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SYMBOLS LIST

Constants as defined in text.
RSI cell edge dimensions.

Eccentricity of fiber distribution

th

Young's Modulus in i direction.

Normalized number of fiber intersections per
scanning line length per orientation of scan-
ning line on photomicrograph.

Continucus distribution function for fiber
distribution in RSI.

Discrete fiber distribution function for
representing f(8).

Shear modulus.
Total length of each fiber in cell.

Coordinate System for RSI tile
N = through-the-thickness
§,T = in the plane of tile.

Least squares - sum of squared residuals.
Variance of fiber distribution.
Orientation of vertical planes of trusses.

Locator of discrete angle within constant
area interval for £(8).

Orientation of fiber pairs in each plane.

Thermal expansion per unit length per
degree Kelvin.

Fiber orientation within continuous fiber
distribution.

Mean orientation of fiber distribution.
Stress component.

Fiber orientation within discrete fiber
distribution.

Peoisson's ratio.
SPACE cell axes.
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INTRODUCTION

Analytical techniques for predicting the mechanical behavior
of rigidized surface insulation materials (RSI) under generallzed
states of stress were developed by Materials Sciences Corporation
(MSC) under contract NAS1-11819 (the results are in Ref. 1}.
Initial computations indicated that the model was sufficiently
realistic to be able to predict the properties of RSI material
with reasonable accuracy, given only photomicrographs of the
material and some basic fiber material properties. The previous
work also demonstrated the ability of the RSI model to predict the
sensitivity of various mechanical properties of RSI to changes in
the numerous geometric parameters contributing to the final RSI
material.

The current effort has been applied to determining how a
typical RSI material would behave under combined loading states.
In particular, the thermal stress states induced during re-entry
of the Space Shuttle were of prime concern. A typical RSI tile
was analyzed for re-entry thermal stresses under computed thermal
gradients for a model of the RSI material. The results of the
thermal stress analyses were then used to aid in defining typical
combined stress states for the failure analysis of RSI using the
MSC-SPACE Program.

An additional objective of this study was to modify the pro-
gram described in Ref. 1 to make it more user-oriented. A com-
plete listing of the program and supporting documentation are pro-
vided in the Appendices to enable others to utilize the program.

METHOD OF ANALYSIS

The Reusable Surface Insulation (RSI) Materials studied are
rigidized fiber networks. The analysis of RSI materials as devel-
oped in Refs. 1 and 2 is based upon the modeling of the actual
material by a space frame structure in which each section of fiber
between nodes is treated as a beam having some initial curvature.
The model utilizes a series of different, regular arrays of
trusses, having various orientations, to represent the actual three
dimensional fiber array, see Fig. 1. This may be regarded as re-
presenting a continuous statistical distribution function by a
- series of discrete delta functions of differing magnitude (i.e.,

- approximating a curve with a bar graph). The analysis of RSI
materials requires treatment of nonhomogeneous materials. When
this material is subjected to any loading, the average deformation
of the material depends both on the physical and geometrical vari-
abilities of its constituents. The theory of deformation of heter-
ogeneous media, conSLderlng physical variability from phase to
phase has been reviewed in Ref. 2 and will not be repeated here.



The micromechanical RSI model follows the concept that the
three-dimensional random network of fibers can be represented by
a basic set of truss elements oriented in different planes, as
introduced by Rosen and Bagchi [2]. Results obtained from the
analysis of that model have shown encouraging agreement when com-
pared with experimental values. This agreement has motivated the
present development of a general model to evaluate the characteris-
tics of RSI material exhibiting both geometrical and material vari-
ability. The geometrical and material variabilities of the actual
material are represented by a number of trusses oriented in differ-
ent planes with variable material and geometrical properties. The
concept of parallel trusses is introduced to represent such geo-
metric factors as orientation, fiber aspect ratio, eccentricity,
volume fraction, etc.

Basically, the approach is to represent the continuocus statis-
tical distribution function defining fiber geometry by a series of
elements having discrete values of each of the variables. This
may be viewed physically as an approximate model, or it may be
viewed mathematically as a discrete representation of a continuous
function.

Details of the analytical model are available in Refs. 1 and
2. A description of how photomicrograph data of RSI material may
be reduced to a useable form, and a description of the input vari-
ables required for utilization of the RSI computer program, "SPACE",
are provided in the Appendices of this report.

The design and analysis of RSI tiles consist of several major
aspects. Design studies require average RSI mechanical properties
and a suitable understanding of the failure mechanisms under vari-
ous loading conditions. Micromechanical analyses can provide aver-
age properties based on an understanding of the microstructure of
the material and fiber properties. In addition, micromechanical
analyses can be utilized to develop a suitable failure criteria to
be applied during design studies utilizing average properties and
finite element analyses.

Previous studies concentrated upon the mathematical develop-
ment of the RSI model and subsequent justification of the validity
of the model and computer program. During the current study
several additional steps have been taken towards utilizing the
SPACE program to develop design criteria for RSI materials. A
finite element model of an RSI tile was utilized with average RSI
properties to determine critical stress states existing in the RSI
under a typical set of re-entry heating conditions. Photomicrographs
of the RSI were analyzed to generate input for the SPACE Program
to develop a micromechanical model of the RSI. The resulting pre-
dicted properties of the RSI which were generated from the photo-
micrograph data and fiber data from Ref. 1, were then compared with
experimentally measured properties and excellent agreement was ob-
tained. The RSI model generated by the SPACE Program was then
utilized along with the critical stress states as determined by
the finite element analyses to develop a set of failure surfaces
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for the RSI under combined stresses. The results, as described
below, represent the first predictions of the behavior of RSI
under combined stress states, based on the micromechanical model.

RSI TILE ANALYSIS

A typical RSI tile subjected to re-entry heating was analy-
zed using finite elements and average mechanical properties. The
results of the finite element analyses were subsequently used to
define both critical stress levels and typical combined stress
states existing within the RSI during re-entry heating conditions.

The RSI tile modeled with finite elements is shown in Fig.
2. The model consisted of thirty-one elements along the tile and
twenty-four elements through-the-thickness, with symmetry boundary
conditions applied along the centerline of the model. An aluminum
substrate 3.81 mm thick was assumed, along with a 6.25 mm thick
foam pad bonding the RSI material to the aluminum. The properties
of the aluminum and foam did not significantly influence the
analytical results because only heat-up of the tile was considered
and the base of the tile never exceeded 75F,

The average mechanical properties of the RSI and ceramic
coating materials, obtained from Ref., 3, are listed in Table 1
as functions of temperature. Through-the-thickness temperature
gradients for a typical re-entry heat-up period were also obtained
from Ref. 3 and are listed in Table 2.

Several re-entry gradients were analyzed, and it was found
that the 240 second gradient vyielded the worst stress states in
the tile. The highest stresses in the center of the tile were
found to be the in-plane stresses several elements under the
coating at the centerline, see Fig. 2. The stress state at that
location was nearly unidirectional with a magnitude to approxi-

mately 0.1 MN/m2 in-plane, see Table 3. At the outer edge of
the tile (Area 2 of Fig. 2} combined stresses existed with typi-

cal magnitudes of 0.014MN/m2, in the through-the-thickness direc-

tion, 0.07 MN/m2 in the in-plane direction, and 0.02 MN/m2 shear
stresses, see also Table 3.

The results of the finite element study of RSI under re-entry
heatup conditions indicate that the most useful combined stress
failure surface data would be for combined loading conditions of
positive tension in both the in-plane and through-the-thickness
directions, plus shear stresses. Conseguently, the studies with
the SPACE Program for combined stress failure were concentrated
upon these types of loading conditions.



ANALYSIS OF RSI UNDER COMBINED STRESSES

Before attempting to predict the behavior of RSI under com-
bined stresses, it was necessary to define a suitable material
model for the SPACE Program. An estimate of the fiber properties
was available from Ref. 1, and photomicrographs of a typical RSI
material were obtained from Ref. 4. In addition, measured mechan-
ical properties of the RSI were available through Ref. 3, thus
providing an experimental check on the predicted moduli and
strengths in the in-plane and through-the-thickness directions.
Assuming that reasonable agreement could be obtained between the
predicted and measured properties, one could then place a reason-
able degree of confidence in the predicted behavior under combined
stress states.

The photomicrographs of RSI were studied to determine fiber
distributions in each of the principal planes of the material.
The raw photomicrograph data consisted of number of fiber inter-
sections per given line length versus line orientation. The fiber
distribution function was assumed to be of the form:

£(8) l+e cos 2(86 - @) (1)
= - 2e . =
R 1 + o sin 28

where 8 gives the orientation of the distribution and e controls
the eccentricity, or strength of orientation of the fiber distri-
bution. The method of reducing the photomicrograph data to_a
fiber distribution function given by equation 1 with e and ©
known, is given in Appendix A.

Very interesting results were obtained for the fiber distri-
bution functions as obtained from the photomicrograph data. The
fiber distributions for the two through-the-thickness sections,
the N-S and N-T planes of Fig. 2, were surprisingly similar. The
distribution functions for both planes showed 8 = 90° and dis-
tribution eccentricities of 0.35 and 0.43. 1In contrast, the third
plane photomicrograph, the S-T plane, showed a circular fiber
distribution, indicating no preferential fiber orientation.

Figs. 3 through 5 present the photomicrograph data and best
fit distribution function, equation 1, to the data for the three
planes examined, namely, the N-S, N-T and S-T planes. The data
points plotted in Figs. 3 through 5 represent the data obtained
from the photomicrographs. That is, each point represents the
number of fibers which intersected a given length scanning line
which was oriented at an angle of 8 + 90° at a given location on
the photomicrograph. A fixed length scanning line was oriented
at 8 degrees at twenty different locations on each photomicrograph
and the number of fibers intersecting the line was determined. The
ninety degree shift in the data was required since the highest
orientation of fibers would show the largest number of intersec-
tions when the scanning line was oriented at 90° to that direction,
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Based on the above, an in-plane fiber distribution with an
eccentricity of 0.40 and mean fiber angle of 90C was assumed
representative of the material in the N-S and N-T planes with
no preferential orientation in the §-T plane. Fiber truss angles
could thus be defined as in Appendix A. Appendix B provides the
data supplied to the SPACE Program to represent the RSI material,
and an example of the program input and output are provided in
Appendix C.

A comparison of the measured mechanical properties of RSI
and those predicted using the SPACE Prcgram and above described
model is provided in Table 4. As can be seen, a large variation
occcurs in the measured properties. Large experimental variations
in properties preclude a critical comparison between the analy-~
tical model and experimentally determined properties. This does
not prove to be a severe shortcoming for the current program, how-
ever, because as seen in Table 3, the predicted properties fall
well within the range of measured values. The shear modulus is
the only property which is out of the range of the experimental
data. This difference could arise for several reasons. First,
the SPACE Program assumes that the fibers intersect at rigid
joints, which would over predict the shear stiffness. Secondly,
although test methods do exist, shear properties are difficult to
obtain. In the case of R5I, it could be that edge effects may
have significantly reduced the effective cross-sectional area of
the test specimen, resulting in a substantial reduction in measured
shear modulus.

It is significant to note that the model accurately predicts
the in-plane and through-the-thickness properties, which are very
different in each direction, This result is significant in that
the differences between the in-plane and through-the-thickness
properties in the SPACE model have a direct correlation to the
fiber distributions chosen to represent the spatial distribution
of fibers. Consequently, the reasonable agreement between the
model and measurement indicates that there is merit in the current
method of obtaining fiber distribution data from photomicrographs
and reducing the continuous distribution to a discrete distribution.

Given a wvalid model for the RSI material, various sets of com-
bined stress states were applied to the model to develop an under-
standing of the behavior of the material under combined stresses.
Although the SPACE Program employs incremental loading, the load-
ing increments are applied to all stress components such that the
initial stress ratios are maintained. That is, the initial stress
tensor is increased in magnitude to failure of the material.

Since the finite element analyses indicated that the most severe
stress states were combinations of tension through-the-thickness
and in-plane, along with shear, the SPACE analyses were concen-
trated on these cases. WNamely, the intersection of the failure

surface with the Cn ~ Ogr Op ~ Oog? and os -9, planes for
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room temperature material were determined since these contours
would reveal the basic characteristics of the failure surface.
Figs. 6 through 8 present the intersections of the failure sur-
face with the above-mentioned planes. Note that the regions of
high stresses as defined by the finite element analyses and in=-
dicated in Figs. 6 through 8 fall well below the predicted
failure surface for re-entry heat-up conditions.

DISCUSSION

The correlation between the analytical model for RSI and
the measured elastic constants and strengths of the RSI in the
two principal material directions indicates the validity of
the analytical model. In particular, the agreement in elastic
moduli in the two principal material directions lends credibil-
ity to the method of defining the fiber distributions using
photomicrograph data.

The thermal stress analyses of the typical RSI tile provided
some critical stress states to be evaluated using the SPACE Pro-
gram. Since only one re-entry heating cycle was analyzed, one
can only assume that the stress states obtained were typical and
not necessarily "worst case". However, the intent of the thermal
stress analyses was to provide some typical combined stress
states, and not as an exercise to determine a "worst case" con-
dition for a typical shuttle mission. The results of the analyses
indicated that the most severe combined stresses were tension
and shear in the tile.

A large range of combined stresses did not result from the
thermal stress analyses. Consequently, those critical stresses
were evaluated (in-plane tension and combined tension and shear).
Tn addition, the intersection of the failure surface with the
principal stress planes was determined to provide a better indi-
cation of the capability of the RSI under combined stresses.
These results indicate that a great deal of interaction between
stress components occurs for combined stress states, requiring
careful consideration of the failure criteria to be used for
design purposes.

