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COMAND ~ A FORTRAN PROGRAM FOR SIMPLIFIED COMPOSITE ANALYSIS AND DESIGN

Garret N. Vanderplaats

Ames Research Center

INTRODUCTION

Early evaluation of composite materials in aercspace structures requires
an efficient means of structural siziag for a given application. It is seldom
possible to provide gimple stress limits as is customary when designing with
coqventional isotropic materials, since failure of composites is dependent
not only on the properties and orientations of the individual plys, but on
the nature of the loading as well. Furthermore, by taking advantage of the
ply orthotropicity, the designer is free (within certain limits) to actually
design the structural material through the proper choice of ply thicknesses
and orientations,

COMAND is one of several programs beilng deveioped in the Advanced Vehicle
Concepts Branch of Ames Research Centel to provide z general and consistent
approach to structural analysis and design., This program is for the analysis
and design of a multilayered composite subject to inplane loads. The principal
method of analysis and the failure criterion considered here are those used
by Schmit and Farshi (Ref. 1). The optimization algorithm is the method of
feasible directions using program CONMIN, which is described in Reference 2.
COMAND is intended to provide first level design information for membrane
structural behavior. Another program under development includes more general

analysis, loading conditions, and failure criterion.¥®

*Program COMPOS by J. Mullen, Advanced Vehicle Concepts Branch, Ames Research
Center.




The analysis and design capabilities and the basic assumptions of the
program are presented in Section I. Section II describes the required input
to the program and several examples of the results are presented in Section III.
Possible future efforts in composite analysis and design are identified in
Section IV. The principle equations used in the analysis are presented in

Appendix A. Appendix B is a complete program listing.

SECTION I
ASSUMPTIONS AND RESTRICTIONS
Program COMAND can be used to analyze a glven composite panel in which
the ply thicknesses are prescribed, or to design the ply thicknesses to
satisfy strain and stiffness limitations. Ply orientation angles are
prescribed, and are not design variables. Typical loading conditions and
ply orientations are shown in Figures 1 and 2, respectively.

The compogite analysis and design is based on the following assumptions

and restrictions.

1, The panel is subjected to in-~plane loads NX, WY and NY¥X omly.
Bending and out-of-plane shear loads are not considered. Multiple
loading conditions are considered and up to 10 independent loading
conditions are allowed.

2. The composite is said to fail when the longitudinal, transverse or
shear strain in any single ply exceeds a specified limit in the
longitudinal, transverse or shear direction, respectively.

3, The composite is said to fail if the stiffness in the structural

X, Y or XY direction is less than a specified lower limit,



4, The individual ply thicknesses are designed to give minimum total
panel thickness. Ply thicknesses are treated as continuous variables
and several plys may be required to be of equal thickness.

5. All plys are of the same material with the same elastic properties
and strain limitations. Ply elastic properties (and therefore,
those of the composite) are assumed to be the same in tension and
compression,

6. Ply properties are required as program input. Micromechanics analysis
is not performed in the program.

7. The composite is assumed to be symmetric about the midplane so that
no bending-membrane coupling exists.

8. The composite need not be balanced. That is, a ply with +%5 degrees
fiber orientation need not be balanced with another ply of -45 degrees
orientation. Up to 18 different ply orientations are permitted,
allowing for design of composites with ply angles at 10 degree
intervals. Ply fiber orientation angles are prescribed and ars not
design variables.

9, Temperature effects and temperature loading are not considered,
except that the material properties and strain limits must be

consistent with the design temperature.

SECTION I1
PROGRAM INPUT
All program input is listed here. The variables and their definitions

are presented first, followed by data organization. No units are provided



for the variables. It is required that all units be consistent. That is

(for example), if loads are in newtons and thicknesses in meters, moduli

must be given in newtons per square meter, strains in meters/meter and

stiffness in newtons/meter.

Variables:
TITLE(15)

NCALC

NPLY

NIV

NLC

IPREINT

LFL(NPLY)

Anything may be given as a title.

Calculation control., If NCALC=0, total comporite thickness
(weight) is minimized. If NCALC.NE.(0. the given composite is
analyzed only.

Number of plys. Up to 18 plys are allowed.

Number of design variables. This is the number of ply thicknesses
which are allowed to change independently in the optimization
process or the number of different thickmnesses prescribed for

analysis. 1.LE.NDV.LE,.NPLY

‘Number of loading conditions. Up to 5 loading conditions are

allowed.

Print control for the optimization program, CONMIN. IPRINT = 0
gives no print during the optimization. IPRINT = 1 to IPRINT = &
provide increasing degrees of output during optimization.

IPRINT = 2 is usually degirable,

Design variable linking. LNK(I) gives variable number (ply
thickness) associated with the ITH ply. For example, in a four
ply problem (NPLY = 4), LNK = (1, 2, 2, 3) will impose the
requirement that plys 2 and 3 are of the same thickness. In this

case NDV = 3.



X(NDV) Initial thickness of the design variables (IE. XT = .05, .03,
.04), TIf NCALC.NE.O., the composite is analyzed for ply thicknesses
defined in X and linked according to LNK. If J = LNK(I), the
thickness of the ITH ply is stored in X(J).

VLB (NDV) Lower bounds on the design variables. VLB(I).CE.O0, I = 1,NDV,
It is usually desirable to set at least one VLB(I) = 1.0E-10 if
lower bounds of zero are desired, in order to prevent the optimization
program from attempting to analyze a panel of zero thickness. If
NCALC.NE.O. VLB(I) = 0, I = 1, NDV may be input.

THN(NPLY) Ply orientations in degrees, referenced to the structural X-axis.

THN{I) = Ply orientation of the ITH ply.

EL Ply longitudinal modulus.

ET Ply transverse modulus.

GLT Ply shear modulus.

PRLT Ply major Poisson's ratio (ply tramsverse Poisson's ratio, PRTL,

is caleulated internally).

EPLC Ply longitudinal compressive strain limit (negative number).

EPLT Ply longitudinal temsile strain limit (positive number).

EPTT Ply transverse tensile strain limit (positive number).

GMLT Ply maximum shear strain limit (positive number).

A1lL Lower bound on composite stiffness in the structural X-~-DIRECTION.
A22L, Lower bound on composite stiffness in the structural Y-DIRECTION.
AB6L Lower bound on composite shear stiffness.

PN(3, NLC) Loads, column I corresponds to loading condition I, I = 1, NLC.

Row J corresponds to load NX, NY and NXY for J = 1, 2 and 3,

respectively of load condition I.
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Data Organization:
No. of Cards Information Format
1 Title - Anything may be given here 1544
1 NCALC, NPLY, NDV, NLC, IPRINT 515
1 LNE(I) ,I=1,NPLY 1515
1-3 X(1) ,I=1,NDV 8F10.2
-2 VLB(L) ,I=1,NDV (Blank card(s) if NCALC,NE.O) 3F10.2
'1~3 THN(I) ,I=1,NPLY 8F10.2
i EL, ET, GLY, ERLT 4F10.2
1 EPLC, EPLT, EPTC, EPTT, GMLT, A11L, A221., A66L 8¥10.2
NLC PN(J,I),J=1,3 (One card per loading condition) 3F10.2

Begin with next set of data. Program terminates
if 2 blank cards are read here.
This information is duplicated in Table 1, along with a data form for

convenient reference.

SECTION IIl
EXAMPLES
Several examples are presented here to aid the user in making the program
operational and to provide some insight into design using composite ndterials.
All examples are for a high strength graphite-epoxy composite.
Typical ply unidirectional properties are listed in Table 2 for a fiber
volume fraction of 0.6. The table is reproduced directly from Reference 3,
Note that the ultimate strain limits sve not specified for longitudinal and

transverse strain or for shear. However, reasonable values are readily



obtained by analyzing a single ply of unit thickness, subject to a set of
loads which are equal to the ultimnte stresses. For example, given a

longitudinal load of 180,000 1b/in. the resulting longitudinal strain will
be ultimate strair, Therefure, a single ply composite is analyzed for the

following load conditions:

Load Condition X NY NXY
1 180000, 0. 0.
3 0. -30000. 0.
2 . 8000. a.
4 0. 0. 12000.

Note that a negative NX load is not imposed because the ultimate longitudinal
compressive stress is the same in magnitude as the tensile stress. Therefore,
the ultimate straing are also equai in magnitude (but opposite in sign).

The program input variables are now:

TITLE: Determination of strains -~ G/E composite.
NCALC = 1 Mnalysis

NPLY = 1 One ply.

NDV = 1 One thickness.

NLC = 4 Four load conditions.

IPRINT = O Not used for analysis.

INE(L) =1 Ply thickness = X(1}.

X(1) = 1.0 Compogite thickness,

VLB(1l) = 0. Not used for analysis.

THN(1) = G. Zero degree ply orientation.
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EL = 21,000,000 Longitudinal modulus,

ET

[}

1,700,000 Transverse modulus
GLT = 650,000 Shear modulus,

PRLT = 0.21 Major Poissen's ratio,

]

EPLT = EPLC = EPTT

I

EPTC = GMLT = 0 - Strain limits set to zero since they
are not knowm.

AllL = A22L = A66L

i}

0 WNot meaningful here

PN(I,J) - Loads, given zbove,

The input data is listed in Table 3 with the corresponding output in Figure 3.
The ultimate strains are now the actual ply strains in the direction of the
applied load for the correspoﬁding loading condition. For example, since load
condition 1 is the ultimate longitudinal stress, the longitudinal strain,

EPL, under this load condition is also ultimate. That is:

EPLT = 0.00837 (table 2 gives 0.00870)

Similarly,
EPLC = -0.00857
EPTC = ~0.0176

EPTT = 0.00471 (table 2 gives 0.00475)
GMLT = 0.0185
These are now the limit strains to be used in design.

Example 1 - Quasi-isotropic composite

In order to drawv a comparison between graphite epoxy composites and the
familiar aluminum materials, a simple case is first considered in which plys

are oriented at 15 degree intervals (NPLY = 12) and subject to a single
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unidirectional load, NX = 20,000 1lb/in., (NY=NXY=0). All plys are required

to be of the same thickness so that NDV=1 and LNK(I)=1, I,NPLY. The

total thickness is minimized. No minimum gtiffness limits are imposed, so
that AliL=A22L=A667~=0. Lower bounds on the thicknesses are arbitrarily set
to 0.00001 in, Initial ply thickness 1s prescribed as 0.05 in, fthe input
data 1s listed in Table &, where the print control for the optimization "
program, CONMIN, is taken as IPRINT = 2, The program output is listed in
Figure 4, The optimum composite thickness is 0.525 inches. The design

is conatrained by the transverse strain limit in the 90 degree direction

{ply number 12), The average stress in the structural X-direction (direction
of load) in the composite is 38,000 PSI. Note that this is significantly
lass than the ultimate stress of 60,0CY PSI for a typical aluminum alloy.
However, the density of the composite is 0,056 1b/in.**3 as compared to

0.101 1b/in,**3 for aluminum. Therefore, the relative weight of graphite
epoxy as compared to aluminum for this example is 0,056%60000/(0.101*38000 =
0.875 giving a 12.5 percent welght savings.

Note that even though the 90 degree ply has failed, some additional load
may be carried before all plys fail. Therefore, the failure stress predicted
here may be considered analogous to the limit stress, with the ultimate stress
being (usually) s~mewhat ﬁigher.

Example 2 « (0. +45, 90) composite design

Due to practical considerations, it is improbable that many different
ply orientations will be used in most structures. In this example, the
composite is required to be balanced so that the thicknesses of the 445 and

-45 degree plys are the same. Then there are three independent design
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varisbles (NDV = 3) and the ply thickness linking vector becomes LNﬁT =
(¢, 2, 2, 3). The ply orientation vector is Tﬂﬁr = (0., 45., -43., 90.).
A minimum stiffness of 500,000. ib/in. is required in the structural
X~direction. The composite is required to support the following four

independent loading conditions:

Load Condition NX NY NXY
1 20000. 0 0.
2 15000. -15000. 5000,
3 -15000, 10000, 10000.
4 . 0. 20000.

The input data is listed in Table 5 and the corresponding ocutput
in Fig. 5. The print control for CONMIN is set to IPRINT = 0 in this example
and in example 3 for brevity. The optimum composite thickness is 0.378 inches.
The active constraints are trangverse strain limits and are ldentified by
safety facto;s.qf.qnity in-Fig. 5 (3_c0nstraints are active).

Example 3 - (0. +30, +60, 90) composite design.

