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NOMENCLATURE

English Letters:

a1 j Elastic constants dependent on both cord angle and elastic properties.

E,F,G Flastic constants of a single sheet.

Greek Letters:

€ Strain.,
o} Stress,
Subscripts:
X,y Co-ordinate directions parallel and perpendicular to the cords.
n,8 Co-ordinate directions along the bisectors of angles between the
cords.
Superscripts:
*, K Indicating the actual stress carried by the first and second plies

in a two-ply laminate, respectively.,
! Indicating interply stress.

++ Indicating the sum of externally applied stress and interply stress
carried by the first and second plies, respectively.
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I. FOREWORD

The study of the elastic interaction of two similar plies bonded together
can be carried on in a very simple way, as indicated in previous reports.
When the two plies which are bonded together become dissimilar, as occurs
when the cords in one ply are unstressed or in compression, while the cords in
the other ply are in a state of tension, then this study becomes considerably
more complicated and is generally not possible to do efficiently by hand cal-
culation. As part of the general research effort of this group, it is neces-
sary to determine the important characteristics in the elastic response of
two dissimilar bonded plies. For that reason, it is nécessary to consider the
solution of the equations governing this structure in some detail.

It was not originally intended to present the methods of arriving at
conclusions concerning the actions of such dissimilar plies but rather only
to present the conclusions themselves. Some interest has been shown in the
details of these solutions and for this reason they are presented here. They
are not intended at this time to be anything other than a research tool to

‘aid in the study of the load-carrying characteristics of such a structure.






IT. SUMMARY

The elastic action of two dissimilar plies bonded together in a single
laminate may be completely described by nine simultaneous linear algebraic
equations in nine unknowns. Since solving these equations would not be easy
by hand methods, a digital computer program was constructed, permitting us
to solve these equations numerically, and inexpensively and quickly. This re-
port presents the details of that program, along with a sample solution il-

lustrating the way the program was actually used.






ITI. PHYSICAL CONSIDERATIONS

The physical effects which take place when two dissimilar plies are
bonded together and loaded are discussed in Ref. 1., That discussion is also
pertinent to this report since, from it, one may see at once that the applica-
tion of a single load will result in the presence of two interply stresses,
as well as general deformation, This means, of course, that normal and
shearing effects are completely coupled in such a structure.

When the two plies making up a laminate are identical in their properties,
shear and normal effects are no longer coupled together along principal, or
orthotropic, axes. In these directions, the application of load or stress
results in extension without distortion and vice versa., Here, the situation

becomes physically quite simpleo5






IV. EQUATIONS GOVERNING THE ACTION OF A TWO-PLY LAMINATE

The equations governing the action of two bonded dissimilar plies were
given as Egs. (22) of Ref, 2. These will be repeated here with a slight

notation change for completeness.

Ply 1
€ = [all(ﬁlﬂcg + [alz(“ﬁ)]dﬁ + [ala(*l)]cgn
€y = [a21(+ang +-[a22(“1)]05 + [323(*1)]0gn
&g = lasa(+o)by + [aga(+0) Joy + [aaa(+0) Jog,
Ply 2
€§/ = [ail('a)]Gg++[ai2('a)1Gﬁ++[ais('a)]Ugﬁ
&g = [az1(-0) ]cg++[aée(-oc) ]oﬁ++[aés(-oa) logy ' (1)
egq = laaa(-0) lof T+ laz2(-0) ]o;{*+[aéa(-ot) logy
Equations Linking Both Plies
2o = of +oft = Gg + cé*
2oy = c% + c£+ = cﬁ +‘cﬁ*
-+ + ¥ *%
20gn = 9n *%n = Jen * %y

In Egs. (1), the previous notation involving a single and double asterisk
has been replaced by a notation using a super-plus and super-plus-plus., These
stresses are taken to mean the sum of the external and iﬁterply stress on the

first ply, and the difference between the external and interply stress on the



second ply, respectively. A conversion equation relating these 1s given

as Egs. (2).
* to_ 4+ *¥* v 4+
O'g + O'E = O'E Gg - O'E = O'g
* O, & ** _ V44
op *op = oy on op = O} (2)
* v+ *% v 4+
Ogn T Ok = Oq On T %n T %

In Egs. (1), the use of the notation given in Egs. (2) results in lumping
together the interply stress and the stress applied by some external agency.
Some care must be taken in interpreting this quantity for various loading
cases. For example, when one wishes to apply simultaneously three external
stresses og, oy, and ogy, the resulting solutions in terms of the o* and ¢**
components of each of these stresses do not given any information about the
origin of the various interply stresses. To be specific, the number obtained
from the solution Egs. (1) for og will contain interply stress components
arising from the application of both 9 and Ogqe The individual contributions
of these two will not be separable.

Since these equations are linear, superposition always holds. It has
been found much more convenient to use these equations by applying one ex-
ternal stress at a time and observing the resulting interply reactions. For
example, if one applies only a Ot the resulting solutions or numerical values

for gt and ot

" n will represent the n direction normal components of interply

stresses generated on each of the two plies due to the application of the
o alone, Similarly, the numerical values for cgn and cgﬁ will represent the

shearing components of interply stress due to the application of the ot alone.



If one wishes to determine the total stress state due to the application of
several stresses, effects may be merely added together.

The known quantities in Egs. (1) are usually taken to be O, Oy and ogp
along with all the ajj and aij quantities, This means that one must know
the elastic characteristics of each of‘the plies involved in the laminate
as well as the stress state applied to the structure. The resulting unknowns
in these nine equations are the three strains e, €n» and €t the three
stresses on the first ply Ug, oﬁ, and cgn, and their counterparts on the
second ply cg+, 6%+, and cgﬁ. If some of these quantities go to zero, a
corresponding reduction in the number of equations ensues. The three strains
are presumed to be the same since the two plies are bonded tightly together.

Using Saint Venant's principle, it is possible to clarify the role of
interply stresses in Egs. (1). First, suppose that certain external stresses
cg and cg+ are applied arbitrarily to the edge of a two-ply laminate° A cer-
tain portion of this stress GE will then be carried directly by the ply in-
volved while anoﬁher portion cé will be generated due to an interply stress.
For the second ply, the part actually transmitted directly through the ply
is given by 02* while the contribution from the interply bond is now -cé.
 This is concluded from Egs. (2). Similar conclusions could be reached from
the same line of reasoning using either the stresses in the n-direction or
the shearing stresses., Thus, in the presence of arbitrary edge loads, inter-
ply stresses may be generated in the direction in which the loads are applied.
Some distance away from the points of application of these loads, the stresses

carried by the two plies adjust themselves so that one ply carries Gg while



the other carries cz*; so if one postulates that the edge of the structure
is loaded with some average stress ot and solves for the stresses in each

\
of the two plies, the solution is that given by Egs. (3).

cg = cz og+ = cg* (3)

Similar equations could be written concerning o and Ogqe Thus, some dis-
tance away from points of concentrated load application or from free edges,
external stresses in the g-direction do not generate interply stresses in
that direction. Similarly, external stresses in the n-direction do not gen-
erate interply stresses in that direction and external stresses Ogq do not
generate shear components of the interply stress Géﬂ” Thus one ma& always
visualize that interply stresses are generated by external loads in direc-
tions different from that of the interply stress.

With this concept in mind, one may then use Egs. (1) to study the various
elastic characteristics which result from the bonding together of two plies
of cord imbedded in rubber. When the elastic characteristics of both plies
are the same, and their thicknesses are the same, Egs. (1) reduce to a set
of two equations in two unknowns since the loads and stresses are distributed
equally between the two plies. When the materials or thicknesses of the two
plies are different, or when the cords of one ply are in a state of tension
while the cords of another ply are in a state of compression, then all nine
of Egs, (1) must be considered. Generally, for the application of only one

external stress at a time, this reduces to seven equations in seven unknowns.
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The computer program developed is applicable only to the proper two-ply
laminate. For instance, the two-ply structure shown in Fig. 1 cannot be an-
alyzed by using this program because the cord half angle of Ply 1 is not equal

to the negative cord half angle of Ply 2.

Ply | Ply 2 2 Ply Structure
Z %

0 U ¢ 7777777777 -/ =V~ /]

g % [ —/—-/_- _

IS I | / /|

<% g 1 777777777 =— —/—-/-— -

1 07 = Y= =1)= =)

% g ] /|

1 ¢ d / /
1 L VAV A A A AW AW A A : ::/:: .:

Fig. 1. Two plies at right angles.

