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ABSTRACT

With the pursuit of technology for the High Speed Civil Transport (HSCT) and

National Aerospace Plane (NASP), accurate preliminary structural analysis methods are

necessary to arrive at the optimal design of the concept vehicle. Methods of capturing

complicated 3-D thermoelastic behavior of stiffened composite panels with planar finite

elements have become an important research area. Such an approach allows use of coarse

finite element meshes to achieve accurate results for complete vehicle structural sizing

and weight prediction from analysis of critical in-flight loads. A method for quantifying

behavior of a hat-stiffened panel using smeared panel coefficients was developed for

application to NASP research. This thesis examines honeycomb sandwich and blade

stiffened, T-stiffened, and orthogrid open-section panel concepts using the same method

and compares behavior with detailed 3-D finite element reference models. Unique

behavior specific to a particular stiffening concept must be determined to capture true

panel behavior beyond the basic formulation of panel coefficients. For open-section

stiffening geometry, it was found in general that the panel shear and twisting coefficients

must be completed to capture full panel behavior. This work is intended to be applied to

preliminary vehicle analysis of launch vehicles through implementation in a sizing code.

The ability to formulate sandwich and open-section composite stiffened panels using the

smeared panel coefficient method is achieved.
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NOMENCLATURE

LAMINA/PLY

E, °12 Moduli of elasticity in 1-2 directions and in-plane shear modulus,

respectively

v12, v21 Poisson ratios

a1,a2 Thermal expansion coefficients in the 1-2 directions

12 Ply stress in the 1-2 directions and in-plane shear stress

1’ 2’Tlz Ply strain in the 1-2 directions and in-plane shear stress

o Angle between lamina I -axis and the global X-axis

x’ Oj,, Vq Ply stress transformed to global axes

ç, c,,, y,, Ply strain transformed to gobal axes

Constitutive matrix of a unidirectional ply relating stress to strain (3x3)

Constitutive matrix of a ply of general orientation transformed to

global coordinates (3x3)

Thermal constitutive vector of a unidirectional ply (3x 1)

Thermal constitutive vector transformed to global coordinates (3x1)

LAMINATE

Membrane expansion stifihess matrix (3x3)

Membrane-bending coupling matrix (3x3)

Bending stifihess matrix (3x3)

A7 Membrane thermal coefficients (3x1)

Membrane-bending thermal coefficients (3x1)

D7 Thermal bending coefficients (3x])

Laminate effective reduced elastic stiffhess (3x3)

Laminate effective reduced thermal stiffliess (3x 1)

j Laminate thickness
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PANEL

longitudinal In-plane direction along panel stringers

transverse In-plane direction perpendicular to panel stringers

Membrane expansion stiffness matrix (3x3)

Bff Membrane-Bending coupling matrix (3x3)

Bending stiffness matrix (3x3)

Membrane thermal expansion stiffness vector (3x1)

Bra Membrane-bending thermal coupling stiffness vector (3x1)

Bending thermal stiffness vector (3x1) -

Membrane thermal coefficients (3x1)

cc Membrane-bending thermal coefficients (3x 1)

Bending thermal coefficients (3x1)

AT In-plane temperature gradient (scalar)

AG Through-the-thickness temperature gradient (scalar)
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1.0 INTRODUCTION

Fiber reinforced composite materials are often used in the multidisciplinary process

of aerospace vehicle conceptual structural design. With a large number of design variables

in piy stacking sequences and orientations, advanced composite materials offer weight and

strength advantages. The need for quick preliminary analysis and the complexities of

composite materials often lead to analytic approximations during structural analysis. Due

to simplifications, common symmetric property methods of stiffened panel analysis

produce significant error in predicting panel forces and moments. Use of these methods

can lead conceptual analysts to arrive at a non-optimum design [11.

Hot-environment analyses, where in-plane and through-the-thickness thermal

gradients are encountered, are necessary for accurate load prediction of concept vehicles.

Other application areas such as cryogenic fuel tank design require similar analyses. The

formulation of the thermal behavior of composite materials is complex and often ignored.

A method outlined by Collier [2] may be the first formulation to define through-the-

thickness thermal gradient behavior for composite panel analysis.

This work extends the method presented by Collier in which equivalent smeared

plate properties of stiffened composite panels are formulated. Panel elastic coefficients are

in the form of A, B, and D constitutive matrices common to composite laminate analysis.

Panel thermal expansion vectors are formulated for hot-environment applications. Using a

coarse mesh of shell finite elements based on this method, accurate preliminary structural

analysis can performed for an entire vehicle [2]. Post-processing to determine panel

failure and stability is easily performed using finite element stress resultants.

1



2.0 BACKGROUND AND MOTIVATION

It is necessary first to review common approximate methods of analyzing

stiffened panels and the shortcomings of these analyses. The advantage of being able to

fully capture the unsymmetric and coupled behavior of composite stiffened panels with a

panel coefficient method is discussed. The goals and scope for the work to be performed

are then defined followed by an outline of this thesis.

2.1 Common approximate methods fp stiffened panel analysis

Two methods of approximating stiffened panel behavior are the detached wide

beam and symmetric panel analogies which are shown in Figure 2.1. The first method

considers the panel as a series of detached beams forming the stiffened geometry of the

panel. The longitudinal direction refers to the panel in-plane stiffened direction and the

transverse direction refers to the in-plane direction perpendicular to the stiffeners. Using

the parallel axis theorem, membrane and bending stiffness properties are calculated about

the individual panel longitudinal and transverse neutral axes. However, these properties

are obtained using an inconsistent reference plane which has the effect of omitting the

unsymmetric membrane-bending coupled behavior of the panel. Further, because the

panel has been broken into pieces, coupling of behavior in the in-plane longitudinal and

transverse directions is ignored [4j.

The symmetric panel method uses plate formulation which includes in-plane

longitudinal and transverse coupled behavior. Membrane and bending properties are

calculated in the same manner as the detached beam method omitting unsymrnetric

membrane-bending coupling. Reference [I] shows that significant errors can result in

symmetric panel analysis when compared to an analysis utilizing the full unsymmetric

and coupled properties inherent in stiffened panels.
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transverse
neutral axis

/

actual reference plane
longitudinal
neutral axis

actual reference plane

Detached Wide Beam Method

missing:
• In-plane longitudinal and transverse coupling

• Unsymmetric membrane-bending coupling
transverse

neutral axis

actual reference planelongitudinal
neutral axis--.

actual reference plane

Symmetric Panel Method

missing:
- Unsymmeiric membrane-bending coupling

Figure 2.1: Two common approximate methods ofstenedpanel analysis.