The overall design of RSI tiles can now incorporate a reason-
able failure criteria. That is, the SPACE Program can be utilized
to develop a basic RSI model of a current material such that the
SPACE Program agrees with experimental data in the principal
material planes. One can then perform a series of computations
using SPACE to develop an overall failure surface for the RSI,
or the program could be utilized as a post analysis program for
finite element results. The stress state at each finite elemént
could be used as input to the program and a failure analysis per-
formed for each RSI element. The end result would be a minimum
margin of safety or contours of margins of safety.
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Many modifications have been made to the SPACE Program, dur-
ing the study, to make the program user oriented. The primary
revisions to the program included changing the formatted input
to namelist input, providing multiple case capability within
each run, choosing suitable default values for many variables,
to simplify choice of input for most RSI analyses, and improved
documentation of the output data printed by the program. A
description of the input to the program is provided in Appendix
B, with a sample case input and output in Appendix C and a com-
plete CDC 6600 listing of the program in Appendix D.

CONCLUSIONS

The analytical model for RSI material incorporated in the
SPACE Program has been shown to be capable of predicting the mech-
anical properties of RSI material with good accuracy. This achieve-
ment is significant because the RSI model is based on the micro-
structural properties of the RSI as obtained from basic fiber prop-
erty data and fiber geometry and distribution data obtainable from
photomicrographs of the RSI. Thus, given some basic understanding
of the material, one can predict mechanical properties, or con-
versely one can use the SPACE Program to provide some guidelines
or goals for the RSI material development.

The combined stress failure study described earlier represents
the first attempt to generate a failure criterion for RSI which is
based upon the microstructure of the RSI and yet applicable to the
design of RSI tiles from a macroscopic, average property, point of
view. It is significant to note that no thermal stress cracking
of the RSI studied had been observed during testing, and the com-
bined stress study showed that, at least for the re-entry gradients
examined, no failures of the RSI would be predicted.

Due to continuing developments in the RSI material, the thermo-
structural design of RSI tiles should include a model for the
failure analysis. The SPACE Program provides such a model which
can be used as a post processor to finite element studies, conseq-
uently, a complete CDC 6600 listing of the program and its sub-
routines is included as an Appendix to this report. Given satis-
factory agreement between a SPACE model and one dimensional test
data on a given RSI material, one can simply attach that RSI model
and the SPACE Program to a post processor for finite element analy-
ses to develop a complete design tool for RSI tiles.
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Temp

1l6.
200.
297.
478.
700.
922.
1144,

MN/m

40.0
40.0
41.3
46.8
53.7
56.5
55.8

MN/m

144.7
165.4
227.4
254.9
268.7
261.8

Temp

144.
200.
297.
478.
700.
922,
1144.
1422,
1533.

GNS

TABLE 1

MATERIAL PROPERTIES

A - RSI MATERIAL

MN/m2

24.1
25.5
27.5
27.5
27.5
27.5
27.5

B - COATING MATERIAL

6.89E4

Ex

MN/m2

6.54
6.20
6.20
6.20
4.82
3.44E4
6.89E2
6.89E1

YasTVNT Vg

VNS

0.20

AL/Ly=AL/Lg=AL/L,,

cm/cm/ K

-2.78E-5
-2.22E-5
0.
0.61E-4
1.56
2.39
2.89

- ISOTROPIC

AL/L
cm/cm/K

-0.67E-4
-5.00E-5
0.
1.06E-4
2,28BE-4
3.39E-4
4,06E-4
-2.22E-5
-2.,22E-5



TABLE 2

TEMPERATURE DISTRIBUTION THROUGH RSI FOR VARIOUS
RE-ENTRY HEATING TIMES

Distance From

Outer Surface Temperature, K, at Time
mm 120sec l60sec 200sec 240sec 300sec
0.00 711 810 939 1102 1340
2.50 624 696 804 941 1182
4,75 521 560 621 711 901
8.50 416 433 456 489 569
14.12 346 355 365 378 404
21.62 315 320 325 331 342
29,12 300 301 302 304 3086
40.37 297 298 298 298 298
55.37 297 297 287 298
66.62 297
74.12 l ¢ ‘ ‘L *
w 287 297 297 297 297
TABLE 3

SUMMARY OF MAXIMUM STRESSES FOR
RE-ENTRY HEATING GRADIENTS IN TABLE 2

Area of Through
Stresses In-Flane Thickness Shear
Sge Stregs Stress Stress
Figure 2 MN/m MNﬁm2 MN/m2
Area 1

Center of Tile 0.10 0. 0.
Area 2

Edge of Tile 0.07 0.014 0.02

lo.



Property

In-Plane Modulus =ES=ET

Through Thickness
Modulus = EN

Shear Modulus = GNS

In-Plane Tensile
Strength

Through Thickness
Tensile Strength

Shear Strength

*Design Allowable Value

TABLE 4

MEASURED AND PREDICTED PROPERTIES OF RSI
AT ROOM TEMPERATURE

Measured Value

(MN/m?)

Mean Range
227 124-+275
46.8 26>60.6
27.5 6.9+34.4
200 *
.055 *
103 *

Predicted by
SPACE (MN/mz)

144,

48,2

82.7

.205

.069

<117
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HEATED SURFACE

FINITE ELEMENT
SECTION

HEATED SURFACE CERAMIC
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ey
AREA |- HIGH IN-PLANE STRESSES
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THROUGH THICKNESS AND
SHEAR STRESSES
—i— RS}
CERAMIC
COATING
1b—-FOAM
*—aL.
S

F1GURE 2 - FINITE ELEMENT MODEL oF RSI TILE.
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APPENDIX A - REDUCTION OF PHOTOMICROGRAFH DATA

A.1 Discrete Representation of a Continucus Distribution
Function:

The space frame analysis program requires representing con-
tinuous distribution functions with a discrete number of points.
Spatial orientation of fibers, fiber diameters, length between
fiber intersections, fiber eccentricities and fiber strengths
all possess continuous distribution functions. Analytical
representation of RST material requires identifying a deter-
ministic set of fiber properties which can be modeled with a
finite number of trusses with fixed properties. The following
section describes how a continuous distribution can be repre-
sented by a discrete distribution of finite number of samples.

In particular, the spatial distribution of fibers in any given
plane is considered. However, once the continuous distribution
function for any of the variables is defined, the discrete repre-
sentation of the variable can be determined in analogous fashion.

It is first assumed that the continuous distribution func-
tion of a variable is known, in this case the angular orienta-
tion of RSI fiber in a given plane. It has been assumed that
the distribution can be represented as a first approximation
by an elliptical distribution £ (8} such that

£(8) = % (1+e cos 28) (A-1)

where e is a measure of the eccentricity of the ellipse and

8 is understood to be the angle of a fiber as measured from

the mean angle or preferred fiber orientation. In practice the
mean angle, 6, and eccentricity can be determined by using
scanning lines, on photomicrographs of RSI material. Namely,
the number of fiber intersections with the scanning line,
versus orientation of the scanning line will provide an experi-
mental distribution of £(8). A large number of scanning lines
located at various areas of RSI material are employed to give

a good representation of £(8}, the mean value of & can be found
and the eccentricity can be determined in a least squares sense,
the results of which are described in the following section.

The discrete representation of f£(8) is given by

N/2 1
9'{¢) = & ﬁ ¢l (A—z)
-N/2

where N is the total number of points and ¢_;= ¢, implying
that ¢i is normalized with respect to the mean such that the
mean values of f(8) and g(¢) are zero. Specific values of by

are determined as follows:

20,



f(8) is divided into N regions such that

8
.0 F(e) as =

, N (A-3)
9n-—l

2~
o]
1
[_l

and one value of 4y is located within each resulting interval.
Each ¢y could be placed anywhere within the interval en—l to

Bn, and the general solution requires satisfying the first N+1
moments of £(8) in order to determine each ¢i location. However,
a reasonable approximation of f£(8) can be made by placing all
values of b5 in the same relative position within 6., and Qn

and minimizing the difference between the second moments of

£{8) and g(¢). One thus obtains the following expression to

be solved for o, the position of the discrete variable by

between 8 and 8
n-1 n

N/2

b
+ 1

—_ 2 _ _
8, +a (8, -0 )} -s=0 (A-4)

2
(% ~ @) is the wvariance of £(8)

ZIn

where § =

¥ N

8 en defines the equal area intervals of f(8)

n-1
N is the number of fibers = %—the number of discrete
trusses (each truss has +8 fibers)

An example is tabulated in Table A-1 giving the desired
positions of ¢, for various values of N. A graphical repre-
sentation of two continuous distributions for e=9.3 and 0.95
along with the discrete representations of the distributions
are given in Figures A-1 and A-2.

The above approach is valid for a standard elliptical
distribution. However, when one consideres how a preferred
mean value of fiber orientation may occur during manufacture,
a slight modification to the elliptical distribution appears
appropriate. Assuming that the manufacturing process starts
with a slurry of completely randomly oriented fibers, and
then pressure is applied to compress the slurry, it is reason-
able to assume that the fiber distribution will be symmetric
about both the in-plane and through-the-thickness directions.
This can be accomplished by defining £(8) such that

£(8) = const. (1L + e cos 2(8 - j8) (A-5)
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where

j =1 if 0< @ < ©/2
m< 9 < 31/2
j=-141if /2 < 8 < 1

3172 < 8 < 2«

and results in the distribution shown in Figure A-3. The
function, £(8), is normalized such that the mean value of_
f(8) between 0 and /2 is equal to the mean of the data, R,

i.e.
/2

: (R - £(8)) d0 = 0 (A-6)
which results in
£(0) = 1l + e cos 2(8-78)

- 1 + Ze sin 2 © (A-7)
R T

Note that, when normalized, the constant for f(8) becomes

a function of the orientation and eccentricity of the dis-
tribution. Although the process is slightly more involved
algebraically, equal area intervals and discrete locations
for placement of discrete points can be determined in the

same manner as previously outlined. Substituting eguation
A-7 into equation A-3 one obtains

e : - 8y =
Gi + 5 Sin 2 (Gi 8) =

S (1+2esin28) -5 sin238 (A-8)

B

where i =1, 2, . . . N/2

from which one can obtain 6, and define the equal area intervals.
For most applications one cdn locate ¢, midway between 8. angd

8. 4 .For a more accurate representdtion one can solvd for a
11l equation A-4, substituting the variance of equation A-7 for

S in equation A-4. 1In addition, data points taken from RSI
photomicrographs_can be fit to equation A-7 in the least squares
sense to define 6 and e; the solution involving solution of a
pair of non-linear equations to determine 8 and e, as described
below.

A.2 Least Squares Curve Fit to Distribution Functions

Given data from the photomicrographs of RSI material which
can be tabulated as number of fiber intersections, f., with
scanning line versus angular orientation, 8, , of scanning line,
one can determine the best fit values of e *and 8 in the following
manner.
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Define the sum of the squared residuals for equation

A-7 as
N l + e cos 2 (Gi - 5) 2
V =1 {fi - — } (A=9)
1 1 + 2e sin 2 &
m
Note that here f. represents the data points divided by the
mean value of th& data measurements.
Since it is desired to minimize V by proper selection of e
and 68, we redquire
a3
=0
i : (A-10)
W g
00
Taking the partial derivatives, and after some manipulation,
one can solve each egquation explicitly for e in terms of 0
as shown below:
From 3V = 0 one obtains
ae
e = By cOs 28 + A, sin 2 8 (A-11)
A, sin’28 + A, cos®28 + A, sin 28 cos 20
where T
A = 5 I (fi -~ 1) sin ZGi
=1 -
A, > pX (fi 1) cos 29i
A =T .2 2 )
3 = 5 I sin 28i + — I fi - I (fi + 1} sin 29i
_ T 2
A4 =3 ¥ cos 29i
AS = 7 I sin 291 cos 29i - I (fi + 1} cos 29i

and where I represents summation over the number of experi-~
mental data pairs, N. Note also that the f. values are divided
by the mean value of f. as required to maintain a normalized
distribution function.

23.



From oV = (} one obtain

36
e ={-B+ /B -4acl/ (2a) (A-12)
where
A = a; sin 28 + a, cos 20
B = b, sin 28 cos 28 + b, sin®28 + b, cos?28
+ b, cos 48 + b, sin 48 + b,
c = c, cos 26 + Cy sin 20
and where
a, = % z fi cos 26i - v sin 26i cos 28i
a, = - L c032 2Bi
b, = % r £, - (f;+1) sin 28,
b2 = I fi cOs 29i
b3 = -1 cos 26i
b, =7 I sin 48,
b5 = = % L cos 49i
b6 = (fi—l) cos 26i
¢ = (-1 - Lo (£,-1) sin 28
¢, =% 1 (£;-1) cos 26,

Solution for e and 8 can be obtained from_equations A-11 and a-12
by simply substituting various values of & and plotting the
resultant values of e until an intersection of the two curves

is obtained, noting the restrictions that the derivation requires
e < 1.0, and 0 < 8 < /2.
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TABLE A-1

Values of ¢i for Representation of f (8)

Given by Equation A-1 at e = 0.95

\QEE\J 2 4 6 8 10 12 16 20
Y 1 33.96  e.52 s5.54 4.19 3.40 2.88  2.22  1.93
2 I 47.26 22.44 16.32 12.94 10.75 B.08 6.60
3 54.08  306.37  23.30 19.07 14.10 11.36
4 58.36 35.72 28.34 20.47 le.28
5 61.38  39.70 27.41  21.45
6 63.65 35.35 27.01
7 45.34 33.18
g 66.93 40,35
9 49.56

10 70.11
a = -3773 3467 .3502  .3569  .3639  .3703  .3815  .415¢
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¢(@) =L (1+ 095 cos 28)
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Figure A-1 - Continuous and Discrete Distributions,
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Figure A-3 - Fiber Distribution for RSI Material.
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SPACE FRAME ANALYSIS PROGRAM
APPENDIX B

B-1 Program Description

The SPACE Program is a space frame analysis program developed
by Materials Sciences Corporation (MSC) for the analysis of three
dimensional fibrous materials such as RSI. The various materials
being developed for reusable space shuttle insulation have several
common factors. The materials are all very low density fibrous
systems, which, on a microscale, appear as three-dimensional arrays
of trusses with small amounts of matrix material located at the
fiber intersections. This observation lead to the development of
a micromechanical model of RSI, Ref. 1,2, which can be used to
assess the effects of various processing and geometric parameters
on the structural properties of RSI.