Ey = 10* E, = 10%
By = 102 E, = 102
ny = 2x104 Fyy = 2x10%
Gxy = .5x10% Ogy = .5x102

where the x-direction is parallel to the cords, y-direction perpendicular to

cords.

However, the two-ply laminate in Fig. 1 can be analyzed if it is noted

that the two-ply laminate of Fig. 2 1s equivalent to that of Fig., 1.
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Ply I Ply 2 Two Ply Structure

/Y A VY 4

; /| ; ; ; N

I B o I R R N

1Y /. -
i / NV /|

Fig. 2. Two plies at right angles.

By = 10% By = 107
B, = 10% B, = 10%
= 4 = 4
Fpy = 2x10 Fyy = 2x10
Gy = .5x10% Gy = .5%10°

where the x-direction is parallel to the cords, y-direction perpendicular to

cords.
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V. DIGITAL COMPUTER PROGRAM FOR THE SOLUTION
OF THE ELASTIC EQUATIONS

The development of the digital computer program for solving Egs. (1)

will become more apparent if the equations are rewritten as shown in Egs. (la).

allog + algo'.;-’]- + alao'gn + 0 + 0 v + 0 - Gg + 0+ O = 0

82107 + 820y + agscgn £+ 0 + 0 + 0 +0-e+ 0 =0

aSlcg + aggaﬁ + assogn + 0 + 0 + 0 + 0+ O - €§n = 0

o + 0 + O + ailcg+ + aigc;+ + alscg; - e t O+ 0 =0

O + 0 + O + aé10g+ + aégc;+ + aésgg; + 0 - € + 0 =0

o + 0 + O + aélcg+ + aégc§+ + aégog; + 0+ O - €n = 0

Sog+ O 4+ 0 4+ 5o+ 0+ 0 + 0+ 0+ 0 =g
+ ++ 0 _

o + .5cn + 0 + 0 + ,5gn + 0 + 0+ 0+ = cn
0O + 0 + + + L0+ 0+ 0 =

50§ﬂ + 0O + O .5G§n = Ogq
(1a)

13



The

Whenever

putation

results to be obtained from the computer program are defined below.

the denominator of the following ratios approaches zero, the com-

recognize this fact and a comment "NO SIGNIFICANCE" is printed.

Moduli

The

The

XTI
ETA

XI-ETA

XTI
ETA
XTI
ETA
XI
ETA

Stress Ratios

For

For

For

Sigma x1t
XI
ETA

Sigma
Sigma

Sigma XI-ETA

ETA
XI

Sigma
Sigma
Sigma ETA

Sigma XI-ETA

Sigme XI-ETAY

Sigma XI
Sigma ETA

Sigma XT-ETA

Extension Modulus
Extension Modulus

Shear Modulus

Extension Cross Modulus
Extension Cross Modulus
Deformation Modulus
Deformation Modulus
Shear Cross Modulus
Shear Cross Modulus

+
o/
Gg/cn
Ug/oén

on/ ot
+
cn/on
GE/GEn

ng/ﬁe

“gn/dn
+
oﬁn/oﬁn
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For Sigma
Sigma
Sigma
Sigma

For Sigma
Sigma
Sigma

Sigma

For Sigma
Sigma
Sigﬁa
Sigma

= og/e
= Gn/en

= Ot /EEn

= Gg €n
= Gn/eé
= Gﬁ/eﬁn

= Gn/eén
= 0§n/€&
= Gén/en

XI++

XI
ETA
XI-ETA

XTI
ETA
XI-ETA

x1-ErAtt
XTI

ETA
XI-ETA

ot /o
Og+/“n

G§+/0€n

o /o
of*/on
Uﬁ+/cén

OE;;/O‘&
ot /o
Ggﬁ/cén

(22)



The_computer program computes the a-coefficients of the Egs. (la), solves
the linear simultaneous equations, and computes the results given by Egs.
(2a) and (2b)., A flow diagram of the basic parts of the procedure is given
in Fig. 3. As input to the program, data must be furnished for the elastic
constants, the ply angle, and the stresses which form the right-hand sides of
the last three of Egs. (la), as well as three parameters used in control of
the program.  The final output of the program is an image of the input data
and the results as given by Egs. (2a) and (2b). At the option of the user,
it is possible to view a check of the coefficient matrix of Egs. (la), as
well as an acéuracy check obtained by back substitution of the solutions into
the Egs. (la) and noting the difference between the éomputed right-hand sides
and those specified.

A further option available is to print extra copies of the results,

The basic steps of the program are outlined in the flow diagram of Fig.
3., Data are read into the program in three blocks, i.es,

-1, Elastic properties;

2. Ply angle; and

%, Stresses and parameters.

The first (MATP) of the three parameters read in the third block controls
the option to check the solution of the equétions, while the second pa-
rameter (COPIES) will be equal to the number of extra copies of the results
to be printed. The last parameter TRIG isiused at the end of any complete
computation to decide upon the next type of computation. Thus it is possi-
ble to leave the elastic properties and cord angle unchanged while making

a change in the stresses (and control parameters). Alternately, it is possible

15



Read Elastic Properties

¢

Read Angle

!

Compute Matrix Coefficients

Y

Read Stresses and the

Parameters MATP,
TRIG and COPIES

Y

Solve the Eqgs. (la)

1

Compute the Moduli
and Stress Ratios

[ 2

Print out the Input Data,
Moduli and Stress Ratios

NOTE: Whenever data are
exhausted, program automatically
terminates.

When MATP s zero, checking
of the solution of Eq.(la) is
omitted.

COPIES: the number of extra
copies of results to be printed
TRIG decides upon the next
data-reading sequences upon
completion of the present pass
through the program.

NO Check Solution
of Eqgs. (la)
YES and Print Check
; - Results
Is TRIG EqualO,lor2 ?
TRIG=2
TRIG=I
TRIG=0
Fig. 3. Flow diagram of computer program.
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to leave the elastic constants unchanged and read in a new cord angle; in

this case new stress data must be read in. Lastly, the whole sequence may

be repeated by reading into the program new elastic constants which must be

followed by new angle data which, in turn, must be followed with stress data.
A copy of the MAD* program and a typical set of results are included

in this report.

*¥MAD (Michigan Algorithm Decoder) is an algebraic statement language de-
signed by members of The University of Michigan Computing Center originally
for the IBM 704 computer and now available for IBM 709 and T090. The

main features of MAD are very-high-speed compilation and a very general
language. Programs produced by MAD are not as fast in execution as those
produced by some other compilers; however, this disadvantage can be partially
overcome by appropriate programming.

17
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EESIN

BESIMCT:

LR AR I L EE E L R E R R e s
#% IF AT ANY TIME THE CARDS ARE NOT RARRANMGED IN ACCORDANCE %
*# WITH THE EXPECTATIONS THEW THE FROGREAM THROWS ITSELF %
#¢  0OFF THE MACHINE %

EQUIVALEHCE CSIGMA.SIG

ODIMENSION RT3, RESULTD

DIMENSION MATC29.0IM2 T C103, T2O100
TRCED, DIMD RESIDCED . RESULT s TRIGE
ZNORMCIOD, SREC35 - 5IGC30, SIGMACIY, IR

WECTOR VALUES DIM=Z.0,10

IMTEGER TRIG.I.JdsK.Z, M0, KMHT, NORM, SES, HOD. 22

IMTEGER J1.J2,J3, COFIES, TEST. MOR, KKK, KN, I
EOOLERN MATP

REARD ELASTIC FPROFERTIES

S TICH0D THOI0,
WO G ERNTC100

FOR PLYC1D
READ FORMRT FROP.TEST,ERX.EY, FEN, GRY
WHEHEVER TEST.NE.SE¥.EXECUTE SNSTEM.

FOR PLYZ
RERG FORMAT PROP. TEEST, EXP.EYF. FEVF. GHYF
WHEMEVER TEST.NE.TEF,ERXECUTE SYETEM.