This composite is designed subject to the same constraints and loading
conditions as example 2, the only difference is the number of plys and
their orientations. The composite is again required to be balanced. 1In
this case, NDV = 4, NPLY = 6, LN& = (1, 2, 2, 3, 3, 4), and THNC = 0., 30.,
-30., 60., -60., 90.). The input data and output are listed in Table 6 and
Fig, 6, respectively., The optimum composite thickness is 0.532 inches and
there are six active strain limit constraints as seen from Fig, 6. MNote that
although the nuwber of plys and their orientations are different from examplas

2, the total compogite thickness is reduced by less than ten pexcent.
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An additional exercise of interest is to eliminate plys which comprise a small

percentage of the total thickness, and solve the optimizatioa problem again.

For example, a composite made up of +30 and 460 degree ply orientations

results in an optimum thickness of 0.526 inches, It is instructive to design
the 12 ply composite of example 1 subject to this same set of loads, but
allowing for different ply thicknesses {(require that the composite be balanced
for consistency with examples 2 and 3). The resulting thickness is 0.588 inches.
Solution of this case is left as an exercisa.

Example 4 ~ Limit stress vs. ply thickness distribution

In order to assess the applicability of this program to preliminary
composite design, results obtained using COMAND are compared here with design
curves for a (0, +45, 90) composite subjected to uniaxial tension, compression
and shear loading'(applied separately). Figures 7-10 are reproduced from
Reference 3. A composite with various relative ply thicknesses was analyzed
under these separate loading conditions., No stiffness constraints were imposed
a nd the lowest-factor of safety was found for all strain failure criteriom.
The calculated stress was then multiplied by this factor to give the failure
(limit) stress. The results are plotted on Figures 7-10 for 25 and 50 percent
zero degree plys. _Figure 10 compares the extensional modulus, Ex.

The results indicate reasonable comparison for compressive stress, shear
stregs and extensional modulus., However, considerable discrepancy is found
in comparing tensile stress limits. This is because the composite is con-
strained by transverse strain limits on the 90 degree plys. In Reference 3,

one or more plys are allowed to fall without assuming composite failure.
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When a single ply fails, this ply is assumed to carry no load. The composite is
said to fail only when all plys fail individually. This again demonstrates

the difference between the limit stress calculated here and the ultimate

stregs presented in Reference 3. The difference in results between

these two assumptions is usually reduced when multiple sets of combined

loadings (practical design situations) are considered.

SECTION IV
DISCUSSION

A short program has been presented by viich first egtimates are readily
obtained for design requirements of composite structures. The program is
easily used and requires minimal execution time. Because the failure
criterion are extremely load dependent, some judgement is néicessary In
choosing permissible ply orientétions, so that the existence of a given
ply orientation does not prevent attainment of an optimum design. This
problem is much less prevalent under multiple loading conditions. However,
it does suggest that development of an optimization algorithm capable of
completely eliminating plys may be fruitful.

For the results to be meaningful, it is important that this program be
applied only to structures.satisfying (at least approximately) the restrictions
imposed in Section I. O0f particular importance are the restrictions of inplane
loading and compogite symmetry about the midplane.

Recognizing the complexities of composite analvsis and design as well
as the benefits to be gained through the use of these materials, future

development work in thig area appears warranted,¥®#%

*%Several of the topics identified here are currently being included in the
COMPOS program by J. Mullen at ARC,

:ﬁg_

s
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Thege efforts should include more complex loading such as bending, out of
plane shear, and temperature loads on nonsymmetric composites, This necessarily
requires the inclusion of more sophisiticated analysis techniques and failuve
criterion, Panel buckling under various force and displacement boundary
conditions is also an area of interest because, with increased composite
strengths, stiffness requirements become inc¢reasingly important, since the
probability of fallure in this mode is increased with reduced plate
thicknesses., Additionally, analysis and design of composites made up of

pl&s of differing elastic properties is a needed and straight forward
extension. This will provide the capability of selective reinforcement of
conventional isotropic mater;als'as well'as use of various combinations of
advanced materials. Finally, these capabilities should be incorporated

into a general finite element analysis and design program for application

to large scale structures of practical interest.
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APPENDIX A

COMPOSITE ANALYSIS AND DESLGN EQUATIONS

Analysis Eguations

The equations used for analysis and design are presented here. These
equations are consistant with the assumptions listed in Section I.
Equation numbers beginning with the letter A are consistant with Reference 1.
The analysis is based on the ply materials properties E_, EI’ GLT’ Vo

and Vipp,» ply thicknesses, tys and orientations, ei.

The force deformation equations for the kth load condition are;

{N}k = [A] {e}k [Al]

where ( auk ]
x
Nk Cxk .
4 k

{N}k = Nyk {E}k = Eyk = ?);'— r

nyk nyk ffg}+ Buk

t ox 3y

{N}k is the vector of applied in-plane loads referemced to the structural
x-~axis and {s}k is the corresponding strain state. u and v are the dis-

placements in the coordinate x and y directions, respectively.

NPLY

= t -
A 1‘31 (c oty ry8 = 1,2,6 [A2]

where 1:i is the thickness of the plys oriented at angle ei with respect to

1 are defined in terms of 6, and

the structural x-axis. Coefficients (C;s) 1
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and the ply elastic constants as

(ei3)y = (0310

4 2
+ (eyy)y mi +blegd,y my Ay

LY 4+
1

2(ey,

y, 22 m2

i 711
2

4 4
(Ei + mi)

22 m?
i i

3
(mi Ei

- 03
R.i mi)

3 - 3
(mi % m, R.i)

i

2
23

1

3 - m3
Ly + (egp)y (8 my —my £y)

= 2 m2
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+ (eyg); &7 my - 4leged;
t' - 3
(cig)y = (eqp)y Ay my + (g9l
- 3
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1

[A3]

[A4]

[A5]

[46]

[A7]

[a8]
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where
zi = o8 Bi mi = gin Bi [49]
E
Li
(eq), = 7= [A10]
113 (=g Vg 4
Vrri Erg Yrra Bra
195 " Toove ) = T [all]
LT1VTLe LT1VTLi
E
C20)s ¥ [A12]
LTiVTLi
(eggdy = Gpry [A13]

Note that the subgecript 1 is not required on equations [A10]-[A13]
since the elastic properties are assumed the same for all plys. The
subscript is retained here for consistency.

Given the loads {N}k, the membrane strains are obtained from
equation [Al] as
= -1
{e}k [A] {N}k
Finally the strains in the ith ply (kth load condition) are determined

from

= p2 2
ik T A S Y B S TRyt Yo

2 . .
xk ¥R S ety v

%1 Yxyk [A14]

= - 2 _ 2
Yioge = "8gtyeg + Wy REn F GF - mD Yoo
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if the stresses in the ith ply are required, these may be obtained

from the orthotropic elastic stress-strain relationships to be

993k = €105 Cuk T CC19); Eoyp

Tore = (C12Y3 E1ax F (S04 San

[15]

Tyoik = G661 Y121k

Design Equations

The design objective is to minimize the total composite thickness

(and therefore weight);

NPLY
Minimize W=3% ¢t

i=1
Constraints on the design include limit ply strains and lower bounds on

i

stiffness.
The limit strains imposed on the individual plys are expressed as

constraint functions as follows:

E
1ik _ _
Lk TFEe - 1 20 i =1, NPIY, k = 1, NLC

E

11k . e
2ik ~ EPLT l. =0 i=1i, NPLY, k = 1, NLC
€21k

six = Fopg L S0 =1, NPLY, k = 1, NLC

€
2ik _ -
i S gopr = L1+ <0 i =1, NPLY, k = 1, NLC

Y
- |g§i%k -1, <0 i=1, NPLY, k = 1, NLC

G5k
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where subscript i1 denotes ply number and subscript k denotes load
condition,

Lower bounds on stiffness are expressed as constraint functions:

E";l = 1. - 4(1,1)/A11L < O.
62 = 1. - A(2,2)/A221, < 0.
63 = 1. - A(3,3)/466L < 0.

Constraints on strains are nonlinear functions of the design rariables,

t The values of these constraints are stored in vector G, (five values

1
per ply, one ply after another) for each load condition in sequ:nce,
Constraints G,, @2 and 53 on stiffness are linear functions of the
design variables. The values of these constraints are stored after
constraints on strains in vector G.

There are 5*NPLY*NLC nonlirzar constraints and three linear con-
straints on the optimization problem. Program "CONMIN" defines a
nonlinear coﬁstraint as "active™ 1f its value is greater than or equal
to a specified value CT (a small negative number). Linear constraints
are "active" i1f thelr value equals or exceeds a value of CIL. 1If a
given constraint 1s active the analytic gradient of this constraint with
respect to the Independent design variables, ti’ must be supplied. This

information is obtained by direct differentiation of the constraint

functions and is readily calculated using the equations of analysis.
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APPENDIX B

PRARAM LISTING

A complete FORTRAN listing of program "COMAND" is given here,
In addition, program "CONMIN" is requ.red and this program is described
in reference 2, The general program organmization is shown in block

diagram form in figure 11.
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2331 pEF (314DEPI3}sLRRELE)D 100 READ 19260} (LNKII)slnlaNPLY} 600

DIMERSIUN TITLECL5} 110 4 INITIAL THICKMESS. 610

EXTERNAL COMP3 120 READ 1522300 tx{LFalnleNOV) 620

[ PRGGRAK FOR MULTILAYEREU COHPOSITE PAMEL UPTIHIZATIDH, 130 < TOTAL INETIAL COMPDSITE THICKHESS. 630

[ BY Ge Mo VANDEAPLAATS SEPTey 1973, 140 GOm0, 'L 1]

c HASA~AMES RESEARCH CENTER, MCFFETT FLELDy CALIF. 150 LG 20 [=lsnPLY 650

[ REGUIRED DIMENSIONSE THAHPLY)s THNINALY}2CPLI23sNPLY 14 PNI3SHLE ), 150 JdeLARET) 650

[ LHK(NPLY s OTHERS WEM&LH AS MOw DINEMSIDNED i17C CaJde0BI+X 1) 572

c STORAGL wtGUIReNENTS {DECINAL wURDS» €COC): 180 20 TNLLI=R L) 680

c PROGRAP ~ 190 c LOwER BOUNDY G OcSIGH VARTADLES. 690

c CCFanp = 2000 200 REAG (9péltd (VLBITNs 1al, n0u} 700

4 COMMIN = o002 210 [ PLY ORIeNTATIDN 1t JEGREES. Tig

[4 ARRAYS » 300D FOR POGRAM AS DIMENSIUHED IN REF. 1. 220 READ (us21G) (IHKLI) rInlsNPLY) 720

c REFs 1 = VAMDERPLAATS, Ge hKes SCUMAHD - A FORTRAN PROGKAA FOR 230 < PLY MATERIAL PRDPeRTIES. 730

[ SLEPLIFLED COMPOSITE AMALYSIS AND DEafeH$s NASA TH X=eé,884, 4% READ {%16) hLeET#SLTapRLT 740 o
C aAube 1975, 250 PRTLOPHLT®ET/EL 750 o

3 REFe 2 = SCHMITy L Aes AND FARSMI» 9.1 SUPTIHUK LAMINATE DESIGN 26, [ STRAIN ANL STLeFNESS LINITS. 750

c FOR STRENGTH AND STIFFNESS. LINV. J. FOR HUMERICAL HETHUOS 270 KEAD 15,2100 EPLC+ePLTLPTCAERPTT,GNLTSA21L 22220 p A0BL 770