2.2 Capturing unsvmmetric jjç coupled panel behavior

The geometry of a typical composite laminate is illustrated in Figure 2.2k By

considering the individual ply material properties and the respective distances h from a

common reference plane, membrane and bending properties of the composite laminate can

be defined with classical lamination theory. By extending this method of property
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formulation to the hat-stiffened cross-section illustrated in Figure 2.2B, an accurate

representation of the elastic behavior of a composite stiffened panel can be defined in an

average sense. Unsymmetric membrane-bending coupling is captured by use of a

consistent reference plane. Longitudinal and transverse panel properties are coupled by

use of plate formulation.

The smeared property panel coefficients are equivalent A, B, and D elastic

membrane and bending constitutive relations common to the analysis of composite

laminates. Use of these coefficients models behavior as a stiffened composite panel

instead of a general laminate. Panel thermal characteristics are described in formulated

thermal expansion coefficient vectors fa4 }, faR }, faD }. The thermoelastic coefficients

are used to supply properties for planar meshes of shell elements to a general purpose

finite element program such as NASTRAN. Loads, temperatures, and boundary

conditions are defined in the analysis. Using the stress resultants obtained from the finite

element solution, strain is calculated at desired stations in the panel for appropriate failure

and stability analyses. This method of stiffened panel analysis can be integrated into a

panel sizing code for structural weight estimates of aerospace vehicles.

Depending on the panel stringer geometry, additional effects must be identified

that are not considered in the basic formulation of panel coefficients. For closed-section

stringers, additional in-plane transverse bending stitThess results from longitudinal panel

stiffening. In addition, for both open-section and closed-section stringers, significant

additional panel shear and twisting stiffhess results. By considering how the panel is

attached in service, the additional effects of the stringers not included in the basic

formulation of panel coefficients can be obtained. Different panel behavior is found

depending on how the panel stringers are supported. In general, stringer ends are built-in

to supporting frames, are tapered into the facesheet at supporting frames, or are free with

no support between frames.
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reference plane

facesheet

reference plane

V

Figure 2.2: Geometry ofa typical composite laminate and geometry ofhat-stiffened

composite paneL

2.3 Puroose scope

In this work, coefficients are formulated for stiffened panels with open-section

stringers as was accomplished for the closed-section hat-stiffened panel presented in

ho

h4

A. Geometry of typical composite laminate

closed-section
stringer

h5

h3=O

B. Geometry of hat-stiffened panel
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reference [4]. For the hat panel shown in Figure 2.2, the stiffener construction provided

significant additional stiffness that had to be quantified to accurately determine panel

coefficients. It is necessary to compare formulated coefficients to reference coefficients

obtained from finite element models to determine behavior unique to a particular panel

stiffening configuration.

Reference panel coefficients are obtained by applying unit strains and curvatures

to detailed 3-D shell finite element models. Behavior unique to a panel geometry must be

identified to complete the panel coefficients. In the basic procedure, the shear and

twisting stiffness of the panel is obtained from the facesheet. Since additional shear and

twisting stiffness provided by the stringers is not included, the effects of the stringers

must be examined. It is also necessary to examine in-plane transverse coefficients since

these are significantly affected for closed-section geometry and are not addressed in the

basic formulation of panel coefficients [4].

Chapter 3 reviews classical lamination theory for composite laminates and

discusses the basic method of panel coefficient formulation as outlined in reference [2].

Panel coefficients for honeycomb sandwich, blade-stiffened, T-stiffened, and orthogrid

(having stringers in both the longitudinal and transverse directions) panels are derived in

Chapter 4. In Chapter 5, comparison is made to reference panel coefficients obtained

from 3-D finite element modeling and additional terms necessary to fully characterize the

basic panel coefficients is explored.
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3.0 ANALYSIS METHOD

The basic method of formulating composite stiffened panel coefficients is

presented in Section 3.2. Since a knowledge of classical lamination theory is essential to

fUlly understand the approach, it is outlined first.

3.1 Review of classical lamination theory

Composite laminates consist of plies of fibers oriented in a matrix and stacked in

such a way as to increase the laminate structural efficiency. Recent technological

developments include high modulus fibers in organic, ceramic, and metallic matrices [5].

In general each layer in classical lamination theory is considered to be orthotropic

(having three planes of symmetry) and is referred to as a lamina. Using 1, cr2, and

8,62,712 in place of the tensor notation 6g) an orthotropic lamina in a state of plane

stress is characterized by the following constitutive relationship:

c_I Q11 Q12 0 s

c2=Q Q22 0 e (3.1)

0 0 Q33 712

where the 1-2-3 coordinate system is referred to as the principal or material coordinate

directions. The fiber is oriented along the 1 direction, the 2 direction is transverse to the

fibers in-plane, and the 3 direction is transverse to the fibers out-of-plane. The Q,1 terms

in Equation 3.1 are given by
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Q- II
II —

1—1)121)21

n — 22
22 —

1—1)121)21 (3.2)
—

____________

—

____________

—

1— I22l 12’2l

= G12

where E11E22 , G12, andv12 are the 4 independent engineering quantities of the orthotropic

laniina. E1 is Young’s modulus along the fibers, E22 is Young’s modulus transverse to

the fibers, l2 is Poisson’s ratio as measured from the transverse contraction under

uniaxial tension parallel to the fibers, G12 is the shear modulus relative to the 1-2 plane,

and v21 = (E22 /E11)v12.

