0 ] 4

and the following boundary conditions on the external boundary of
each shell:
Uy, =0 or N,,,ﬂ-nﬂ=1:“a

~

Use + buntty = Yoz = 0 or Mup - np = M,
u3 =0 or [Qas+ Nag(usp+ bpguy)] - ng = Fs JAD
(19)

where n; is the ith component of the unit vector n normal to delam-
ination front. The displacement is continuous at the delamination
edge and, therefore, on I', we have

(U =8U® = sU®) (20)

Hence, for equilibrium, the following conditions have to be satisfied
at any point on the delamination edge:

{FaV) = 0, F,(M') = 0, F,(T) = O}r @D
where F,(x) = () — 0@ — %)@, with (x)© correspond-
ing to the value of (x) at the specified point on the delamination
boundary of the ith shell; (M) = MO + hOND; and T, = Q3
+Neug(us g + bgyuy) is the effective shear force. It can be noted that
these conditions are normally satisfied in a finite element model.
Conflict may arise, however, if the delamination edge touches the
structural boundary, particularly the boundary with specified dis-
placements where the stresses are expected to develop. Because the
delamination generally acts as an imperfection, it is often possible
for the base to come in contact with the delaminate after global
buckling sets in, and then equilibrium equations (21) may not be
valid. Thus, the model can be effectively used for examining the
growth of embedded delaminations under postbuckling conditions
as long as the delaminated plies do not come in contact with each
other.

III. Finite Element Formulation

Inthis paper, a two-noded curved beam element (BEAM2) (Fig. 2)
and the three-noded shell element (SHELL3) (Fig. 3) are used for

Fig.2 Two-noded curved beam element (BEAM2).

X

Fig.3 Three-noded shell element (SHELL3).
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modeling stiffened shells. The transverse shear deformation is in-
troduced explicitly in accordance with the Reissner—Mindlin plate
theory. Reduced integration is used for the constrained membrane
strain energy component to eliminate locking from the elements.
The beam degrees of freedom are related to the corresponding shell
degrees of freedom in accordance with the Reissner—Mindlin theory
of flexure.

A. BEAM2: Two-Noded Curved Beam Element

This element incorporates the following independent degrees of
freedom: u, in-plane displacement; w, transverse displacement; w ,,
slope of midsurface deflection; and y, transverse shear strain. Thus
the element requires C° continuous fields for u and y, and C ! con-
tinuous fields for w. Linear Lagrangian polynomials are used for
geometric description x and for the in-plane displacement compo-
nent u:

x =hy + h§¢ (22)
u=oa + ok 23)

and cubic Hermitian polynomials are used for the transverse deflec-
tion w:

W = B+ Bof + BsE? + But® (24

where £ is the natural coordinate and 4;, o;, and §; are functions of
nodal values x;, 4;, and w;, respectively.” The field consistency of
these shape functions can be demonstrated.>!?

B. SHELLS3: Three-Noded Triangular Curved Shell Element

This element is described in the curvilinear coordinate system
x-y, and the area coordinates are used for field description. Ac-
cordingly, we have

3
x y B=) Lix y 1k (25)

i=1
Inverting the preceding relationship, we get

L; = (1/2A)(anx + a2y + ai3) (26)
where

ait =Y; — Yk Ay = Xp — Xj, Qi3 = XjYk — XkYj

A = $(x2y3 — X3y2 + X3y1 — X1y3 + X1¥2 — Xa¥1)

and j =2,3,1,k=3,1,2asi{=1,2,3.

The in-plane displacements and the transverse shear strains need
to satisfy C? continuity, whereas the transverse deflections need
to satisfy C! continuity in the present formulation. The indepen-
dent field variables u, v, w, ¥,, and y,, are expressed in terms
of the nodal degrees of freedom u;, vi, w;, 05, = (—W,y)i, 0y, =
(Wi, Vxy» and yy,, as

3
{fu v Vxz yyz}=ZLi{u UV ¥xz y_vz}i
i=1

@n

w = (Nl,-w;+NziQx,« +N3iQ.\’i)

1

3
i=

where
Ny =L+ L!L;+ L}L, — L;L} — L;L}
Ny = a (L2L; + $LiL;Le) + aj (LPLe + 3 LiL;Li) (28)
Ny =ao(E2L; + SLiL;Le) + ap (L2 Ly + LiL; Ly
are the cubic polynomials for the transverse deflection. !