4 1t EHGINEEKINGs VOLs 7y HUe &» PPy 519=33bs 1972. 280 c LOADS FOR EACH LJAD CONUBETIOM. TBU

4 EQUATICN NUMBERS LISTED IH THIS PA0DGIAN aRE FROH THE ABOVE 290 DG 30 IsfsNLC 790

C REFERLMCE . 300 [ LJADS ~ hXs NY AND HXY FOR THES LJAC CONDITLaON. 800

[+ RKEF, 3 ~ CGAMIN — & FORTRAN PRIGRAN #OR CONSTRALNED FuhCTIOW 310 . 10 RESBL (Lp2]0) [PNC2elDed=1p3) 810

[ RINIMIZATLIONT USERSS HANUAL» BY G. M. VANJERPLAATS, 320 [ KCUN = HUMBLR OF CONSTRAINTY. 620

4 HASA Th x=62,29%, AUGUST, 1973. . 330 NCERs L #NPLYSNLD k14

4 THIS PhUGRAF USES C3NMENM VERSIUN IIs DATED JULY, 1975, 340 D0 40 1s]1phCCh B40

,‘. < ASSURPTILAS: . 350 L17) 15CE1Y =0 B50

4 BUUNCARY CLNOITIUNS AME PRESCRIIED LUADY MKe NY AND HNXY. 60 Nl =HCLhe ] “e0

. c ALL PLYS HAVE S5AME MATERIAL PROPERTIES AND FAILLHE STRAINS. 370 18Im0 810

’ [ FAILLRE CklTERION ARE MAL PLY LJUNGITUDINMALs TAANSYERSE AND SHEAR 360 ISCLhL+]l) =) 1.1

-~ c STRAINS, AND STIFFHESS LIAIT3 ON All, A22Z AHD Abs, 290 TS5CINT#20w] a%0

L [ WHEN ANY ORE PLY FAILSs THIS 15 OEFINED A4S CONPG31T: FAILURE. 00 1§ (ALLL4rT.140E=10F NCONsACUNS] S00

€ [ REMBRANE LCAUS OJNLY = MULTVIPL: LOADING CONDETIONS ARE 410 IF (o2elo6T.340E=100 RCONSHCONL 910

"y < COnMS JULRED, 420 IF (AceLoGTele0E=101 NCUNWSCONT) %20

el c SYNMFETRY A8CLT MLIPLAHE 15 ASSUMED. 430 < PAINT INPUT INFURHATICN, 930

st £ COMPLIITE MEEU NDT BE BALANCED. 440 FFIMCLLC 0.0} MRITELE, 460! 840

= < 450 TFCHEALC oI o) WRITE (€p 470} 950

, 4 ¢ NCALC » CALCULATION LONTROL 460 WUL1E (6s22C) 960

- C 0t 2L LPTIMLZATLION 70 whITe t&p150F TITLE 970

- [4 HE.Ot D7 AMALYSES DMLY LUt WRLTL {68230} HPLY»HLC 980

A [ HMPLY = NLPBLR UF PLYS. SYNHETHY ASSUMED. 490 WPITE 1os26u) EL#EToGLT«PALTPHTL 990

LS C PuDGRAM TuaMIHATED LF NPLY#D. 500 RRETE losetC) 1000
=
rd
i




vd TVNIDIEO
QIO aoudad

qedd 61 9D
aEy, 0 ALITT

50

COMPGSITe AWALYS1S AMD DESIGN PRJIGRAH = COHAND JULYs 1974
[0 50 [=a1shPLY 1010
WRLTE 1622700 ToTHCLI»THNUII#UNKCED 1020
GMLTle=GHLT 193G
WRITE (0s20G) wPLCHEPLTSERICecPITGHLTLS0NLT 1040
WRITE (62900 AlEILsa2Zlsidabl 10540
WRITE (op300) 1080
00 50 I=Llshil 1070
WRITE t&,310) IsEPHlSsLladalsdy 10uu
INITIALZZE CONAIN PARAMETERS TJ DEfAULT VALJES. 1090
LTHAK=30 100
KSLDc=1 1110
EChDIn=0 1120
hSCaLet 1130
NEUG=3 1140
FOCheC. 1150
FOLHAC, 1160
LTel. 1170
CTRIN=C, 1160
CTLed. 1190
CTLAIN=G, 120G
THETA=L. 1210
Pl [aC, 1220
DelFUne). iz
DAAFLKeO. 1240
L1MuBasy 1250
[Taneg 1249
CONVERT PLY SNMGLES TGO RADIANDS 1270
Uu 7C 1=lsrrly 1280
THHII = Tnh 11 H/uT.239076 1290
UPPER BOULMLS Gh OCSIGh VARTABLES 4ARDITARARILY 2ET = 100. 1300
VUBI[I=1GGC. 1310
FLY STIFFRESS CucFECIENTS. 1320
Call COHPY (NELY s THNoFLeETWGLT s PRLTSPRTLICPI 1330
BN l=2( 1350
hM2=5CC 1350
Hh3=2Q 1364
B2 1370
hHY=40 136y
IF (HCALCECT) CALL CUNMIN (CUNPIa08Je ks DFaGrESCrICeArSaGLeGZaCaH 1390
#51, 0, UL AP VLESSCAL o NN s 2RI arilils N5} 1400
FRIKT ANALYS1S RESULTES. 1416
WRITE Lo&»3zl) 1520
wRITE 1628560 FITLE 1430
WRITE L&p333) la%0
PPelCC, fund 1450
PLY THICKKLSSta &NL PExCEnF uF TQTAL THILKNESS. 1460
Dil 60 IelaHPLY 1470
deLhnit L] le0g
THATksxid} 1450
PCTuPPaTNIT} 1500

r

nr

i1¢

COMFOSITE ANSLYSIS AHE- DESIGN PRBGRAM = COHAHD

WRITE losZal) T»TN{IN,PCY
TATAL ThlLKARL33.

WRITE Cb6s340) OBJ

STIFERLYSES AND FLEXABILITIES.
CaLL CBMPZ (MPLY»TrsCPsAleBOY

PLY SERafnd ARG CIMPISITE STRESSES FO& ALL LJAD CONDLTIDNS.

wRITE (0r33L}

00 J0L Ll=isblt

WL ITE (6s36C) L1

COFPGSITL STHAINSS

EFCLIotd (1o Ed®rhilap i deadis2)erNiZ) ILV+aB(1p3)ePNIR,LT)
EPIZINLBIZpLI#PNL 110 #dRi2,24PHL2o [T )+BIL2p 3h0PHIIL 11N
EAA3)®Bot s 1I%PNLL o LI+ BBI3p 2 6Pt 2o LI 40B LI 3)SPHII, L1}
PLY STRAINS ANbL SEFETY FACTORS,.

UJ 96 amiohFiY

THETASTHHL S}

ALeCOSATHLTA Y

abeSlhiTueial

ALZmALWAL

AMZ=ARSAN

STRALINS.

EPIsAL2ec Pl)irandecP [2)val saHEP(D)
EPZeAMZSEPILI«AL 2oL {2)-AL*AHLPLI]}

ER3a2 tAltaRe{ePI2)~EPLLE P LALA-AN2YSEP(3)
SET STFALNS TO HIaltMbi ABSOLUTE VALUE OF L.JE=20 TO PREVENT
CIVIO: oF¥ IEHU.

1F LABSUIPLIaLTaloetie=2u} EPLw1.0E-2¢

Ir CAUSCEPZ2) oLTal 0E=2L) EP2wl,DE~24

IF [AUYSLP3ILT.).GE~20) £23n},0E-2C
SAFETY FaCILHS

SF1=EPLCILPY

SF2eLPICH P2

SFAs-GHLIsEPS

IF [EPLaGTaBel SFISEFLIZEP]L

iF {EP2.,CT.0.] SF2=EPTT/EPZ2

IF {EP3.CT.Gs} SFAe=5F3

IF 15F1.uT.BGCs) SF1elly.

IF 15F2,uT.200.) SFZm100,

If (5F3.0T«100y) 3F3=100.

WHETE Tee3TCH JOEPLySFLpEP2p 525 EP325H3
CanlinLE

CUkPLSETE STRAIHS,

RR11E Cos3el) TEPIRISRE]43]

COnTIRLE

EOHPOS1IE STPLSSES,.

WRITE toea%G)

DG 120 194shLL

LU LlG Jdwide3

Gldimrhiae 11 /LYY

BRITE LLp&a0] bp(GEI)pdmls3)

JULYr 1974

1510
1520
1530
1540
1550
1580
1570
1580
1590
1600
1610
1620
1630
1640
165G
1660
1670
1660
1690
1700
ivio
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
Llén0
1850
1860
1870
180
1890
1900
1410
1920
1936
1940
1950
1949
1970
1980
pLL-L]
2000

B T - e




120

130
[

[

140
s
1bl

17¢
1ot
o
Wwe
21o
22¢
230

240

CUPFPGSITE ANALYSIS AKD DESIGN PRCSRAH — COMAND JULY» 1974
CONTINUE 2010
CONPDSITE STI#FPHESSES, 2024
WRITE 1621607 2030
§Fejo0, 2040
IF CALIL.GTaleJt=103 SFmad(laldsaLin 2050
1F (SF.CTaluD,) SFelil. 2060
WRETE (o0517C) AA{LeldpallLsSF 2079
SF=100, 2080
IF (A22L.67.i40E~10) SFeAAL2,2)7422L 2099
IF (SEatTeluDs) 5#31000. 2100
WRETE C&alnl) AAI2,215A22L0SF 2110
SFaiGC. 2120
IF (ALELoGTloGE=LGU) SFuaA(3,3) 70660 2130
IF (SF.GT.1CG.) SFeL00. 2140
WRITE (06,1900 aa{ds3)1phablsSF 2150
wRITE (Bablld 216y
DJ 130 I=3s3 21790
OO 130 Jei,3 2180
S s JIouUBISBYCTLS) 2190
BAllsdd=aAlfsd1rddd 2200
CCHPOSeTE STHESS—-STRAIN RELATIJNSHIPS. 2210
WRITE CBa2u) (ARG Jdadm[,p3)s]n],d) 2220
WAITE (Bs430) 2230
CONPUSITE STRAIN=3TRES3 RELATIONSHIFS, 2240
WALTE (Bseel) ((3BCUIsddodols3delnlsld} 2250
COHPOSIIL ELASFIC CONSTANTS. 2260
Lhafaibbilse) 2270
LYY SBAT2p2) 2280
GXY*l.sBB(3,3) 2790
PrixYe=bdlie2)s238CLs1) 2300
PRYKs=HbLLsZ) FURL2s2) 2310
WRITE loswibu) EXPEYsGXYPAXY,PRYX 2320
G) TC o 2330
2a%0

FORRAT {liac} 2350
FURRAE (214X UHTITLES L4Xp 154} 2340
FURRAY (£722Xs30nC0AFO3ITE BLMBRANE STIFFNLESScSF2Ta,onAC TUAL » TXp 8H 23170
LRECLICEUZITRS SHVALUE » QX 3VAL S dRa BHS . Fu d 2390
FORMAT (lyxr3BaREstl3.5200E13.553%,F7.2) 2390
FORPAT (1Y, 3nk22,213a22 LAsELIL 00 3X;F 7,2} 2400
FURFAT {14Xs3ra05sEldebelXpt13.e503%pF .21 2410
FORMAT {it15) 26420
FUOPMAT CLFLIC.2) 2630
FORNAT(/7612 s PHOCF/ #3020 20HSYRENETRIC COHPOSITE PANEL) 2440
FORMAT CF7272229480. OF PLYS T+ [5e1227%9 UHNG. DF LOAD 245Q
i COMDITIUNS epI5) 2460
FORFAT LF/252235MPLY PRUPERTIES - ALL PLYS IDENTICAL/26Xs22HLONGIT 2470
JUDIHAL HULOLUy =, LL12.5726X,22HTRANSVELSE MIDULUS =y £12.54260,224 2440
25HEAR *0DULUS "pcl2ebi20Xs22HPOLSSUNSS RATLIDy L=T =+El2.5/2 2490
AcXp2ZPPUISOLALS RATIL, T-L =,£12.%) 2500

2hu

26U
216
2ed

299

3sC

it
3ot

v

#dd
*1¢

L11A
%70

COmMPOSITL anALY3IS AnD DESIGN PROGRAM = COMAND

FURPAT &/716Xe310PLY THICKNESSESs IHIESTATIONSs» 27HAND QESIGN VARI
LABLE NUMBERS/F20X»4THPLY NO. THICHNESS THETA LESs VAR. HOD
.