As shown in Figure 3.1, Equation 3.1 may be transformed into an arbitrary global

coordinate system oriented at an angle 0 relative to the material axes

LX Q11 Q12 Q13 ç

= QJ2 Q22 Q23 e (33)
‘ç Q13 Q23 Q33 y

The transformed lamina constitutive matrix terms are given by the tensor relationships:

=Q11cos40+2(Q12+2Q33)sin29cos2O-i-Q22sin40

= (Q11 + Q,. —4Q33)sin2Ocos20 +Q12(sin4Ocos40)

= Q22 cos4 0 + 2(Q1 +2Q33)sin2Ocos29+ Q11 sin 9 (34)
= (Q11 —

—2Q33)sin9cos30 + (Q12 —
+2Q33)sin3Ocos9

Q23 =(Q11—Q12—2Q33)sin39cos0+(Q12—Q+2Q33)sinocos39

= (Q11 + Q22 — 2Q1 — 2Q33)sin2Ocos20 + Q(sin40 i-cos4O)
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x
global coordinates

Shown in Figure 3.2, individual plies are stacked bottom to top in a desired

stacking sequence to form a laminate. For example, the notation {OI-t-45/-45190]3

represents a symmetric stack of 8 plies oriented [O/+451-45190190/-451-t-4510] degrees with

respect to the laminate coordinate system. The laminate behavior for applied loads can be

described using the Kirchoff assumption that plane sections remain plane after

deformation, which can be written

B,, = +Z K (3.5)

7, fl

where e are the reference plane strains, K1 are the reference plane curvatures, and z is the

distance from the reference plane. The stress in the kth layer of the laminate can be

computed then as

{a} =[1{s”}+zk[ik{K} (3.6)

fiber direction

1

Figure 3.1: Rotation of lamina axes.
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_____________________________

I
(midplane) h4=0—

hfhst

i II! I 1 i! I! II II

Figure 3.2: Laminate configuration.

Strain is therefore linear through the thickness of the laminate (as a consequence

of the assumption that plane sections remain plane) and stresses vary discontinuously

between lamina. Stress resultants can be written in the form

N +112

N
= J a (3.7)

N -112

The stress resultants shown in Figure 3.3 are the stresses of the laminate integrated

through-the-thickness and have units of force or moment per unit length. The integral in

Equation 3.7 can be written as the sum of n integrals over each layer of the laminate:

N

N =j a4dz (3.8)
k=1

j

After substitution of Equation 3.6, Equation 3.8 becomes
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Equation 3.9 is then written in the form

2B=2

-r > Mx

Mxy

B12 B13 K1

B22 B23 K

B32 B33
k

Figure 3.3: Stress resultant nomenclature in laminate coordinate system.

1N11 ir1 2 Q131 Ie:1 r;1 12 Q131 1icX
.Nj=ZI2 Q22 fdz÷2 n

k1 — — F° I%iLNJ Q13 23 Xc ‘nj [ 23 Q33ikU’ZXYJ

zdz
bk_I

N1 A11

N = 42

A3

where

A2 431 [e1 rB,,

k2 4 e

A23 A33Jk [itj [B3,

(.)(hk —hk1)

(.)k(h:_h2 ‘k—I)

A, =

z

(3.9)

(3.10)

Y

Ny

x Nx

z

‘I’
V

/x
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In Equation 3.10, the A, terms describe behavior between reference plane strains

and reference plane stress resultants. The Bq terms describe coupling behavior between

reference plane curvatures and reference plane stress resultants. Similarly, the moment

resultants are given by

= J a zdz (3.11)
-:12

which, after substitution of Equation 3.6 and integration, yields

B11 2 B3 e 1)13 iç
M =B2 B B s +D D ic

M.,,, B31 B32 B33
k fl D D33

k

where
(3.12)

2B =2(.)(h _hk21)

=j(j(h—h1)

In Equation 3.12, the B terms describe coupling behavior between reference

plane strains and reference plane moment resultants and are the same as previously

derived. The D,1 terms describe behavior between reference plane curvatures and

reference plane moment resultants. Combining these results leads to the following

constitutive relationship for small normal curvatures of a composite laminate:

INJ R4 B11e’1
l1L D1]lc1 (3.13)

The 3x3 matrices A, B, andD in Equation 3.13 describe laminate behavior.

These coefficients can be entered into a finite element code for laminate analysis of shell

12



finite elements. Structural analysis of the stiffened panel will return reference-plane

strains and curvatures which can be used to determine strain through the thickness of the

laminate for ply failure analysis. Often the midplane of the laminate is used as the

reference plane. If the midplane is used as a reference plane and the ply lay-up is

symmetric, the B,1 membrane-bending coupling terms vanish.

3.2 Panel elastic coefficient formulation

Reference [2] extends classical formulation of composite laminates to the cross-

section of a composite stiffened panel. if the analogy is made that the laminates forming

the stiffened panel are considered the plies of classical lamination theory, smeared panel

coefficients Ag,B,ç ,D are obtained. This formulation allows 2-D shell elements to

capture the elastic properties of complicated 3-D stiffened panels.

The limitations of this method are the same as those of classical lamination

theory. The primary assumption of classical lamination theory is that plane sections

remain plane and normal to the reference plane after deformation. To simplify the

formulation of panel coefficients, it is assumed that only the laminate membrane

extension terms A,1 are required to utilize composite material properties. This

assumption, which eliminates the need to include cumbersome ply data, uses effective

isotropic properties for the laminates comprising the panel. A constitutive matrix similar

to that of a ply is obtained given by:

A..
(3.14)

where t is the thickness of the laminate. Equation 3.14 defines averaged composite

laminate properties in the stiffened panel in place of Equation 3.3 which defines ply

properties in composite laminates. Panel coefficients are formulated as if each laminate

of the panel construction is a ply with material properties defined by Equation 3.14.

13



Proceeding as illustrated in Figure 3.4, where each layer in the stiffened panel is a

lamina with a constitutive matrix of panel coefficients Ag,BIç,D4’ are formulated.

However, for the stiffening layer attached to the facesheet, only stiffness in the direction

of reinforcement is considered. To correctly formulate the contribution to the panel

coefficients, the stringer terms are multiplied by the ratio of the stiffener thickness

parallel to the facesheet in the panel cross-section to the spacing between stringers.

However these layers are not acting as plates and their must not include plate

formulation. In general, for the stringer laminates Q is instead the effective Young’s

modulus of the laminate

(3.15)

where A3’ is the coefficient from the inverted A matrix of the stringer laminate and t is

the laminate thickness.

Coefficients for the closed-section hat panel formulation follow. All distances

included are signed distances from the reference plane in the panel out-of-plane direction.

First the facesheet contributes to the panel coefficients. Referring to Figure 3.4, for i, j=

1,2,3 the facesheet supplies:

A’ (1facesnee;(h1°

2B,°’ = faceshec( — k) (3.16)

3Dh1=()
U 1) facesheet

The longitudinal coefficients of the panel are reinforced by the hat stiffeners.