In the foregoing element formulations, the interelement C° con-
tinuity is exactly satisfied for all the field variables. However, the

interelement C! continuity required for the transverse deflection, in
the case of the shell element, is satisfied a posteriori in a weak form
using the Hu—-Washizu variational principle.b

IV. Automated Postbuckling Path Tracing

Automated postbuckling solution involves detection of possible
instability in solution and elimination of possible path retracing,
classification of the detected instabilities, and computation of the
postthrough buckling solution(s).

In the present work, solution instabilities are detected by moni-
toring the rank of the tangent stiffness matrix, Whenever the deter-
minant of the tangent stiffness matrix changes its sign, the solution
senses possible instabilities in that range of load and changes the
sign of the next load increment to avoid path retracing. Through a
cycle of interactions, locations of instabilities are identified as the
load levels for which the tangent stiffness becomes singular. The
tangent stiffness is often scaled to minimize numerical errors.!?

The identified instability points are then classified as limit points
or bifurcation points using some simple and cost-effective rules.’
If the instability point is a limit point, the arc-length continuation
is enough to obtain a postbuckling solution path. However, if the
instability point happens to be a bifurcation point, the strategies
described in detail in Refs. 7 and 8 are used to trace the appropriate
postbuckling solution branch.

The nonlinear fundamental state between the two solution points
n-1 and n in the neighborhood of the bifurcation point is linearized
to obtain the asymptotic solution for obtaining an approximate crit-
ical buckling load factor. A linear combination of the normalized
eigenvector associated with the critical buckling load factor and its
orthogonal counterpart is used to determine the initial postbuckling
paths.

V. J-Integral Adaptation for Pointwise
Energy Release Rate

In this section, the three-dimensional J integral is modified ap-
propriately for representing the energy release rate along the front
of an interlaminar delamination crack parallel to the midsurface of
a laminated shell.

In the case of delamination, the growth is assumed to be along
the interlaminar zone parallel to the midsurface of the shell (i.e., the
crack cannot shear into the neighboring laminae). Since the displace-
ment field is made explicitly continuous at the delamination front, -
the delaminate shell cannot slide or rotate relative to the base shell.
Hence, the J integral representing only self-similar crack growth is
meaningful in the present case.

The pointwise energy release rate for three-dimensional crack
growth (self-similar), G(I"), is defined as'>

G(DAT = limiotf

Ae

au, a0,
+/ Oy —— dA—f Ou2——dA 29)
Ay Bxl Az axl

au,
[Wﬁl — Gapitp = } dA
1

where o, B = 1, 2, 3; A, is the area of the tube of radius e enclosing
the crack front, A; and A; are the areas covering the ends of the tube,
and 7, &, U, and 1z are defined in the crack tip coordinate system %
(Fig. 4).

Consider a rectangular tube enclosing the delamination front and
passing through the nearest stress recovery points (S®) of the ad-
joining elements (Fig. 4). Note that the integrals over the areas A,
and A; nearly cancel each other in a constant strain/stress element
model since the quantities like & and dU,/3%; do not vary in the
neighborhood of a point in an element domain. Then, Eq. (29) for
the self-similar delamination growth becomes

9 y T
\ _ . _ g,
G(MAT =/MZ/A» <wn, —a,,ﬂnﬂ-ﬁ) dAdl' (30
J=1Y 0

where A; (j = 1-9) are the segments forming the surface area A,
of the rectangular tube (Fig. 4). Because the Reissner-Mindlin as-
sumptions (63, 023 are constant over shell thickness, and o33 = 0)
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Fig. 4 J integral for delamination growth in a shell model.
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Fig. 5 Finite element mesh and accuracy of energy release rate com-
putation.