FORMAL [2iXp1Ge3XsELI.5,F10.2)

FORBAT [15%519e3Xsk23,503KsFTa205R015)

FORMATY [#/3LXpL7HPLY STRAIN LIAITS/14Xp23aLONGITUDINAL STRAINGGEs
1E13e52%H 2 ANL4LEWsEL3, 571505230 TRANSVERSE STRAINSGE«rtX34509H od
2hdeleert 13 b 14Xe2IH SHEAR STRAINGEWrEL305, 0 «ANL4LEs»EL3.
i5)

FURBAT {2435Ks 4 6HSTIFFNESS LIMITS/ 33K, THALLWGE 4 p ED 205/ 332+ THAZ246E
TarEl242/33X, TNAES40EssE1240)

FURHAT (£760Xs a0 0805 £ 14Xs KOHLOAD CUHDL st Ko ZHNX 12Xs 2'14Y » 12X BKNXY
1

FUREAT 115221CrbXoblZ2a5a2R0E524502Kp81209)

FORKAT {LlhlsZoks JDHDESLoN ANLZOn ANALYSES RESULTSI

FORKAT L#74725Xp19WPLY INFORMATIDUNSZ2uXe 32HPLY NO. THICKMESS
1PERCENT)

FUOPRAT (35X, ik s3dslun 12345 LINTHICHHESS =pE12,
ivr4RrchitlaCL)

FORMAT (2424375 L1neLY STHAINSZABK,2IHS4Fy = SAFETY FACTORIAZXe26H
1EPL = LONGITUDINAL STRAIR/IIXp24-4EFT » TRANSVERSE STRATHFI3X»19H
CEPLI = SHEAK STwAl)

FORFAT 1773eXeiCHLIAD CuliDes IB/5A¢ THPLY MWD 0Xo IHEPLpORs4HS oForbXs
LIHEFTsoXp4aHS oF 4o X enEPLT 7Ny 4HS o F o )

FORMAT [50010rdXab)2en2arFTua3v2%rEL2o502XeFTad02Xoti2e592XsFT743)

FOAMAT [/tXpS70LOMPUSITE STRAINS AEFEREHCLD TO STRPULTURAL AXISZSXK,
1EAEEX & pE12.5p3XpadfFY = 28125 INSTHEPRY = ,il2.B)

FUkMAT &7725K,300McABRANE STReSSES 14 CunPOSITE/ 5% LOKLOAD COND.s
LuKp TS 1GMA=Xs0Ks TH3LGRA=Y s TN oriTAY~KY)

FORFAY (1laX,its?X,3£813,5)

FURMAT (77 2¢arsadnCOErICIENTS Or STREFS=STRATH RELATIONSHEPS/2BX,26
LHRLLATED B0 STRUCTURAL AxEy)

FORMAL {10X3eHCL1]l = sL1Zubs%KooHCLZ = sil2.504Kp8HELS & »E12.500Xy
17323 st o »il2.%94%5H020 = st )2 5/20KeIHSYHNETRIC » 25K EHEDE o
2eel2451

FOPPAT {472uxp%2dLGEYICLENTS UF STAAIN=STKESS RELAT{ONSHIPS/2BX.206
FHALLATLG TG 3TPUCTUIAL AXES)

FIRBAT [1C2,tHALL = »£12.%94XscHLZ o pfb2.mrbdpahdls = sE12.5,%Ke
L732X,6H022 = sEQ24544X00hT20 = 12, 57200, 9-ASYHRETRIC, 25Ks SHOED =
2sE12.%1

TORHET (/7120xe 27dCOMPOSITE ZLAMTIC CUNSTANTSSL1XsuHEX & 4E12.555Ks
LEHEY w s L1244 RabHOAY & 3ELlZa%/ 90 PHNULY » sE12,5,3X, THHUYE = LE1
22.3)

FORMAT(Lnl 30k s HDLS LGN

FGRHATELIN1 376 3AANALYSIS)

ExD

JULY, 1974

2510
2520
2530
2340
2550
2560
2570
2580
25590
2600
2610
2620
2630
2640

2940
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COMPDSITE ANALYSES AND DESIGH PRQGRAN - COMAND ~ CiMPl . JULY»

SUBRCUTINE LLMPL CHPALYs THNSELEToGLT2PRLT pPRILACE)

DIMEHS TGN Ce{3,3,18), THNLLY)

ROLTINE TG CALCULATE PLY STIFFNESS COEFICIENTS - ALt PLYS THE SAME
LASTLC PRUPLEFIES.

DY Go be VANDERPLAATS SEPTar 1973,
BASA~AHES KESEARCH CenTER. MOFFETT rLELDs CaLIF.

FATLRIAL ELASTIC #RIPERTITES.

PRISL./(L~PRLT®PRTL}

tQUATIGH Al0

Cll=Liern]

EQUATIEN 811

CI1arPRILSEL*FR])

EJLATION ALZ

C2Z=ETrR1

EQLATILH A1l

CobeGLT

EQ FUR aLl PLYS5.

DO 1C lelphPLY

THE TA=THANT)

EULATLILN A9

AL=COS(THETA?

ARaSINITINETS)

AL2=AL%AL

AL2=AL*BL2

ALgmALT*ALR

AM2mARSAN

A4 3uANAAL

AM&G=AF POANE

EwUATILN A3

CPLIpis I aClInALG+2, *CL2NALL* AN+ I2vANLE4 . #LEGNALZ#ANH2
EQUATILH as&

CPUE 2o b aCL0AL 2 AZ4C12 (ALY SARKG AT 2TOAL2VANR -4, 9COOFALIHANR
EQUATICH A
CAllp3sl)-ClIvALI*AMICEZ¥LALSARI-ALISAN)=C 220 AL AN+ 2. 20O LALSAND
1=aKval3)

LIUETILN A€

CPUZ2a2p 1) oC110ARG42. 0L i WALZAM4T22WAL GO oL LBRALZ®ANS
eO0LATICH A7

CPUZs3p 1aCllraL®an3+C 25 (ALICAN-ALOANI]~C22%AL I aN+2, #0660 |ALI*AN
L=-aprvar3l

LUUATICN Ab

CPU3s2,[hoCEL AL 2¢aN2=2,#C12%ALCPANZIL2P0AL29ANZ+Cond{ ALa=2 #2020
InZennsl

IMPOSE SYMFETRY QN €7,

CFiZelslteCkila2ai}

CPidelel tucPilsd.0)

CPU3s2p02CPL2s3a]}

{OnYiINLE

RETURN

£ND

Lo TalaReNaksyy]

L4
30

e

L3

COMPOSEIE ANALYSIS AND UESIGH PRUGRAH « JOHAND = COMPZ S 1974

SUBROUTINE CIMP2 [(NPLY#TNsCT s40 @)

CIMENSLIN A03p3)s DBi3s3Fs Thele]e CrI3,3918}
ROUTIRE T0 CALCULATE PEMORANE STIFFNESSeS AND FLealBILITIES OF
COHPO51TE MAUE LP DF KPLY PLYSs EACH WITH THE SAfe MATERIAL
PHOPERTIES .

BY G. N, VANUERPLAATS SEPT.s 1972,
hASA=ARES ReSEARCH CEnTEiRy HOFFETT FIELDs CALIF.
STIFENESYS CULEFLICIENTS,

2ERG A

B0 10 I=le3

Ld IG wwled

AClellage

EUILD 2 BY SUPERPOSITIUN.

LOLATIEN &2

CU 30 lsl,aPLY

LLRLYED]

00 2L u*i,3

Gd 2C n=Jded

BlJsk)sa(aanleToCAlInkpld

CahTinte

IMPDSE SYRHETRY IV &,

Al2eileatls2)

&{2p0na01s2)

At3e21%aLEs3)

FLeXeBILITY CGeFICIENTS = itviRbt OF STEIFFNESS,
dUILD Bea=IAVELnSS.
DEVealnl}0ai2,200403,3)92.9%401,20%A00s31%A12,31~A11,2010%A0223) %AL2
Es3bmatisll®alls2b%alledl-a03s31%a(1,21%41]1»2)
DETelesLET
BClelbedE1e(a(2,2)%803,31=A{2,3)04(2,3)]
BClp2)=CuTetAl iy 310A{2, 3 =-n1)122)04(3e3))
Ar1a3lwucingatis2)0802+3)-2{10 30001 22E0)
BiZ2p2lsLETeTALL,1I44E3,3)~A0],3 e04(1,230)
SE2e3)3UeTetall,2i%A01,3)-4110,1)08A02,3)}

i3s3 0cTRCAlL,LI0a02,2)=8C0n21%A00,2))

IHPGSE SYFRETRY JN 3.

£129133B()s2)

Br3eL0eB{152)

Blis2tsB2e3)

Re TLRA

EnD




COMPRSEEE ANALYSIS 4uD DE5iGN PROGRAM - LEKAND - (DnP3

SUBRCUTINE CLEPT (INFL,UBSIXeDFeGoICahptilsNz, NIT

COPHAGK JCRENLF LOREATSNDY ) ITHAR HCONs NS IDE ICAOIRINSCALINFDG,FOCH,
LEOCHA CToCIMIneCTL CTLNINS THETAL, PHT s NAC» DELFUN, DABFUNSILING
ZBA s LTRH, LYER 2 IWFOG

CLMENSLION KANL)SDF (NEDpGIN2) o ICEApa1x30 1)

EXTeRRAL POUTTHE FuR COWMER FOR CONPANiTL FANEL QESIGH.

HASA=-APES KEDEARCH UthTER, MCEieYY FLIELDs CALILF.
THES 15 & BUFFeR BETwLEN CINMIN ANOD CaMP4.
CALL CLhPS CINFOs QU oDV CToCTLsNACKpDF s Gsas SCaNIsNZIN3)

Oano

o ano

o

e

) A0 I sy U ST A S S PP PR N

CuMPUS. TL AMALYSIS AND DESIGH PROGRAM =~ CONAND - [DHP&

FUSKLLTIn: CCHPE [UINFOsBDJsRUVICFSCTLINAC XpOFsGoA e LCP NNLSN

Sl a3}

COPMt FLLMPUST HPLY2EL9ET LLTPRLTsPRTLIEPLEIEPLToePTCEPTTAGNLT,
ANLEpAliL s AERLIABBLATINILE) s THHELE)»CPE353,10) 9 PNIA»S) s AALS»2),BBL3

253)5LP131DEPL3) LUK A0}

DIMENSIIN 1NPI3Ys KINHLI»DF(RNLISGONNZDIaTCONNI) » ALNNE, NNLY
ROUTING 10 CALWULATE FunCION vALUEs COHSTRAINT WALUES AND
GRAUILAT G FUNCTLIDN AND ATTIVE CONSTHAIRTS FOR CCHPOSITE

AHALYS1S ARL DESIGH PFJIGRAX - [OMAND.

BY Ga a VANUERPLAATS Se#ler
MaSA=SKLS R{SEARCH CENTERs VOHMETT FIELUs CALIF,
IF tIMFULGLTL2) GO T3 2y

L3JLCTIVE

udJsh,

UU 13 JeisNFLY

Jap il

ThEld®d ()

L32sLby+Inil

1F FINEGLiGal ) RETURM

IF (iMFLGLELZ] 6] T] Y

CIANT ML

Giablenl CF LRJFCTIVE

£3 3G Islshly

Latllel,

80 42 EwlanPLY

d=LhK(i)

DF tdl1alFIubele

1F (IRFGaeLe3] RETURN

CanTinLL

COMSTRALATS ahvu SRADIENT DF ACTI¥W: CJ43TAaINTS.
HCTLT=C

ir (INFlapeab) HAQSD

STIFFRESS AML FLcAII[LETIES.

CaLl CCHPZ tARLT»THeCPs dae30)

CJ 17L I=isMC

Thvendt o LOUATLIN AL,
EPCLEoER{lel)oPui o] dtaulls2boPNE2 [ decbilsdIvPuLlel}
tri2)cbolcs 1IOPNI Lo EB4BBLL,2 0PN, Lhvati2o AIvPN(3,]])
EPAIbona {2l ®PHLLal boBG13,2)00N(2, 104083, 11PN
00 170 J=lanbLy

THETA=THA{ )

ALsCOS{THe 14}

AMsSIEITHETS)

AL2=R1%4L

AHZenneAE

EwbATILN A%

EP)mAvevePll)eam2ecP (2 ealvakecpll)
EP2sARZREPLYIAL2OER{Z) AL PANSCPLS)

EP 3=, #ALCAP* cP{2)=tPli) 14 0AL2-AM2 0P (3}

[ [ LTSS Pl N1

Yz
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COMPOSITE AMALYSIS AND DESIGN PRUJRAM = COMAND - COMP4

NL=NCILT

LONGITUDINAL STRALN CONSTRAINT = CINPRESSION.
GINCTOTY=EPYI/EPLC-1,

NCTOTsACTOT4]

LONGITLOINAL STRAIN CUNSTRAINT = TEASLON,
GINCICTISEPL/LPLT~1.

NCTOT=ACTLT+L

TRANSVERSE STRAIN CONSTRHAINT = COMPReSSIUN.
GINCTCT) =L F2/EPTC-14

ACTLT=ACTCT#L

TRANSVERSE STRAIN CONSTRAINT = TENSION.
GINCTLT)=LP2/EPTT-1,

NC TOT=NCTLT+1

SHEAR STWALM CONSTRAIMT.