Assuming the same laminate is used for each section of the stringer, longitudinal panel

coefficients are augmented from the following as the contribution of the top flange of the

stringer:

14



A1’’:
()()siringer0’

—h2)

2B’: _h22) (3.17)

3D”: J(i(h? -h.fl

The ratio determines the average effect of the top flange on the smeared panel

coefficients where a is the spacing between stringers.

The stringer web contributes the following to the panel coefficients:

At: (aeYtnmnw(hbo —h7)

2B1°’: —‘4) (3.18)

3D’: (ae) trmger(’

The term is the thickness of the stringer web parallel to the facesheet in one stringer
sinG

spacing. This thickness divided by panel stringer spacing a determines the average

contribution of the web on the smeared panel coefficients.

Finally, the stringer bottom flange contributions to the panel coefficients are:

A’: (*J stringer
(h4 — h5)

2B’: — h) (3.19)

3D:
stHnger —

The ratio - determines the average effect of the bottom flange on the smeared panel

coefficients.
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2

The basic formulation of coefficients for the hat-stiffened panel shown in Figure

3.4 is summarized as:

Alat (j-*’ —

V — ‘V ‘fac&ieet’ °

2tt=(Q*) (i_k2) (3.20)
V V facesheet

3Dt = facesheet( 120 — k)

where the longitudinal coefficients are reinforced by the hats and are augmented by

A(’t: (k) lstnngtr(hi h2)Lsino

2B(’: (ft) )stnnger2 —

+(t

3D’: Q)atnnge,hi
IasO

Contributions of the longitudinal stringer to any of the panel in-plane transverse or

shear coefficients are not considered in the basic formulation. Complete panel

facesheet

closed-section

h5

V

h6

hS=Oreference plane

Figure 3.4: Geometry of hat-stiffened panelfor panel coefficientformulation.

I I

h7

C

)() (h6_%)÷1t’E\*) (h4—h5)
trifler L. a) ‘ stringer

)swinger

(cN —*;) (h-)+I
-stringer ca}
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coefficients for the hat panel is given in reference [4] and consists of additional transverse

panel bending stiffness and large amounts of additional panel shear and twisting stiffness

from the “torque tubes” formed by the closed-section stringers. The method presented in

this section is applied in the next chapter to the panel types considered in this thesis.

3.3 Panel thermal coefficient formulation

Two different types of thermal gradients can be applied to a panel. The in-plane

temperature gradient is a temperature variation over the surface of the panel. A through-

the-thickness gradient is the variation of temperature through the depth of the panel which

is important for analysis of vehicles such as the NASP which cruise at high Mach

numbers. The following thermal formulation of stiffened panel behavior is obtained

directly from reference [2].

Thermal stiffness ct is formulated as

Q11 Q12 0 a,

= Q21 Q 0 a2 (3.21)
0 0 Q33 a3

where a is the coefficient of thermal expansion of the lamina in the fiber direction and

a2,a3 are the coefficients of thermal expansion in the transverse and out-of-plane

directions respectively. A second order tensor transformation is required to transform the

thermal stiffness terms from lamina to laminate axes:

cos2O sin2G 2cosOsin6 4

= sin2 6 cos2O —2cos0sin0 2 (3.22)

—cos9sin6 cos9sinO cos2O—sin20 4)3

The term 4 = 0 because it is assumed a3 = 0. Thermal stiffness terms 4) in Equation

3.22 reduce to

17



= 4 o2 a + e, u2 a
e2=e1sin2e+(P2cos2e (3.23)

(1)3 =@2 —e1)cososine

Classical lamination theory is used to determine laminate thermal vectors A’,B”,D,”:

A1” hk —hk+J)

2B,”=tL1)(h:—h:÷1) (3.24)

=(I)k(h: —h1)

As with the formulation of panel elastic stiffness, it is assumed that only A are needed to

formulate panel thermal stiffness. The effective reduced laminate thermal stiffness is

defined as

(3.25)

where t is the laminate thickness.

Panel thermal stiffness vectors Af”, B,””, D[” are obtained by extending lamination

theory to the stiffened cross-section based on 4 of each layer using Equation 3.24 and

Equation 3.25. Determination of the thermal coefficients is analogous to the calculation

for panel elastic stiffness presented in the previous section.

Thermal expansion vectorsct1,ac1,ct2,, are calculated from panel elastic stiffness

matrices and panel thermal stiffness vectors:

{cz} = [Bf’{B””} (3.26)

{ct} = [D”f’{D””}

18



Equation 3.26 is taken from Equations 5.27, 5.28, and 5.29 in reference [2].

Thermal stress and moment resultants are calculated from Equations 5.22 and 5.23 of

reference [2]:

= Ef-LP-1I.UT- (3.27)
MrfuhhJ LB : DJ 14i LB DJ j

where AT is the difference between element reference plane temperature and global

reference temperature and AG is the through-the-thickness temperature gradient. The

NASTRAN and 1-DEAS finite element programs use Equation 3.27 to compute thermal

loads [6].

Residual thermal strains need to be added to the computed finite element strains in

thermal analysis. This involves comparing free thermal growth of panel laminates to

panel growth when forced to strain together as a unit [3].

3.4 Behavior unique , vanel construction

Depending on the geometry of the stiffened panel cross-section, actual panel

coefficients may deviate significantly from the basic formulation presented in Section 3.2.

This thesis primarily investigated open-section stiffened panel coefficients. To determine

the coefficients precisely, it is necessary to consider how the panels are joined between

frames in a completed structure. This consideration has an effect on the panel shear and

twisting coefficients
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A panel stiffened with a longitudinal stringer has an increased ability to carry

longitudinal membrane and bending loads. Also, for closed-cell stiffeners, additional

stiffness is found in the in-plane transverse coefficients and panel shear and twisting

coefficients.