READ AM AMGLE ALPHA WHICH IS THE CHORD HALF ANHGLE
RERD FORMAT PROP, TEST.ALFHA
WHEMEVER TEST.NE.¥AT, EXECUTE SVYSTEM. )
COMPUTE THE TEIGOHOMETRIC FUNCTIONS WHICH RRE USED IHM
COMPUTING THE COEFFICIEMTS OF MAT
ALP=ALFHA*FI 120,
=5 IN. CALRD

C4 =D4+54
WECTOR WALUES PI=3.1415927
COMPUTE THE COEFFICIENHTS OF SIGMA+ CRFLY 12D,
SEE EQUATION ¢ 1 3 IM ZECTION C1W> 0OF REPORT
E1=Ex
EZ=EY

MATC1,12=F1. (E1.E2ZD
MAT=F1.CE1,E22

MATC2.20=F1.CEZ,E1D
MATC110=F1 . CE2.END

MATC3, 30=F3. <02
MATCZ22=F 3. (00
T=F12. (02

MATC1.20=T

19

*001
002
#0032
#0032
#0032
*004
#0005
*00G
007

#0028
#0092

*010
#011

012
#0132

014
015
*016
017
#0188
019
*020
*021
#022
#023
*024
#0025
*0Z26
#Q27

#028
¥029
*030
#0231

*¥022
*033

#0324
#0335



BEGINC(2)

SUBST

NEXTC1D

MATC15=T
MATC2,10=T
MATC10D=T
K1=1./G-2.-F
K2=2.7E1-K1
K3z=K1-2.7E2
T=C3S*#K2+CS3#K3
MATC1,30=T
MAT(20=T
MATC3,15=T
MATC205=T
T=C53#K2+C35#K3
MATC2,35=T
MATC125=T
MATC3,20=T
MATCZ212=T
COMFUTE THE COEFFICIENTS OF SIGMA++ (PLY(Z3D,
SEE EQUATION ¢ 12 IM SECTION IV OF REFPORT
E1=EXP
E2=EYP
G=GXYP
F=F®YP
MATC4,43=F1. (E1,E2
MATC33=F1.CE1,E2D
MATCS,50=F1.(EZ,E1D
MATC442=F1.CE2,E1>
MAT(6,60=F3., (02
MAT(SSI=F3. (0>
T=F12. (410
MATC4,5>=T
MATC345=T
MAT(S:45=T
MATC430=T
Ki=1,,G-2./F
K2=-2./7E1+K1
K3=K1-2./E2
T=C35#K2-C53%K 3
MATC4,63=T
MAT(3S5=T
MATCG: 4=T
MATC535=T
T=C53#KZ2-C35%K3
MAT(S,60=T
MRTC455=T
MAT(6.50=T
MAT(S40=T
READ THE GIVEN SIGMAS, TRIG ANMD NUWEBER OF EXTRR PRIMT COFIES
SIGC1D,5I1G¢2> AND SIGC3d ARE THE AFPFLIED SIGMA EXI, SIGMA ETH
AND SIGMA EXI-ETA RESPECTIVELY
READ FORMAT PROP,TEST,SIGC1D...SIGC3),MATP, TRIG-COPIES
WHEMEVER TEST.NE.55%,EXECUTE SYSTEM.
MATC(690=SIGC1D
MAT(79O=51G(20
MATC89>=51GC3D
LOAD INTO A
THROUGH SUBST,FOR I=0,1,1.G.89
RCID=MATCIX
SOLVE THE ERUATIONS )
TRANSFER TO NEXTCSLINEQ.CA» 9.5 1.:0.,T1:T2:T3:T400
THROUGH RES,FOR I=1:1,1.G6.9

20

#0236

*037
#038
%039
%040
*#041

#042

#043
%044

#045
%046
*047
*048
%049
#0S0
#051
#052

#053
*054

#0535

#056
*#057
*058
*#059
*060

*061

*062
*063

*064

*065

*066
*067
*068
#069
*070

*071
*072

*073
*074



SMALL

INTRIZ

RESULTCID=RCI0#I-12

BEGIN CALCULATIONS OF MODULI AND RATIOS

EXECUTE ZERO, (TRIGC1D. .. TRIGL27ID
EXECUTE ZERO. (R...R(272D

COMPUTE THE MODULII
WHENEVER. ABS.RESULT(7Y.LE. 1. E-20
TRIGC1D=10
TRIG(S55=10
TRIG(8>=10
OTHERWISE

RC1> IS SIGHMA EXICEXI STRAIN
RC12=SIGMACI> /RESULT (Y

RCS> IS SIGMA ETA-/EXI STRAIN
RCSI=SIGMAC2) /RESULT (7Y

RC8> IS SIGMR EXI-ETR-EXI STRAIN
RC82=SIGMACIY /RESULT (72
END OF CONDITIONAL

WHENEVER. ABS. RESULT(8)>.LE. 1.E-20
TRIGC25=10
TRIGC42=10
TRIG(9>=10
QTHERWISE

RC2» IS5 SIGMA ETRA/ETA STRAIN
RC23=SIGMRAC2D /RESULTCED

RC4)> 15 SIGMA EXI/ETR STRAIN
RC4=SIGMARCI D ZRESULT (8D

RC9Y IS SIGHMA EXI-ETA<ETA STRAIN
RC9=SIGMAC3d ~RESULTCED
END OF CONDITIONAL

WHENEVER. ABS.RESULTC9).LE. 1. E-20
TRIG(30=10
TRIGCGEI=10
TRIG(72>=10
OTHERWISE

RC3)> IS SIGMA EXI-ETA-EXI-ETA STRAIN

R¢3Y=5IGMAC3I) /RESULT (92

RCBY IS SIGMA EXIZEXI-ETA STRAIN
RCEI=SIGMACT ) /RESULT (92

RC72 IS SIGMA ETR/EXI-ETA STRHIN
RCTI=SIGMACZ) /RESULT (92
END OF CONDITIONAL

THROUGH INTRIZ,FOR I=1,1,1.G.9
RI=RCID
KR=1
WHENEVER RI.G.1.E+7.AND.TRIG.E.O
RI=RI/10
KR=KR*1D
TRANSFER TO SMALL
END OF CONDITIONAL
IR=RI
IRCID=IR*KR
CONTINUE
COMPUTE STRESS RATIOS
K=¢
THROUGH JOE.FOR J=1:1,J.0G.6
THROUGH JDE,FOR YALUES OF I=1,2,3
K=K+1

21

*07S

*076
*077

*078
%079
*080
*081
%082

#083
*#084

*08S
*086

*087
*088
*089
*090
*091

¥092
%093

*094
*095

*096
*097
*098
%099
*100

#101
*102

*103
%104

*105
*106
#107
*108
%109
*110
111
*112
#1123
*114
#1115

#1116
*117
%118
*¥119



JOE

moD

FIX

WHENEVER. ABS.SIGMACIY>.LE. 1.E~20
TRIGCKI=10
TRANSFER TOQ JOE
END OF CONDITIONRL
RCKI=RESULTCID /SIGMACID
CUNTINUE
PRINT RESULTS
THROUGH SMELL .FOR 22=0,1,ZZ.G.COPIES
PRINT FORMAT TITLE
PRINT FORMAT TITLE1;EX,EXP,EY,EYF,FXY,FXYP,GKXY.GXYP
PRINMT FORMAT DATAR,ALPHA,SIGC13.SIGC20,5IGC33, TRIG, COPIES
PRINT FORMART TITLE S
THROUGH MOD,FOR I=1,1,1.G.9
J=10%1
WHEHEVER TRIGCID.E.10
K=J+6
J1zK+1
J2z=K+2
J3=K+3
MO CKD =KMNT
MOCS1D=KMNT (1D
MOCIZI=KMNT(2)
MDCI3D=KMNT (3D
PRINT FORMAT MDC10#I)>
MD CKD> =NORM
MOCJ13=NORMC1D
MOCJ2) =NORMC2)
MDCJ3D=NORMC3D
OTHERUWISE
PRINT FORMAT MDCJ2, IRCI>,RCID
END OF CONDIT IONAL
PRINT FORMART TITLEG
THROUGH STR,FOR I=10,3,1.G6.27
SRSC3>=NODCID
SRSC4I=HODCI+1)
J=T+1
K=1+2
WHENEVER TRIGCID.E.10
SRSC12)=KMN
SRSC13D=KMNC1)
SRSC14D=KMNC2D>
SRSC150=KMNC3D
WHEMEVER TRIGCJI.E.10
SRSC23)=KMN
SRSC24=KMNC1D
SR5(25)=KMNC2ZD
SR5C267=KMNC3D
WHENEVER TRIGCKD.E.1D
SRS (34> =KMN
SRSC3ISIY=KMNC(1D
SRS (3RI=KMN{2D
SRS (377 =KMNC3D
PRINT FORMAT SRS R
THROUGH FIX,FOR VRALUES OF 2=12,23,34
SRSC2Z>=NOK
SRSCZ+1>=NORC1D>
SRS(Z+23=NDRC2>
SRS(2+3)=NHORC(3>
TRANSFER TO STR
END OF C ONDITIONAL