GINCTCT) »ABS(ERPIN/GMLT=1,

IF (IMFOLLT.4) GO TO 180

FACENAC

00 6C EsihlaNCTOT

IF (GIKDauboCT) MACSMACH]

CUNTIMLE

1F (MAC.LG.MAC) GO TO 160

K2=hAC+L

D3 70 11=h2,MaC

CO 74 Jd=isNOV

AlLIsddi=Cs,

MAC*NAC

N2=hl

DO 150 aRsiohPLY

KsLNK(nK)

GRACIEAT CF STkAINY - EGUATICN 37.

D0 6C Mpl=l,3

THPIRL)=C,

CU oC K2+1,3
THP(RI)I=TMPIKL ) #CP I pK2anR DI * N IK2)

CO 9C Ki=l,3

DEPIX] )=,

DO 90 k21,3 X
DEP(K1I=0EPIKLI=33IK1,K2)*THPIK2)
CEPI=ALZODEF(L)+RA2PDEP(2) 4AL®ANSDER (D)
LEP2=ARZALEP(L) *ALZOUEP (Z)-ALSAHSDER (D)
DEP3I2,#4  *AMS(DEP(2)=DEPLL) I+ (AL2=AMZ)*DEP(])
NAC=MALC

Nlsn2

IF (GINLILLYLCT) Gu TD LGOD

GPADIENT GF ACTIVE LUNGITJDINAL COMPRESSIVe STRALN CONSTRAINT.

NALWNACH]

IF (NACL.EC.AN3) METURN
AUNAC)F I ALKACSK)#DERI/EPLC
LCUNAC ) =Nl

hleNlel

JULYs 1974

11¢

130

140
1sc

COMPCSITE ANALYSIS AND UESIGhN PROGRAM = CUMAND = COMP4

IF (GIAL)WLTACT) GO TL 119

GRADIENT OF ACTLVE LUNGLTUDINAL TENSILE STRALN CONSTRAINT,
NACsNAC#H ]

IF (NAL.:CuNA3) RETURN
AINAC)K ) =AINACIKI+DEPL/EPLT
1C(NAC)=n:

NleNjie]l

IF (GENLDALTLCT) GL TO 2120

GRADIENT uF ACTIVE TWANSVERSL JOMPRESSIVE STRAIN CUONSTRAINT.
NACsNaCel

IF (NAC.cCoNN3) RETURN
AUNALSKDSAUNACHK) vuEr 27EPTC
ICINACI=N]

Alahivy

IF (GINL)WLTLCT) GO TC 130

WHACLENT CF ACTIVE TRAMSVERS: TENSILE STRAIN CONSTRAINT.
NAC=NACH]

IF (NACLLQWANHI) RETUMN
ACNACSR)=AINAC R)*DEFZ/IEPTT
ICINACI=N]

Nlahlel

Ir (GUN1DWLTACT) Gu 11, 140

GRALIenT CF ACTIVE SHhFAR STRAIN CINSTRAINT,
NACHNAL®]

IF (NAC.LUJAN3) RELURN

SIGN=4.

IF (EP3.LT,0.) SIGN==",

ACNACH R I =A(NACH R )+ STGN"DEP3/GNLT
ICINAC ) en]

CONTIMLE

CanlInLe

CunTinLe

CONTINLE

CINSTPAINTS N STIFFNESS.

hlahCiLT

IF (AlLeLVadedE=lu) GO [0 lov
CONSTRAINT CN A1),

NCTCTsACICT]
GIMCTOT) sl o~2ALLs1)/A21L

1F (AZ2L+LTo140E=10) 6L TJ 192
CINSTHALINT LN A22,

NCTLT=ACICTH]
GINCTUTI=1l.-BR02s2)7A22L

1F (Acelat1a1.0E=10) Gu 1) 200
CONSTrRAINT ON A&,

ACTLT=ACTLT#)
GIKCTOT) =] ~aA(3s3)rALOL

IF CINFUSLT 4 0RNLLECNCTIT) RETURN
1P (AJILWLT41.0E=10) Gu T2 230
Ni=Niel

JULY» 1974
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o cunausxre awatvsrs ANG DESILH PROSRAH ~ COMAND ‘= CONP4
. KLWNCTOT

LOKGIILOIRAL STRAIH CChSTRAIhf - CdﬂPﬂka!ﬂN-

C L GINCIOT)=EPYIfEPLC-1.
- WETOT=ACTGTHL

LONGITLOINAL  STRATH causrnarnr — TEKS10fic..
EINETGTI'EFIIEPLI-I.-u_. SRR
RETGT=ACTGT+L

- TRANSYERSE ‘STRALH CUHS1RlINT ~ COMPReSS IUNK

GEHCIOTS »Ly27EPTC=14
ACTGU=BCTET +1 ; =
TRANSVERSE STRALH :onsranlvr = TENSEON.

S GONCTLT)=sERRSEPTT=14

" KCTOT=KCTLT+1

i SHEAR STRAIM cnusras:br-
“GUNCTCTY ¥ABS (EP3Y/GALT=14

18 (IhFD.L1.GJ Gu- Tu 180
BACEH

oo, ue r-&l,nc ot

: IF 1GiKIsukeCT) nac-rac+1
CUNTIhLE

o IF tHAc.Lo.hACl 1] rn zau
“N2aNACHL

DD 70 11=h2:HAC

B0 76 ad*is NGV
CAUTLpddhaGe

- MAG=NAC

. NZapl:

bo 1Ivt ﬂh'lthLV
KeLHK{AK)

< ORADILEMNT -OF: ‘TRAIH) - E&UATIU“ 37- &
Lo &0-KLmIyd
CTHRIRLI=O.
. DB B0 R2x1s3
BO ..
- . UUCD 96 Kl=l,3
'4DEF‘“1lIbA“ S
o D0 90 k2713 - o
) - CEPI=ALZYDEF (1) +AAZRGERT2) +ALRAHPOER D)
CREPERAKZALEP{LIHALSCUER (2] =ALPAHMDER (3)
-DEPA=Z #51 *&H‘(OEPIZI~DEF111)flALZ-Aﬂal'DEPlal
NACEHAC
CoNLul2: L
e L lb‘Hll-L]-Cll uﬂ ID lﬁD oo
. .GRADIENT 'GF ACTIV‘ LUHFITJBINAL CﬂﬂPQ:SSIV: SIRAIN CDNSTRAIHT}
“NACUNAGHE
AR fHACCECakH3 ) HETURN
fAfhlclkllAlnﬂEnKlfﬂEFl!&PLC

THF(Kli-!"P‘KlI*«PlﬂlsKE:ﬂ%l*hﬁ(le

Dh?tﬂll'uEPtkll-%a!ﬁloﬁél‘fﬁ?lﬁal

ACINACaN) -
hlsNltl

auL¥s 1974

510

520
530
540
350

H60

470.

SBQ ©

550
600
610

- h20:

630
640

£50

i a6l
C - URANSTHAINT Ly AEEO

19G.
c

= EJNSTPAINTS h
CBE TAIILGLT e IEmL0) - 50 tn 1a

. KCTGERMCICTHL
'GthTﬂTlll--&Allsll!llll

hl‘Ni‘l

CUHFBSIIE ANALYSIS AND- ﬁESIGh PRﬂGR#H - CDHANB - BEHF&

1F GBIMIJLTLETT 60 TO 100
GRABILNI £t ACTLVE LUNGLTUDINAL TENSILE STRALN cun:rna:ar.

HACENACHL

- TIF bhALyEOahK3): RETURNT o : U .
L ALBACIK)S£INACIKIHDEPL/ERLT © : : T

110

1C thACiang . f-ﬂ
HL-NI&l . . .
IF (ulbl}-LT-CTl 66 10

NACENACHL - K
LF !NAE.:B.HN&! RETUEN - o
ﬂihhk:KIaA(NACaKltuErEthFC .
IC{NACIaNT .
Alakivi

I+ tGCHl!.LT-CI) GD T 1

Gt AC1EAT BF ACTIVE rRAHSV&iSL TtHSILE Siﬂklﬂ CHHSTRAKNT-

NACENALH]
IF ENAC.ERhIt3 Y} Rbldkh a
Aluac.n!-ltnic.x)enEFathTT

- IS IRACIaNL

Kluhl+)
1¢ {G{NIJ-LI.CIJ “gu Ty T80
GKAGLENT CF ACTIVE SHEAR STRAIN CdHSTRAlNI-
NACENACHY "
IF (NAC.LUhK3) n=1unn
STGH*Ls _
IF- (EP3.LT 04} SiBNa-1}
ﬁlhAC;b)-&lhACrul+Sle'uLPalﬁHLT
1CEMAC ) xrd
ConTlbte -
confIbut .
cun11nte
CUNTINL

'”aﬁusss;-t”

CANSTRAINT N lllgv

If {AZ2LLYs140E~1D) GL-.TE 193

NCTLT=hCTLTHL . ’
GKNCTUI!II--AA(ErdJIABZL

IR fAceballad.0E=~100 Gy 1) ZED

LONSTHALNY - ON Kbb.

BCTLIWACTLTHY :
b(htTﬂT)-l.-Anli:jllA&bL

1€ (IHFO LT a9 .ﬂﬂohlolC.NﬁflTl REIUJN
1F (111L.LT nDE’lD) Go 73 2307,

120 . .
CGRADIERT  uF AETIUE THAHSV‘RS& ~DH’HESSLUE STRAIH CBHSTKAIHT--

N 115 O U
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220
230

240

250
260

280
290

COMPOSITE ANALYSIS AND DESIGN PROGRAM = COMAND = CUMP4

IF (GUMLDLLTLCTL) GO TU 230
GRALIENT CF ACTIVe CUNSTRAINT ON 411,
NAC=NAC#+1

IF (NAC.EQ.MN3) AETURK

ICINAC)=N)

0O Z10 k=lshDV

AUNAC)K)=C.

DO 220 Kr=lsNPLY .

K=LNK[KK)

AUNAC R D mAtMAC,XK)=CPILs LoD /ALIL
IF (A22LLT4140E~10) GL TO 200
N1=N1+¢]

IF (GIKLDWLTLCTL) G) TO 263
GRADIENT UF ACTIVE CONSTRAIMT JIn a22,
KACSNACHL

IF INAC.ECJNN3) RETURN

ICINAC) =N]

CO Z40 f=1,M0V

AUNAC,K=L,

GO 2%¢ RE=]1,NPLY

KeLMhRIKK)

AUNAC R I=RINAC K1 =CP U2, 25540 FAL2L
IF (AECLoLT+14CE~10) RETURN
Nl=h]l+]

IF (GINLDLLT.CTL) GL TO 290
GRADIENT LF ACIIVE CONSTRAINT Om AbE.
MAC=hACH] 1
IF (MBL.EG.NNIs RETURM

ICINAC) =K1

DO 270 K=lsh0V

AUNAC,M)=C»

DO 20C KR=1sNPLY

KaL MK IKK)
AUNACSK)=a{NAC)RI=LP 130 JpRK) JALBL
CONTINLE

kETURN

END

JULY»
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COMAND DATA ORGANIZATION:

Number
Block of Cards INFORMATION FORMAT
A X Title - Anything may be given here 1544
B 1 NCALC, NPLY, N0V, NLC, IPRINT 515
c 1 LNK(I),I=1,NPLY 1215
D 1-3 X(I),I=1,NDV 8F10.2
E 1-3 VLB(I),I=1,NDV (Blank card(s) if NCALC.NE.O) 8F10.2
F 1-3 THN(I),I=1,NPLY 8F10.2
G 1 EL, ET, GLT, PRLT 4F10.2
H 1 EPLC, EPLT, EPTC, EPTT, GMLT, AllL, A22L, A66L 8F10.2
I NLC PN(J,I),J=1,3 (One card per loading condition) 3F10.2
Begin with next set of data - Program terminates
if 2 blank cards are read here.