3.5 E2i-nrocessing f stiffened panels

After a finite element model solution, shell stress resultants are obtained. As with

laminates, panel stresses through-the-thickness are not linear but are discontinuous layer

to layer. Using the Kirchoff hypothesis that plane sections remain plane and normal to

the reference plane after deformation, reference plane strains and curvatures for the panel

can be recovered through the relationship in Equation 3.13 rewritten as

1e rA11 BUT1 [N

= [çiiJ l (3.28)

Strains at desired through-the-thickness locations of the panel can be determined from the

linear relationship between reference plane strains, curvatures, and the distance from the

reference plane

C1 = C° + ZK, (3.29)

Given the properties of the corresponding laminate, the state of stress at a given location

in panel can be obtained with

(3.30)

where Q,. is given by Equation 3.3.

For lamina failure tests, stresses may be transformed from the laminate coordinate

system back to the fiber coordinate system for application of ply failure theories such as
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those of Tsai-Wu and Tsai-Hill [5]. Strain-based instability formulae may be applied for

stability analysis of the stiffened panel geometry. Detailed discussion of panel failure

considerations is presented in reference [3].
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4.0 DERIVATION OF PANEL COEFFICIENTS

The basic formulation of smeared panel coefficients for honeycomb sandwich,

blade-stiffened, T-stiffened, and orthogrid panels are derived in this chapter. Stiffness

terms are based on the design variables of the particular panel geometry. All coefficients

are based on the surface outer mold line (OME) of the panel as the reference plane.

Using an outer mold line formulation allows panel properties to shift into the vehicle so

that finite element meshes remain constant and consistent as panel configurations are

sized during an analysis. The shift is accounted for as unsymmetric property formulation.

As panel design variables are changed, larger 13,5 bending coefficient changes result but

are balanced by corresponding changes in the B? membrane-bending coefficients.

4.1 Honeycomb sandwich panel

Although not having a stiffened panel configuration, a popular method of

composite construction is the sandwich. Thin inner and outer layers of high strength

material are separated by a thick low density core as shown in Figure 4.1. The outer

sheets carry the membrane loads and the core transmits shear between the sheets in

bending. The facesheets are often made of composite materials and a popular core

material is “honeycomb”, a material made of thin foils usually in the form of hexagonal

cells [9].

h3

top facesheet

core

bottom facesheet

reference plane
hO=O

Figure 4.1: Honeycomb sandwich paneL
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Stifibess properties of the honeycomb panel can be easily constructed from a direct

application of classical lamination theory to the cross-section of the panel. Each facesheet

contributes to all panel coefficients. The core is modeled as an orthotropic ply. Unlike a

stringer stiffened panel where only longitudinal stilfress directly contributes, the

honeycomb core behaves like an additional facesheet and contributes to all panel

coefficients. Honeydomb panel coefficients are in the form:

4oncycomb = -

i
- k) + -

2B,;hb = (.;)(h: —

42)
+ (jcoreR2 — 1222)

+ —14) (4.])

3DiLoneycomb =

— 43) ±()(‘ —14)
(;)bwtom( —

173)

Thermal panel vectors 4”, B’, D7 are formulated similarly as:

AILoneycon,b =r:)(0—JF;)Q, —k)±L:L (k —k)

2Bfjht =
— 42)

+ ()(42 —14) + —14) (4.2)

=
— 43)

+
(7)(43 —14)

+ —

It is important to remember that composite laminate properties are being applied to

all panel coefficients derived in this chapter. The composite properties are represented in

and as given by Equations 3.14, 3.15, and 3.25.

For the honeycomb panel, it is expected that the basic formulation presented in

Equation 4.1 and Equation 4.2 will sufficiently and completely characterize the behavior.

There are no stringers associated with the honeycomb sandwich and extension of

lamination theory can be applied directly to the panel cross-section.
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4.2 Blade-stiffened panel

The first example of a stiffened panel is a facesheet with reinforcing blades. It is a

step toward increasing the ability of the panel to transmit longitudinal bending loads and

increase compressive buckling stability.

z

facesheet

a X
blade sfiffener

Figure 4.2: Blo.de-stiffened paneL

The facesheet forms the basis of the panel coefficients. The blades contribute

only to the longitudinal coefficients A11,B11,D11 reflecting the average amount of blade

niaterial presented in the cross-section:

Af
blade = jacesaeet - k ) + (k)(; ) blade

- h2)

26111 blade = jaces’ieer
— Ii?) .4- (•1Y ) blade

(j2
—

(4.3)

3D1
= (ifacesheet1 _h?).i(k)(;)b(w —hfl

• Since the blades do not act as plates, as discussed in Section 3.2, the () term is

obtained from the effective Young’s modulus of the stringer laminate,
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I
stringer (4.4)

where t is the laminate thickness.

All other panel coefficients are formulated from the facesheet alone:

API (facesneet02o —k)‘ ‘blade

2BPI
= “facesheet°

k2) (4.5)
‘ ‘blade

3D?’ = farrsheei02 —ks)‘J blade

Thermal panel vectors A,B1”,D,” follow similarly:

AIPULIQd = () (% _k)÷(\*) (k—k)bladefacesheer

211f”IbId = ( k2)(b\.) (k2 —@) (4.6)
facesheet blade

3Df”I
= (*) Q_h13)+(k)(e:)bld(h? —facesheet

For all other thermal coefficients:

AfaI =()blade facesheer — h1)

2B =L) ,(1_k2) (4.7)I blade facesbee
3D!’”! =) (h-h1)

‘blade faceshee

4.3 I-stiffened nanel

A further step in increasing the efficiency of the panel for transmitting bending

loads is adding a flange to the end of the blade resulting in a T-stiffened panel.
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z

facesheet

web
reference plane

hO=O -

___________

h2_________

_______

h3

C

Figure 4.3: T-stffened paneL

Because the longitudinal stringers contribute to theA11,B11,D11 terms, these are

formulated as:

A Jr = 1 facesheet
— lzJ + (k)

)web 0’ — + (-)r; ) flange

2BfiIr = (0iaces,,eet(k2 _hI2)+(k)() _h:)+(iJ(i)flange(h —i) (4.8)

3D[ = Laceshee: (‘ — +(3) Let, (k — 22)
+ (s-\;) (i —

flange

As discussed, since the stringers do not act as plates, the I and (Q) terms are
1web flange

given by Equation 4.4.

In the basic formulation of panel coefficients, stiffness is obtained only in the

direction of reinforcement from the stringers. Although it may appear that extra stiffness

in the transverse direction is possible, it is not accounted for at this stage. Extra

transverse stiffness as well as other stringer effects is investigated individually for each

panel concept.