22
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#126
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#128
%129
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FIKC3D

FIRC1D

FIXC2D

PRINT FORMAT SRS, RCKI.ROK
THREOUGH FIXC32,FOR VALUES OF £=12,23
SRECZI=NOR
SRECZ+H1D=NORCTD
SRSCZ+20=NORCZD
SRE(Z+3X=NOR (2D
TRAMSFER TO STR
END OF CONMDITIOMAL
WHEMEVER TRIGCKD.E. 1D
SREC34) =KMN
SRSCISI=KMNCLD
SRECIGI=KMNCED
SRS CITIZKMNC3D
PRINT FORMART SRS, ROJI,ROSD
THROUGH FIXC12.FOR VRALUES OF Z=12.34
SRS{ZI=NOR
SRSCE+13=NORCTD
SRSCE+ZD=NORCZD
SRSCZ+35=NORCID
TRAMSFER TO STR
EHD OF COMDITIONAL
FRINT FORMAT SRS.R{J2, RN, ROKD, ROKD
SRSCT2D=MOR
SRECIID=NOR1D
SRSC142=NORC2D
SRSC1S2=NORC3D
TRANSFER TOQ STR
OR WHEMEVER TRIGCJD.E.10
SRSC233=KMN
SRECZ4I=KMMC12
SRSC2SI=KMNLZ)
SRSC262=KMMNLID
WHEHEVER TRIGCK2.E. 1O
SREC342=KMN
SRECISI=KMNCT D
SRSCIGI=KMNERD
SRECITIZKMNCID
PRINT FORMRT SEZ,RCI,R{ID
THROUGH FIXCZ),FOR VRLUES OF Z=23,34
SRECZI=NOR
SRECZ+1D=NORC1Y
SRECZ+23=NORCZD
SRECZ+3D=NOR{32
TRANSFER TO STE
END 0OF CONDITIONAL
PRIMT FORMAT SRS, RCIZ,RCID,RCKDROKD
SRSCZ3I=NOR
SRS{242=NORC1D
SRSCZ5I=HORCZY
SREC26I=NDRCID
TRANSFER TO 5TE
OR WHENEVER TRIGCKV.E.10
SRS (34D =KMN
SR5CISI=KMNC1D
SRSC3IGI=KMNHC2D
SRSCI?I=KMNCIS
PRINT FORMAT SRE:R{IZLRCIZZROIZROID
SRSC345=NOR
SRSC3SI=NORCLD
SRSCIGI=NORC2)

2%
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STR

LINE
CHECK

DoG

BIRD

SHMELL

NEXKT(22

SRSCITI=NORC3D
TRANSFER TO ST
END 0OF CONDITI
PRINT FORMAT S
CONTINUE

IF MATP 1S DIFFERENT FROM ZEROD THE COEFFICIENT MATRIX ETC.

WILL BE

WHEN EVER MATP

COMPUTE
THROUGH CHECK,
T=-MATCI, 100
THROUGH LINE,F
T=RESULT CJ2#MR
RESIDCID=T

THE COREF
PRINT FORMAT T
THROUGH DOG-FO
PRIMT FORMAT C
FRIMT FORMAT T
THROUGH BIRD,F

R
ONAL

RS, RCIDRCIDSRCIIZRESD, RCKD RCKD

PRINTED

RESIDUES TO CHECK SOLUTION
FOR I=1,1,1.0G.%9

R Jz1:1:J.6.9
TCI,J0+T

FICIENT MRTRIW PRINT QUT
ITLE :

R I= 0:10 I.G.80
RAT:MATCI2 ...MQTLI+S?
ITLE 4

OR I=fs1,I.G.9

FRIMT FORMAT CRT,MATCIO%I- 4....MHT\10*!~1* RESULTCIN, RESIDCID

END OF C OMDIT

CONTIHUE
TRAMSFER TO BE

PRIMT FORMAT 5
THE SIMD
EXECUTE ERROR.

INTERMAL

INTERMNAL FUHCT
14+0252% (1, /G-2

INTERNAL FUNFT
1+04FS4-0

IHTERNHAL FUMCT

I0HAL

GINCTRIGS

IHG
ULTARHEDUS ERUARTIONS AFFEAR

FUNCTIONS

I0M F1.CER-EB>=C4-EA+54-EE
F3

ION F3.CCOWS2=C252%#04, “E1+4. /E2+8

IOH F12.(BULLED=C2E2#C1, “E1+1,

#*SIHGULARE TO

G

FEZ=1./G2-C4P54/F

VECTOR VALUE STATEMENTS FOR FORMARTS ETC.

VECTOR VALUES
VECTOR VALUES
VECTOR VALUES
1#3

VECTOR WALUES
1E1HO, 510, GHEX
25'
3F1HO, 510, GHEY
4%,
SE1HO- 510 GHFRY
GE,
TETHO, S10, GHGRY
Sx¥

CAT=%1HO,G6CE19.82 +%
PROP=SC1,F13.5,3F15.5. 15, 12#§%

TITLE=%1H1,S53, 14HTHE INFUT ORTH/1THO, 112C1H%D /2~

TITLE1=
=F13.2,52,4HPSI. » 535, GHERP

=F13.2,82, 4HF5]1, » 535, GHEY
=F13.2,52:4HPSI, , S35 GHFEYF

=F13.2,52,4HPS1, 535, GHOXYP

2k

=F13.2,

52, 4HPSI.~

=F12.2,52,4HPSI. ~

=F13. 2. 52, 4HFET. ~

.'."

+4HPSI. 7

SLIMNER.

*239
%240
*241
%242
%243

#244

%245
#2406
%247
%248
%249

#250
#251
252
#2583
*254
#2595
*#25¢G

*257

#258

*#261
*261
*¥262
*#262
#263

*#264
#2695
*#266
*#266
¥267
*#267
*#267
*267
#267
*¥267
*¥267
*#267
*267



VECTOR VALUES DATA=
1$1HO, S46. FHALPHA =F6,1,52. YHDEGREES~1HO, 8>
25510, 8HSIGMA1 =F10.255%,
3$510,8H5IGMAR2 =F10.2,% »
45510, 8HSIGMA3 =F10.2/165,15//%%
VECTOR VALUES TITLE3=$1H1,542,35H THE COEFFICIENT MATRIX RAND
1RESULTS
21HO, 118C1H%D>///S6, 1DOHFOR SIGMA+.547, 1 1HFOR SIGMA++/ /%%
VECTOR VALUES TITLE4=$1HI-/-56,11HFOR EPSILON. 546,
112HGIVEN SIGMAS,S T, 13HTHE SOLUTIONS,S6,12HTHE RESIDUES/-*%
VECTOR VALUES TITLES=%1H4,550, 1SHTHE ELASTIC MODULI
171HQ, 118C1H*) /745
,VECTOR VALUES TITLES=$1H1,550, 1 THTHE STRESS RATINS
171H s 118C1H#D #/7%%
. YECTOR VALUES WELL=¥1HO,E30.8,ES56.8,E20.8%%
VECTOR VALUES SING=F1H4, 1SHSINGULAR RETURN#X
VECTOR VRLUES SRS=

1$27HO FOR SIGHA %,
2871H +55: 21 C1H*>~71H ,S55: 14HSIGNMA XI = %
3%F26.4, E60.8 5,
45/1H » 55, 14HSIGMA ETH = 5
S§F26.4. EGO,. 8 LX)
6$71H » S5, 14HSIGMA XI-ETA = %
T8F26. 4 EGOD.8 77 7%5
VECTOR VALUES KMN=3S11,1SHNO SIGNIFICANCE 8
VECTOR VALLUES NOR=§F26, 4, EeD.8 &