The SPACE Program treats planar arrays of fiber trusses, where-
in the planar arrays are oriented at user specified angles in space.
Fiber mechanical and strength properties are supplied by the user
for each truss in the model, thereby allowing for inclusion of the
effects of variable material properties in the fibers. Additional
input data controls the geometric parameters, namely fiber length
to diameter ratio between fiber intersections, initial fiber curva-
tures, fiber orientations within each plane, and orientations of
the planes in space. Finally, the applied loading, in three-dimen-
sional stress space, is input to the program.

Given the above data, the program computes the stress/strain
response of the defined material under the given loading. Incre-
mental loading is applied since the initial fiber curvature intro-
duces non-linearity in that the effective fiber stiffness is a
function of the applied load.

The program prints the strain state for each load increment
such that the nonlinear stress/strain behavior can be observed.
In addition, each fiber pair (truss) is checked at each load incre-
ment to determine if its ultimate stress has been exceeded., If a
truss breaks, it is eliminated from the model, and the model stiff-
ness and redistributed fiber stresses are recomputed at the break-
ing load. If further trusses break’, they are eliminated also,
until either the complete model collapses, or a stable configura-
tion is obtained. If a stable configuration is obtained, the
loading is then increased until an additional truss fails, at which
time the same process as above is repeated until complete failure
of the model is attained. Details of the analytical treatment in
the program have been described in Refs. 1 and 2 and will not be
repeated here. A flow diagram describing the major paths of in-
formation flow and calculations are given in Figure B-1l. The re-
mainder of Appendix B describes the input requirements of the
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program. Appendix C gives a sample case describing the program
output, while Appendix D provides a list of the program appli-
cable to a CDC 6600 computer, utilizing the RUN compiler.

Effective utilization of the SPACE Program requires deter-
mining the constituent material geometry and properties of the
fibers forming the RSI material. That is, the fiber properties
must be known, along with the variability of the fibers in the
material. An effective approach to determining the spatial dis-
tribution of fibers and representing that distribution with a
relatively small number of trusses has been described in detail
in Appendix A.

All input to the program is accomplished through a namelist
("DATA") format for ease of keeping track of the values given to
each variable for a given deck setup. The input can be broken
into three main areas: control parameters determine the number
of iterations permitted per stress solution, and define the con-
vergence and divergence criteria for the iterative solution scheme.
Geometry definition variables comprise the major input values
and provide a complete description of the material model and fiber
properties. Finally, the applied loading variables define the
initial stress state to be applied to the model, the number of
stress increments to be permitted and the size of each stress incre-
ment. Many of the variables have default values defined in the
program to minimize the input required. A listing of the input
variables along with their physical description and default values
follows.

It should be pointed out that the program 1is written such that
multiple cases can be executed during one computer run by simply
adding additional namelist sets with the data to be changed for
each case. That is, the program executes the current case and
searches the input data for an additional input namelist, if none
exists, the program terminates. The only restriction to the above
method of running multiple cases is that the angular orientation
of the fibers in each truss must not be changed. That is, BT (I,I)
may only be input in the first namelist, all other variables may
be changed in successive runs.

B-2 Program Input Variables

Control Parameters

NIT Number of iterations permitted for determining
strains and stresses for a particular value of
constant applied stress. (Default value is 5)

SEFS Convergence parameter for iterations, i.e.,
if two successive stress states differ by
less than this value, solution has converged.
(Default value is 0.5)
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SUPB Divergence parameter for iterations, i.e.,
if two successive stress states differ by
this value, solution has diverged and execu-
tion on that load case terminates. (Default
value is 1.E+5)

Geometry Definition Variables

NOR Number of vertical planes of trusses. These
are perpendicular to one plane of fibers.
Maximum value is four.

NTR Number of fiber orientations per plane. Each
plane is assumed to have the same number of
fiber pairs. Maximum value is thirty.

AD,BD,DD Dimensions of the unit cell of material being
considered. (Default wvalues AD=BD=DD=1.0)
SGM(I,J) Allowable fiber strength for each fiber in
the Jth truss of the Ith plane.
J 1 - NTR

I=1->NOR+ 1

The (NOR +l)th plane is the horizoental plane,
See Fig. 1. Note that the 1,2 and 3 directions
in the SPACE Program are unrelated to the RSI
coordinates, allowing the user to let the single
plane of fibers, i.e., the 2-3 plane, to rep-
resent whatever RSI orientation appears suitable.
In the sample case, Appendix C, the major
material distribution differences are in the N-S
and N-T planes, consequently the model was de-
fined so that the l~direction was parallel to
the N direction of the RSI, with the 2- and 3-
directions being parallel to the S- and T-
directions respectively.

RAT(I,J) Fiber length to diameter ratio between joints.

BC(T,J) Eccentricity of fibers (initial midspan deflec-
tion in fiber diameters).

EY(I,J) Youngs modulus of fibers.

L(I,J) Length of each truss (cannot exceed unit cell
dimensions).

VTI(I,J) Volume fraction of each truss in the model.

TEMP (J) ,J=1,3 Linear temperature variation in 1,2, 3 direc-
tions across material element,

ALPHA Fiber coefficient of expansion, constant for
all fibers.

NB{(I,J) Number of bays, or intersections, per fiber.

BT(I,J) Angular orientation of fibers in the Jth truss
of Ith plane, degrees.

AL (I) Angular orientation of th plane I=1-+NOR,
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Applied Loading Variables

SGO(I,1)

NINC

MSCAL

SMLT

I=1,6 Applied initial stress state on model

I=1; Gll I=4; 953
I=2: Tgy I=5; 613
I=3; 633 I=6; Ul2

Maximum number of loading increments.
{(Default value is 100}

Maximum number of re-evaluations of stress
distributions per loading. (Used to curtail
calculations if model cannot sustain loading
at a given load level) (Default value is 5)

Stress increment multiple. Stresses incre-
ment in steps of (initial stress) * SMLT
(Default value is 1.0) Note that SMLT in-
creases the magnitude of the stress tensor
and not the direction.



SPACE FRAME ANALYSIS PROGRAM FLOW

INPUT GEOMETRY AND
LOADING CONDITIONS
Y
IDENTIFY INITIAL LOAD CASE
.
ASSEMBLE INITIAL STIFFNESS | _
MATRIX
———————  INVERT STIFFNESS MATRIX
'

CALCULATE UNIT CELL STRAINS |—=
ASSEMBLE MODIFIED :

STIFFNESS MATRIX Y
1 CALCULATE FIBER STRAINS

| :
CALCULATE FIBER STRESSES

Y

MODIFY STIFFNESS OF FIBERS TO
REFLECT FIBER CURVATURE/LOAD
. INTERACTION

Y

- No__{STIFFNESS CONVERGEDJ
* yes

CHECK EACH FIBER STRESS
FOR FAILURE

' Y

ONE OR MORE NO FIBER
FAILURES : FAILURES
A J X
DETERMINE 1lst LAST LOAD N INCREASE
FIBER TO FAIL INCREMENT © LOAD
Y .
DETERMINE LOAD AT 4Yes
1st CURRENT FIBER :
FAILURE NEXT
Y LOAD CASE OR I
DELETE STIFFNESS OF GEOMETRY CONFIGURATION? | vyes
- 1st CURRENT FIBER
FAILURE no
END

Figure B-l - Space Flow Diagram.
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SPACE SAMPLE CASE
APPENDIX C

The sample problem describing the input data required
to model the RSI material described eariler in this report
is provided here, along with the output from a typical case.

The following NAMELIST data was used to generate the
RSI model and run two load cases:

SDATA
NIT=20, SEPS=1.0E-03,SUPB=2.0E03,NOR=4,NTR=8,
SGM(1,1)=40%*0.4E05,
RAT (1.1)=40*10.0E00,
EC(1,1)=40*1.0E00,
EY(1,1)=40%*0.2E08,
L(1,1)=40*1.0E00,
VTI(1,1)=40%.02E-02,
TEMP (1)=3*0.0, ALPHA=0.0,
NB(1l,1)=40%*4.0E00,
BT(1,1)=5%*85.97,
BT (1,2)=5%77.81,
BT (1,3)=5%69.35,
BT (1,4)=5%60.35,
BT (1,5)=5%*50.44,
BT (1,6)=5%39.09,
BT (1,7)=5%25.48,
BT (1,8)=5%8.99,
AL{l)=.0E00, 45.0E00, -45.0E00, 90.0E00,
$G60(1,1)=1.0,0.0,0.0,0.0,0.0,0.0,

NINC=8., MXCAL=2, SMLT=10.,
AD=1.0, BD=1.0, DD=1.0%
SDATA

s¢0(1,1)=0.0,0.6,1.0,0.0,0.0,0.0%

The following pages are an output listing of the above
model, giving the major output data.
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DIMENSIONS OF MODEL

NUMBER OF TRUSS QRIENTATIONS = &

A = 1400D00E+00
VOLUME = 1,06000k+00

SPACE FRAME MOODEL 1

P LIPS LY T YTO i Ny .

MOUEL GEDMETRY

NUMBER OF FIBER ORIENTATIONS PER THUSS = 8

VOLUME FRACTION OF MODEL = 1.24903E+D0

ORIENTATIONS
TRUSS FIRERS IN
TRUSS
O BsSPTO0E*0]
O T« TB100E+01
0. 6,93500E+01
G» 6,03%00E4D01
Qs S.08400E401
[ 8 3,90900E+01
8 2.54800L401
0. B.99000E+00
4250000E+0] 8,59700t+01
4.50000E«01  T,TBL1D0E«O]
4,50000E+01 6,93%00L+01
4,50000€+01  6,03500E401
4,50000E+a1 5,04400t01
4:.50000E+0) 3.90900E+01
4250000E*01  2.54R00E+01
4.50000E+01 B.99000E+0D
=42S50000E»01 B.59700E+01
»4,SHOD0E+0] T.7A100Es+01
=4,50000€E+01 6,93%00E401
~4.50000E¢01  6.035n0k+01
=4.50000E+01 5,04400E+01
=4,50000E+0]1  3.90900k+0}
=4.S000DE*01  2,54A800E40)
=4,50000E+01 8,950008+00
S+ 00DDOE+G]  B,59700Es0!}
9+00000E+0] T+TBIQ0E+0)
3. 00000E+01  6,93%40E+0)
9. 00000E*01  6,03500E+0]
9. 00000E+0] 5,04400Ee01
9.00000£+01 3,90900E+0]
9«00000E+0D] 2.54RQ0E+ 0]
9.00000E+01  B,99000E«00
A,59700L+01
T.7B)00E 01
B,93500E+01
6.0380064+01
S5,084008+01
3.90900E«0)
2.54R00E401
B,99N00EsDO

NUMBER UF
BAYS

44 00000E*D0
4,00000E*0D
4. 00000E*00
4,00000E+00
4. 0000DE+00
4. 0000DE*00
4,00000E+00
4, 00000E*00
4,0D00DE+00
4,00000E+00
4,00000E400
4,00000E+00
A 00000E400
4, 00000E*00
4.00000E* 00
4.0D0Q0E+ 00
4,00000E+00
4,00000E400
4, 00000E+00
4.00000E400
4.00000E+00
4,00000E+DD
. 0COQ0E*DD
4,00000E«0D
4,00000E+00
4,00000E+00
4, 00000E+00
4, 00000E+0D
&.00000E+00
4, 00000E+00
. DODDOE* OO
4.00000E%00
4, 0DD00E+00
4, 00000E+0D
4.00000E+ DD
4,00000E4 0D
4.0N000E+00
#+00000E+DD
4.000D0E*D0
4, 00000E+00

FIBER PROPERTIES

B o= 1+00000E+00

LENGTH DF
TRUSS

1.0000VE*D0
1.00000E*00
1. 00D00E+ Q0
1,00000€E+D0
1.000QGE+DD
1,00D00€+00
1.0000VE®*QO
1,00000E+00
1,00000E*QQ
1,00000E«00
1.00000E+00
1,00000E+00
1.,0000VE+00Q
1.00000E*00
140000UE*00
1.00000E¢00
1.00Q0VE*0D
1.00000E40D
1, G000UVE+ 00
1,00000E* (D
Lo GOGRUE+ OO
1,00000E400
1., CO0OVE+DD
1.00000E+00
1.0DODLE+DD
1,00000E+00
1.0000VE* G0
1.00000E+00
1.000800E+00D
1.00000E*00
1.0000VE*OC
1. 0000UE+ 00
1.00000E*00
1, 0000vE+DD
1.,00000E+00
1,00000EXDD
1,00000E+00
1+0000VE*0O0Q
1a00000E*00
1.0000VE*DD

C = 1.00000E+00

VOLUME
FRACTION

2e00N00E=TH
2:00000E=04
2.00000E~D4
2+00000€E~04
Z2+00000E~0
Z.00000E~0%
2.00000E=04
2+D0000E=04
2.00000E=04%
2.00000E-04
2400000E~04
2. 00000E~04
2.00000E~04
2+00000E=04
2400000E~}4
2400000E=04
2+ 00000E~04
2+.00D00E~D#
2.00000E-04
2o 000D00NE=D4
2+000D0E=D4
2.00000E=04
2.00000E~04
2.00000E-0%
2,00000E=0%
2400000E=04
2.00000E~04
2.00000E~04
2. 00000E-0%
2.00000E-04
24 00000E~04
2.00n0DE=0%
2.0000DF=~0%
2.00000F~04
2400000E~04
2.00000E-04
2400000E=04
2:00000F=0%
22 00000E=0%
2+ 00DOOE=-D®



