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Buckling of Composite Plates with Local Damage
and Thermal Residual Stresses
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The interactive effect of manufacturing induced thermal residual stresses and structural damage on the buckling
load of stringer stiffened composite plates is investigated. The study is motivated from the consideration that the
thermal effects have been tailored to enhance the plate bucklingloads. Thus, it is crucial to understand the influence
of and sensitivity to structural damage. Damageis considered either in the form of localized degradation of material
properties or as delamination between the plate and stiffeners. Both damage types are characterized in terms of
type, amount, shape, and size. It is shown that thermal residual effects may increase or decrease buckling-load
damage sensitivity and that the sensitivity is damage location dependent. For all cases, the numerical analyses
demonstrate that plates with tailored thermal residual effects have good damage tolerance and that this is a direct
result of a redistribution of residual stresses. Thermal residual effects improve the buckling load for both damaged
and undamaged plates. A particularly interesting result occurs when a plate with localized damage at its center
is considered; the buckling load can actually increase with the introduction of damage when thermal effects are

included in the analysis.

Introduction

FFECTIVE design of composite structure requires extensive

use of concurrent engineering concepts as design, manufac-
turing process, and material selection are intimately intertwined. A
good design should account not only for performance requirements,
but also for manufacturing parameters, which may significantly af-
fect structural performance. Thatis, the manufacturingprocess must
be considered in the composite structural design not only to avoid
deleterious effects, but also to capitalize on advantageous effects.

Manufacturing induced thermal residual stresses are always
presentin laminated polymeric composites. These stresses manifest
themselves at three different levels related to the micromechanical,
lamina, and laminate length scales. The microscopic level stresses
resultfrom the differencein the thermal expansion coefficient of the
fiber and matrix and chemical shrinkage (for thermosets) or crys-
tallization (for thermoplastics) of the matrix. These stresses depend
on processing parameters and affect the strength of the material.'?
However, they do not appear in macroscopic elastic analyses in
which the through the thickness stress resultants are zero.

At a macroscopic level, the manufacturing induced stresses oc-
cur because of the anisotropy of the thermal expansion coefficient
of a lamina. Typically, the thermal expansion coefficient is much
smallerin the fiber direction than in the transversedirection. There-
fore, when a laminate is formed from laminas with different fiber
orientations, thermal stresses arise as the material cools from the
processing temperature to the operating temperature. These stresses
appear at the macroscopic level and affect the laminate strength?
Note that laminate thermal residual stresses affect elastic structural
response only when the stress resultants are nonzero. Therefore, al-
though thermal residual stresses are always presentat a lamina level,
they are not necessarily important at the laminate level. This situ-
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ation occurs, for example, in a uniform, unconstrained symmetric
laminate where the thermal residual stresses have no direct effecton
the plate geometry or the elastic response. Therefore, for this situ-
ation, thermal stresses affect laminate strength but not the laminate
stiffness.

Thermal stress resultants are nonzero for constrained plates, non-
symmetric laminates, and spatially heterogeneous structures such
as plates with stiffeners. The latter represent an important case in
terms of practical engineeringapplicationsincludingthe civil, trans-
port, and aerospace sectors. Typically, composite stiffeners are con-
structed with the lamina fiber directions primarily oriented along
the length of the stiffener, and, therefore, the stiffeners have a ther-
mal expansion coefficient smaller than that of the plate proper. In
this situation, the stiffened plate is spatially heterogeneous and in
general nonzero thermal stress resultants are present because of the
mismatch between the thermal expansion coefficients of the stiff-
ener and the plate; this is true even for unconstrained symmetric
configurations. As a result, a reinforced plate may contain large
tensile thermal residual stresses while the stiffeners are in com-
pression. The existence of these thermal residual-stress resultants
affects the bending stiffness of the plate because of stress stiffening
effects.

Almeidaand Hansen® introducedthe idea of tailoring these manu-
facturinginducedresidual stress resultants to enhance the structural
response of composite structures. They demonstrated numerically
that the bucklingload* and natural frequencies’ of composite plates
with stiffeners could be very substantially affected by the thermal
stress resultants. These calculations have been verified by Sarath
Babu and Kant® and Foldager.