YECTOR VALUES NODC107=§ XI+
YECTOR VALUES NODC13>=§ ETA+
VECTOR VALUES NODC163=§ XI-ETA+
VECTOR VALUES NODC193=§ XI++
VECTOR VALUES NODC22)=§ ETA++
VECTOR VALUES NOD(25)=$ XI-ETA++
VECTOR WALUES KMNT=§S11,15HNO SIGNIFICANCE #§
YECTOR VALUES NORM=$F20.2,52,4HPSI. EC0.8 *§

R B A W

YECTOR VALUES MDC103=F1HO, 29HXT EXTENSION MODULUS =120
1, 52,4HPSI.,.EGQ.8 #§
VECTOR VALUES MDC200>=%1HO,29HETA EXTENSION MODULUS =120
1, S2,4HPSI.,EG0.3 *%
VECTOR YALUES MDC303=F1HO, 20HXI-ETA SHEAR MONULUS =120

1, 52,4HPSI.,EGD.8 *5§
YVECTOR YALUES MDC403=$1HO, 29HXI EXTENSION CROSS MODULUS =I20
1. S2,4HPSI..E60.8 +#§
VECTOR VALUES MDCS03=F1HO,29HETA EXTENSION CROSS MODULUS =120
1, 52,4HPSI.,E60.8 #%

VECTOR VALUES MOCGOD=F1HO,29HXI DEFORMATION MODULUS =120
1, S52,4HPSI.,.EG0.8 +#%
VECTOR VALUES MDCTOx=$1HO, 29HETA DEFORMATION MODULUS =iz0
1, 52,4HPSI.,E60.8 *3%
VECTOR VALUES MD(80>=%1HO,29HXI SHERR CROSS MODULUS =120
1, 52,4HPSI.,ER0.8 #3
VECTOR VALUES MDC903=%1HO.29HETA SHERR CROSS MODULUS =120

1, 52,4HPSI.,E60.8 *3%

VECTOR WALUES MAT=10.,10.,10.,0.,0.,0.,-1.,0.:0.50.,10.,10.,1
10.:0.50.50.50.5~1.50,50.,10.510.,10.,0,,0.,0.:0.,0.>-1.,0.,0.
2:0.50.511.511.511.5-1,50.50.50,,0.,0..0.-11.:11.:11.,0.,-1.
30.,0.,0.,D.sD.sH.aH.,H.,D.,U.,-!.,U.,.5,0.,0.,.5,0.,0.,0.'
40.50.512050.5.5,005005.5:0,50.50.50.512,:0.50.:.5,0.50.,.5»
50.,0.,0.,12,

END OF PROGRAM

25

%268
#268
*268
*#268
#268
*269
¥269
¥269
*270
*270
%271

*271

*272
%272
*273
*274
*#275
%275
%275
*275
%275
*275
#275
*#275
*276
*#277
*278
#279
#280
#281

%282
%283
%284
285
*286
*286
%287
*287
%288
#288
%289
*289
*290
#290
*291

*#291

¥292
#292
%293
#293
%294
¥294
%295
%295
#295
*¥295
*¥295
¥295
296



COoQOooooooo0 o~ fI=d 0O- = SO0 dH3IHE H13

2000000000000 154 O = SNTNaou

QOOoooooo0o0 T 0- “Isd - = SOTAMO0M HOILBWA02330 H13

0 JONSISEIS 00— 154

= SOINO0W HOILBWNAO43T Ik
aooooooooooo = *Isd4 O

i

0 3SBELE0PI 0~ "I=4d

goooaoooooonto- IS4 - = SNTI0N 4H3IHS HiI-Ix

Qonogooooogo T o- 14 O- = SOONO0W HOISHILHI H13

PO ZE0IDEZORC0 “Isd ZZar = . SNTN00ON HOISH3ILKI I

EEEFLER XXX AT FL XX FFFF XXX REE

FEEREEEEE R

XXX ELE XXX XXX XL XXX

ITnaow JILSHT3 3HL

u]
ag-to = rdWols

T = IHWSIS ool = IHWOIZ

53349230 00 = HH4TH

fIsd  Qotg0r = “Isd oot E0r =
fIsd DOTQOovl = fIsd  O0TooODnsov =
“Isd 00T0Le = TInd 0otoLs = “3
fIsd 00C0OvZ = dr3 "Isd Q0T QossII = =3

FIEELRFE XXX LX IR LR EFE LR EFE XXX F X XELLLEEFT RS

FEXEEEEEED

FHEEFEFEFES

*EE FEEXELFEERFESFERE R 005

didd 1NduI 3HL

26



IIHNEITAINDIS O
JINEITHINDIS O

H13-1x HWOIS
Hi3 BWDIs
IX BWDIs

00 ISCILLBIS "0~

FEAREEEREXFFFLEFRERHHS
++H13-1X HWAOIS 404

JOHHEIIAINDIS OH = H13-1¥ gWoIs
JINHIIHINGIS ON = H13 BWOIS
E0-3LIETEIED "0 L0000~ = I4 BWoIs

EEEFREREFERRLLRFREEESR
++H13 HWBIZ &0d

ATHEITIAINDIS O
IIHLIILINTIS OH
a0 320LoE95E 0 FO5E 0

HI3-IX HWOIS
H1l3 HWOIS
IX BWOIS

H

nu

ERERFEELLFRXFFRRREEES
++1% HWOIS H04

H13-1IX HWOI=
H13 "WoIs
I¥ BWOIS

IIMHITAINGIS OH
JIHHITAIHDIS OH
00 FSELLLEZSC0 FEI5T0

wonn

FEEXFEFLEXRF R LR L EES
+H13-1¥ HBWOIS 404

SOIHMAIIAINDGIS OH
FOHNEIILINDIS ON

HLI3-1X "dWOIs
H13 HWOIS
I guWoIs

nn

FEEEXERFFERFLABLFEEHRSS
+H13 BWOIZ 404

IIHHIIATINGIS OH
IHII4IHOIS OH
0

B1l3-IX BWOIZ
H13 HWOIS
I¥ HWoIs

(L]

FREXXXFFEXFEXFRERREFRS
+I1¥ HWOIS ¥04

FEFEFEFEFXXXFEFL XXX FFIFEXRFXXL XX XL FE TS E X TES

EEEELEFEF IR LT X RS AR X FEXREF R FEEFEFFEXXXF A5 5%

SS3HLT FHL

21



0od00D300000 " 0-
o0Qo00000000 0~
00000000d000 "0~
000C00003000 "0
80-35£8636E1 "0~
G0-36Z19369% "0~
000000000000 "0
GO-JLSZZEIEG 0O-

20-3&E£86968 10

S3N0I534 3HL

00 300000005°0
aoooooooooon o
000000000000 "0
Z0-3L018ZSL L0
0-36£ 1929261 "0-
c0-3E0SESTHE 0
000000000000 "0
0oooQo000000 0

000000000D00 "0

L0-3015%G0Z 1 "0-
L0-391906S 1+ °0-
10-35118291Z°0
20 3SEILL8ZS0-
10-38ZEZ22 1692 70—
Z0 3I80LEHPOISETQ
Z0 3JSELLLBES O
L0-38ZEZ5169°0

£0 36TISEYOL 0

SHOILNT0S 3HL

000000000000 ° 0
00 300000005 °0
0000000000000
+0-36E 199861 "0-
TO-3ITL153911°0
C0-3E168EHEP "0—
0000000000000
000000 0nao00 "0

000000000000 °0

FEEXFXFFFEFFXXF XX LFFXAXXRRF XTI XL EFXF RS S

2000000000000
Q000000000000
20 JEE6EEEED "D
Goo0000000000 70
Go0oOQOOO0o0 "0
oo0o02000000 "0
(alialafalulnlalnixinintnignl
0300000000370

xjuinlaiutaiulutuintals Byy]

SHUDIS HINID

[xiuintaluisixininiutngal
DOOOC00DOOono "0
00 3000000050

EO-JeQSEETEa "0

Z0-3r s

Z0-FLELL 05900
QooOo0000o00 0
QooQo000Qoooo 0

JooQoooooooo o

++HWBIS HO0d

FEEXEEXXE XXX EXXEX

“IdldW 1H3IIJI144300 3HL

00000J00a000 "0
Qo0o0o000000 "0

[ajuieruiainininininlnRn]