*9t

DRIENTATIONS

TRUSS

O

Qe

Ne

O

0

O

L

Da
4.50000E+0)
4.50000€+01
&«SD0D0ESD]
4,50000E+0]
4450000E+01
4.50000E+01
4,50000E+01
4.50000E+01
=4.50000E+ 01
whoS0000E+D1
wk o 500DDE0])
=4.50000E401
wh o SU0GOE+Q)
=4, 50000E+01
=k 50000E+0]
=k SOO000E+C]
9+00000E401
9.00000E«01
S.00000E+01
9,00000E+01
9.00000E+0])
G+00000E+01
9.00000E+01)
9.00000E+01

FIRERS IN
TRUSS
R:S9TQDE+D1
TATBYQOE+0]
6,93500E+01
£.03500E+01
5. 04400E401
3.90900E+01
2,54R00E$01
8,99000E+00
8,59700E«01
T«.78100Esg]
6,93500€401
&, 03500801
Se08400E0]
3,90900E+01
E2.54R00E+D]
B,99000E«00
B,597T00E+01L
T.T8100E+D])
6.93%500E+01
6,035n0E+01
S,04400E401
3.,%0900Ee01
ZeSMRQNE+Q]
B,99000E«00
B,S9T00E+D]
T.7B100E+0)
6.93500L+01
6,03500E+01
5,08400E+01
3.90900E+01
2.54R00E+01
B.99000E+00
R.59T00E+0]
T.TB100E+0OL
6,93500E+01
6,03500E«01
S.04400E«01
3,90800E+01
2,54R00k«01
2,99000E+00

SOLUTION FOR STRESS CONVERGES IN 2 ITERATIONS

TRUSS

DIRECTION

11
22
33
12
23
31

ORIENTATIONS

FIRERS [N
TRUSS

A

STR

YOQUNGLS
MODULUS

2.00000E*07
2,00000E+07
2.00000E+DT
Z.00000E*0T
2. 00000E+0T
2,00000E+07
Z.00000E+0T
2. 00D00E+OT
2,00000EDT
2.00000E+Q7
2.00000E*07
2,00000E+07
2.00000E+0T
2.00000E+q7
2.00000E+07
2.00000E+0T
Z2400000E+07
2,00000E+0T
2+ 00000E+0T
2,00000E*07
2.00000E¢Q7
2,00C00E«07
Z2a000GOE*QT
£.0U000E+0T
2.00000E«0T
2+00000E« Y
2.00000E+0T
2,00000E407
2.00000E«0T
2eQ0QOOE*0T
2.00000E+07
2. 00000E+0T
Z+00000E*07
2.00000E+07
2.00000E+0T
2, 00000E40T
2.00000E+Q?
2,00000E407
2.00000E*0Y
Z.00000E+0T

ANALYSIS

-

PRLIED LOAD

1-000Q0E+00

O
Da
0.
Qe
L1}
ESS

TRUSS

ECCENT, CROSS5=
SECTIONAL
AREA
1.0000UE* 00 2.4B46IE~D2
1.C0000E+00 2.75239E~03
1,0000UE+00 9.86737E=04
1,00000E+0Q0 S.0144TE=04
1,0000UE+00 3.02543E~04
1.00000E+00 2.03710E-04
1, 0000VE*DO 1.50587E~04
1,00000E400 1.25790E=~04
1,00000E+00 2,4B463E=02
1,00000E+00 2,75239€~03
1,0000UE*CO 9,86TITE-D4
1.00000E+Q0 540144TE~D4
1.0D00VE*00 3, 0254IE=04 |
1,00000E+00 2.03710E-08
1,00000E+00 1.50587E=04
1,00000E¢00 1.25790E=04
1:0000YE+00 2, 8B463E~02
1.00000E+00 24¢75739E=03
1,00000E+00 9.867ITE-04
1,00000E%00 5.0144TE=D4
1,0000UE+00 3.02543E-08
1,00000E+00 2,03710€-04
1.0000VE*00 1.508B7E~04
1,00000E+00 1.25790E=0%
1,0000VE+0Q0 2,4B4L3IE=02
1,00000E+00 2.75239F~03
1,U000VE+ G0 9,86737E=06
1,00000E400 5,01447E=04
1.0000VE+00 3, 02543E~06
1.00000E+00 2,03TLOE=04
1, 0000VE+00 1,50587E =04
1. 00000E+00 1,25790E~04
1., 0000VE*00 2o 4B46IE-D2
1.00000E400 2,75239€~03
1.0000UE*0A 9,B673TE=04
1,00000E+00 5,0144TE04
1,0000UE* Q0 3,02543E04
1,00000E+00 2,03710E-06
1,0000UE+00 1,50587E=04
1.0000UE+D0 1.25790F =04
SYAAIN
1.41636E=04
~3,81263E=05
~1,36260E-15
=3,11030E-13
3.909T6E-19
-1,24078E~18
ORILNTATIONS
FIMERS IN

THUSS

MAXTMUM
SIRESS

49 00000E+DA
44 00000E+04
4, 00000E% 04
4.00000E+04
ho DOOQCQE+ 04
4. 00000E+ 04
6. 00000E~ D4
4400000E*04
&, 00000E* 04
44 00C00E+04
4.00000E*04
44 00000E+04
44,00000E=04
4. 00000E04
4,00000E+04
4¢00000EDS
4:00000E4 04
4. 00000E+ 04
LeDDDORESDS
A.00000E04
44 N000QE+04
44 00000E+04
G+ Q0000E+ Q&
4.00000E+D4
4, 000006404
4, 0D000E+ 04
&y D0DUOEOS
4+ 00000E+04
4400000E# D4
4. 00000€E+04
4, 00000E+04
4. 00000E+04
44 Q00C0ESQR
4400000E+D4
4,00000E+04
4, DDDODE+ D4
&.0D0DDEY DS
4,00000E+04
4, D0000E+D4
4,00000E+04

STRFLE:



"LE

PR W N NN ENEAY LR N Rt

A Lad et Y Kl v b ) e A ) e AT

*3.6985E+02
IPLECLEI L) ¥
1. 41896+ 03
3.244066E40)

=3.82619e+02

=1,58043E+02
3. 70810402
1. 14020€+03
=3.82619e+02
~1,58043E+02
3, TOB10E+02
1,14020e403
=3,9538TE+D2

b, 19550E+02

=6, TTTSLE+ Q2

~9,6618TE+ 02

=1.07107TE+03

-4,53608E+02
1,00033E«03
3114488403

SOLUTYON FOR STRESS CONVERGES IN

2 ITERATIONS

APPLIED LOAD

lel0000E«D1
G
O«
Qe
Qe
L ]

STRESS

DIRECTION
11
22
k]
12
23
31
DRIENTATIONS
TRUSS FIBERS IN
TRUSS
1 1
1 3
1 5
1 7
2 )]
2 3
2 5
4 7
3 1
3 3
3 5
3 T
4 1
4 3
* 5
) T
5 1
s 3
s 5
5 : 7
MEMBER FAILURE: TRUSS |
MEMBER FAJLURES TRUSS S

FIRER R
FIRER B

=4+ 058256403
1.77995E+03
1.56736E+04
3. 52384E4 04

=4,]190812k+03

=1, T4207TE+03
4, 03B95E403
1,2423BE+04%
=4,19812€+03
=1+ THZOTE+ 0D
4,03B95E«03
1.26238E404
~4+337I9E+ 0T
~5.26415E03
=T 44504E+03

“1,06183E+04

*1.17T32E+ 04

«5,01110E+03
1,0892TE+D4
3. IB269E+04

SOLUTTON FOR STRESS CONVERGES IN 2 ITERATIONS

TRUSS

WARAAEEFF UGN UN NN = — -

[TV RV NT W o S O PR R YRR N I R

BPPFPNDFINDFRENERFNEDE &N

STRAIN

=4.1922TE~04
w1, 49514E=04
=3,39379E~12
5,73941E=18
=) OHAR0E=LT
ORIENTATIONS
FIMERS IN

TRUSS

ERIrNODFPEIENDFEFENDESINDTFN

=1.,9280%E*02
T+00834E*02
24 29696E+02
34960T9E+02
~3.08064E*02
6.B2BT2E+0])
To4DTTIE#02
1.44211E%03
=3,08064E402
64828726401
TeA0TTIE+02
lub4211€+403
=4,22327E202
=5 ,643569F+02
~8.16432E+02
=1.07940E+02
=8,66091E+02
1.6B6B6E+02
2,01T70TE+D3
3.94362E+03

STRESS

=2+ 1200GE*03
T.65134E403
2.50004E404
4.29440E 0
=31,39283E403
7,.33397E402
8.07473E403
1:5T0S4E+04
=3,382823£403
T+33397E+402
0.07473E+03
1457054F4 04
4o 64548E403
“8e1974BE403
=8,97001E+03
=1¢1B635E+04
=3.520TAE+03
1,80604£+03
Z41951TEv 0
4. 275B4E¢ 04



Tl

T

T

‘BE

TRUSS

PRGNS S, PE W W N PR R et

MEMBER FAILURE)

SOLUTION FOR STRESS CONVERGES IN

TRUSS

ERTRPLNE N Rl ol

DIRECTION

n

2e

33

12

23

31
ORIENTATIONS

FIBERS IN

TRUSS

b R T R R NP TP P L

DIRECTION

11

ee

33

12

23

31
DRIENTATIONS

FIBERS M

TRUSS

AR ) e i WA L = A -

TRUSS 1

FIBER T

APPLIED LOAD

1eQ244BE+01

Oe
Oe
[
O
O
STRESS

"6+ 15039E+03
2WTISEIAEX03
2.3TSZ1E+0%
S,30TD4E+Q&
»6:3T2T1E+03
=2,60118E+03
65, 2TIS4E+03
1a91224E404
=6+ 3T2TIE+0]
~2.60118E+q3
5., 2TASHE«0]
1.9122%E 04
=6, SBTO3E03
=T 99820E+03
=1413210E+04

«] 615526004

=1.TPIZIE+DS

~T.S5214L+03
1o 6TISHE+ 0
6, 17385E+04

2 ITERATIONS

AFPLIED LOAD
1s02448E+0]

O
[
Qs
O

Qs
STRESS

=6.996B9E+03
&yIBZ2ABEC03
I 08969E+04
0'
=T,27213E+403
~2,566506E+03
8.500656+03
Po45021k+04
~7.27213E+03
=2, 56656E+n3
RaSQ06LE+NT
D ARAZTIFaNna

TRUSS

TRUSS

[ RV T NU R S R TR R RT A e

el Al WA NN e

STHAIL

N

Z2+38060E=03
=h,JBOLTE=D4
=2,2T040E=04
=5.200T7E~12

T«35110E=18
»1,969206=17

ORIENTATIONS

F IBERS
TRUS

DA FENRBOFNNDO NS NN OO R

STHAL

ORIENTAT
FIBERS
THUS

FOEMBROFENErEN

IN
5

N

3.04913E=03
=By 2TTTEE=D4
=2,536TOE~04
~6,613808E=12
9,12515E~18
*1.96952E«17
TONS

IN
S

STRESS

=3« 1B5TBE4 0]
1:17903E* D&
3,02082€4 04
n.

=5.120TRE*DI
1.20036€+03
1e28015E+04
2o d1AISEC(S

~5e120TBE*03
1+20036E+03
To24615E* 00
ZehlAISEL0N
=7,0555]1E£+03
=Fs42025E+03
=1, IGASSES 0N

w1.80521E+ 04

=l AATIATE*O4
24B9387E+ 03
3.36TOSE* DA
G

STRESS

«3+22510E+03
1.STROQE* TS
4e92602E* 04
0.

«5+T101RE+03
2.17590£+03
1.62099E+04
3.0T4BAE*DS

*5, TIDIRE«Q3
2+17590E+03
1.52093E+ 04

2 ATARAFReNL



THE

(LT T NI

MEMBER FATILURES

SOLUTTON FOR STRESS COWVERGES TN 2 ITERATIUNS

- T Gl e S L — -

TRUSS 5

DIRECTION

DRIENTATIONS

TRUSS

VAR VU b o T L) W W NN P N e e e

MEMBER FAILURE:

Fle
T

b G W L e U G e L LD el UG e

ERS IN
RUSS

TRUSS 1

FIRER T

FIBER £

o "L ]

=7.S4TAGE+R3I
~G,8ITETE+ DI
=1,408%90k¢ 04
=2, 0TEISE+ D4
=2,32389t+04
=3.,93713E+03
2.13090E+0%
6,59820E+04

APPLIED LOAD

1+02448E+01

O
O
0
O
0.