Note that thermal stress resultants are present either when the
stiffenersand plate are cocured or when secondary bonding is used.
In the latter situation, the plate is free of thermal residual stresses
only at the adhesive cure temperature. The magnitudes of the ther-
mal stresses depend directly on the relative magnitude of the cure
or secondary bonding temperature; however, either manufacturing
process will affect the structural response.

Another example of using thermal residual stresses to enhance
structural response involves the design of composite patches for
repair of aircraft parts. The patch design should be such that com-
pressive thermal residual stresses resulting from the different co-
efficient of thermal expansion of the repaired structure and patch
inhibits damage propagation?
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The magnitude of thermal residual-stressresultants depends on a
number of factors: plate geometry and construction, physical prop-
erties of the materials used, cure (or consolidation) temperature, etc.
Of course, the effect of the thermal stress resultants on the structural
behavior also depends on those variables. Therefore, the process of
tailoring the thermal residual-stressresultants to enhance a particu-
lar characteristic of the structure requires a judicious choice of the
design variables such that a favorable residual-stress distribution is
presentin the structure.

The numberof variablesinvolvedin the determinationof the mag-
nitude of the thermal residual-stress resultants and their effect on
the structural performance may be quite large. Moreover, the prob-
lem is complex, and therefore, it is usually not possible to predict
whether a configuration is favorable without resorting to numerical
analysis. Thus, optimization procedures must be used to determine
the design that minimizes the structural weight subjectto a given set
of design constraints” Ignoring thermal residual-stressresultantsin
an optimization procedure may result in designs where the effect
of thermal residual-stress resultants is quite deleterious. For, even
if thermal residual effects are ignored in analysis and design, these
effects are definitely present in actual composite structure. Further-
more, numerical results by Foldager’ show that the buckling load
of optimal stiffened cylindrical shells may decrease by a factor of
five when thermal stresses corresponding to a difference of 100°C
between the cure temperature and the operating temperature are
included in the analysis. That is, ignoring manufacturing induced
thermal effects may grossly overestimate the structural capacity of
an optimal design.

Damage tolerance is an important consideration in the design
of composite structure. This is particularly true in the presence of
thermal residual-stress resultants as inservice damage may cause
a redistribution of residual stresses. This redistribution may lead
to a dramatic deterioration of the structural performance, and there-
fore, thermalresidual-stresseffects mustbe includedwhen assessing
damage tolerance.

Previous work* has demonstrated that stiffened composite plates
can be tailored such that thermal residual stresses may significantly
enhance the buckling load and, therefore, must be taken into ac-
count in the analysis. The present work analyzes the interaction
between structural damage and thermal residual stresses addressing
the question whether the presence of structural damage eliminates
the benefits introduced by thermal residual stresses. In the analyses,
damage is characterized in terms of type, amount, shape, and size.
Two types of damage are considered: 1) localized damage, modeled
as an effective stiffness reduction, and 2) delamination, modeled by
changesin the finite elementmodel. The numerical results show that,
for the cases studied, plates with thermal residual stresses have good
damage tolerance. That is, the stress redistribution resulting from
damage is quite favorable, and therefore, the superior performance
is retained compared to plates in which thermal residual effects are
ignored.

Structural Analysis

The analysis used in the present work is based on the approach
of Almeida and Hansen.* A composite laminated plate subjected to
in-plane compressive loads is considered. Each lamina is assumed
to be orthotropic, homogeneous, and linear elastic. Also, stiffened
plates are considered, and therefore, thermal residual-stress resul-
tants due to the cure or consolidationprocess are present. The prob-
lem under considerationis divided into three subproblems: the ther-
mal, prebuckling, and buckling problems. Calculationsare based on
laminated Reissner-Mindlin plate theory. The analysisis quite gen-
eral, with the only restriction being that the laminate is symmetric,
and therefore, no linear membrane-bending coupling exists. This
restrictionis imposed because the cure/consolidation of a nonsym-
metric laminate will cause thermally induced out-of-plane defor-
mations, and these deformations lead to totally different analysis
requirements (such a plate would no longer be a plate but would
be a shell). The basic hypotheses assumed for the solution of each
of the three subproblems described earlier and the finite element
procedure used to solve them are discussed in the following.