TABLE 1 - DATA ORGANIZATION

87
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COMPOSITE ANALYSIS AND DESIGN PROGRAM - COMAND

DATA SHEET

Block

Col

11

21

131

141

51

=61

71

TABLE 1 - DATA ORGANIZATION -~ CONCLUDED

62
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TABLE 1,2,1-III. KEY UNIDIRECTIONAL PROPERTIES

HIGH-STRENGTH GRAPHITE/EPOXY -[0]

JANUARY 1973

Vr = 0,60
RT 350°F
Design Longitudinal tensile ultimate Ksi Ftl‘: 180.0 180.0
strengths*
Transverse tensile ultimate Ksi F?: 8.0 4.0
Longitudinal compression Ksi 180.0 70.0
ultimate i
Transverse compression Ksi F?ru 30.0 12.0
ultimate
In-plané shear ultimate Ksi F;‘,’r 12.0 6.8
Interlaminar shear ultimate Ksi Fi’u 13,0 8.0
Ultimate longitudinal strain pin, /in, etl‘: 8,700, 0 9,650, 0
Ultimate transverse strain uin, /in, ‘?I‘“ 4,750.0 4,100.0
Elastic Longitudinal tension modulus Msi EtL 21.0 18.7
properties i
[typlcnl] Transverse tension modulus Msi Et'r | Fo £ ! 0.87
Longitudinal compression Msi E; 21.0 18.7
modulus
Transverse compression Msi E'_:r L 0.87
modulus i
In-plane shear modulus Msi GLT 0. 65 ' 0.32
Longitudinal Poisson's ratio Vio 0. 21 0, 21
Transverse Poisson's ratio Verr 0.017 0,010
Physical Density 1b/in, 2 P 0. 056 0. 056
E:n’::::i Longitudinal coefficient of uin, /in, /°F ay -0, 21 -0, 005
YP thermal expansion e
Transverse coefficient of pin, /in, /°F o 16.0 21.8
thermal expansion

References: 1.2-15, -19, -21
*Typical Design Allowable, reference section 1.2,0

1.2.1
14

Table 2.~ Material properties.
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COMPOSITE ANALYSIS AND DESIGN PROGRAM - COMAND

DATA SHEET

Col
Block 1 s |11 21 31 41 51 61 71
A DETERMINATION OF LIMIT STRAINS - G/E COMPOSITE
B 1 1 1 4 0
Cc 1
D 1.0
E o.
F 0.
G 21000000. {17000000. |650000. .21
0. 0. 0. 0. 0. 0. 0. 0.
I 180000. 0. 0.
0. -30000. 0.
0. 8000. 0.
0. 0. 12000.

TABLE 3 - DETERMINATION OF LIMIT STRAINS - G/E COMPOSITE

1€



COMPOSITE ANALYSTIS AND DESIGN PROGRAM - COMAND

DATA SHEET

Col
Block _1 5 |11 21 31 41 51 61 71
A QUASI-ISOTROPIC COMPOSITE UNDER UNIAXIAL LOAD
B of 12 1| 1| 2
c 1 i 1l 1 1| 1 1 1 1
D .05
E .00001
F 0. 15. -15. Ep. -30. 5. =45, 60.
-'60 - 75 . -75 - 90 .
G 21000000. {17000000.]650000. [.21
H -.00857 |.00857 |-.0176  |.00471 .0184 0. 0. 0.
T 20000.

TABLE 4 - QUASI-ISOTROPIC

COMPOSITE UNDER UNIAXIAL LOAD - EXAMPLE 1

(43
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DATA SHEET

COMPOSITE ANALYSIS AND DESIGN PROGRAM - COMAND

Col
Block 1. s I 21 31 41 51 61 71
A 1(06, 45, ~45, 90) GRAPHITE EPOXY COMPOSITE - EXAMP 2
B 3l 4| o
c 1 2| 3
D i1 a 23
E .00001 .00001 .00001
F 0. 45, ~45, 90.
G 21000000. |17500000. {650000. .21
-.00857 .00857  |-.0176 00471 .0184 500000. |o. 0.
1 20000. 0. 0.
15000. -15000. |5000.
-15000. 10000. 10000.
0. 0. 20000,

TABLE 5 - (0, *45, 90) GRAPHITE EPOXY COMPOSITE - EXAMPLE 2

£E



DATA SHEET

COMPOSITE ANALYSIS AND DES[GN PROGRAM -~ COMAND

“Col
Block 3 L o 21 31 41 51 _§_1_ 71
A (0, 30, -3Q. 60, -60, 90} GRAPHITE EPOXY C — EXAMPLE. 3
B 0 A 0
c 1 sl 4 &
D .1 i ] B & 3 |
E .00001 .00001 __ 1.00001 .00001
F 0. 30 . "'30 . 60 . ’-60 B 90 .
G 21000000. {17000000. $50000. .21
H -,00857 .00857 -.0176 1 .00471 .0184 500000. 0. 0.
j 4 20000. 0. D.
15000, 15000,  5000.
—-15000. 10000. 0000,
- 0. .‘.

TABLE 6 - (6, +30, #60, 90) GRAPHITE EPOXY COMPOSITE - EXAMPLE 3

4
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AERESESRRERERES

b
=

P i e

T

Inplane loads Ny, Ny, Nyy
Load conditior k.

Figure 1.~ Typical coumposite loading.
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B1

A

/%4

Ply orientation, 64

\

\

z

t Ply #1
~ry fe
50000000000000000000060 ~ Piy 43

Midplane —20000F,00000000000000000

X

Symmetric

Symmetric composite layup

Figure 2.~ Typical ply orientation.



ANALYS1S

nr

SyMMpTRYC LOMPOSITE PANEL
T

NETERMINATION NF LIuly STRAINS o G/ZE COMPOSITE

NO, OF plyve L
uN, AF 4 Nap CANPTITIONS =

PLY PROPERTIFS = &LL FLYS IDENTICAL
LONMRI DN YODI 1S a  ,21000F 408
TRANSVERGE wDDHLUS = ,17000E407
SHEAR MNaly 1§

= G05000¢e00
POISS0utTg paTIN, 1=t = ,21000E+00
ENISS0ntg geTIN, TeL = ,17000Lw01

FLY THIp<NESSES, NRIpNy TIONS,  abe DESIGY vanladit SURGERS
By s, THICKNERS TreTa OFS, VAR, NO,
1 «100a0F 301 0,00 1

Py STRAIN LY™ITS
INMRITUNRINAL STRAIN GE, 4 oAND LE, O,
TUANSYERSF STRaln,nF, o0, #END LE, =04
subAR STRalv nE, O, dANULE, =0,

STerFussy LINITS
411,0Ee0,

£22,0E4a0,
Aab rEaul,
1 nans

140 Cneb, “y % ~yY uxy

1 21B00nkenS 0, 0,

2 0, « J00A0E405 v,

5 0, JA008CE4OW 0,

@ 9, 0, +12000E405

DESIGN swn/DR ANALYSIS RESULTS

TITLE
DEYERwINATION OF LTuIT STRAINS = G/E COMPOSITE

PLy INFORMATION
THICKNESS PENCENT
L10000E401 100,00

THICKNESS =, 10000E401

PLY NO,
1

LY STRAINS

8'F, = SAFETY FACTOR
¢2L = LONGITUDINAL STRAIN
EpT 3 TRANAVERSE STRAIN
EPLY = SHEAR STYRAIN

LnAD cunD, 1

PLy NO, EPL S,F, £PY 3,F
1 LB5714re03 0,000 ., 18000F=0% 0,0

COMPUSTTE STRATNS REFERENCED J0 KTRUCTURAL AXIS

Epx = _8571dFen3 EPY ®

». 18800F03  FPxY = 0,

LnaD COND, 2
PLy NO, EPL o, .. _EPY B.F,
1 L30080Fa03 0,009 1, 17647EwUy 0,00
COMPOSTTE STRATNG REFERENCED v0 &TRUCTURAL ax18
Epx = L 10000Fans EPY & o 1744TEe01 FPxy = 0,

PLy MO, EPL

LraD COWD, 3
PY
1

5,.F, £ S,F,
=, A0000F«04 0,000 LUT059E02 0,000
CN4PCSTITE STRATNS REFERENCED v0 STRUCTURAL AXIS
Epx ® « B30000Fand LPY = ' a7a59F.02 FPXY ®

0,
i LnaD cowp, 4
PLy NO, EPL  Pq S EPT S,F, EPLY
1 L10000F=19 0,000 J10000Enle 0,000 «184B2E=01
COMPOSTTE STRaIns REFERENCED ,o STRUCTURAL AXIS
Epx = 0 Fov o 3° 3

Pxy = J18402E=D]

MEMBRANE sTapSSFES IN CoMPOSITE
LOAD conD, SiGMimy sIG

iMaeY TAUeXxY
1 +18000F305 O, 0,
2 0, =, 30000F405 o,
3 0, LB0000ESCH 0,
[ 0. 0, LI2000E+0%

Figure 3.- Determination of limit strains - G/E composite.

b EPLS
00 +10000E19

EPLT
0 +10000Ee1¥

LPLY
J10000Ee19

3,F,
0,000

S,F,
0,000

0,

F.
ovo

8,F,
0,000

LE
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Fx
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COMBNSTTE wpuilant STIFkNESSES

aCTuAL RFONTREN

vaj 1k vaLuE 8.ty
a1y L21AT8E N o0, 104,00
(V5] L7080k % o0y, 100,90
nk BSONOF 408 o0, 100,00

CPEFIFTFLTS N STeFSSeSTRALL QELATIONSHIFS
FELATER TA STRUCTURAL AxtS
21075k 4 0R Ci1p = ,3582RL,08 cie = 0,
€?> = JAT7081E,07 C2e = 0,
SwevhrHNr Chan 3 (05000E+Us

COEFICTE~TY NF StToalsn<STRESS PFLATINNSAIPS
SELATER TA STRUCTURAL AXES

2 9TRLY QU7 013 = = 1000007 Qinz 0,
M2 3 SBAR2UE.UE Q2o ® 0,
Sy"IETRIC Gab ® L 195385ke0Y

COMPASYTE ELASTIC ConSTANTS
«21n00E 400 ty ® 70008 07 Guy = «25000k 400
«P1A00F 400 Yy ® «17000k 401

Figure 3.- Concluded.

DESIGN

ar
SYMMETRIC COMPUSITE PANEL

TITLE
QUASTLISOTROPIC CNYeNgrTE UNNEP INTAXKIAL LDAD = EXAMMLE 1

0, 0F oLy i [
w0, OF .ﬂun ConOTTIUNG & 1

PLY PROPERTIFS » ALL FLYS JVENTIZaL
LONGLTHD TN R MPDULL- & o21000E+08
TRANSVEAgE wnhuLlIS x  (17000Fs07
SHEAN MOnULNS = 405000E408
PAISSONIE RaTIn, LeT = ,21000£400
PNISSONIS RaTIn, TelL = 17000k=01

FLY THIPKMESSES, ﬂnlcuv.trnus,.aun OESIGN vaRIABLE NUMBEWS

PIY un,  THICKNFaS THETA DES, VAR, O,
1 «500a0501 : 1
2 $S00aNEINL 15700 1
3 +500a05 01 .\5 0o 1
“ +500005 201 wloo 1
S +50000F 201 -19,09 1
L 50000 ot &5 00 i
7 «500a0F 01 -05.00 1
8 «900008 201 80,00 1
° +59000F 201 .oo 00 1
19 «500n0F 01 75750 1
1 +50000F 01 .rs 00 1
12 $500n0F 201 90%00 1

Pry STRAIN LIMITS
LOYGITuUnINAL STRaTN,cE,  w 85700E.02 ,AND,LE, +85700ke02
YRANSVEHSE STRAIN,GE, w, 17600EL01 JAND LE, 247100k w2
shfag srunln.rf = 1B300ELDL JAND,LE, 18400Ea0]

STeFFNrss LInITS
Gl,rk, 0,
A;? rt. 0,
‘h" rty 0,

LraDS
104D CnnD, My Yy Y
1 «2000ac4ns 0O, 0,

Figure 4.~ Quasi-isotropic G/E composite under

uniaxial load — Example 1.
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. -
. FORTA,N pROGRAM FUR -
- -
. CONSTRAINMED glimeTION INIMIZATION .
L -
* NaSAZaukS RESEAMCH pEnvER, WAFFETT FIELD, CALIF, o
- -
. VFRSIDN g1 JULY, 1975 .
. -
L I T I T TR RO S T A B I B B B B

CNNSTRAIVER FUNCTIUN MINTMIZavinn

CONTROL PaRAMETERS

IPFINT  wOv "THax  NCON wSINE  ICNDIR  NSCal  NROG
2 1 2 ] ]

1 3¢ o0
LINOR]  TTRM
1 i

(44 rTRIN e
g 10000F 00 $4N0N0F=02 =3 10000E=n]
THETS L) nELFUn
10000701 +50000F«0) «10%00F=n3
Foem Furwe