are used for the element formulations as well as to achieve dis-
placement continuity at the delamination edge and because 7 =
{0 0 +1} on the segments Aj, j = 4-9 (see Fig. 4), the integral
in Eq. (30) vanishes over the segments A;, j = 4-9. Now, given
that # = {+1 O O} on the segments A; and 2 = {—1 O 0} on the
segments A, and Aj, Eq. (30) becomes

Q(F)Arvz‘/‘ [/ —f —f (VW—t_Ialal_]a>dx3:|dF
ar LJag Ay A3 3%

€2

Now, carrying out the integration through the thickness for each
shell, we get

G(F)AF=/ FolW — (Niqita,1 + Mi1a0a 1+ Q13it3,1)1dI" (32)
AT

Therefore, as A’ — 0, the pointwise energy release rate at any
point on the delamination front G,, computed from the Gauss-point

variables, in a finite element model using constant strain elements,
is given by

Go(T) = FolW — (Nrgiio,1 + Migbp1 + Qi )] (33)

where Fp (%) = (%) — (%) ,0 — (*) ;» and (x) ;o corresponds to the
quantities (x) evaluated at specified points on the annular surface.
For example, in a finite element analysis, these specified points
would be preferably the optimal stress recovery points—normally
the Gauss points corresponding to reduced integration'®!“—in the
adjoining element of the i th shell nearest to the delamination front I".

A finite element package—NONCAT, or nonlinear computational
tool for structural analysis*>—is developed based on the unified
method presented in the earlier sections. The nodal displacements
and stresses and strain energy densities at the optimal stress recov-
ery points can be suitably postprocessed to obtain the pointwise
energy release rate distribution along the delamination edge. In this
paper, the three-noded quasiconforming triangular element is used
to model the problem. Incidentally, one has to observe the following
precautions while using the finite elements, particularly triangular
elements, for the analysis (Fig. 5):

1) The finite element mesh adjoining the delamination edge
should be symmetric about the delamination edge such that a) the
stress recovery points for all the elements are at the same radial
distance from the delamination edge and b) each set of elements
from the three shells should have stress recovery points located on
a single plane normal to the delamination front. For example, mesh
C of Fig. 5 does not have stress recovery points that satisfy either
of the two conditions and, hence, cannot be used reliably.

2) One should consider stresses, displacement gradients, and
strain energy density only from those adjoining elements that have
one of their edges on the delamination edge (type A, represented by
* in Fig. 5) since the stresses from the elements with point contact
(type B, represented by x in Fig. 5) correspond to a different distance
from, and different location on, the delamination edge. Hence, if all
the elements are considered for the analysis, the predictions will not
be reliable.

InFig. 5, mesh A is the most accurate and reliable pattern because
it satisfies all the foregoing conditions and because the pointwise
energy release rates are calculated at equidistant points. Most of
these dilemmas vanish, however, if one uses quadrilateral elements.

VI. Numerical Experiments

In this section, we shall consider some numerical examples to
validate the model presented in the paper using a simple problem
and to demonstrate its applicability to postbuckling analysis of de-
laminated stiffened composite structures.

A. Model Validation

An isotropic square plate of edge length L with a central ellip-
tic delamination (Fig. 6) is considered for the following numerical
experiments. The plate is subjected to biaxial compressive loads,
and its boundary is assumed to be clamped against out-of-plane de-
formations. One-quarter of the plate is modeled for the analysis by
imposing appropriate symmetry conditions. For the undelaminate
plate, 264 shell elements are used and, for the delaminate and base

* y

f—

XFl *—-_ F--X1
l—

—t l‘ qa - )I
F, = 1.0 Nmm

AF,

e L >

Fig. 6 Square plate with central elliptic delamination.
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Fig. 7 Clamped square plate with central elliptic delamination (vali-
dation of the model): a) critical local buckling strength; comparison of
FE solution (—) with analytical solution (M) (£2/t; = 0.01, )\’cr = 0.125),
b) pointwise energy release rate distribution; comparison of FE solution
with analytical solution (f,/¢; = 0.01, )\’cr = 0.125), and c) effect of quasi-
linear postbuckling; behavior for delaminate on ener§y release rate;
cross-hatched area represents analytical energy release 6; vertical bars
represent actual energy release.

plates, 192 elements each are used. The reference applied biaxial
compressive loads are assumed to be of unit intensity (F; = 1.0),
and the equilibrium equations are solved at each load step for an
applied load F =AF;, where A is the corresponding load factor
(Fig. 6).