All other panel coefficients are formulated based on facesheet properties:
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A:I
= (.flfacesheet0bo —k)U I

2Bfl (-*)
W_k2) (49)

U Ir acesheet

3D?I =() (i_,)
‘J IT acesheet

Thermal panel vectors A[”,B follow similarly:

AI = (*)
(h0 1web -%)+() (-)

a) flangeIT facesheet

e\ 1 2
= (;) (i h2)+(L’\

‘web
@)+\*) (g —h) (4.10)

IT facesheet a) taJ flange

*\ ( 33I =
(i_h1j+(kr,

‘web
h2)+(J(ei)flange(h —hfl

IT faces/wet ‘a}

For all other panel thermal coefficients:

pl () (h0—k)facesheet

2B!’”I =r*) (g_2) (4.11)
IT facesheet

3D?aI ()‘ Ir faces/ieee

4.4 Orthogrid panel

A blade-stiffened panel with stringers in both the longitudinal and transverse

directions is known as an orthogrid panel. These panels have increased bending stiffness

in both the longitudinal and transverse directions.
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z

hO=O

h3

Figure 4.4: Orthogrid panel.

facesheet

blade stiffener

2B”1Ionhogrid = )top (i -
+()) Model

(i - (4.12)

2B22Iofld = (h - .) +(\) ( -
faceslicet . c) blade2

As discussed, since the stringers do not act as plates, the ( )blad
and ()b,2

terms are

given by Equation 4.4.

For all other panel coefficients:

longitudinal blade stiffener

Because the blades contribute to theA11,B11,D11 and42,B22,D22 terms, these coefficients

are

A Ionhogrid =()(0 - k) + (k);
)bl (k -112)

3D” o#hogrid =(;;) (ht_hfl+(_k)(;) (h?—h2)
blade Itop a

A22 Ionhogrid = - actsaeet - k) +
\C) )b,0dCj”

—113)

3D”
o#lwgrid =(if (h.h1)÷(q) (h-hfl

acesheet } blade 2

(4.13)
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A”1
‘ Io#hogrid = jacesneet — k)

2BPI
face

(1_k2) (4.14)U Iorthogrid sheet

3DEI
= (3jace (i —h)U Ionhagrid sheet

Thermal panel vectors A,a,B,D,a follow:

Af”I (*)
Ionhogrtd facesheet

(h0
— k) +(k( )bladel — 112)

a)

2BraI = (*)
(h: _k2)+1k’1(;)bladeI(hl2 ) (4.15)

onhogrid facesheet a j

(K’
3D””I = () et0”o —h?)1-I — I(;)(h —i)Iorthogrid a}

*I = facesheet
(h0

— k) + I — I(2 ) blade2
(i

—
11:3)Iorthogrid “ci

2r12 Ionnogrtd = faces/wet
02o2

— k2 — (
blode2

(2 432) (4.16)
‘cc)
(dN

3D’” I = ) facesheet
(h — h) + I — i(; btade2

—

Ion/mgi-id ‘cc)

ça I = facesheet
(h0

— k)onhogrid

2Bf”I =r;) (h2_k2) (4.17)
onhogrid facesheet’ 0

3D?GI
=riface (h—k)Ionhogrid sheet

4.5 Notes n derived panel coefficients

In Sections 4.1 to 4.4, coefficients were derived fQr honeycomb, blade-stiffened,

T-stiffened, and orthogrid panels. In general, these panel coefficients are formulated

using composite laminate construction. In Chapter 5, panel coefficients obtained from 3-

D finite element models are used for reference. It is expected that behavior unique to
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each panel concept must be quantified to expand the derived coefficients to match the

reference panel coefficients.
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5.0 ANALYSIS AND DISCUSSION

This chapter presents comparisons of the panel coefficients formulated in Chapter

4 to reference panel coefficients obtained from 3-D shell finite element models. The

assumption used in Equation 3.14 for simplification of the use of composite laminate

properties is examined. Results of the finite element analysis are discussed and additional

stiffness terms are explored in order to fully characterize panel coefficients derived in

Chapter 4.

5.1 Method f obtaining reference panel coefficients

The validity of elastic smeared panel coefficients derived in Chapter 4 can be

assessed by comparison with results from detailed 3-D shell finite element models. From

consideration of the panel constitutive relationship:

N. EM Bf11s

{}=i 4Ft (5.1)

unit strain and curvature boundary conditions can be defined for the 3-D panel models

and reaction forces calculated during model solution will provide entries from the

‘, andD” matrices. For example, a unit x-strain applied to a reference model will

produce A , , , Bf and a unit x-curvature will produce Bf , , , D. For

convenience, rigid elements were applied such that the edges of the modeled panel

enforced the unit applied loads and reaction forces were obtained at one node per edge.

Dividing reaction forces by the length of the edge provides stiffness coefficients. For the

stiffening concepts explored, the detailed 3-D finite element models were constructed and

solved using the 1-DEAS general purpose finite element software.
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5.2 Use 2f effective reduced laminate stiffness

An important assumption for efficient formulation of panel coefficients was that

the laminate A matrix sufficiently characterized composite material properties used in the

stiffened panel cross-section. The use of effective isotropic properties reduces

complexity in compiling panel coefficients from full ply information of each laminate

comprising the panel. The errors introduced by this idealization were examined for

impact on formulated panel coefficients. A laminate lay-up of [O/÷45/-45/90j with

unidirectional graphite-epoxy lamina properties E= 2.1 x 10 psi, E22= 2.0 x 106 psi,

v12= 0.21, G12= 0.8 x 106 psi, and thickness of 0.0054 inch was used as a reference.

Table 5.1 shows the errors introduced for a single 8 ply lay-up, 16 ply lay-up, and

24 ply lay-up. The first 3 columns of coefficients are obtained using classical lamination

theory which considers the individual properties of the plies stacked in the laminate. The

approximated properties in the last 3 columns are obtained from a single ply of the same

laminate thickness with isotropic properties defined in Equation 3.14. No errors are

expected in the approximated A terms since these are the basis of the isotropic

properties. However, significant error results in the approximated D bending terms.

Since the are functions of the distances from the reference plane cubed, the bending

coefficients are in significant error for approximating thin lay-ups. Because of the

symmetric balanced laminate used, membrane shear-extension coupling terms are

zero. However twisting-bending coupling terms D13,D23 are generally non-zero and

cannot be recovered since A13,A23 used in Equation 3.14 are always zero in this case.