Thermal Problem

First, the thermally induced effects due to the cure/consolidation
must be evaluated. This aspect of the problemis solved in a general
form with the only restrictions being that the laminate is symmetric
and that the analysis s linear. In this calculation, the plate-stiffener
assembly is assumed to be completely unconstrained; thus, residual
stress resultants arise only from thermal coefficient of expansion
mismatches either through the thickness of the laminate or due to
spatial variations in the thermal coefficient of expansion.

Note that the material properties are in general functions of tem-
perature,and at elevated temperatures viscoelastic/relaxationeffects
are to be expected. These aspects, however, are not included in the
presentformulation. Therefore, the computed thermal stressesbased
on room temperature material properties should be interpreted as
correspondingto an equivalentlower cure temperature; the value of
the temperature difference AT should be corrected accordingly.

Prebuckling Problem

The second step is the calculation of the prebuckling state of the
plate-stiffener assembly. When boundary conditions are applied, it
is assumed that no mechanically induced stresses are imposed on
the system. The loading state in the prebucklingproblemis assumed
to result from the application of a uniform displacement applied on
the plate boundary of interest. This calculation is assumed linear
with no membrane-bending coupling; the results of this calculation
are nonuniformdisplacementfields with associatedstress and strain
fields. Because of the nonuniformity of the prebuckling state, the
bucklingproblemdoesnotexhibitthe inherentsimplicity of classical
buckling problems in which the buckling load is directly related to
uniform stress resultants.

Buckling Problem

The third and final step is the buckling calculation. Full non-
linear strain-displacement relations are assumed for this analysis.
This problem is solved by representingthe solution as a sum of the
combined thermal/prebuckling subproblems and the buckling state.
Individually these states are assumed to be linear while the non-
linearity in the problem contributes to the interaction between the
thermal/prebucklingand the buckling problems. The linearbuckling
problemis an eigenvalue problem that yields buckling loads and as-
sociatedbucklingmodes. Note that the bucklingload is not obtained
directly; rather it is the total force required to produce the critical
displacement at the loaded plate edge. Such a model is representa-
tive of the manner in which plates are loaded in actual experimental
configurations.

Finite Element Formulation

A finite element formulation was developed to solve the problem
describedin the precedingsection. A 16-nodebicubicisoparametric
quadrilateral element using Lagrange interpolation functions was
implemented in a FORTRAN code by Almeida and Hansen.* The
elementhas 5 degrees of freedom per node with a total of 80 degrees
of freedom per element. The element stiffness matrix and element
geometric stiffness matrix are computed numerically using Gauss
quadrature with 4 x 4 integration points. A shear correction factor
of% is used for all laminates.

The eigenvalue problem for the linear buckling analysis of the
plateis

{K1+ [KE] = 2[K5]}68) = {0} %)

The matrices [K], [Kg], and [Kg] are, respectively, the global stiff-
ness matrix, the global geometric stiffness matrix due to thermal
residual-stressresultants, and the global geometric stiffness matrix
due to prebuckling stress resultants computed for a unit positive
displacement. Variable A characterizes the magnitude of the pre-
buckling displacementand yields the buckling displacementand in
turn the buckling load.

Damage Modeling
There are many possible failure mechanisms in laminated com-
posites, and this makes modeling damage quite complex. Low-
velocity impact causes primarily delamination and matrix
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cracking,!® whereas high-velocity impact may cause fiber fracture
as well. Damage depends on the problem geometry, laminate ply
orientation, and thickness, as well as the mass and velocity of the
impactor; impact damage may cause a significant reduction in the
strength and stiffness of the structure.

Two types of damage are considered in this work, namely, lo-
calized damage over a circular area and delamination between the
stiffener and plate. Such damage affects the distribution of thermal
residual stresses and in turn the plate buckling load.

Localized Damage

Here, damage is modeled as an effective reduction in the value
of the local elastic moduli. This approach is often used to assess
damage effects on the elastic behavior of structures'! and is suitable
for the purposes of the present work. The study aims to provide a
conservativeassessmentof plate damage tolerancein the presenceof
thermal residual-stressresultants when a bucklingload requirement
is prescribed.