QOoooQo00oooo o
[alalada]ulninyu ntuiulu iyl
10 3EEGEE5660 G-
OQOoOoooDooood o

[afulujaluinintuintulnl iy v]

o0 30000000 0
OOOCooooooon "0
0a00Q2000000 0
[faluinyuinintninininynigs]
[aiaiutuiainiutaininiule gl
[slxiuinfuiainintntnininign

Z0-3vEPa st 0

3
.
1

PO-FELGFDTE

™
[

EN-36LADITITE 00—

02000000000 "0
oRoo00000000 "0
[lupainintatuiuintulsivia]
D lutaiafafutuinfulninlu il o]
b FECEEEEE0 "0~
OO0o00000000 "0
gooooo00anoo o
10 3ELE656G0 " 0-

Qoooo00ao0o0 "o

D02000000000°0

00 300000005 "0

goon

OOQoao000000 g

oooad0000000 70
juntuialelalulvinluulaigu}
000000000000 "0
(iniuiulala]ululuulsfulugnl
Qoaooooogooon o
L0 3E6HEEEE0 0~
ooooooooooon o
Qoo000000000 "0

10 3EEEEEEE0 70~

HOTIsd3 404

020000 0d0000 "0
ooooooooooQn "o
o0 300000005°0
a0o0o0000000 "o
00000000000 "0
noooonooooeD o
E0-36L691Z2E 0~
-3Z512191¢°0-

~3+006L+L9 70

+HWOIS J05

EFEXFERLEEFXFFXXFLERXFXRLFFXXEXEXXIX X000

28



50 3I0S8r565T

'y

+ IPEEISET

.
[Ty
o]

oo0o0o0o000a
Q00000000000
00300000000
Qoaoooooo0on
0 IVEIVELLY

ajnisisjatisiaiatuyuinla]

CoQoCcoonooon

L R A s R L R L R T L E T EE R e e D PO ey

FEEEXLLEF L LSRR LT L XL LR TR IR X T LI I LR FF LR FRLEREFEXEED

0

“0-

“n

0

“o-

hx}

“Q

"0

i

o

oo

nosgor
antoookt
aotols

a0 00vz

n

HXD

dtd

443

4%3

54 0
"Is4 0

S4  o-

s4 0

54 o
o] -

IMNaoW 2115873 3JHL

Hipgd LndMI 3HL

ooco =

0o-oF

THWOIS

= HH47H

= SNANJ0k SS0W3 N¥H3HS "1l

= SNNAok SS032 ¥H3HS 13X
= SNTN00W HOI1IHWY0430 513
= SNONO0W NOILHME0430 Ix
= SNTNa0W 55033 NOISN3LX3 HL3
= SNTNdoW 5033 HOISH3ILMI Ix
= SIHTNO0W 3H3HS H13-1IX
= SNINJ0W HOISH3LX3 HL3

= SNINGOW HOISK3LX3 Ix

FE R XA A LR R G S E I F AR R XL XS EXE SRS R FARERRREFEF 5 S

oot o = 1HWRIS
[l n R =Jufc =

00 00050+ = AR
ooToLE = &3
Qo o0sezz = =3

e T N L LR

29



Qo 3ZIZ918kis°0 2¥i6T0 = BL13-IX gWOIsS
FAHYDILINDIS OH = H13 BWIDIS
JIHYIILINDIS OH IX BWOIS

EEXEXRFFFEAEXERFRFERNESR
++H13-1Ix DWHIS H04

00 3S215198S°0- 2985 "0- .
JINHIIAINDIS ON
JONHII4INSIS ON

H13-IX BWDIS
H13 HWIZIS
I "gWoIs

ERXEREFXEFEFRFRHEHEES
++H13 HWDIS 404

10 398485991 "0~ G599 |- = Ui3-IX "HWOIS
JANHITSINDIS ON = H13 "HWOIS
JINEITIAINDIS ON = I¥ HBWODIS

FEXEEXBEEXFXFEEXEERAF
++I¥ HWOIS 404

IO 3821580170 Z880° 1 < H13-1IX HWOIS
3FIHNHIILINDIS OHN = H13 HWoIS
JINYITIJINDIS ON = IX¥ BWBIS

EFRERERXEXFLFEFRRERRESF
+H13-IX HWDIS 404

00 35215198570 <I85°0 = H13-1IX BWOIS
JINBII4INDIS ON = "Hi3 gWaIs
JINHITAINDIS ON = I¥ BuWOIS

EEEFFEZLERXFEREFFRRES
+H13 HWOIS 404

10 398285991 °0 5599°1 = H13-1IX HWOIS
JINBIILSINDIS OM = H13 HWDIS
3ONYIILINGIS OH = Ix HWOIS

EEFREFREEEEFFEXFRERHRS
+1x% HBWOIS 304

D R P Y R L a T T I T T R L At T e e e e T S L e L AR A A s b
SOIidHd 5353415 3HL

30



FEEFEEFAEIERELAE L L EES

50 308l IS Ta-
S0 3ZNE2ZISE 0~
[ajuluiniaistuyaiayuiniuiynl
aoaooNoooono o
QQoooooonooo " o-
QoOo00000000 "0~
+0 35ZS88852°0
ajuinisislnfululniaduinippuig

Qoooo00oo000 "0~

EEXEXEFFXERXRE

“Isd
“Isd
“I5d

“15d

g tood

aataor
aQcaoovl
00 0Lc

nlaluing 2yt

*EE

fIsd 9TIG -

SOTNO0K SS0dd WH3IHES U133

"Isd 9TISE-

SNINO0W S5040 4H3HS IX

“IsSd 0 = SAIN00M HOILHKWA0430 B13
“Isd 0 = SNINO0OW HOILBWACH3Od IX
"Isd  0O- = SnTNdoW SS03dd WOISN3LXK3 H13
“Isd4  0O- = SNINa0M SS033 NOISH3LX3I IX
"Isd 53 = S0M30k gdH3IHE Bl3-IX
fIsd O- = SNINJ0W NOISN3ILX3 W13

154 O- = SNTINO0KW NOISH3LKI IX

CEFEEXEXER XXX LD

FEFLLLERELEXXFFERRFEBLERTEXETEER

ITNadoW 2115873 3HL

i ]

= CHWOIS

d4ED
ditHEd
443

4%3

S334930

oot = ZHWOIS go-to = LHWOIS
5% = HHJITY

*Isd  Qoctzog =  ARD

"Isd  00T000S0F = &Hd

"Isd 00°0LH = &3

"ISd 00T00ScZZ = 3

PR EEE ***********************************************#&***********************&****************#***********W*&Ww*

Hidd ifidMI 3HL

3L



00 3908Z2£28°0

00 3ZT8H8SEGE "0

00 3IZ8HBSE66°0—

10 36%229211°0

00 32TBHB8SEG6°0

00 3ZT8$8SL66°0

************W**************m******$**************#***********#********************************************************,

SOoIidy

S534d1s 3HL

LELBTO
JINBIILINDIS
3INHIILINDIS

DEGG "0~
JINHIIJINDIS
JIHNBIIAINDIS

QERSE "0~
JINHIIJINDIS
JONBII4INDIS

£9Z1°1
FINYITJINDIS
JINHIIJINDIS

9EGE "0
33HHIIJINDIS
JTNHIISINDIS

QEGGT0
FJAHEIILINDIS
JIHPIILINDIS

ON
ON

ON
ON

ON
oM

ON
ON

ON
OM

ON

waun

EXEREEEE
++H13

o

FEERERER
++

EXXEEXER
+

EXEXERER
+H13

wnn

EXEEFFEXE
+

EEFEFEXREX

H13-IX BWOIS

Hi3 YWDIS

IX HWDIS
EEFEFXXFEEFEE
—-IX HWOIS d04d
H13-1X BWOIS
H13 HYWOIS

I¥ HWOIS
FEFERFXFTRERE

H13 HWOIS ¥Od

Hi13-IX HWOIS
H1i3 UWDIS
IX YWoDIS

FEXEFFXEXREFRE
+I¥ HWOIS d0d

H13-1IX BWDIS
H1l3 UWDIS
IX "UWOIS

EEFEFREFEREES
-IX HWOIS d04

H13-IX BWOIS
H13 UWoIS
IX "YWOIS

FEEREERLERERES
Hi3 HWBIS d¥04

Hi3-IX YWOIS
H13 HWBIS
IX HWOIS

EEXXFFERFLEER
+I¥ HWOIS 404

30



Qoooo0000000 0
afajuialsisiaininiulule Ry
Q00000000000 "0
G0-3L5ZZE 186 0-
30-306Z965ZE "0
80-30£8E0L&T "0
GO-3LGZZTELIEG "0~
80~-35E85961 "0~