STRESS

3. TO426E+03
5.5BRT7E403
4 14241E+04
G

wl.D1600E«D4

«3,61865E+03
1,1758BE+04
3,3936TE+ D4

*1,01600E«04

=3, 51865E 03
1+ 1TSBBE+DE
3,3936TE« 0%

=1,05257E+0%

=] 2R291E+04
=1.,82519E€+04

w2.B13GFE+ 14

w2 BITASES (4

=14 1300%E+04
,0151TE+ (4

D

TRUSS

SAAND ST P

VAU e Wl kI et

g yN@FN

STRAL

ORIENTAT
F JOUEMS
THUS

PPN ENRFEFNETIRETNER®EN

N

4.11BTSE=03
~1.033BTE-03
=3 6ZTTTE=D4
=8,99540E=12
1,2TIBSE~17
«2,23T11E=17
10NS

N
5

=8, 19484E+03

w1s14629E404

w1eTIQITE+ON

=~2:33904E+04

=l.HB245E¢ 04
A4TTSTES 0D
4.290%0E404
[ 2}

STRESS

w4 68641FE*03
2+10013E*Q&
6.6130RE*0H
0.
«7.9BB87TE*Q3
249T420F*03
Zo24BZ1E+ 04
4,25T60E+ 04
T, 90BTIE*QD
249TH20E*D]
2.245Z1E*04
49 25TODE*OE
=l.12904E*04
=1.51S00E+04
w2 20451E*04
=2eF2IANTE* DS
=2431098E+ 04
b.52201E+02
S.BABTSE+ D4
[+



“ov

SPACE FRAME MODEL 2

MOUEL GEOMETRY

DIMENSIONS OF MQDEL A 3 1.00000E+00 B = 1+00000E*D0

VOLUME 2 1,U0000E+D0

€ ® 1.00000E*00

NUMRER OF TRUSS QRIENTATIONS = &
NUMBER OF FIBER ODRIENTATIOUNS PER YRUSS = A

VOLUME FRACTION OF MOOEL = ]1.,24903E+QD

e
&S
b
%@7
125
&
fy

ORIENTATIONS NUMBER OF LENGTH DF VOLUME

TRUSS FIAERS N BAYS TRUSS FRACTIUN
THUSS

O B»59T00ED1 4. 00000E*Q0 1.0000VE*DO 2400000E=04
[ T+TB100E+0] 4,00000E+0¢ 1.0000VE*Q0Q Z+00D0NE=0%
[ 6,93500E+01 &, 00000E+00 1,00000E+00 Z2+00000E=04
D 6.03500E+01 4, 00000E~00 1,00000E+00 2+00000E=04
[ S.C4400E+0]) e GOOO0E+00 1., 00000E+00 2.00000E=04
De 3.90000E4+01 &, 00000€E+00 1.GO00UE+QD 2.00000E=04
Ds 2.54800E+01] 4, 00000E+00 1.00000E+00 2.00000E=-04
0 8,99000E+Q0 4,00000E+00 1, 0000VE* 0D 2.00000E~04
4.S0D00E+0]  B,SGT700E«0L 4, 00000E400 1, 00000E+00 2.00000E=04
4¢SQ000E+0]1  7,TB1QOE«Q] 4, 00000E+00 1,00000E*QD 2,00000E=-04
4.50000E+01  6,93500E+01 4,00000E+00 1,D0000€+00 2.00000E=~0D4
4.,50000E«0]  6,03500E+D] 4, 0DD00E+00 1,0000VE+00 2,00000E~04
4,50000E401  S5,08400E+01 4,00000E+Q0 1,00000E+Q0 2.00000E=0%
4.50000E+01 3,90900E+ 01 &, 00000E+00 1.00000E+qQQ 2+ 00000Em0OS
4.50000E+0) 2.54800£+01 4,00000E+00 1,00000E¢00 2+00000E=04
4,50000E+01 B8,99000E+00 4,00000E+00 1,000G0E*00 2. 00000E~04
=4,50000E+01 B+59700E4+01 4,00000E+00 1,00000E+00 2. 00D00E=04
=k, S0000E0] T.78100E401 &, 00000E 0D 1,0000VE400 2. 00000E=D4
=4:50000E+01  6,93500E Q] 4. 00000E+DD 1.00000E*0DD 2400000E~D4
~4,50000E+01  &,03500E401 4, 00000E+DD 1,00000E400 2,00000E=D4%
=k oS00N0ESO] S5,04400E401 4,00000E+00 1,00000E+QD 2.00000E=04
=4.50000E+01  3.90600E40) 4, 00000E+00 1.0000UE*00 2.00000E=0#%
wh SG000E+01  2,S4RQ0E«Q!] 4.00000E+00 1,0000VE+00 2400000E=04
~4.50000€40]1  B,99000E+00 4, 00D00E* 00 1,00000E+00 2o 00000E=V4
9.00000E+01 B,597T00E+0] 4,00000E+00 1,0000VE+00 2.00000E=CH
9.00000E+01 7.78100E+01 4,00000E«00 1,00000E+00 2,00D00E-04%
9,00060E401 6,93%00E+01] 4,00000E«00 1,00000E+00 2.00000E=04
S+00000E+01 6,03500E«0) 4,00000E+00 1.00G00E+00 2.00000E=04
S+00000E+D] 5.,04400E«0) 4, 00000E+00 1.000QUE+00 2.,00000E-04
F.00000E+D1 3,90000E+01 4,00000E+00 1,00000E+00 2e00000E~0%
F.00000E+01 2.54A00E+01 4, 00000E+0D 1.G0DOLE*DD Zo000O0E~04
3, 00000E+01 B8.99000E«00 4, 00000€200 1,00000£+00 2+00000E=04
8,59700E+0) 4,00000E+00 1.,00000E+0Q0 2.00000F=04
TaTA100E+01 4, 00000E00 1.00000E+00 2.00000E=0%
6,93500E401 &, 00000E*00 1,0000UE+0D 2.00n00E=00
&,03500E401 A,00000E«0D 1. 00000E+30 2o OODDDE~O4
S.G4400E«D] 4,00000E+00 1,0000UE+00 2.00000E-04
2,90900E+01 4, 00000E*00 1,00000E+00 2.00000E=06
2,54000£401 4, 00000E+00 1,0000UE+DO 2.00000E=0%
8,559000E+00 4,00000E+0D 1,V0000E+00 2.00000E=04

FIHER PHROPERTIES



"Te

ORTENTATIONS

TRUSS

Os
Qe
[ 13
O
[
0o
Ge

o.
4+.50000E+01
4.50000E+01
4.50000E+01
4+50000€+0]
4+50000E+01
4.50000E+01
4250000E+0L
4,50000Es0L
=4,50000E+0!
=4,50000E+0}
=4,50000E+01
=4.50000E+01
=4.50000E+0)
=4.50000E+(]
=4+ S0000E401
=4,S0000E+ D]
G+00000E+0)
9.G0000E«D])
S+00000E+01
S+00000E+0]
9.00000E+01
9.00000E+01
9.00000E«D]
9.00000E+01

SOLUTTON FOR STRESS CONMVERGES In

TRUSS

DIREFTION

11
22
33
12
23
31

ORIENTATIONS

FIBERS IN
THUSS

FIRERS IN
TRUSS

B.59TQQE+ 01
T«7B100E+0]
6,935n0E+01]
65.03800E+01
5.04400E+01
3,90000E+01
2.56R00E#0]
B4 99000E+D0
By59T00E+01
7+7B100E+ 01
6,93500E+01
6403500E+01
S+04400E+01
3:90900E+0])
2.54R00E+0]
8,.99000E+00
&,59700E+01
T.7B1D0E+0D]
4,93500E401
6,03%500€+01
5,04400E«0]
3,90900E+01
2.54RN0E+D]
B,99000E400
8,597008401
T« T8100k«01
6,93500E+01
&,03500E+01
5.04400E+01
3. 50900E+01
2,54R00E+0)
B, 99000E«00
8.59T00E+0)
T«TBI0CE«DL
6,93%00E+01
6,D3A%00E401]
S5.04400E40)
3.90900E4+01
2e54RD0E+D)
B.99000E+00

2 ITEHATIONS

ANALYSIS

YOUNGLS
MODULUS

2+00000E*D7
2« 00000E*DT
2.00000E%07
2+00000E+07
2.00000E+07
2,00000£+07
2.00000E*D7
2,00000E+07
2.00D0DE*0T
Z2,00000E+07
2.00000E+07
2+00000E+07
2.00000E*07
Z+00000€+07
2,00000€407
2,00000E+0T
Z.00000E+QT
2400000E+07
2,00000E+07
2,00000E+07
2.00000E40T
2.00000E407
2,00000E+0T
Z2,00000E+07
2.00000E+07
2.00000E+07
2.00000E+07
2.00000E«0T
2.00000E+07
Z2,00000E+07
2.00000E+0T
2.00000E+07
2,00000E+07
2.00000E407
2.00000E«07
2.00000E+07
2,00000E+07
24.00000E%07
2,00000E+07
2.00000E+0Y

e e A e

APPLIED LOAD

G

[

1.0000
.

ol

0.

STRESS

OE+00

TRUSS

ECCENT . CROSS=
SECTIONAL

AREA
1.00000E*DD 2e4BAGIE=D2
1.00000E+00 2+75239E-D3
1.0000VE*Q0 9.86T7ITE=04
1.,00000E*00 5e0l44TE=04
1.00000E400 3,02543€-04
1,00000E+00 2,03710E=04
1,00000E*00 1.50687€=04
1,00000E+QD 1225790E=04
1.00D0VECQD 2.48483E-02
1.00000E+00D 2.75239E=03
1,0000VE*DD 9.0867I7TE=04
1.D0DQVE* DD S.0144TE~OS
140000DE*0D 3.02543E=04
1,0000VE*DD 2, 03710E~0%
1.00000E*00 1.50587E=-04
1,00000€+00 1.,25790E«04
1,0000VE*00 2o ABABIE=02
1,U0000E+00 Z2.75239E~03
1, 0000VE>00 9.BATITE=04
1.00000€+00 S.0144TE~O4
1.0000VE+Q0 3. 02543E-04
1.00000E+00 2.03T10E-04
1. 0000UE*00 1,5058TE=04
1.00000E*00 1.25790E-04
1.0000VE+00 2o 4BAGIE-D2
1.00000£+00 2.75239g=-03
1,0000UE+00 9.86T7TITE-04
1,00000E+00 S,0144TE=04
1.0000UE+GO 3, 02543E=04
1.00000E+00 2.03T10E-04
1,00000E+00 1.50587TE-04
1.00000E+00 1.257T90E-04
1,0000VE+0D 2.48463E-02
1,00000E+00 2.75239€-03
1,0000VE+00 9.8573TE~04
1,00000E+00 5,01447C=04
1,00000E*00 340254 3E=04
1,00000E+00 2403T10E=04
1.0900VE*O0 1.5058T7E-04
1.00000E+00 1.257905-04

STHAIN

=1.38294E=05

“9,37055E~né

4, TRE2BE=NS

B.5216TE=14

b, 08352E=19

»],61782€~18

ORIENTATIONS
FIVENS [N

THUSS

MAKR IMUM
STRESS

#200000E04
4.00000E+04
%4 00000ES 04
As00000E+D4
$.00000E~04
4.00000E+04
4400000404
4300000E+04
4400000+ 04
4,00D00E+04
4.00000E+ 0k
4.00000E+04
44000U0E~ 04
#200000E*04
44 00000E*04
4,00000E+04
4400000E+04
4, 00000E+ D4
44 00000E+04
44 00000E+04
4,00000E+04
4,00000E 04
4400000E+04
4,00000E+D4
4.00000E+D4
4,0N000F04
4.00000E+04
4,00000E*04
42 00000E+04
4,00000E+04
4,00000E+04
4.00000E+04
4,00000€04
4,00000E+04
4.00000E+04
45 00000F 04
4400000E+04
4200000E+04
4.00000E+D4
4,00000E+D4

STRFS5S



40 ALMTIMONA0qay

r
4
-

Y00d 8T @DV TVNIDINO

il

A

MUVAUN & 5 o &L Ll ) IR D e e e

o~ G Gad et U el e e U L s O R ek e

1436743403
1. 15633E+03
6:59118E+02
=6, 46303E+01
1,36TTIL«03
1,16395E+03
6.83953E+ N2
=1.4TTB3E+D]

1.36TTIE+DI

1.16395€+03
5.B39538+02
=] ATTREE+0]
1,36B04E+03
1.17156E+03
7.0BTBBE+ (2
3.51336E+01
=2+ TO118E+02
=2, B4TATE+DZ
=3, 19198E+02
=3,69335E+02

SOLUTIUN FOR STRESS CONVERGES IN 2 LTERATIONS

TRUSS

RN WS PP Pl WL MR D N e e

SOLUTYION FOR STRESS COMVERGES

DIRECTION

11
22
k|
i2
23

31
ORTENTATIONS

FIBERS IN
TRUSS

~ U W o U0 e A L e ] B e U =

IN

APPLIED 1.0AD

0

[+ 1]

1+10000E+0)

Qs

Oe

Qs
STRESS

1+49611E%04
1.26570E+04
TC204HBE+03
=Ta1T243ke 02
1o49644E« 04
1427403k + (4
T.69202E+03
=1.6B108Ls 02
1. 4F64ME 4
1.2T403E+04
TehIZBLESDI
~1.68108k+02
1oAPHTTES O
1.208236L+ 04
T T6S14E 03
3,81007k+02
=2,97079E+03
=3.13171E+053
=3,51066E+03
"4, 06217403

2 ITERATIUNS

AARARAF P FFrW@wWWN YN -

(LR RV I R A WP SRR R BT R e ekt

PP NNRE FVECENTOEN®RIEN

STHAIN

=1.49926E=04
«“1,DI0DKBE~ND
Sy 25434E~04
9.356965E~13
w4 40999€=-18
=1,46045€=17

ORTENTATIONS
FIMEAS IN
TRUSS

ECIrPrVTFLENOC PRI ERNDOSN

1229TISES03
G«435TOE* (2
Jo1l1142E+02
=3.4B819E+ 02
1. 3000RE+R3
9.58552E+02
3.48033E02
=2.B5069F*02
1.3000BE*03
9.58%52E+*02
3.48033FE¢02
=2.,B9069€+02
1.30281€+03
G TISIIE+ 02
I, 84923402
w2s2931RE*02
=2 TR9THE* (2
=22 99KF0E*QE
=3a43304Es02
=3.89013F+02

STRESS

1:4196GE* 04
1+03323E+04
3. 40TAAEXDD
=3,83T7TISE*03
T442263E¢04
1. 04963E+ 04
3,81307E+03
=3,1R010E+023
1e42263E404
1. 04963E+04
3.B1307E%03
=3+18010E+03
1.42562F¢ 04
14 0660AE* 04
4.21821E+03
=2.52281E+03
=3,02421E+03
=3.293B9E+03
=3, TTSBAE*(D
=hy2TBHIE+DI