The structure is assumed to be isotropic, with Young’s modulus
E = 6500 and Poisson’s ratio v = 0.3. The laminate thickness is
chosen as ¢; = 0.05L. The numerical experiment is conducted for
a near-surface circular delamination with /¢ = 0.01,a/b = 1.0,
anda/L = 0.3.If it is assumed that the base plate and the nondelam-
inated plates are infinitely stiff when compared to the delaminated
plate, the delaminate plate can be considered as a clamped circular

plate under the same radial compressive stress. ' Then the buckling
strength of the delaminate plate [0, (= A’cr F;/t)]is given by

0. = 1.2233[E/(1 — v))](t2/a)? (34

The local buckling strength of the delaminate plate obtained from
the finite element (FE) analysis compares very accurately with the
analytical estimate [Eq. (34)] as shown in Fig. 7a.

Further, if it is assumed that the postbuckling deformation is ax-
isymmetric and nearly linear in the neighborhood of the local buck-
ling point, the pointwise energy release rate is given by'*

a1- V2)t2 5 2
oD = Tezgs 3 wE % ~ %)
where op(=AF,; /1)) is the actual stress level at which the energy
release is being computed.

The ratio Grs/Gw is plotted along the delamination periph-
ery in Fig. 7b for a case of very thin delaminate configuration
(t2/t; = 0.01). It can be observed that Grg, is close to G, when the
postbuckling loads are in the close vicinity of local buckling point
(ie., A* = /A >~ 1.0). However, Gy, is underestimated when
compared to Ggg, even when A ~ Aé,. This is because, in the present
problem, although the delaminate plate is very thin compared to the
total laminate thickness (#z/¢; = 0.01), the base plate is flexible as
opposed to the rigid base as considered in Evans and Hutchinson, !

Laminate is also thin when compared to its edge length L (1, /L =
0.05). Hence, the FE model represents a reasonably flexible laminate

[
2000
1800
16004

1400+

T ] l T
0.00 0.0s 0.10 0.15 0.20 0.25

i T L L) M
0.00 0.05 0.10 0.15 0.20 0.25

/1y
b) Case ii

Fig. 8 Symmetric laminate plate with central elliptic delamination:
buckling strength reduction for different delamination thicknesses.
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Fig. 9 Symmetric laminate plate with central elliptic delamination:
average pointwise energy release rate.

and base plates as well. The deviation increases as the buckling load
increases beyond its critical value for local buckling of the delami-
nate plate. This is because the analytical solution [Eq. (35)] is based
on the assumption of a quasilinear postbuckling behavior for the
delaminate plate. But, in practice, particularly when the laminate is
thin, postbuckling behavior of the delaminate plate is highly non-
linear. Accordingly, much higher energy release rates are expected
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Fig. 10 Symmetric laminate plate with central elliptic delamination:
maximum pointwise energy release rate.

when compared to Gy, as shown in Fig. 7c. Note that, in Fig. 7c, ac-
tual stress (o) and displacement (A) are normalized by the critical
stress o, and the associated critical inward radial displacement A,
respectively.

B. Laminated Plate with Elliptic Delamination
In this section, the plate considered in the previous example is as-
sumed to be symmetrically constituted with 32 orthotropic laminae
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Fig. 11 Laminated cylindrical shell with elliptic delamination.

of equal thickness in the following fashion: i) (0/90/45/-45), and
ii) (45/90/-45/0),. The plate thickness is assumed as #; = 0.05L.
The delamination configuration is fixed as a/L = 0.3, a/b = 1.50,
and t,/#; = 0.10. The loading and boundary conditions and the FE
modeling are the same as in the previous numerical experiments. The
material properties for each layer are taken as E; = 208,000, E, =
26,000, Vig = Vi3 = VU3 = 016, and G12 = Gl3 = G23 = 7500.
The delamination is assumed to be between the nth and the (n + 1)th
layer from the top surface, where n takes values from 1 to 15.