Local damage is characterized by shape, location, and degree.
The damage region is assumed to be circular with radius r. Damage
regions are consideredat the center, side, or cornerof the plate; these
configurations are shown in Fig. 1. Note that, when the damage is
locatedeitherat the side or cornerof the plate, then the degradedarea
includes portions of both the stiffener and skin. Finally, the degree
of damage is controlled by a parameter « that multiplies the elastic
properties of the material within the damage region. This parameter
variesfrom O to 1: « =1 correspondsto undamaged material; o =0
represents complete material destruction and is equivalentto a hole
of radius r in the laminate. Implementing the limiting case of &« =0
using the original finite element mesh results in numerical difficul-
tiesbecausecertain finite elementnodeshave no associatedstiffness;
thus, to model complete materialdestructiona = 0.01 was used. The
accuracy of this approximationis discussed later in the work.

Stiffener Delamination

The second type of damage considered is delamination between
the plate and stiffener. Symmetric delaminations spanning length
2L on both sides of the plate and along the entire width of the
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stiffener are considered; this is shown in Fig. 2. This representation
of the damage is expected to be conservativeand is used to maintain
laminate symmetry and thereby avoid membrane-bending coupling
as discussed earlier. If the delamination is not symmetric, the linear
buckling problem will not yield realistic results.

Note that local buckling of the stiffener over the delaminated re-
gion may cause propagation of the delamination and a reduction
of plate stiffness; this problem is not considered here. The current
model includes the effects of stiffener delamination on plate stiff-
ness by appropriate changes in the finite element model; this will
be described in the following section. The plate buckling load is
affected by the combined effects of the stiffness change and the
redistribution of the thermal residual-stressresultants.

Numerical Results and Discussion

The effect of damage on the buckling load of composite plates
will be analyzed for one of the geometrical configurations used by
Almeida and Hansen.* The chosen configuration correspondsto the
case for which the effect of the thermal residual-stressresultants is
the most significant among those studied. Therefore, it represents
a case where damage-induced residual-stress relief may cause a
significant degradationof the structural performance. Also, the plate
is easy to manufacture and of practical significance.

The plate used for all analyses is a square [90/0], laminate of
dimensions!/ x [ with stiffeners of width b symmetrically bonded to
the top and bottom surfaces. The stiffenersare composedof fouruni-
directional plies placed around the perimeter of the plate. Figure 3
shows the geometry and the resulting lamination sequence for each
region of the plate. Ply drops are used at the corners (laminate L.3)
to maintain the stiffeners thickness constant. The plate is simply
supported on all edges and is loaded in the y direction; the lam-
ination angle for each ply is measured with respect to the y axis.
The plate length and stiffenerwidth are / = 360 mm and b =45 mm,
respectively,forall analyses. All bucklingloads are normalized with
respect to the buckling load of the undamaged configuration in the
absence of thermal effects.

The plate shown in Fig. 3 is analyzed using the formulation de-
scribed earlier including the two types of damage. The plate is as-
sumed to be manufactured using graphite/epoxy cured at 180°C and
tested at 30°C. Thermal stress fields result from the difference be-
tween the processing and working temperature, and this difference
is designated as AT; for example, AT = —150°C corresponds to
a typical room temperature operating situation, whereas AT =0°C
corresponds to a model where thermal effects are neglected. The
physicalpropertiesfor graphite/epoxy are assumed the same as those
used by Almeida and Hansen,** and are given in Table 1.

Localized Damage

The finite element model is based on a regular 8§ x 8 mesh ex-
cept in the damage region where local refinement is necessary. The
finite element mesh is refined locally to model the circular damage.
Figure 4 shows the finite element mesh used; 20 quadrilateral ele-
ments replace the appropriate 4 elements of the undamaged plate.
The stiffness of the elements within the shaded area are multiplied
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Table1 Lamina properties used for T300/5208 graphite/epoxy

Property Value
Longitudinal modulus of elasticity E; 154,500 MPa
Transverse modulus of elasticity E» 11,130 MPa

In-plane Poisson’s ratio vy, 0.304

In-plane shear modulus G, 6,980 MPa
Transverse shear modulus G 3 6,980 MPa
Transverse shear modulus G;3 3,360 MPa
Longitudinal thermal expansion coefficient o —0.17e—06°C~!
Transverse thermal expansion coefficient 23.1e—06°C~!
Ply thickness ¢ 0.15 mm
Laminates
Lo [90/07,
L [04/90/05
L2 [904/90/0]¢
L3 [(90/0)s]s

l

Fig. 3 Plate geometry and the lamination sequence for each region.
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Fig. 4 Finite element mesh used to model the localized damage.

by a. Unlike the problems studied previously,*> the present prob-
lem geometry is not symmetric due to the presence of damage; the
mesh used yields accuracy equivalent to that used earlier.