“EF

TRUSS

UL ET I S g P AP RN INE SR LU R Ll

SOLUTTUN FOR

TRUSS

W W W RN P e e

DIRECTION

QRIENTATIONS

FIBERS IN

TRUSS

BT IRESRNET AR R R U FR R N RN LR

DIRECTION

11

22

33

12

23

31
DRIENTATIONS

FIRERS IN

TRUSS

S o = A e U e R

APPLIED LDAD

[

Ge
2¢10000E+01

O

b

Da
STRESS

ZeB4103E+04
2o 40452E4 06
14372BLE+D4
=1.38003E+03
ZuBA1GOE 04
2,42033E+04
1. 42460E04
=3,31490E+02
Z.84166E+04
2.42033E+04
TuhZHESEs (4
*3.31490E+02
2.BAZ2EE+ 04
2ed3614E+04
1+ #TH&GE+ 04
T.16983k+02
~E,67053E+03
=~5,9T775E+03
*6, TC125E+ 03
=T TSAOTEDD

STRESS CONVERGES IN 2 ITERATIONS

APPLIED LOAD

Qe
3+10000E+01

Ge

e

O
STRESS

4¢17T1BlE=0O4
3.5322BE« 04
2401B26E+04
=2.05301E+03
4, 1T2T3E+0%
3.55550E+04
2.09454E 404
=5.04876E4+(2
& 1T2TIE 04
3.55550E+04
2.09454E 204
-5, 048T6E D2
4, 1TIGME 04
3.5TRTZE+04
P.1TnANk ank

TRUSS

TRUSS

AU Wl ad ) N N e e

R NN Y e

STRAIN

=2.80622%E=04
=1,96750E=04
1.,00109E~03
1, TAR3ILE~12
=T, 8320%E~18
«2.,81075E-17

DRIENTATIONS
FIBEKS IN
TRUSS

TEENDPFPNDIEINOBSEND TN

STRAIN

4. 2252TE™ N4
=2:904)TE=04
l.4T484E~03
2.63917E=12
=1 4,2881RE=1T
~5,00683E=17

ORIENTATIONS
FISERS IN
TRUSS

2

PENDPENDEIND O

STRESS

2:59622E%04
1+963065E404
6 4TTY2E*D3
=Te3264TE+03
2+TO1BBES 04
1.994B3E+04
To25045E+03
wboOT1TIE+DT
2.70188E+04
1.99483E+04
To25045E403
=5407173E403
24TOTSSE+ 04
2402601E+04
B40226BE+03
whyB168TE«D3
5, TT252E+03
=& 2BTITEXQ]
wT20TASE*03
wBa16T72BE*02

STRESS

3.959T2E*04
2+BA5TAE+0N
9+52159E403
=1+08162F«04
3.,94BOJE+04
Z2+93108E*04
1., 06604F*04
~8.96395E+03
I+SHRBO3E* D4
2:93158E%04
1.06604€+04
=Ba96HI95E+03
J9TEIAF D
2.97ThoE*04

1T VTaRLcocsA



P R LR ]

ARar WL v

& 7 1.,04311E+03 & ] *TeL118RE*03
5 1 ~8,36934€+D3 g 2 ~R,51980E+03
5 3 -8, B22B4E403 L L] «9,27992E+03
' 5 5 -9, B90BHE+(D 5 6 =1,06381E+04
- 5 7 w1 1 44S0E-04 L 8 ~1:20583E+04
MEMBER FAILURE) TRUSS 1 FIRER 1
MEMBER FAILURE? TRUSS 2 F1BER 1}
MEMBER FAILURED TRUSS 3  FIAER )
MEMBER FAILURE? TRUSS & FIBER 1}
SOLUTION FOR STRESS CONVERGES IN 2 ITERATIONS
DIRECTION APPLIED LOAD S5THAIN
11 De -5,58636E~04
22 O =3.B3935E~nd
33 2.9695TE« 01 1,95566E=03
12 O 3,.4BBIGE~12
23 O ~1,26954E=17
N Oa A 2hEATE=1T
ORIENTATIONS STRESS ORIENTATIONS STRESS
TRUSS FIBERS 1IN FIBERS IN
TRUSS TRUSS
1 1 0+ 1 2 Se2A44TE DA
1 3 4+6T13GE+D4 1 4 3.81892F+D4
1 S 2.6TIBIE+D4 1 ] 1a26644E DA
1 T =2,683788403 1 8 w1a4PIRBES DS
2 1 [ ? 2 5.24539E6+04
2 3 4.70190E+04 ? & 3,BT7928E* 04
2 5 2.7T43BE+ 04 -4 .} 1eh1ATOFE*04&
2 7 =6,36594E+ 02 2 8 =1, 1A45SBE+ 04
3 1 0. 3 2 5,24530E+ 04
3 3 4,TOI90E+04 3 & I, BTI2RE+Q4
3 g 2, TT43BE+04 k] [ T1814T9E*04
3 7 6y I6SFHEC 02 k] 8 =1.18458E+04
[} 1 [ 4 2 522563DE* 04
4 3 4, TIZAIE+ 04 [ 4 3.9395TE+ 04
“ 5 2.BTABBL+ 04 4 [ 1+.56504E+04
& 7 1,41031E+03 4 B ~9,39659E+03
5 1 =1,10623L+04 s 2 =1.12624E+08
s 3 =1, 16630E+04 L & =1a226T3E+04
g 5 *1.30750E+04 5 ] ) 40B20E4 DA
g 7 al,S1297E+ 04 5 a »1.59360E+04
MEMBER FAILURE? TRUSS 1  FIBER 2
MEMBER FATLURE} TRUSS 2  FIBER 2
MEMBER FATILURE1 TRUSS 3  FIBER 2
MEMBER FATLURE1 TRUSS &4  FIBER 2
SOLUTTUN FOR STRESS CONVERGES InN 3 ITERATIONS
DIRECTION APPLIED LDAD STHAIN
11 Da ~H,2289TE-04
22 0 =5,65300E=A%
kk] 2eVHOSTE+N] 2499701E=03
12 s S.1288AE=-17

k)

L3S

-1 aThnaoler?



TGF

TRUSS

SR RAREFEPWWRWNNNN R

MEMBER FAILURE!1

33
ORIENTAT[ONS

FIBERS [N

TRUSS

A ) U ] O L e G U

TRUSS 4

FLIBER 3

O
STRESS

O
T.12752E+04
4.121386E+04
~3.33460E403
0'
T.1T200E+04
4,26A51E+04
=3,17130k+02
0-
Te1T200E+04
4,20051Ee0%
=3, 1T130E+02
0.
Te2164BE+04
4.41555E4 04
2.69891E+03
«1,62891E+04
=1, T1727E+04
=1,925831E+04
=2,22B01E+04

SO0LUTTUM FOR STRESS CONVERGES IN 3 ITERATIONS

TRUSS

VI e rr P W W WA R e e e

MFMAFR FATILIRF

DIRECTION

11

22

33

12

23

31
ORTENTATIONS

FIBERS IN

TRUSS

—d A L e ) et o A L) e ] U1 ) e ek LA

TRIIES 2

FTRFR 3

APPLIED LOAD

0«

0»
2+ 989STEL Q)

O
[

Oe
STRESS

Oe
T«37129E+04
4.59]116E+04
=4.,2B9TAE+D3
O«
R 034BAE+N4
4«BO1TEE+DA
3.92926ke01
Qe
BeDI4DMECON
4yBOITEE S04
3,929Z28E«01
[
T
E.01214E+04
,36423E03
»1.6642T7E+04
=1,T9102E+04
=2, 0894TEend
=2.5236BE+ 04

TRUSS

TRUSS

IS e PPl L W N G R N e e e

AN A AP Pl N NN e e

PR TRV RS

=R, 126659E=17

ORIENTATIONS
FISERS IN
THUSS

AN DEFNTIFENVNDEENNDO SN

STRAIN

=9, 45584E=04
*S, TT144E~04
3+36218BE=03
S.02068E=12
=1,373T3E~17
=T 05490€~-1T

ORIENTATIONS
fFIBERS IN
TRUSS

PRrIPNSEFFrNOT PN NDR PN

STRESS

Da
SeR4GAI1E* Q4
1+99150E% 04
=2+ 0GTQIE+0S
Oe
S+FIGABE+ 04
Z4Z1229E4 04
w12 TIGZZE+ 0%
0y
BeFINAGE+ DS
2+21220E+04
w].T3022€%04
0.
6, 0224BE*04
2o432D4E0H
w] s ITSIIESDS
] 65B25E+04
«leB063DES DS
=2, 0TOBEE+ DA
=2+ JABBLE* 04

STRESS

Oe
B+SI154E+04
Ze1926RE+ (4
=241 T91E+ 04
- N

b BETHAE*DS
2.50905€+04
=1+900IA9E* 04
1Y

a6 TALE+DG
2+SNFUSE* 04
«1:530039E+0%
De

63 TRIZHEY O
ZuB2493F 04
»1,38266E¢04
=1+ TOHISE*0N
=1e9]BTSE+D4
a2 29HCRF+ 04
-2 6GHQTE+ 04



SPACE PROGRAM LISTING

APPENDIX D

The following pages present a listing of the CDC 6600
version of the SPACE program. The program is written for
a "RUN" compiler, and requires 70K of core to compile and
execute. The compilation of the program and execution of
the sample case given in Appendix C reguired less than 13

system seconds of time.

46.
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PROGRAM MAIN

(INPUT yOUTPUT ¢ TAPESH INPUT ¢ TAPESGRUUTPU )

[
[ Preererres T YT TYRY PY ST IS STY YT PRY T YT ST ST AL YTYLL AT YL AT IR YL L L AL A0 Sl LAl 2Ty
C [ ]
c * SPACE .
[+ # bt
C * VERS 1 WwDD 0 -
C - -
C ...OOQIIQUGOI..l..!.i'ii.&.i.ﬁ-.ﬁ.*DQ..I{.GOil{il.il*..Q.Q“..QQQQ'!'G“II..
[+
c
vonang COMMON FCINPUT/ADsBD9DDsNALsEYSECoy A VHODI VT Ty Vo SGM
wo0003 COMMON/LOCZ2/STD
weoa0d DIMENSION TEMP(3)
LLN 2 L] RIMENSTION EY( S930)eA( 54300 9EC( S23034BTL 5»30)9NBI S930} s
1 Li Se30)vALL 5195600 6o 1)8TRIG(1e6) s TRMOL Sl
2 EViGs1)14C( 21y SeAD) #0166} yDIRF(141) o SGML 593030
3 ETAL Se30)+EPL Sp30) oRATL S5430) 9 5GF L Se30)
1Y SGP{ Se30) 964 B SeID)sE(696) s Z(0sE)4DEL Se30)
s DM{ S+3p}aSTORST Se30)2SM( 61 a¥TL Se3m)
000003 NDIMENSTON SLN{&s 11 aSLPIG,1) eSGCL SeID) 2 VTI( 543000
1 FRAC! Se30) s TMPFL( Se30va0}
[0 7,%, 1k NIKENSTON TIta0) sl lap)
ugnona NAMELIST/DATA/ NITySEPS+SUPBaNORANTHeAD»BD DD SGMeRATYECT+EY oLy
1 VTIsTEMP 4 ALPHAJNB s ALy SEUININCy MXCAL o ML T 4R T
uooony DATA MYXCAL sNINCeNIToSHLTISEPSISUPR
1 /58 100¢5¢1a0e85910E*OE/
0004003 REAL NBsL
000003 INTEGER STO(S+3D]
vengla FGUIVALENCE (OE+EP)
0ono03 PATA PL/3.14)15926E0/9EXPARG/1TI.DED/
vo00a3 LOGICAL PSBTMSINGD,IFAILY 530}
[+
[
uoaao3 DSECIX) = 1.0EQ/ COSiX)
agogl2 RAD(X) = X/S57.29578
voooles DEOTH{X) = 1,0€ 00/ VYANH{X)
0ooQP4 UiX) = SORTIN)#RTI/2,
900032 COEL (Cea) COAW ()~ (PI/241%(1,= COSI Jia)n /i Urar®
1 SING ULAY1}}/711,=A)
000060 TDELICvA) = CoA®{],=(P1/2,)/1 VLAY *DCOTHI utays2,11¢/
1 [1.+4)
000101 EVALIY2A9CoD) & ARY/{A%4 % (2, %CHD+D*=7}}
vonlla Fi{X} = 1,00 Q0 = EXP{=X}
[
c INPUT
c
oonY 23 &D®14p
0antPs ADT b
pory s nohzy. o
Yh01FT 1C5=L
uoon130 1¢5a1C5+1
900132 READ{S.DATA}
ag0) 34 TF{EDF+5) 33,32

0B/R2/74



= HUN VERSTON 243 ==PSR LEVEL 363== HAIN

=r3

4on13Y

ugo14l
von1e3
opD1A4

00152
000154
00a155
upo16n
Gaa1se
9a016%
0anl6s
00016Y
6o01To
000171
ogolT2
¢on1Ts
000177
voo200
upn202
ugoz2n3

doo20s
uon206
ogazor
uwonzll
00277
opn2é2
000242
von2s:
VoH25k
00n272
GONZET4

aanang

000304
200306

QOO0 OnoD

OO0

onNa o0

32

19

440

480

asp

w1t

INPUT PER CASE

CONTROL PARAMETERS
NORP® NOR + )

RESET MATRIA STO TO ZERG

00 19 KDF*1+5

00 19 KDZ=11+3p

STO{KDF +kDZ) 2

MODEL. GFOMETRY

STRESS LIMIT

FIBER AND TRUSS PROPERTIES
ANGULAR ORIENTATIONS

INTIAL LOADING

INITIAL COMPUTATIONS AND ASSIGNMENTS
DO 440 I=l¢NURP

DO 44) Jm)iWIR
TFAIL(IeJ) = o+FALSEs
CONTINUE

MSINGD = ,FALSE.