2100008 a0t L10000Fe01

LnwkR aguNnZ on NECISIAY VART4RLFS (VLA
" L10000F 04

UPPER pNinnS Oy NECISTAN VaART 4R ¢S (vUR)
1) +10000840%

AL CONSTRRINTS 4RE NONe) INFaR

INITTAL FunCYINN IskARwarIne
Opl) = JAN000F+00

D!CISIﬂ~ VARTAALFS (x=vECTDR)
+50000EL01

toul!u.lur VALUES (GuVFCTiR)y
1) «, 148095 401 =, S51908F 09 =, 92703L,00
m 561508400 = FuTB0F ,0p =, 11950E,01
1 -.cav.or;oo -.ll‘!lt 0y = ASY10EL00
19 -, 985756,00 = 1-351(.00 =, 152328501
2% ., T4557F,00 ,11a§§l 0y
3 «i11655F 401 =,A36a7¢ f0n
37 -y 9921 74 400 -,llsrl; 0y
) “, 115745,401 = nllcnr,nn
a%) 201805 400 .os:to;,on -, B9259 .00
5%) @ RS8N 400 w,B50148,00 =,11899¢,01

LRI
L1500UE=02

DABFuUN
280000E=03

., 12727€401
*,85310E+00
., 132326401

=, 10000L401
w, 143878401
», 67678400

«,67078E400 «,10058E401

*,10800E401

. 69882L400

9882E«00 =, T0bCIE00

il |
=, 76557E 00

110078401

«89259E 400 =, 110768401

- 11076E401
=, 12542E401

w 12156E401
) 12GISE 400

w, L0587k e0)
w, 58 134E400
= 10038E401
., 98575E400
=1 70021E400

=y 100T8E401
"y 9921 TE600
= 12130E401
=, 201 BUEWD0
wy J0000E 401

ITER =

1 nkJ =

DFCISION VARIABRLES (x=VECTOR)

n

«03753EL01

CouSTRAINT VALUES (GeVECTOR)

ITER =

., 15496E 401
- 498T0E 400
GO12E400
72400
0924k 400
-.|ll'1f.°|
=,99105¢ 400
« 11799E,01
., AT875EL01
w,AS213E400

2 ndJ =

- l!ﬂll!;bo
=, 94012E400
-, 12238E,01
=, 70924E 400
- ||l|z!,o|
108&E 00
-.l|1vo| 01
=, 32791F 09
= 83213F 400
- 82B74E 00

n:cxstnu VARIABLFS (¥eVECTOR)

L45753F 201

Cnul!wuluv vtLU!s (G=vECTNR)

ItkR &

-, 15498 4,01
=, 49870400
-, FUD12E 400
=, 98372F 400
*, T0920F 400
-, 11892E,01
=, 09105E400
=, 11799401
 BTRTSELOL
=, 83213E,00

5 ngJ ¢

=, 45042E100
-.9!012! 00
“, 12238E50y
=, 70924F .00
*,11892E20y
-2 81084E 708
- \l7'9E,°l
-.!zi'lt,on

-, 83213F500
«, B2874E L 0p

«525n8FL00

DECISION VARLABLFS (X«VECTOR)

L03753Ea01

CONSTRAINT VALUES (GevECTOR)

. 150985,01
-, G98T0E 400

loas72e 00
«, T0924E 400
w, 11892F,01
«199105L 400
- 11799F 401
« ATBTSELO1
w,832137,00

Figure 4.- Continued.

=, 450u2F 400
-, 98012E,00
.1?2!5!,0.
=, 70924E,00
., 1189280y
=, B1084E D0
w, 11799k ,0y
w,32791E,00
.l!!ll!,o

“ B28TUELD

252304FL00

+52500F400

- !l.hl!obﬂ
. 12230t 401
- QSI\IE (1]
“113694E 501

=, 81084E 400

-1 10021E401
=2 32791E,00
=, 70926EL00
~'a7703E 00
w1 11713k401

», 91681E,00
. IB!!O!.Ol
.nazllz.oe
=, 13890E,01
- osnan:.no
,\ﬂ!!ll.0|
-, 32791E500
,100:01.00
= A7703E,
ll'lSl.Ol

= 91661E500
., 12238E,01

=, A3213E400
=, 15694E,01
=1 81084E400
.100?!! o1
- llTQIEofﬂ
- 70'20&.00
“ B7703E,00
+ 11713E,01

", 13116E401
" 8321 5E400
=, 136FUELD]

=, 87703E+00
11230E+01
w, 126T6E401

NO CHANGE TN DBY

= 15118E401
- 832136400
. 13690L401
», 63085E+00

w, 16921E+01
-, 655826400
*, T0924E«00
«, 87703E400
w,11230E001
w, 12676E401

KO CHANGE I~ UBY

w, 13118Es01
= B3213E400
*, 13696E401
63063E400
10921E4+08
- b5582E400
=, TO924E400
" BTT03E400
ey 11230E401

w, 12676E401

=, 10000£401
*, 15013E401
«,83063E400
w2 10044E 401
., 65582E400
" 6BU2SES00
=, 10089£401
- 11230E401
", 12061E401
w,14203Le00

«, 10000401

“ 1501 3E401
«,63083E400
», 10044ES01
-, 65582E400
=, 86426400
=, 10089401
“, 11230E401
v, 12041E401
“,14205Ee084

*,10000E401
.,15011;.9:
", b3083E400
=, 10044Es01

», 10089E401
«, 112308401
., 12441E40)
v, 14203Ee04

=g 15013401
«, 49870400
10044E+01
983726400
S6420E400
10089E401
$9105E400
w, 12441E401
..orarse-on
*, 10000E401

=, 15013E401
. M98T0ECO
®, J00NUELO]

g 48420E 400
=g 10089E401
«, 99105E400
wy 12641E40]
«, 8787501
*,10000E401

6t

v, 15015E01
U9BT0EL00
1004&E0)
98372E400
26E400
10089E401
99105E400
126441E401
87875¢L=01
=, 10000E+0)

R



IRDICEL -

«525n4F 200

VARTABLFS (xevECTOR)

=, 45082¢F 00
-, 960128 .00
-.l!a!!!;o'
= 70924k .00
=y 11892E,0¢
=y B81084¢ .00
=y 11799k 00y
=, 32791E,00
= B3213F,00

ITER 2 [ ot =
NECISInn

1 La57935 .01
CONSTRAINT VALUFS (GeVECTOR)

0 -, 158964 401

7 - 49BT0E 400
15 -, FA012F 400
19 -, 983728 ,00
% -, 1092000
3 - 1IN92E 401
37) -, 991052400
ahy 11799 401
a%) - ATBTSELO1
5%) w AI213E,00

- A2ATar 00

=, 91681k ,00
-, 12248L,01
- RY213E400
., 13694E,01
-, B1080E,00
- 10921E,01
-, 12791E,00
-, 70924k ,00
- B7703k,00
. 1171300

WU CHANGE In OB

.y 13118k 401
- 83213400
., 13694E 401
-, 63003E400
g 10921E401
-, 655826000
-, TO924E400
=, 87705E400
=y 11230401
. 12876E401

=, IU0U0E+0)
=, 15013E401
., 63003L400
=, 10048E401
-, BS582E400
., 66420E400
=, 10089401
«,11250E401)
= 12061E401
w 14203Ea04

=y 15015E40)
-, U98T0E400
=, 100REE40]
., 9B3T2E00
w,bb820E400
=, 10089E+01
=y 99105E400
* 125%1E401
-, 87875E=01
=y 10000k +01

FInAL OPTIMIZaTION INFORMATION
opJ = +525034r00

DECISION vaRIABLFS (xevECTOR)
1) 2237538201

CONSTRAINT VALUES (GeVECTOR) ,
1) * 15496E400 =, 450826000 =, 91661EL00 =, 13118E401
1) =, 098T0E400 =, 98012E400 *,12230E,01 =, B83213E400
13 = 940126400 =,12238F 01 «,A3213E,00 = 13694E401
19) «,98372F400 =, 70924F,00 =,13696E401 =,63063E400
25) ©,70926£400 «,11892EL01 =, 81084E,00 =, 10921E401
311 © 118926401 «,B1084EL08 +,10921E,01 «,85582E400

18] 991056400 =, 11799F 01 =, 32791E400 =,T0924E+00
a3y 117996401 = 32791E,00 =,70928E,00 »,BTT03E400
%) WBTATSELO1 =, 83213F,00 =, ATTOSEL00 =, 11230401

5%) w B5213F 400 «, B287aF,0n =, 11713601 =, 12678E¢01
THERE WRE 1 atTIVE CONSTRATNTSY
CoNSTRAINT NUMBERS aqf
59
THERE ARF 0 VICLATED CONSToATATS
THERE aNF 0 ACTIVE SIDE COySTRLINTS

TERMINATION CRITERION

=, 10000E401
=, 15013E401
=, 63083E00
=, 10044E401
=, 65582E400
»,bbU20E400
=, 10089E+ 01
=, 11230E401
=, 12441E401
=, 14203Ew04

ABS(1=M8J(T=l)/NBJCI)) LFSS THaN DELFuN FOR 5 IVEMATIONS
ARS(ORJCI)=0BI(Tw1)) LS8 THAN DABFUN FOR 5 ITLAATIONS

NUMBER OF JTERATIONS & o

OaJECTIVE FUNCTINN waS EVALUAYED 5 TIMEes
CONSTRAINT FUNCTIONS wERE Eva UavED 5 TIMES
GRADIENT OF ORJECTIVE =a3 CaLrULaTED 2 TIMES
GRADIENTS OF CONSTRATNTS wFRE Cygi CULATED 2 TIMES

Figure 4.- Continued.

=, 1505 3E401
o MYBTQEs "0
*, 10084ED)
-, 98372E400
o b0a20E400
=y 10089E01
", 991050400
12441E401
=, B78T5E=01
=, 10000Ee0]
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DESTGu 4uns0R ANALYSIS RESULTS

TITLe

AUASTTSOTROPIC ComeNeyTE HNNER pNTakIAL LOAD « EXAMPLE |

P
Py ND,

C RN A wN-

10
11
12

Ly InFOSMATION
TRICHNESS PE
La3753F .01
La3754E.01
Sa37S3E01
La3753Ea01
Lad153F 01
.I!VS!!-GI
.-!'k!&.o\
u3753E.01
19’5\!-01
l!?S%l-OI
Tas15IEL01
L08753Ea01

HCEuY
o35
8,33
6,33
8,33
8,33
6,35
8,58
8,33
8,33
6,31
6,33
8,53

THICANESS =

+&250aF 400 19

LY STRATNS
o

el
kot
toL

Py N P 8,7,
1 L4T0995 02 1,820
2 L42981p 02 |,vvi
3 L429618a02 1,995
& L81855ra02 2,707
5 L31AS5Fe02 2,707
L] Jd6211re02 5,287
7 8211pm02 S,2R7
L] «T86%pa0& 100,000
e 04 106,000

10 0 8,182
11 -, 105395202 8,152
12 ., 1867Tran2 5,810

3 SAFFTY FACTO

0,00

LONGITUNRINAL STRALN

]
= TRANSVERSE §
=

L SHEAk STNAlM

tned rOND,
ey

- 10877607
24105596002
s 1N530EL02
JTesG0F Dy
JTe6%ER0a
W18211E02
Jd6211F=02
+H1858Fa02
J316555 .02
L929015=02
L429615 02
LA7090F02

COMPOSTTF STRafug FEFERENCEDN 70 TANCTURAL AXIS

Epu & _a7099kan2 EPY 3 W01

anTTEaD?  FPEXY

TRAIN

EPLT
=, 747 ToEw10
w, J0BBBE=02
L 3088BE=DE
=, 53500k =02
293500k =02
= 01777E=02
1T77Ee02
-,5]500&-0!
293500E-02
=y S0888E=DE
2 30BB8E=02
o 12648E=08

2 a,74778Ee10

“EMBRANE eTapSSES TN LOMPOSITE
LUAD CnnD, ST6Mamx SIGM4eY
|}

38004

£.05 0,

0,

COMPOSTTE “puBRaNE STIFYNLSSES

T

VALLE
A1) L8T030EL07
a2 +UT031F 405
LY JIBIBTELOY

RFRNIREA
VALUF
0.
0.
e

S,F,

100, 00
100,00
100,00

TAUeXY

CREFIrImuTS OF STorSS«5TRAIN RELATIONSHIPS
wELaTEn T STRUCTURAL AXLES

43 ] +MOGTSE 07 c1>
r2>
SyreETRIC

s ,27914k,07
®  LA9STHELOT

c
c
Can

«3B574EL0)
=y 15584E 400
+30831E407

COEFICIENTS NF SypalneSTRESS RELATIONSHIPS
HELATEn T STAUCTUMAL ARES

UL e L12300E.08 a1
néy
SyMuETRIC

s = 385308,07
= JH2368EL08

Qs
Q26
Ghe

COMPOSETF ELASTIC CONSTANTS

Fy = +ROATTELOY Fy
MUY ® 311828400 Nty

= JAORTTELOY
L] 11828400

GuY

Figure &4.- Concluded.