As already noted, numerical difficulties arise as the value of «
approaches(. A convergence study was performed to assess the ac-
curacy of the model for this situation. Table 2 lists the buckling load
of a plate with a 36-mm-radius damage at its center for AT =0
and —150°C. The buckling loads were calculated for a sequence
of values as o approaches zero. An analysis with @ = 107" was
performed to obtain reference values for the total destruction of the
material. In this case, all degrees of freedom correspondingto nodes
within the damaged area were eliminated to avoid numerical diffi-
culties. The results indicate that the model using o approachingzero

Table2 Convergence study for value
of o approaching zero: Analysis of
plate with 36-mm damage at its center

P, for AT = P for AT =
o —150°C, N 0°C,N
0.050 1903.1 456.0
0.030 1928.3 461.5
0.020 1942.9 464.9
0.010 1958.9 468.6
0.005 1967.5 470.7
0.003 1971.2 471.5
0.002 1973.0 472.0
0.001 1974.8 4723
10-10 1976.7 472.7

correctly converges to the reference values within the studied range.
The analyses with @ = 0.01 produce estimates of the plate buckling
load with a hole to within an accuracy of 1% of the reference val-
ues. Therefore, all analyses in the present work were performed for
00l<a=<l.

Figures 5a-5c¢ present buckling load variation with respect to
o for damage located at the center, side, and corner of the plate,
respectively. Note that the buckling load is normalized with respect
to the buckling load of the undamaged plate for AT =0°C and «
varies from 1 to 0.01; that is, damage increases from left to right.

Figure 5a shows that there is little influence on the buckling load
when damage is located at the plate center and thermal stresses
are ignored. However, when thermal residual stresses are included
in the formulation, the buckling load actually increases as damage
increases. A gain of approximately 10% is observed for damage
with a 36 mm radius. This unexpected result is explained by the
redistribution of the thermal residual-stress resultants due to the
existence of damage. Figures 6a and 6b compare the distribution of
the principal values of thermal residual-stress resultants for o =1
and 0.01. In Fig. 6 the arrows indicate the principal stress direction
and magnitude;arrows directedupward or to the right correspondto
tension, whereas downward and left-pointing arrows are associated
with compressive thermal residual-stress resultants. Thus, as can
be seen in Fig. 6a, the stiffeners are in compression, whereas the
plateis in tension with the largest tensile stresses occurring adjacent
to the stiffeners. The presence of damage causes a redistribution
of thermal stress resultants. The stress resultants at the center of
the plate are most affected with the radial components vanishing
at the edge of the hole. However, stress resultants tangential to the
hole and stresses near the stiffener are still present and cause a
favorable effect increasing the buckling load. This is similar to the
result observed by Teng!! for circular plates where buckling loads
increased as damage increased.

Figures 5b and 5c demonstrate that the side and corner of the
plate are unfavorable locations for damage because the buckling
load reduces with increasing damage. However, note that dam-
age at the plate edge causes similar relative reductions in buckling
load both when thermal residual-stress resultants are considered
or omitted. A damage diameter equal to 20% of the plate length
(r =36 mm) causes a reduction of about 17% in the buckling load
evenfora = 0.01. Therefore,it can be said that the plate with thermal
residual-stressresultantsis quite tolerantof damage at this location.
If thermal effects are neglected, there is a decrease of 27% in the
buckling load for ¢ = 0.01.

Among the damage locations considered in this work, corner
damage is the most unfavorable for plates with thermal residual
stress. The decrease in buckling load is quite moderate when ther-
mal residual-stressresultants are not accounted for (less than 20%)
but may be significant when they are included in the formulation.
However, note that even though the buckling load is reduced by
a factor of approximately 2 for damage with radius 36 mm and
o =0.01, the plate with thermal residual-stresseffects included still
yields a buckling load that is significantly higher (a factor of 2.1)
than the plate in which these effects are ignored.