INC = O

'Ta &

ITOT = 0

MEMB = 1

vMOD = 0,0E 00

KNT = NORF®NTR

Vv = AD®RD*DL

DO 480 I=lsé

SM{I) = SMLTeSGO(Is1)
SLN{Iel) = 0+40E 00
CONTINUE

0O 910 Ials+NURP

DO 910 J=1«NTR

IF (INP.FO«2) GO TO A90

NM{led) = LATsJIHDSECIRAD(RTC(IoJ)) I/ {2O*NBILoJI*RATITaJ}!
ETAIIvd) m &, ONE(T+J)®*#2%DD/(L(Tad}® TAN(RAD(BTLI+ D))
CONT INUE

A{Tod) = PISDM{I,J1%%2/4.0E0

VYT(TeJd) ® 2a*¥NAITya)*atled)/s{ SINIRAUDIBY{19J)) ) ®AURD)
FRAC(Ie ) = NTIULeNAVT LI

vHMOD = yMOD & VT (I,.J)

CONTINUE

FRINT OUT INPUT INFORMATION
CALL INPUTINURWNTRsICSs ALe RTI

DEGREE TO HADIAN CONVERSTON
D0 912 la1+NUR
ALI(T) = RAD(ALI(IN)

0B/22/74
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000312
0po3ls
o00316
000317
voe3IPE

000331

000331
004333
00334
0003137
000347

0002354
00354
000356
000357
ngg362
000365

000371
060372
000375

G0o3vTe
oonary
w0400
00400
000402
UQ04n3
to0406
000413
V00414

Gogals
BO0a14
GOOM1T

ogna2?
oooe3
uonsle
1]edul L)
[T LYY
000445
VonART
LT A1)
V00454
V00455
UDo463
V004EL
VoNn46T

312 CONTINUE

913

918

917

950

1045

10190

1015

1020

N0 913 1=1+NURP
00 913 Jm)eNTR
AT{YsJt »

CONTINUE

RAD{BY [Ty )}

RETURN TO 915 TO INCREMENT LOADING

CONTINUE

E® AT
DO 91T I=x]+NORP
N0 21T JslsNTR
TF(IFAIL (2w Jt) GO TO 917
NELIsd) =

CONTINUE

[

LPHA = [

EY(TaJ/(BaOEQ® ECHI4JI®w2¢] 0ED)

RETURN TO 92p FOR NEXT TI1ERATIVE STEP
INITIALIZE MATRICES © + € T0 ZERD

CONTINVE

DO 950 Ma)e&
00 950 Nxlsh

DiMaN) =
FiMyn) =
CONT INUE

040 00
0.0E0

DO 1005 1m:1+6
TRMD (191} = VH#SGO{Ts])

CONT INUE

EYALUATE MATRICES D + E+ FIRST FOH +BETA + SECUNDLY FOR =gETA
PSBT = ,TRUE.
G0 TO 1020

CONTINUE

PO 1015 T=14MNORP
DD 1015 JUsleNTR
BT{Ied) m =BT{I.J}

CONTINUE

PSBT = ,FALSE,

CONTINUE

PO 1750 I=lsNOR

no 1750 J=lsNTR

IF{IFAIL(TsJd)) GO TO 1750

PRELIMINARY VALUE OF MATRIX ELEMENTS

SET
PP
SNA
SNZA
SHAZ
SHA3
SN2AZ
SNA
SHAZ
SNB4
SN2B
SN282
c5A
cSAaz

ETALI+ D 4DMUTs JISRAT(Iv N ®ALTe ) /2. %FRALLT S )
SINCAL LTI
SIN(2e®al{1))

SHA*E2

SNAZ#SNA

SNZAw#2

SNAZ##2
STN{BT{TeJ) 2

SNB2 442
SIN(2+%RT(11.))

ShNzEes2
COS(aL{I))

CSARez

0B/22/74
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HUN VERSTON 243 ~=P5R LEVEL 363-- MATN
ugnato CSA3 = CSA2eLSA
00N4T] C54&4 = (SAZssp
0o04T2 CSB2 =  COS(BT(IsJ))®e2
voneTS CSB4 = (C582%e2
: C

c ELEMENTS OF D MATRIX
vooATY €l 1slsJ) = PPeCSA4SCSAS
uga%06 C{ 2¢1vJ) = PPeCSA2#SNAPSCSB4
0g0515 £l 3slsvJ)l = PPR*CSA2#CSR2Z*SNBZ
090525 Cl &11+J) = =PPHCSAZRSNZASCSEA
00053% Cl Sy1sd) = =PPHCSAZMSNARCSB2RSNZR
TILTY Cl 631svJ) = =PPRCSARCSAZOSNZE
0gassY CL T+1s ) = PPRCSE4PSNAS
000567 Cl Belv)) = PPECSBZUSNP2#SNAZ
u00sSTS Cl 9¢led} = «PPECSBARSNAZHSNZA
CLELT L Cl 10eI9J) = =PPRSNAIRCSB2#5NEB
v00615S CU 11910} 3 «=PPRCSARSNAZ®CSRR2#SNZE
uo0s27 Cl 12+1+)) = PPASNB&
0p0&3s CCl 13:10)) = ~PPRSNZARCSR28SNB2
V00644 C{ 18el9) = =PP#SNA®SNAZ®SNPE
000654 £l 15s]sJ) = =PPOCSARSNAZSSNDB
000665 Cl 16ele)) = PPRSN2AZSCSEA
000674 Cl 1Ts1sJ) = PP#SNASSN2ASCSRZASN2E
000704 €t 18410J) = PP*CSA®SNZA*CSRZ*SNZB
000718 Ct 19+1:d) =  PPRSNAZSSNZB2
0onTRe Cl 20010 ) =  PPASNASCSASSNIRZ
00733 Cl 21eLa)) = PPHCSAZRSNZBZ
004742 1750 CONTINUE

t

c FORM UPPER TRIANGLE OF D MATRIX
G00TAT MC = @
000750 DO 1800 Malsb
Go0 TS} N0 1800 NEMsb
000752 MC = MC &+ ]
V0OTS4 NG 1800 I=lsNOR
290758 NO 18pp ImlsNTR
000756 IFLIFATLtTYJ) ) GO TO 1800
vooTe) DE{MsN) = DIMsN) « C{ MCoLeJY*OUE(TV )
00nTTA 1800 CONTINUE

[

[ FORM SYMMETRIC ELEMENTS OF O
001005 DO 1850 Mx248
0014007 LD = Mey
001611 DO 1850 N=lsLD
ofiel2 DIMaN) & DINgM)
001017 1850 CONTINUE

[+
001023 I = NORP
001025 nd 1900 Jal!NTR
Do1026 IF{IFAIL{T»J)) GQ TO 1900
uoto3l PP a2 ETA{IsJI®0OMILed)#RAT (19 ) ®a (1o d1/2.#FRAC(T s}
0p1042 SNB2 = SIN{(BT(IsJ))esp
[T.37. 27 SNR4 = SNEZ#RR
voL047 SNZR ®  SIN[2.%8T(IsJ}))
001055 SNZRZ = SN2Bea2

08/722/Th
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g01056
001062

001063
401071
ualaTe
u01102
161106
001113
"1137

001122
uor123
001126
Q1134
001143
¢g1151
691160
91166
001178

001200
001201
wp1203

up1204
uQ1206
opi2e7
up12i0
oop1213

uptzao
bR122g
gg1222
601223
ug1e32
001236

ve1237

V1246
a0125%p
upi1251
vn1260
uoI261
0401261
001277

(20 3]

(2 3¢]

[z 24)

o0

a0 [z N> Ne]

19400

1910

1914

1917

1920

1967

£S5 = COS{BT(IaJ})#ep
C5A4 = (CSBZ9e2

ELEMENTS OF FE MATRIX
81 1sley) = PPH*CEDS

Gl 2e¢lsJ) = PPSCSBR4SNBEZ
Gl 3Jele)) = =PPRCSH29SNZB
Gl &s]s)) = PPUSNB4

60 S5+laJ) = ~PPESNB2*SN2B
Gl 61l ) = PPeSN2BR2
CONTINUE

FORM UPPER TRIANGLE OF E MATRIX
DO 1910 Jel4NTR
IFLIFAIL(I+J)) GO TO 1910

Etlsl) ® EC1s1) * GU JeleJ)®DE(TIvJ)
Ef192) = E(142) ¢ Gt 201+ I*DE(Iv])
Efls#) = E(Ng&) ¢ G1 Iyley*DE(I+J)
E(2e2) 8 E(242) » G{ @&elo N*DE(IJ}
El2e4) = E(244) * G[ SeleJI*DE(]J)
Elhsh) = E(bhed4) + 6L &r10JIR0E(]r))
CONTINUE

FORM SYMMETRIC ELEMENTS OF E
El(2+1) = E{1:2)
Elde)) ma E(lask}
Elde2) ® E(Z2:4)

CHECKk FOR +HETA OR =BETA
TF(PSAT: G0 70 1010

00 1915 TelsNORP

00 1915 J=leNTR

ATi{14J) = =BT (I+J)
CONTINUE

FORM SUmM OF MATRICES D + E
CONTINUE

DO 1920 M=xl.6

B0 1920 N=1a b

ZiMaN! = DiMpN} * E(Men)

CONT INUE

IF {MSINGD) GL TO 1967

INVERT RESULTANT MATRIX
CALL INVRTO(Zs6E46+DET) 1, E=]S, IRANK]1 2 00F=50)

CHECK FDR SINGULAR MATRIX

TF{IRANK ,EG,6}) GO TO 1968

MSINGO = ,TRUE,

WRITE(6e9710) TRANKWDET

&0 TO 1917

CONTINUE

WRITE(H+9T1S) ([(Z(K1sLl)al1lm) b} Ki=14e6)
MSINGD = FALSE,

MATN

0B/P2/74
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001300
uor13aom

001301
pol1301
¢p1101
001304
vo130T
o131
001313
0g13la
v01321
V01324
001325
va132%
u01334
601340
001345

00t34Y
a013s1
001353
001154
901356
001360
ug1361

00136
0011362
t01367

001367
401400
a4g14n2
VLA
uplelo
001421
Up1423
U01424
vol42s
vo1435
CLOE LY
Upthi?

U0} 445
0B1460
001470
001476
001500
0D1501
01501

1968
c
4
2000

2050

2080

OO0

3110
c

3118

3zol
c

3zp2
ases

GO 10 Taoo
CONTINUE

STRESS CALCULATIONS
CONTINUE

DO 4000 Iw]l4NORP

DO 4000 J=ls+NTR
IF(IFALL{Tedd ) a0 T0 4000
TF(T.EQ.NORP) B8O TO 2050
SNA * SINCAL(I))

SNAZ = SNA®e?

SN2A = SIN(2,%AL{1))
cSa R COSAL(I))

C5A2 = (CSA®H2

CONTINUE

SN2ZB = SIN(Z.%8T{lsJ)}
SNB2 = SINIBT (I J) ) wep
CS582 = COS(BT{1,J))ee2
IF(I+EG.NORP] GO TO 2080

STRESS=S5TRAIN FACTORS
TRIG(1»1) = CSA2eCSB2

YRIG(1e2) = CSE2#5NAZ
TRIG{1s3) = SNBZ
TRIG(1ed) = =5N2A®(SB2
TRIG(1sS) ® =SNA®SNZRH
TRIG{1leb) = =CSA®SNZR
CONT INUE

STORE STRESS VALUE FROM PREVIOGUS ITERATION
IF{(ITLEQ.0) GO TO 3110

SGP(1+J) = SGF(I4J}

CONTINUE

CALCULATE STRAIN VALUES

CALL  MEMULD(ZyTRMDJEVs6ebalsbirbsl}

DO 15 JTMP=1,3

EVIITMP31) = EVIITHPs1) + SeALPHASTEMP(ITMF}
CONTINUE

CALL MXMULD(TRIGHEV,OLRFoletulnlebal)

COMD = DIRFI141)

TRIGI1+5t = =TRIG(1+5}

TRIGI146) = =TRIG(146)

CALL MXMULDITRIG+EVsDIRFelufolrlebrl)

IF{ ABS{(COMD}.LE« ARSI(NDIRF(141))) GO TO 3201
DIRF(141) = COMD

TFII.LT.NORP} GU TO 3525

CALCULATE STRESS VALUES

SGFIIv ) m EP{IsJIW(EVI]e]l)#CSR2*EVIZs1 ) #SNRZ=EV (441} 65N2H)
COMD = ER{IvJIN(EVIL])OCSR? +EVI2e] ) #SNAZ +EVI4e 1] 9SNZR)

TF 1 ABS(COMD}.LE., ABS{SGF(IsJ))} GO 10 3202
S6F(I+J) = CUMD

GO TO 3550

CONTINUE

SGF(IeJd) = EP(IsJ)*DBIRF(1e1)

Dasz2z/Te
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Go150T
voisoT
081522
Bo1523

001543
401563

001570
001571
vo1s72
ug1573
001573
001575
(138541
001601

001606
uolelT
001621
t01621
001624

uo1627
01630

01632
001633

001634
491635
001636

001643
V01644

001652
001653
101657

001660
201660
001684

0014665
001665

001672
00167

c
c

(3]

C

c

Doy

3550

4000

4010

4800

#500
5000

sla0

5200

5250

5300

1
CONTINUE

CONTINUE
ALP = 1. ®*SGF{I+J) /(PT##28EY 1]1,)) )% (RATITyJ))#n2
ABSA = ABSLALR)

IF(SGF {1+ J1sLE.G»0E 00) EP{lsd) 3 EVAL(EY (I4JYsABSASECIIwd) s
1

COELIEC(T+JI 9 ABSAY)
IFISEF{T1+J}4GTo040E 001 EPLIsJ) = EVALIEY(I+J) sABSAWEC(Ind)
TOEL LEC(T»J) pABSA))

STRESS CONVERGENCE TEST

IF(ITNE,0) GO TO #0180

IT w1

G0 TO 92¢

CONTINUE

DO 5000 Isl«NORP

DO Sg00 JslaNTR

IF(IFAIL(IeJ)) GO TD %000

DSG & ABS(SGF{I+J)=SGP(14J})