ey 19630ka14
16254TEwld
+ 3203500

«50B31E407

‘."
100,000
5,957
5,957
3,489
3,439
2,918
l 918

100,000

NESIGN

ne
SYMMETRIC COMPOSITE PANEL

TITLE
0, 4%, «45, 90 GRAPuTTF EPOXY CUMPOSITE o EXMPLE 2

N0, OF pLY . 4
NO, OF |nnn CaNDITIONS * L]

PLY PHOPEQTIES » ALL P YS IDENTILAL
LONGITUDTNA MODULUS +21000E408
TRANSVERSE w(NULUS +17000E407
SHEAR MOniN s «B5000E«08
POISSONTE RATIN, LeT 21000E+00
PNISSOuIe RaTTD, Tel +17000E=01

PIY THIFKNESSES, ORIFNT,TIONS,,ann DESIGN vANIABLE WUMBEWS

P Y NN, 7“]6."’, THETA DES, VAR, »~0,
1 «10000F 00 0,00 1
2 «100p0F 00 -s,oo '
3 +100a0F 400 a5 00 2
. «100a0F,00 Qﬂ 00 s

PLy STRATN LTHITS
LONGITUNINAL STRAIN,RE, @, ASTO0ELO2 (AND,LE,  oB5700Fa0¢
TRANGVERSE STRATN E, w ATRO0ELOL (AND,LE,  ,47100ta02
srban STRATN,aE, ,18800E,01 ,AND,LE,  418400EeUl

SYTIFFNERS LINITS
Ml,GE, ,S000nEs0
Ap2 ek, 0,
lst Rke O,

Loans
1.0AD CAND Ny Y Ly
«2000nF S 0, [N
W15000E,85 =, 15000F40% +50000E«0a
»,1500nF 45 ,xooooz.as + 10000k« 0%
0, L 120000k« 05

0 -

Figure 5.- (0, %45, 90) Graphite epoxy

composite — Example 2.

I




’
v

X
W

U00d 51

AHL 40 ALl'l

TAUTAAC (]
w00«

DESIfe gun/nd aANALYSIS WESULTS

TIILE
0, 9%, =45, 90 LHaPulvp EPNXY CUMPUSITE o EXAMPLE 2

Py InkDasaTpON

oY o TuIfuvESS PEHEENT
. L15958E 400 27,5+
2 LIRD1GE 400 L]
3 L1A0 4k L00 31,1s
a JGASATF Q01 1

Ceartanee

THICKNESS &  gTH|GEL00 100,00

oLY STealNg
STF, & SAFETY FACTUR
FpL g LONGITUNINAL STJalw
to' g TRANSVERSE STwarw
EpLt 3 SWEAR STRALN

4
oAl cOND, 1
Prv w0, Py 8.0, sPy $,F, LPLY
1 L1615 e02 2,002 L,21131Fe02 8,329  »,10912ka0Y
? L10215¢ra02 A,390 WJN02:5Fe02 u.e1t -, 02692602
3 L10218¢a02 R, 390 L10215+002 u,e1l 102092608
& «,211317a02 4,054 RTETITRE 1,138 J15167608

CNYPOSTTF STRalvg NFFERENCEN 11 gTWuCTuRAL aXIS
Fpr = LA15R18 ong tOY 3 & 211317 .02 FPIY 3 o, 10912t«09

1mal Coun, 2
Piy Y0, Il 8,F, FPY 5,0, EPLT
1 YL BTN P 1,823 62811802 2,802 s iuBbta0e
? JABabupa0)  22,2A0 - 1963REL02 8,962 « 10983601
) -, 19838202 4, %ne o SRahuFe0y 12,28% 10983E<01
4 e hIB11re02 1,%0 L470195 203 1,002 =,23u85E=02

COYPOSITE STRalne WEFFRENCED vn wThuCTowal axls
tor = aT0IYF.n2  FOY & JiApailFa02  FPaY 3, 23dB5E.02

Lnal comp, 3
Py %0, PPy O ePr 5,F, (18
1 ., 417308002 2,053 JETISTEL07 L9396 J4B9T0E=02
2 281955 a0 3,212 -e?07T0F eI B,ar2 L0889 5Fe02
3 ., 20773502 3,12% L26195Fa02 1,798  =,88893E<0¢2
. LaT1S7r a2 1,917 L, 41786Ea02 w217 - 489 T0E=0E

CAPOSITF STEaTre WEFERENFED 1N «TRur TURAL &X[S
Fpr 2 e u1T30Fend FOY B [37457Fa02 FRXY 3 4b070Eev2

1.nal COND, u
PLe Mo, PPL S,F, £PT 5,F, EPLY
1 ., 10912400 00,000 32204t e00 100,000 W¥1959E02
2 L9B9TAF U2 1,825 Tot«02 5,747  w,47457k=09
3 -, 40978002 1,A25% 489 TNFa02 1,003 = ,15359F=08
“ -, 9R2T0re09 170,000 LT79%0ar 00 100,000 -, 95493902
FANPNSTTIF STHAT & JEFERENCEN TN gTRyupTURAL 4X1S
For 8 e, 10912Fan9 roy = "32308F L00 FFzY = PLELE LT
e A’ i | =

Il’.
100,000

2,955

2,985
100,000

S5.F,

5,917
2,010
2,070
5 97

sl‘.

1,959
100,000
100,000

1,959

cu

71

Fx
Nuxy

“EMHRAME gTapSSFS IN Co“pOSITE

LOAD CanD, SI6Y ey SIGH =y TAUsxY

«3a5e3F05 o, 0,
+25%5F 405 =, 259a5E40% +BBHB2E 00
*4259057,05  ,17290E405  1T290E40%

CECRE

L 0, 2 J4S93E40%
EOMPOSITE MpwBRanE STIFFNESSES
aCTuaL REGUIREN
VALUE ViLUE 8,F,

A1s ,5R080F,07  ,50000F40s 1
127 ,3AS5BEL07 0, 100,00
Ahh  .21250F407 0, 100,00

CNEFICIFNTS OF STokS5S«STRAIM RELATIONSHIP
KELATED va STRUCTURAL AxES =
+10n48E,08 > = «33908E,07 Cio = 290600E=03
[ 3 +hBRA%E 07 C26 & =,18925E400
SyYMMETRIC Cso = «56825E407

COLFICIENTS OF STRalweSTAESS RELATIONSHIPS
RELATEN va STRUCTURAL AXES
12014t 408 Al » =, 61086E,07 016 ®  ay315a5Ea1d
27 = L1R101E.06 w2e ¥ ,93100Ce14
SyMMETRIC 0ss 8 G 27156Ee06

COMPOSYTF ELASTIC CONSTANTS
«A3235k,07 by = +55246E,07 Gxy = «30B25L407
JSORGSELON  rpYy 2 L 3374T7ELQ0

Figure 5.- Concluded.
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NESIGh DESIG: anN/NR ANALySTS WESULTS

e
e 0, 30, =30, 40, =40, 9 GRAPHITE EPOXY COMPNSITE « kX, §

Svuvg Taer CNFPNSITE PaNEL

TITLe Pry INFORNATTON
n, 30, @30, 80, =pN, on GEAPWITE EPOXY COMPUSITE « kX, § LY NO, THICKNESS PERCENT
! L11368E400 21,35
2 912156401 17,13
0, PF olLye = ' ] ,1215¢t.01 17,13
vO, NF , Dan COMRITIONS = u u L11328E400 21,2A
5 L1132BE400 21,28
& LAT205¢02 1,88
PLY PHOPF.TTrS o ALL PLYS LDENTICAL -
LOMGITIN NG, “ONULUS &  ,21000F +08 TRICKNFSS = g3239E400 100,00
TRa~SVEMGE wOUI| U s 17000k e07
SHE AN wiply s 3 405000t 400
POISSUNIG PaTIn, Lel 5 ,210008400
PNISSmie agtlin, TeL = ,17000te01
PLY STRAINS
8'F, = SAFETY FACTOR
PLY THTpaneSSES, NelprryTInns, ann OESIGHN vaWIABLE wyrgEw$ Fpl = LONGITURINAL STRAIN
LY nAy THICuhERS TrETa DES, vak, nO, EpT » TRANSVERSE STRaw
1 10PARE SN0 0,00 1 EpLT = SHEAR STRAIN
2 W« LNPANE LAD 30,00 2
3 «100a0F 00 =30, 00 2
. +102n05 .00 59,00 s LAAD COnD, t
5 «I0CaNE D0 b3 _00 ] Py NO, EPL S5,.¥%, EPY 5,F, LPLT Sebs
- «INfang 00 99,00 4 1 L483195.02 1 ~s19309E 02 9,019 «,19195E=10 100,000
2 (27677502 - JBOBAFQUY 48,262 =, 5425502 3,491
3 L2T8TTca02 e JbaBBELOY 4B, 262 1 36255E=0¢ 5,59
Ply STRATH LTHITY a . 38 «03 L2T6TTEw02 1,702  »,50255F=02 S,491
EONRITONT 40y STRATn,nF, o, B5700E,02 4AND,LE, ,85700E«02 4 -, S606AFa0s L2ThTTE«D2 1,702 W 9425502 5,491
« THANSVERSE STRATN,k, w1 /ADOELOL oAND LE, W4T100Ew02 Ll . 19300¢a02 JU3339E 02 1,087 ¢12260E=08 100,000

RPLA0 §Taln,cf, o, 1R400ELOL (AND,LE, ,1B800te0)
COMPUSTTE STHal~g REFERENCED v0 eTRUCTURAL AX1S
Fex a LO8339F o0 2 EPY = o 10309 02 FPYY B o, 19)95ke10
SyeFFur8s | IulTS
A1l ety ,SONCAES0S
ap2.ek, 0, 1 maD COND, 2
Sab ef, 0, PLy ~O, (248 S.*, P 5.5, EPLY
LHAETRFe02 1,R2a ;.tussso-o: 2,903 WET195ke02

2 L518S6ra02 2,690 [ 4550%Fe0p 3,868  »,79806E=02
1LNaDs 3 LB3061pe03 (0,318 [ 21953Fe0p 8,017 +106B0E =01
(0aD Cpun, Ny " Y a -, 219%3re02 3,908 JB3062F=0y 5,670 =, 10080F=01
1 J20000E a5 w0, -ty 5 -, 45503pa0? 1,883 JI1B56EL0D 1,079 o9B04E=02 *
? 150008 488 =, 15000F 0% +50V0VE+ 04 [ -, 506135 a02 1,813 LJUsABF L0 1,002 «,27193E«02
) « 150005 a5 L10000840% 210000k e0S
° o, o, +20U00k«CS COMPOSTTE STHaAIAS “EFERENCED D <TRUCTIRAL AXIS

Epx = _up98eFan’  EPY 3 JTe0sliFe02 FPXY s 27195Ee02

LnaAD COwND, 3
FPT

Py WD, EPL s.F, .5, EPLT
1 -y 421597002 2,033 LU52U9ERlD 1,068 WDU3BbEmDR
2 L32433ra038 26,823 D 15298pe0a 100,000 ¢ 10289Ea01
3 - 43857 a02 1,950 LUBUTERUD 1,003  «,948504Ee02
“ LA89a 72 1,82% L, 01857Fe02 4,013 JUBS0uE=02
5 «,15297pa0a j0n,000 LI2033Fe0% 14,522 «,10289E01 1,788
& L857a9pa02 1,858 [ 42159E=02 4,178 *,54587E=02 3,38

Figure 6.- (0, #30, %60, 90) Graphite epoxy composite — Example 3.
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Figure 6.- Concluded.




High-strength graphite/epoxy
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Figure T.- Ultimate tensile strength F;u high-strength graphite/epoxy - [01/ih53/90k‘xfamily.
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High-strength graphite/epoxy

90 l
Room temperature
)]
LY e 70
! o
5 120 S~ g0 |% 0° Plies
'ﬁ ( o —
% - s )
@ e /D) —L
(1)) Yot
s G 7
g ko 7 %\
5 i
= 50% 0° Plies 25% 0° Plies
0 10 20 30 40 50 60 70 80 90 100

% t45° Plies

Figure 8.- Ultimate compressive strength high-strength graphite/epoxy - lOi/ih5j/90k]family.
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Figure 9.- Ultimate shear strength Fi; high-strength graphite/epoxy -
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Figure 10.- Extensional modulus E, high-strength graphite/epoxy -loi/ihsj/QOk] family.
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