20-3BEZTI9PLL T0-

S£3NAIs3y 3IHL

00 300000005 °0
Q00000000000 "0
n0000000N000 "0
Z0-300£4HST 1 0
£O0-3TEIFLISLE D
£0-3ZEIPISLE"O
000000000000 "0
000000000000 "0

0000000000000

t5-3090%8151°0
20-3828L0199°0-
Z20-3%Z28L0199° 0~
Z0 3J90SZTLEL8 O
20 3TBYBSEGE0-
0 3Z8¥BSEGHE "D-—
£0 3IGHLZOTLLT0
Z0 3ZBYRSLe6 0

20 3ZEP8EEGET0

SNOILNT0S 3HL

000000000000°0
00 300000005°0
000000000000°0
£0-FZEIYISLP O
Z20-3ZL98E501°0
£0-3Z£60S695° 0~
000000000000 °0
000000000000°0

000000000000°0

ED JCGEEEGE0TD
[aiajaiaiuininfutnisfuyuigs]
0ooaoQoQoaooo o
000000000000 "
0000000000000
(ialelsfulalafulininyuiuingy]
00D00000000G "0
a000o0000N0 "0

Q000000000000

SEWOIS H3nlo

[alwjuialatuiuintnieluiniys]
(uistulafuinjuynintuin it v]
0o 30000000570

EO-3EELEISLETO

£0-3ZEE06625 70—

ZO-32L982501 70
0000000000000
onoooooQunoo D

ooa2000Qo000 "0

++HWOIS 404

noaOoooonoon o
QO00QO000030 "0
julalalayuinlntuinlnla]nutu]
L0 FEEEGGEEED T O—
QOooooDo0000 "0
uinlslatuluiniuinlulaluinyu]
L0 FBE65E560 "0
0000003300000 °0

[aialsiataiuiniuliniuisfuiupu]

o0 300000005 °0
Qoo0o0000000 =0
0o000oo0o0nc "0
Q0OOoo000000 "0
alafaiulainiulninlu]ulnigu]
0ooo0o000000 "0
Z0-3£0vE0v0L "0
F0-3GLIZEE LS 0~

CO-35L9ZTELG 00—

SLIN53¥ OHY KIdidW IN3ITI144303 3HL

aQoooo000000° 0
000000000000 °0
QOo000002000 "0
000000000000 "0
0 FEE6E66E0 00—
000000200000 0
aQgnO00000000 "0
10 35566666070~

Qoo000000000 0

aoooon000000 "0
o0 3I0000D00S "0
[afajainfuinjuiniuininiuign]
jalalulafuluinistalululniav]
oooo00000000 "0
0o00Qo000000 "0
EQ-35.L92ZCIS 0~
Z0-3Z+0£6901 °0

£0-3£2ZL0985° 0~

Qoaoo0000000 "0
0000000000000
000000000000 "0
000000000000 "0
0000000000080 "0
10 IGEGEGEGD "0~
000000000000 70
200000000000 "0

0 FEBEEEE6E0 70—

NOT1I1S43 304

[alufalalaln]nlulalalula iy
[alalafxinialulalslslainigs}
g 30000000S°0
000000000000 °0
0000000000000
0000000000000
£0-38L92Z5 15 °0-
£0-3EEZLOHES "0

Z0-3Z¥0E6901 70

+HWOIS  J0d

****************#*********************************************************************************************#*******

55



000000000000 ° 0~ 1S4 0- = SNNA0W SS0¥3 dU3HS H13

000000000000°0 *ISd 0 = SNINOOW SS0d3 ¥H3HS IX
000000000000 ° 0- *I1Ssd 0~ = SNINO0OW NOILBWY¥043a HL3
1L 3£82Z8S14°0- *ISd  99050659- £ SNINJ0OW NOILBWA033a I¥
0000000000000 *ISd 0 = SATINGOW SS082 NOISHILXK3 H13
+0 3ISZ0OYSE9F “0- *I5d  2£ov- = SNNOOW S5S0¥3 HOISNILKI I
000000000000 0— *1s4d O- = SNINGOW ¥H3HS B13-1X
000000000000 *0- *ISd  D- = SNING0W NOISNILKI HLd
SO 329%68¥Z1°0 "ISd  68%Z1 = SNINA0W NOISN3LXI IX

****************************W*****************************************************************************************

ITNAGW JILSYHT3I 3HL

[slu g} = MGEWHM ¢ oo"0 = ZUWoIS 00001 = IHWDIS

$334930 0°0f = HH4H
"Isd 00°S&Ls = dAXD “ISd 00°Si2 = AXD
“ISsd 00°000iZé = daxd "1sd OU.ODD—N? = AXd
“ISd 00°5211 = da3 *isd ootsziL = A3
*1sd 00°000002 = dX3 "1sd 00°000002 = X3

FEFELXFE LR RS L R L LT L EFF IR FFRF AL T AL T LRI L RIS E R RF X F IR FFE I TR XTI LEF XX E R R FRFRIXFF U F R A AR EFIXFF LR FFE R XXX RTXREX X2