In summary, note that the calculation including thermal residual
stresses yields higher buckling load for all cases analyzed in this
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Fig. 5a Normalized buckling load as a function of parameter o for
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Fig. 5Sb Normalized buckling load as a function of parameter o for
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Fig. 5S¢ Normalized buckling load as a function of parameter o for
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section. Thus, it may be concluded that the structural effectiveness
of these plates may be underestimatedif thermal processing effects
are ignored. In addition, the results demonstrate that such plates can
sustain significant damage without a serious reduction in buckling
load.

Stiffener Delamination

A symmetric stiffener delamination of length 2L is now consid-
ered (Fig. 2). Again, the finite element model is based on a reg-
ular 8 x 8 mesh except in the delamination region where proper
modeling of the stiffeners is necessary. Two representations of the
delamination are analyzed. In the first, the delaminated section of
the stiffener and base plate under the delaminated stiffener are both
modeled using two bicubic elements that share nodes at the ends
of the delamination but with no other interaction; contact problems
and delamination growth are not considered. In the second configu-
ration, the stiffeners are assumed to give no structural contribution
after delamination and are, thus, removed from the finite element
model over the delaminated area. Figure 7 shows the effect of the
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Fig.7 Normalized buckling load as a function of the semilength of the
delamination.

delamination semilength on the normalized buckling load of the
plate for the two representations.

Note that the geometry assumed for the delamination is very
conservative and unlikely to occur in a practical application. The
choice of this configuration is primarily dictated by the analysis
requirements discussed earlier.

The numerical results show that delamination has little effect
on the buckling load when thermal residual resultants are ignored.
When the stiffeners and thermal residual-stress resultants are in-
cluded in the model, the buckling load increases for small delam-
ination lengths because of a favorable redistribution of the ther-
mal stresses. However, for the semilength approximately equal to
36 mm, local buckling of the stiffenersover the delaminated area oc-
curs, and the buckling load decreases dramatically for larger delam-
inations. For a sufficiently large delamination, the stiffeners buckle
over the delaminated area from thermal effects alone even in the
absence of mechanical loads.

The representationwithout stiffeners over the delaminatedarea is
alower bound for the buckling load of the plate assuming that no de-
lamination growth occurs. In this case, the buckling load decreases
sharply for semilength L > 20 mm. However, within the range an-
alyzed, the buckling load is always higher when thermal effects are
included.

An importantdesign considerationis delamination growth. Even
though local buckling of the stiffener may be acceptable in terms of
design, this condition may cause delamination growth and possibly
a catastrophic failure. Therefore, the maximum admissible delami-
nation should be such that local buckling of the stiffenersis avoided
(L <36 mm). This conservative estimate shows that the plate with
tailored thermal stress resultants can sustain a relatively large stiff-
ener delamination without significant loss in the buckling load.

Conclusions
The effectof damage on the bucklingload of a stiffener-reinforced
composite plate with tailored processing induced thermal residual
stresses is assessed. Two types of damage are considered and char-
acterized in terms of type, degree, shape, and size. For all con-

figurations considered, the results demonstrate that plates in which
thermalresidual stresses are includedin the analysis have good dam-
age tolerance as compared to the case when the thermal effects are
ignored. This results from the redistribution of the thermal resid-
ual stresses due to the damage. Thus, it may be concluded that a
beneficial prebucklingresidual-stressstate will be totally ignored if
thermal residual-stresseffects have been omitted from the analysis.

It is shown that buckling load damage sensitivity depends on
damage type and location. The presence of thermal effects may in-
crease or decrease the sensitivity to damage depending on damage
location. A particularly interesting result is that the buckling load
of a plate with localized damage at the center can actually increase
with damage when thermal effects are included. For other damage
locations, the stress redistributionis not favorable, and thermal ef-
fectsresultin a greater sensitivity to damage. However, for all cases
analyzed, higher buckling load are obtained when thermal resid-
ual stresses are included in the analysis. Thus, it is concluded that
plates with tailored thermal stress resultants can sustain substantial
damage without significant loss in the buckling load.
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