Generally D13
, ‘23 are small compared to other bending coefficients and can be ignored.

Laminates which have zero Dj3,D terms are called specially orthotropic.
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Classical Lamination Theory Single ply with isotropic properties

term 8 plies 16 plies 24 plies 8 plies 16 plies 24 plies

A11 3.960 x 10 7.920 x 10 1.188 x 106 3.960 x 10 7.920 x 10 1.188 x 106

42 3.960 x 10 7.920 x 10 1.188 x 106 3.960 x 10 7.920 x 10 1.188 x 106

4 1.375 x 10 2.749 x 1O 4.124 x 10 1.375 x 10 2.749 x 10 4.124x 10

42 1.211 x 10 2.422 x 10 3.633 x 10 1.211 x 10 2.422 x 10 3.633 x 10

D11 1.006 x 102 5.798 x 102 1.780 x 10 6.159 x 101 4.927 x 102 1.663 x 10

(-38.8%) (-13.7%) (-6.6%)

D22 2.853 x 102 4.266 x 102 1.564 x 10 6.159 x 101 4.927 x 102 1.663 x 10

(÷115.8%) (÷15.5%) (÷6.3%)

1333 1.838 x 10’ 1.650x 102 5.682x 102 2.138 x 101 1.710x 102 5.772x 102

(÷16.3%) (÷3.6%) (+1.6%)

1.584 x 101 1.447 x 102 4995 x 10 1.884 x 101 1.507 x 102 5.085 x 102

(÷19.0%) (+4.2%) (÷1.8%)

D13 6.009 x 100 1.202 x 101 1.803 x 101 0 0 0

(-100%) (-100%) (-100%)

6.009 x 100 1.202 x 101 1.803 x 101 0 0 0

___________ ___________ ___________

(-100%) (-100%) (-100%)

Table 5.1: Comparison of approximated laminate properties to classical lamination

theory using [01+45 / —45/90] lay-up with 8, 16, and 24 plies.

As the number of plies and the thickness of the laminate increases, the

approximated bending coefficients converge towards the full ply formulation values given

by classical lamination theory. For example, longitudinal bending stiffness D11 is

underestimated by 38.8% for 8 plies and by only 6.6% for 24 plies. Averaged laminate

properties work very well if the magnitude of the approximated bending coefficient is
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sufficiently large compared to the magnitude of the corresponding coefficient of a single

lay-up of the approximated laminate.

It is concluded that using Equation 3.14 is an excellent way to characterize panel

laminate information and avoid the complexity of full lamina information for sufficiently

thick laminates. However, for approximating thin laminates, it is necessary to use the full

D bending laminate information to achieve a high level of accuracy. For the panel

coefficients derived in Chapter 4, the stiffened coefficientsA11,B11,D11 which are many

times larger than the bending stiffness of a single lay-up, will be very accurately

formulated using isotropic properties. However, since all other panel coefficients are

formulated based on the facesheet alone, it is necessary to use the D bending matrix of the

facesheet laminate to model thin facesheets accurately.

5.3 Panel coefficient analysis

For the open-section stringer geometry explored in this work it was found that the

basic formulation of panel coefficients agrees exactly with 3-D finite element modeling

with a few exceptions. Unlike closed-section stringers where panel in-plane transverse

bending stiffness was significantly affected, no corresponding additional stiffness is

realized for open-section stringers. It was found that only the A(3,B(3,Df shear and

twisting panel coefficients must be modified for an open-section stringer. The amount of

additional stiffness depends on how the panel stringers are supported between panel

frames. -

The simplest case is for panels whose stringers are not anchored to frames. In

panel shear, the A term does not deviate from the basic formulation where only shear

stiffness of the facesheet is included. This is expected since the stringers are not

effectively loaded when the facesheet is put into shear deformation. However, panel

twisting reveals that significant changes must be made to the D term to filly

characterize panel behavior. Additional twisting stiffness results from “strips” of material
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in the open-section stringer resisting panel twisting which can be included by considering

torsion of open-section beams. This result can be extended to any other open-section

stiffening concept with free stringers not considered in this work such as a J-stiffened

panel.

A complex situation arises for panels with stringers built-in to the frames between

panels. Considering the stringer atone, additional stiffness results from stringer bending

and its deformation is a cubic S shape. This behavior can easily be quantified when the

stringer is not attached to the panel. However, when the facesheet interacts with the

stringer, part of the stringer is forced to follow the linear deformation of the facesheet

instead of the S shape. The resulting complex facesheet-stringer deformation is stiffer

than what is realized in stringer bending alone and increases panel shear stiffress

termA.

Because of the complicated interaction between facesheet and stringer, it is

difficult to quantify the additional stiffness for the panel 4’ coefficient. The amount of

stiffness required is several percent of the A facesheet coefficient if the stringer has a

flange and hence a large moment of inertia about the out-of-plane axis. For a blade

stringer, the amount of stiffness was found to be insignificant.

Equally complex is the facesheet and stringer interaction in panel twisting. The

solution for torsion of an open-section beam with built-in ends might be applied.

However, the interaction between the stringer and the facesheet causes a linear

deformation for part of the stringer. Additional torsion is needed to achieve the same

rotational deformation. However, quantifying the amount of additional stiffness is

difficult because of the complex boundary conditions.

Similar facesheet and stringer interaction behavior affects the orthogrid. Again,

only the coefficients are affected. The stringers in both longitudinal and

transverse directions act as closed cells which increase panel shear and twisting stiffness.

Additional stiffness is obtained from the stringers acting in bending, although interaction
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with the facesheet makes it difficult to quantify the extra stiffness. Additional panel

torsion stiffness is realized that dominates D. Therefore the orthogrid coefficients

defined in Section 4.4 underestimate significantly.

Since local geometry changes occur during the shear and torsional loading of a

panel with stringers with built-in ends, panel behavior in other modes may be affected.

Because of the complicated nature of this probiem, completing the panel coefficients for

these cases is beyond the scope of this work.