The characteristic buckling strengths for the delaminated struc-
ture are plotted in Fig. 8 for both casesi and i. It is found that the local
buckling strength becomes nearly equal for n = 8 or /1; = 0.25.
The threshold delaminate thickness for which equivalent nondelam-
inated base plate is stronger than the actual structure in buckling is
found to be 0.125 and 0.15 for cases i and ii, respectively. It is inter-
esting to note that the global buckling strength does not vary much
with the delaminate thickness for case ii.

The average and maximum energy release rates are plotted for
cases i and ii for typical delaminate thickness (n < 8) in Figs. 9
and 10, respectively. It should be noted that local buckling does not
occur when » > 8 and, hence, no delamination growth is expected
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Fig. 12 Laminated cylindrical shell with elliptic delamination: postbuckling delaminate and base deflections.
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Fig. 13 Laminated cylindrical shell with elliptic delamination: pointwise energy release rate.

because of buckling action. Since the delaminate alternates between
symmetric and antisymmetric configurations as » increases, the en-
ergy release rate variation also changes for different delaminate
thicknesses, as shown in the figures. Variation in the average and
maximum energy release rates with the delaminate thickness is plot-
ted for typical load levels in Figs. 9¢c and 9d and 10c and 10d, re-
spectively. It is observed that the average energy release rate is lower
for case i, whereas the maximum energy release rate is lower for
case ii.

C. Laminated Shell with Elliptic Delamination

In this section, a cylindrical laminated shell of edge length L with
a central elliptic delamination (Fig. 11) under axial compressive
loads is considered. The shell is assumed to be constituted with 32
orthotropic laminae of equal thickness stacked in a symmetric fash-
ion: (0/90/45/-45),. The shell thickness is assumed tobe #; = 0.05L.
The delamination configuration is fixed as a/L = 0.3,a/b = 1.5,
and £,/t; = 1/32. The major axis of the delamination is oriented
parallel to the shell axis. The material properties for each layer are
taken as in the previous example. The reference load intensity is
assumed to be unity. The shell boundary is clamped against out-of-
plane deformation. Keeping the edge length constant (R = L), the
shell curvature is changed for the study of its effects on the buckling
and delamination growth behavior of the structure.

The postbuckling delaminate and base shell deformation is de-
picted for typical shell curvatures in Figs. 12a-12d. It can be ob-
served that the critical load factor for local delaminate buckling
increases as curvature increases in a linear sense (Fig. 12e). The
global buckling strength of the structure also increases as the shell
curvature increases; as a result of the presence of the delamination,
however, the structure exhibits reduced global buckling strength!”
(results not shown). The maximum and average pointwise energy
release rates are presented for varying load factors for typical shell
curvatures in Figs. 13a-13d. It can be observed that the energy re-
lease rate decreases as the shell curvature increases (Fig. 13e). Thus,
the delaminate plate buckling and the delamination growth are de-
layed in a shell compared to a plate.

D. Stiffened Laminated Plate with Elliptic Delamination

Here we consider a laminated composite square plate of edge
length L with 32 orthotropic laminae of equal thickness stacked
symmetrically: (0/90/45/—45),. The plate thickness is assumed to
be ¢; = 0.025L. The delamination configuration is fixed as a/L =
0.15,a/b = 1.50, and 5/t; = 1/32. The material properties for
each layer are taken as in the previous example. The plate is stiff-
ened in both directions in a symmetric fashion, as shown in Fig. 14.
The distance between the stiffeners is assumed to be d = L/2.
The sectional properties of each stiffener in axial, in-plane flexure,
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Fig. 14 Stiffened composite plate with elliptic delamination.
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out-of-plane flexure, twisting, and transverse shear deformations
are, respectively, EA = 0.104 x 10°, El,, = 0.8667 x 10°, E1l,, =
0.2167 x 10°, GJ = 0.39063 x 107, and GA = 0.375 x 105,
The reference applied biaxial compressive loads are assumed to
be of unit intensity. The plate boundary is clamped against out-
of-plane deformation. Considering the symmetry of the problem,
a quarter of the plate is modeled. Twenty beam elements are used
to model each stiffener, 92 shell elements each are used to model
the delaminate and the base plates, 264 shell elements are used to
model the nondelaminated plate between the stiffeners, and 128
shell elements are used to model the rest of the plate. The numerical
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Fig. 16 Stiffened composite plate with elliptic delamination: average
energy release rate.
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Fig. 15 Stiffened composite plate with elliptic delamination: postbuckling delaminate and base deflections.
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Fig.17 Stiffened composite plate with elliptic delamination: maximum
energy release rate.