H180 I1NdNI 3HL

3l



FAINHITATIHDIS ON
3IMEIILAINDIS ON
00 3520516970~ ZE9% "0-

H13-1IX HuHDIS
H13 HWOIS
IX BWOIS

nun

EEFEFEEERERFRRERRFHAES
++H13-1X HWOIS d0d

JIHHIIAIHDIS ON
JIHEITAINDIS OM
20-38260Z61 1 "0~ aoao o-

H13-1X HWODIS
d13 BWOIS
IX UWoIsS

mwnn

FEFEXEEEREFREF XS LEFEY
++H13 BWOIS ¥O4

FIHHIILAINDIS ON
JINBII4INSIS ON
a0 IGBEEGLG666 0 oooo -t

Hi3-1X BWOIS
H13 HYWSOIS
IX HWOIS

nnu

FEEEFEEXRRFERERRERFEXF
++Ix UWOIS 404

JIMNHIILAINDIS ON
32HBIIL4INGIS ON
00 35405169+ °0 ZETh 0

H13-IX UWSDIS
H13 "UWoIs
IX UWhIS

EXEEEEERXEFXXFXXLREEHS
+H13-1IX HWOIS d04d

JOHHIILAINDIS ON
JINHIIAIMAIS ON
80-38Z60261411°0 oooo o

H13-1Ix HWOIS
H13 UWOIS
IX BWOIS

Houn

EFEFXEEEXREFREEFRRLXEER
+H13 BWOIS d0d

FINBII4INDIS OH
JINHIISINDIS ON
10 FEEEGE660°0 noono-*l

H13-1IX BWOIS
Ul3 UWDIS
IX BWOIS

FEFEEFXEFEEFFXEXXRFEE
+IX HWBDIS dOd

O T s e L e L L s T R Ly e L e L s E s s T I L e L L]
S0I1HY 553415 3HL

55



*
*
x
# () ) [w) L] ™ ] P () () [ [ [ i o 2 [w]
* oD oo o2 o o [T B Do TN o Y v Y s Y e N [
# o ] ] | 1 =] ] 1 [w) | | | i o] ]
* o o O wWwow oD w 1 oo W Wowow oo
* Qo Q9 oo e [T e R o] ] T MM W o o
#* [ R o= B o B R ' P B B [= o S o S - S B o o
* Lo o v e B [ B o] — o 00D - - 0O W [
* o 9o o m m [ e n [ Y T B [ ]
* o o o n o 2o D w ] I I G > B R s e R oo
* o o 9O M~ I- L SR v R ou | [V e I < VR e v N v
* [ T R v S ] [ R o Mmoo O 02 SN L IR v o [ o |
* [ S =~ B S DO T T w P o B SRR S o R o S s B o
* . . . . . . . . . T . . . . . . . . .
* o ) i = b nd] o] o L] - [ou} o ] ] L] i} ] i ]
* 1 | I I |
#*
*
x
* (o) [o] ] &+ m, [} < Rl [ ] o4 L] o [} - D]
* o o o o o [ ] ] [ SN e R o Y o T T s N e
#* [ =] o | | [ ] z 1 ! | 1 |
* o o O wWoow w o ] W W W oW ow o w owow
#* [ I o R oo - oo o S E 2 B o)
* (=) [ D) - ™ ) ] [y N I~ [ ] - [u) 4 ~
* [ I B N N o R ] o Lo R =R T o B =
# o ] [ ' 3 ) = -t Pl u [ o un - () o
* 2 0 O - m o o] [ T § B W
* [ I = [ m [ N N R T T ]
* [ B~ B~ B TV B o o B I - TR Y- B = B
# T O = S = B S o = w - G o= W N e
# . . . . . . . X . . . . . . . . .
% o S e B R e oo [ oS v R v T v SO e SR e SR e S v B
* 1 ! [ l
#*
B
#
ok
[ o oD [m] ]
s = [ ] o P}
g =] Ly Q2 O =) =
) * + o T oo = [TT R B
L + ] = ) ] ] [ ] ]}
% [ 4 o ] [ ] =] R R
# = ] — [} ] o i ] ]
(=i ] 2 [ i ] ] [ o ]
T ok P =D IR v B}
T % 1 o s = oo O
d o) L o o] [ P} ]
o o == oo ] P B o B
[) - -t . . - “ . . - .
vy [T ) 12 () s} i () L) [ Pl ot
"
[a ]
= #
*
=
T % 5] P T e R v B
L # ) ] ] o
ok I D] ] ]
DR 3 [51] P} Pl ]
- ) oD
b # i3 o
# e ] ]
W+ ™ () o D]
i U ) ] i
0ok [ i P Pt]
3 Wi I:} [ i)
w & o ) ] i
I % . . . .
= =) fu] i ]
i
#
Bl
*
*
#* o = o - oD
*® ] ] o ] ] ] [}
* 1 | (= [
* W ow = oD w o0
# [ i ] [ B B ) [ B = B =
*® - i P} P Pl i} i P} ] [ (]
* [ = =] [ B~ S R T T T
+ i i o L] ] o o o [a] =) [
* - ™ o =) =] o S v B PO o B B B
* g - ) ] ] ] o ol [l jou ] ]
* e o ] i o o o [ou] [ faal ]} [} [as}
* ~ I~ ™ Do o O = o P R v S ve S v S o SR o B =
#* . . . . . . . . . . . . . . . .
* i S e S e S v SN o S v S v SR e N (=] Lo S e S v Y e S e R e B ]
Ed [ 1 I
*
*
E3
*
* [ P TR e SR o TR v SO i S | F N v T s TS v Y v T o Y o0
#* ] P T == R o R = B v B P T w SR v S e T e Y v T v Y e
* ! i P s pu) [} o D] pm} e o] L} [}
# 1] w ] L] o] w o ] = w < o W o ] (o] [
* + o o] (] o o ] =] (] L] G P} fou] [ ) ] aa] (]
# oy - - [ N o T o o N s B ] [ T T e O e T o N = N
#* = [ I o o o o o2 o0 = [ R o I B e N v B = N =
B4 [fa) -— u ] o ] ] o] ] wr [ [} o] [ o ] o] Q
kg [ o - ] [ox] ] P ] (=] a (o) [} o] [ ) o [} Q
# W o [ax] ] ] o [ ] ] o] w (g o] o T Q ] o o
kd [ [(p] o [ou] ] ] pw) =] () o [we] (] L] =] o o
# v ] g o] ] o u L] ] o ] o o o ] ] o o
¥ b} . B . . . . . . [ . . B . . . . .
4 '8 o] ] ) ] ] ] ] ] 'S o ] ] Q L] ] o L]
4 | 1 I
¥
”

36



"O¥H08 HIL3TING 3HL NO 32I10M 335

Wd

“et

10 9

*1d35 40 SH 23LN4W0D 604 B A3 03067439 39 77Im $0L 3FHL -~ JLON SEISN M

INI4W03 3°2 31n33K3 &- JH101L L1 3

SALNNIW NI 53WIL 0354473

d£90S N¥HTI D90ZA3H

Wd A8 S APOS3INO3NM £2L 199060 1961 1435 9

57






VI. EXTENSION TO MULTI-PLY LAMINATES

The equations writen here, and the resulting computer program, may be
used for a study of laminates involving even numbers of plies such as four,
six, or eight, provided that‘each altemate pair takes on the same distribu-
tion of elastic properties as the first. This would quite generally be the
case in a structure where the application of torsion or twist caused. the cords
in one direction to go into one stress state while those in the other direction
went into a stress state of opposite sign. The reason that this same set of
equations may be used is simply that here each pair of plies acts as a unit
in exactly the same way as the first pair of plies. Thus, the solution for
each pair is exactly the same as the solution for the first pair.

When a number of plies are bonded together and each of the plies has a
different set of elastic characteristics, it is necessary to write equations
similar té Egs. (1) but now embracing the entire structure. For example,
in a four-ply struéture made up so that each ply is different from the others,
either: in angle or in elastic characteristics, three equations would have to
‘be written for each of the four plies, similar to the first three of Egs. (1).
In addition, a set of three equations would be necessary linking together the
over-all average stresses and the stresses carried by each separate ply such
as the last three of Egs. (1). One would then be faced with a set of fifteen

equations in the fifteen unknowns, such as given by Egs. (L).
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Ply 1
e = [ani(aa)Jogs + laro(on) Jogu + laws(on) logna
e = [azi(on) Jogs + [aza(0) Joni  + [aza(on) Jogn
egn = [2ea(0n) logs + lasz(n) Jogy  + lags(an) ogys
Ply 2
eg = [a11(a2) Jogo + [a12(2) Jona + [a1a(02) Jogq2
ey = le21(02) Jogo + [822(02) Jonz + [a23(02) logg2
e = [asi(a2)Jogz + [as2(02) lone + [asa(az) Jogye2
Ply 3
e = [a11(as)]ogs + [a12(as) Joys + [a1a(aa) Joens 0
en = [az21(as) Jogs + [aza(as) lons + [a23(s) logys
¢eq = [aai(as)logs + [asa(as) Jogs + [ass(as) Jogys
Ply L
g = [a11(04) logs + [a12(04) Jogs + [a1a(04) Jotna
en = [ao1(0y) Jogs + [azo(ay) Jona + [a2a(0) Jogqs
een = lesi(ay) Jogs + [aaa(0y) lons + [aza(0s) Jogna
og(hy + hp + hg + hy) = hyopy + hoogo + haogs + hyopy
on(hy + ho + hg + hy) = hyopy + hoopz + haops + haons

Ugn(hl + h2 + h3 + h4) hloﬁnl + h20§n2 + hsggns + h4G§T]4

In Eqs. (L4), it has been assumed that each ply lies at some arbitrary angle
given by the symbol o with a subscript used to denote the particular ply in
Similarly, it is most convenient to denote the stresses in the

question,

various plies by means of & subscript showing direction, such as €& and 7,

Lo



followed by a number indicating the number of the ply involved.

These fifteen equations in fifteen unknowns could be solved in just
exactly the same manner used here to solve nine equations in nine unknowns.
This could undoubtedly be done most conveniently by means of some standard
program for the solution of a large number of simultaneous algebraic equations
on a digital computer. In any event, the equations are determinate, could be
solved, and are linear., Thus, answers from them could be obtained for quite
general four-ply structure, and for a structure made up of any number of plies
such as six, eight, or any larger number,

In dealing with laminates involving odd numbers of plies, exactly the
same line of reasoning may be used as just given for even numbers of plies,
Here, however, it will be necessary simply to write the appropriate equations
similar to the first three of Eqs. (1) for each of the plies involved in the
structure. Finally, it will be necessary to construct a set of equaﬁions
similar to the last three of Egs. (1) involving a relation between the aver-
age stress on the structure and the stresses in the individual plies. Within
these rules, a set of equations can now be constructed which will allow
determination of the interply stresses as well as the loads carried by each
of the individual plies in the structure.

From the nature of these equations, it may be seen that the number of
them necessary to describe a general, anisotropic, structure having n plies
is 3(1+n). Since the number of equations only increases linearly with the

number of plies, it should be relatively easy to study multi-ply structures

b1



involving combinations of wire and textile materials in a very complete
fashion, In addition, the effect of using varying cord angles in multi-ply

laminates can be easily seen,
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