5.4 Additional stiffness fçj panels yjffi unsupported stringers

For panels whose stringers are not built-in to frames, it was found that no

additional consideration is needed beyond the basic panel coefficient formulation except

for the twisting coefficient D31. For the hat panel, the closed-cell construction dominated

over the twisting stiffness of the facesheet alone (which is the only stiffness

accounted for in the basic formulation of panel coefficients outlined in Section 3.2).

Even though open-section beams are weaker in torsion than closed-section beams,

additional stiffness is needed to fully characterize the D twisting coefficient.

Considering an open-section beam in torsion, angle of twist is related to torque by

(5.2)
JG

where T is the applied torque, L is the length of the beam, G is the shear modulus, and J is

the torsion constant

(5.3)
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Here s is the base and t is the thickness of the flanges composing the open-section beam.

Application of Equation 5.3 can be used to complete the D twisting coefficient for free

open-section stringers:

D =--Zs,D331 (5.4)
a

where s is the length of the strip, a is the spacing between stringers, and n is the number

of sections. Use ofEquation 5.4 is illustrated for a T-stiffened panel in Figure 5.1. For

n = 1, s = a and the facesheet twisting stifihess of the basic formulation is obtained. The

magnitude of the additional twisting stiffliess contributed by the stringer is on the order of

the facesheet twisting stiffhess, but is small compared to dominating twisting stifihess

resulting from closed-section stringers. This additional stiffiess is independent of the

reference plane of the panel. In addition, no significant additions to the shear-twisting

coupling coefficient B were found.

stringer spacing

a, si
F’

_____________________

facesheet
D331

s2

-
stringer flanges

s3

Figure 5.1: Open-section beam geometryfor T-stffenedpanel.

5.5 Summary of derived panel coefficients

The honeycomb sandwich coefficients derived in Chapter 4 are correct as

formulated. For the blade-stiffened, T-stiffened, and for any panel with open-section
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stringers which are free between frames, the basic formulation of coefficients are correct

except for the D twisting coefficients which are replaced by Equation 5.4. The

orthogrid panel coefficients are correct except for Af , B , D where closed cells formed

by stringers significantly increase panel shear and twisting stiffness. For panels whose

open-section stringers are built-in between frames, small increases are realized in 4 and

dominating increases are exhibited in D31. Complete determination of panel coefficients

for the orthogrid and panels with built-in stringers has not been determined in this work.

Figure 5.2 defines applied loads and boundary conditions on the blade-stiffened

and T-stiffened panels shown in Figures 5.3 and 5.4. Out-of-plane deflections predicted

using 3-D finite element models are compared to those from 2-D elements using derived

panel coefficients. Panel displacement in the normal direction is plotted. Differences

between the 3-D model and the planar mesh are on the order of 1% for these two

examples.

panels are 10 inches by 10 inches
stringers are 1 inch apart and 1 inch high

and transverse
unit loads applied
to clamped edge

Figure 5.2: Boundary conditions and applied loadsfor stiffened panel examples.

cantilevered edge

facesheets are 24 plies of

clamped edge

STIFFENED PANEL

stringers are 16 plies of graphite-epoxy
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Relative Edge Deflection for Blade-Stiffened Panel

- L J — .A__,__ — L — —
— L - —.

—

Location along front edge towards maximum out-of-plane deflection

Figure 5.3: Displacement in the out-of-plane direction (top) and percent difference of

edge deflection (bottom) for blade-stiffened composite panel.
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Figure 5.4: Displacement in the out-of-plane direction (top) and percent difference

of edge deflection (bottom) for T-sflffened composite panel.
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6.0 CONCLUDING REMARKS

Equivalent elastic coefficients for honeycomb, blade-stiffened, T-stiffened, and

orthogrid composite panels were derived using a method developed under NASP research.

These coefficients were compared to reference coefficients obtained by analyzing 3-D shell

finite element models. Coefficients for the honeycomb sandwich panel were obtained from

direct application of the method. Unlike the closed-section hat-stiffened panel previously

studied, the open-section stiffened panels explored in this work were filly characterized by

the basic formulation of panel coefficients except for panel shear and twisting. The basis

of completing these coefficients depends on stringer geometry and how the stringers are

attached between frames. For panels with free stringers, open-section stringer geometry

contributes torsional stiffness that was quantified to complete the panel twisting

coefficients.

A more complicated situation was found for panels with built-in stringers. In panel

shear, 3 -D finite element analysis results show greater panel stifibess when compared to

the basic formulation which considers facesheet stifihess only. Panel twisting stiffiwss is

dominated by this effect. A complicated interaction between the facesheet and stringers

occurs making it difficult to accurately predict the additional stifthess for these

coefficients. Local geometry changes occurring from shear and torsion loading of the

panel may cause deviations in other panel coefficients. Similar effects occur for the

orthogrid panel. Analysis of the complex behavior for these cases is beyond the scope of

this thesis.

With the precise panel coefficients determined, solution and post-processing of

finite element models using this method can be performed accurately and efficiently. Finite

element solution provides stress resultants which can be used to obtain strain at desired

locations in the panel. Stability analysis is sensitive to the elastic panel coefficients and it

is necessary to obtain accurate coefficients for post-processing of the panel. Since the
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panel thermal coefficients are functions of the elastic coefficients, precise formulation of

the elastic coefficients is necessary for accurate modeling of panel thermal behavior.

For the open-section panels considered, the most significant future work would be

to quantif’ the complex interaction between the facesheet and stringer for built-in stringers

which affects the panel shear and twisting coefficients. The extent of this interaction is a

function of the relative bending stiffiess of the facesheet and of the stringers. For the

orthogrid panel, these coefficients are affected by the closed-sections formed by stringers.

The smeared panel coefficient method can be extended to other stiffened panel concepts

such as the isogrid where a similar stringer and facesheet interaction is expected.

It is concluded from this research that the smeared panel coefficient method is an

excellent way to accurately model composite stiffened panels using single finite elements.

Accurate and efficient vehicle analysis can be performed with only a coarse mesh of planar

finite elements. A vehicle sizing code that varies panel dimensions based on post-

processing failure and stability analyses of finite element solutions can be implemented

with this method for accurate vehicle structural analysis and weight estimation. The ST

SIZE sizing code developed under NASP research uses this method to model hat-stiffened

panels. The single panel type in the ST-SIZE code using smeared panel coefficients has

been augmented with honeycomb sandwich and open-section composite panel formulation

outlined in this work.
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