experiments are conducted for the plate with no stiffeners and with
stiffeners at different eccentricities:

Case a: plate with no stiffeners.

Case b: plate with noneccentric stiffeners, e = 0.

Case c: plate with stiffeners on the opposite side of the delami-
nation, e = —10,

Case d: plate with stiffeners on the same side of the delamination,
e = +10.

The postbuckling deformations of the delaminate and base plates
are depicted in Fig. 15. The delaminate buckling strength increases
with the inclusion of a stiffener. Note that stiffeners with zero ec-
centricity with reference to the plate provide maximum delay in
the delaminate plate buckling. It is interesting to note that stiffen-
ers do not appreciably increase local buckling strength when the
delamination is located on the side opposite the stiffeners (case c).

The average and maximum pointwise energy release rates are
presented for the different cases in Figs. 16 and 17. It can be ob-
served that noneccentric stiffeners (case b) considerably decrease
both the average and the maximum energy release rates for a given
load. However, introduction of eccentric stiffeners (cases ¢ and d)
lead to appreciable increase in the average energy release rate for
a given load. Although stiffeners on the same side as the delami-
nation (case d) slightly decrease the maximum energy release rate,
stiffeners on the side opposite the delamination (case c) increase
the maximum energy release rate considerably. Thus noneccentric
stiffeners (case b) delay the delamination growth appreciably. On
the other hand, eccentric stiffeners (cases ¢ and d) may lead to con-
siderably accelerated delamination growth. Thus, from the points
of view of both geometric and material failure, noneccentric stiff-
eners are preferable for reinforcing a delaminated structure. In most
aerospace applications, however, the stiffeners are located internally
for aerodynamic requirements, and the external surface is highly
susceptible to loads causing delaminations. Thus, results for case c
appear to be the most critical from practical considerations. Similar
behavior was observed with reference to stiffened laminated shells
(results not shown).

VII. Concluding Remarks

A unified method has been presented for simple, reliable, and
cost-effective modeling and analysis of delaminated, stiffened, lami-
nated composite shells. An error-free, consistent two-noded curved
stiffener and three-noded shell elements are derived. The FE are
based on elementary curved beam/shallow shell theories. The trans-
verse shear deformation is explicitly introduced in accordance
with the first-order shear-deformable beam/plate theories. The C!
continuity across shell element boundaries is satisfied a posteri-
ori in a weak form using the Hu-Washizu variational principle.
Nonlinear stiffness due to large deformation is included for pre-
dicting geometrically nonlinear structural behavior. The Newton—
Raphson incremental iteration solution strategy is enhanced with

arc length—controlled load incrementation and postbuckling branch
switching based on a linearized asymptotic solution. Finally, the
three-dimensional J integral is used for deriving a simple and reli-
able method for processing the FE solutions for displacements and
stresses to compute pointwise energy release rate distribution along
the delamination front. Linear elasticity is assumed throughout. The
method presented can effectively model delaminated stiffened com-
posite plates and shells, compute their nonlinear response under
general loading and boundary conditions, and compute the energy-
release rate distribution at the delamination edge under normal and
postbuckling loading environments.

The model presented in this paper is validated by using a sim-
ple isotropic plate problem with near-surface circular delamination.
Later the method is applied to many general problems of laminated
and stiffened composite structures with elliptic delaminations. Some
useful observations are made regarding the geometric and material
failure in a delaminated stiffened composite structure subjected to
compressive loads.
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