CHECK FOR ZERD STRESS OR HELATIVE STRESS (LTe 1.D=06
IFU(SGP LY 3J) sERaDa) sOR (D56 TulE=0h}) GD TO 4BJ0
DSG = ABS{DSG/SGP(Is+ 1))

CONTINUE

IF(DSG«LT.SEPSY GO TO Soo00

IF(DSG+GT,5UPB) GO TO 4900

STRESS TITERATION

IT= IT + 1

IF(ITLT,NIT) GO TO 920

NO CONVERGENCEE WITHIN ITERATION LIMIT
ICON = 1

GQ 10 5140

DIVERGEMNCE

I1CON = 2

G0 10 5100

CONTINUE

NORMAL CONVERGENCE

1CON = 3

GO TO(5200¢5250,5300)+1C0ON

NON=CONVERGENCE (QUMP

CONTINUE @
CALL CDUMP INORP ¢NTRy ICON, 1T 4 5GF 4 56P) %)
a0 10 Toopo (é

DIVERGENCE OUMP . },
CONTINUE &
CALL COUMP {NORP ¢NTRICON,IT4SGF (SGP)

o
60 TO Topo & £
CONVERGED SULUTION ANALYSTS & *?
CONTINUE §7§

WRITE (649720} IT _
CHECKt TNCRIMENTATION LIMIT & 5y
IF LINCJGE,NINC} GO TD Tgoo ]
INC = INC + | &y
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0015677

0oIT00
up1tTO2
001703
vo1T0S
Uo1T08

oglTIO
eg1Tlo
001712
091713
001716
001730
001731
001742

001774

002026

00201323
wp2n3ld

002033
002037

UpZ041

802043
002043
Vp2044
UD2046
upZosr
002052

002061
wp2062
002071
vo207T2
vE2074
voz10]

vg2102
002116

5950

(e N2)

c
5955

S964
c
597S
5977
c
[

o0

s000

6050

MAIN DB/22/ T8

IT= ¢

STORE LOADINGS FOR PRESENT AND PREVIOUS INCRIMENTATIONS

1F (MEMAWLNE«1] GO TO S9%5

DO 5950 1148

SLP(1s1} » SLN(I+1}

SLN(Ts1) » SE0(Is1)

CONTINUE -

COMPUTE MAXIMUM STRESS COMPARISON TERM FOR EACH MEMBER

CONTINUE

DO S960 T=lsNORP

DO 5960 JulsNTR

IF{IFAIL(IsJ) ) GO TO S980

ALP = 18, %SGF(Ie )/ (PI®RZREY {14 J)IRIRAT(L190)) 02

ALE = ARSUALP)

TRM2 = PI®EY (I14+J)SEC(IsJ)PULALR) FRAT L] J)0en

IFISGF{T+J) ol EaDsDE 00) SGCIINJ) ® SGF(IeJ) + RaWSGFiIeJI®

1 {CDEL(EC(XadbsALBISEC(T4d)) + ALB¥TRMZ/
2 ({1.=ALB)* TAN{U(ALBI )

IF!SGF(I;JI,GT.D-UE 00} SGBCtIeJ) = SGF{Isd) & ALNSGF(T.J)*®

1 (eTDEL(EC T2 J) yALBI4EC(L 1) =« ALB#THMZ/

(L1 AL TANMIU(ALE}})

CONTINUE

CONTINUE

CONTINUE

STRESS=STRAIN OUTPUT FOR THIS LOADING

CALL OUTPSS(NORPsNTR»SG0eSGEEV)

IFCINCLEQ.1} GO YO 606p ]
RETAIN NUMBER OF FAILED MEMBERS T4
IRT = (707 6"@
CHECK COMPUTED STRESS AGAINST MAXIMUM ALLOWABLE STRESS i$’¢§7
CONTINUE {&} &5
K= ¢

00 6050 Is)«NORP ﬁ} (gy
DO 6050 JulsNTR ey
IFCIFAIL (I« J)} GO TO 60S0 D sl

TF( ABS(SGCILI+J1?,LT4SGM(IJ)) GO TO 050 by O
STORE TEMPORARILY MEMBEWS FATLING UNDER aPPPLTED LUAD INCREMENT 4, 453

K= K « ) :
TMPFL(LsJsK]) = AASI{SGC(IsJ)t 1¢¢

11ik) = I f§7J:>

JJIK) =g Oy
CONTINUE Ay

IF (K.EQ,0) GO TO 6051 T

FINGD FIRST FAILED MEMHER {DR MEMBERS) &y

CALL RESET{TMPFEL yKo IFAIL+SGMa Il a JUsKMAKLITOT 4 MEMB 14 00E=0Q2
1 WACAL» ISENT)

1F {ISENT.EGQ.1} GO TO Ta00

RETAIM SLOFE TERMS (IN TERMS OF FIRST FAILED MEMBEH)

FOR INTERPOLATION ROUTINE
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up2120
vo2i122
voz212é
002132

02128
92126

02146

002155
00215%
002156
002160
002162
02164

002164
002166
002167
02172
002176

002203
902208

vor20

02217
092217
a0222)
002223
002225
492231
002232

002233
up2233
w2238
ug2240
002241
vo2zé2

boPR4Z
upPzas
U02246
92250

6055
6069

6150

e ol GO0 0 L B ¢ ]

62040

6250
c
c
6500

4550
T000

IM=T T (KMAX)
JHE ) J{KMAX)
SGDEL=ABS (SGC(IMy JM} »STORS (TMeJM) )
SMDEL=SGM{ IM» UM} =ABS {STORS (TMaJM) )

CHECK SENTINELS GOVEKNING FAILURE ANALYSIS

CONTINUE

IFC(ITOT,EGLERT) «AND. (MEMBLEQ.2}) GO TO 6052

eTe ==wZ KU FURTHER FAILURES AFTER FIRST REEVALUATION
TFLaNOTs ({TTUTLEQWIRT) sANDo (MEMB.EQe31)) GO TO 6080
«Fa @e=Z NO FURTHER FAILURES AFTER MORE THAN ONE REEVALUATIUN
CONTINUE

MEMB = )

DO 6055 T=ls6

SLN(Is1) = SGO(Iel)

CONTINUE

CONTINUE

STORE STRESS VALUES FOR PRESENT LUADING

DO 6150 1s1sNORP

DO 6150 JulsNTR

IFCIFAIL(TsJ)) GO TO &1S0

STORS(Is} = SGC(IeJ)

CONTINUE

TF{INC«EQsLl) GO TO £500
CHECK IF ALL MEMBERS HAVE FAILED
IF(ITOT.GE«KNTY GO TO 7000
CHECK FOR FAILED MEMBERS
MEMB = ] =w=2Z NO FAILURE OR ADDITIONAL FAILUREy INCREMENT IN
STANDARD FASHION
MEMB = 2 ~==X FIRST FAILUREs CALCULATE 56# + REEVALUATE

MEMB ® 3 em==Z FURTHER FAILURES UNDER BIVEN SG%¢ CONTTNUE REEVALUATIDN

GO TO (6500+6200+491%) 1 MEMB

CALCULATE 5G#*, INTERPQLATED LOAD
CONTINUE

IF (INC4ER.,1) GO TO &S00

DO 6250 Tmll6

SLOEL = SLNI(T»1)=5LP(Is]}

SGO(I+1) = (SMDEL/SGOELI*SLDEL + SLP(Iy1}
CONTINUE

G0 TO 91%

INCREMENT AMPLIED LUAD
CONTINUE

N0 6550 Inleb

SGO(Isl) = 5SG0(Ie1) * SMII)
CONTINUE

G0 T 91%

CONTINUE

C CONVERT RADTANS TO DEGREES,

219

NO 219 TelsNOR
AL(I)=AL{])*57,29578
CONTINUE

03 319 I=1+NORP

08/722/T4
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dUN VERSTON 2.3 ==PSR LEVEL 363== MAIN
ag2252 DO 319 JmisNTR
002253 BY{T+ ) =AT(Is )} #57.295TH
002257 319 CONTINUE
092263 GO YO 1
c
c
c

UpP264 8710 FORMAT (//% MATRIX IS SINGULAR OF RANK = #8312,
1 a4+  DETERMINANT = #4E15,5/1)

002264 971% FORMAT (#E12.5)

002264 9720 FORMAT (//% SOLUTION FOR STRESS CONVEHGES IN 312+
1 % ITERATIONS®#//}

100

V02264 33 sTop
on2266 END

0B/22/T4
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wooglo
0go0le
oopolo

000010
00001S
000021
000025
w003}
000043
ugons1
000064
uoooT2
000076
000103
000104
400305

¢o0157Y

000224
900231
v00235
000241
000245
100252
000253

000334

ogosln
000415
000421

0goa2s
000425
000475
Uo0425

unne2s
Vh042S

0ON&ZS
ugo42s

uon4ds
U0 0429

SUBROUTINE INPUTINCGRsNTRICS4IAL+IBTY

COMMON  /CINPUT/ADRDsDOsNB L 1EY+EC)AsVMODI VTT 4V 56H
REAL NB( S»30)eL 0 9,30)+18T{ 5¢30)s1ALL §)
DIMENSION EY( 54300 sA0 Se20)4ECL 5e30) s

YT1{ 5e30)45GM( S+36)

WRITE (6+5610) 1CS
WRITE (649515)

WRITE (649620

WRITE (649615}

WRITE (6+9625) AD#BDsDD
WRITE (649627) V

WRITE (649630) NOR(NTR
WRITE [6+9631) VMOD
WRITE(649635)

NORP & NOR + )

DO 100 1 =1:NQRP

DO 100 J =1+NTR
IF{I4NE.NORP) WRITE(699650) TAL{I)vIBTIIsJ)eNB(TeJIal(Te )0

1 LARSY E 1]
IF({I.EQ.NORP} WRITE(69965]) IBT(Ie)eNB{TIvd) ol (T0d) s
1 VIL(I: )
100 CONTINUE
WRITE{6s9640)
WRITE(6+9615)
WRITE (6+9645)

00 150 I m1yNORF

00 150 J =1WNTR

IF{ILNEJNORP) WRITE{6+9650) TAL{I)oIBTEIvJ)sEY(ToJI 4ECITIsJ]
1

IF(1.EQ.NORP) WRITE([6+96S1)

1
150 CONTINUE

AlLeJ)eSGMIT4 )
IBT ST+ JIeEY (Tad}4EC(Te M)
AlLeJl oeS@MTLL )

WRITE(6+9680)
WRITE (645615)

<
9610 FORMAT

9615 FORMAT

9620 FORMAT

9625 FORMAT
1

962T FORMAT

9630 FORMAT

1
9631 FORMATY
9645 FORMAT
1
2
3
640 FORMAT

9635 FORMAT
1

{1HL e 50X s *SPACE FRAME MUDEL%+I2}

{ Sixs# -— .}

(/751X g SMODEL GEOMETRY®)

(/2089 ®DIMENSIONS OF MODEL® 910X %A N, F12.555Xs% % F12.5
SRe®C =¥,E}2,5) :

(SOAy2VOLUME =®4E)2,5)

(/20X e ®NUMBER OF IRUSS ORTENTATIONS =m84]1324

/20K *NUMBER OF FIRER ORIENTATIONS PER TRUSS =#,12}

(/20X #VOLUME FRACTION OF MODEL =m#,E12.5)

(/29X r #QRIENTATIONS® 120X *YOUNGLIS" s 10N e *ECCENT 4%y
10X s #CROSS=4s 10X s #MAXIMUM® /26Xy #TRUSS®# 9 10X+ #F TRERS IN# ¢
10Xy #MODULUS# y 25X 4 #SECTIONAL® 112X 1 #STRESS* /43X o #THUS S
#TXewpAREAS)

(/750X %F |[BER PROPERTIESH)

(/29X s RORLENTATIONS® 4 18X ¥NUMBER OF #4 TA99LENGTH OF =+

Xy 4V _UMES,

08/22/T4
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RUN VERSTON 2,3 ==PSR LEVEL 353~ INPUT

000425
000425
0004a2s
¢0042S
000426

2 /26X BTRUSS# 4 10X PFTRERS [N®» 13X s®BAYS#4] 3K, 8 TRUSS®,
3 10X+ ®*FRACT ION®y
& /45Xy TRUSS#/)

G650 FORMAT ( 2&Xs2({E12.,5+2X) 941 SXsE12+5))
9651 FORMAT ( 3IBXIE12.5¢2X0 40 BXE12.5))
F6B0 FORMAT (//S0XemANALYS[S®)

RETURN

END

08722/ T4
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RUN YERSTION 2,3 ==PSR LEVEL 363~~

00001y

00001T
oooo0lY
000017
conoly

400020
ean022
000024
000024
000037

00004])

000044
000051
000057
000061
000063
000066
000071
000072
donll2

000120
004123

000125
040120

000132
0001237
uonl4z
Von144
000144
Q00144

SUBROUTINE RESET(TMPFLKsIFAIL+SGMaTIvJJUeKMAX 1T +MEMBYEPS yMECAL Y
L4 ISENT)
COMMON/LOC2/ STO
c
LOGICAL IFAILT Se3p)
REAL RATL100) e TMPFLt S+30+80) #56ML S430) yLARGE vFPS
INTEGER II140)+JJ(40)s5TO(S,3D)
1SENT = o .
c FORM RATIO OF STRESS AT FAILURE TO MAXIMUM STRESS
DO 50 IsiqK
IMs1I(I)
JMeJJ(T)
RAT(T)aTHRFL (TMe IMeT) /SGMITMy M)
80 CONTINUE
c FIND LARGEST RATIO
CALL MAXVAL{KsRAT4+KMAXyLARGE)
c DETERMINE FAILED MEMBERS FOR THIS LOAD
¢ (I+E+ THOSE WITHIN EPS OF MAXIMUM RATLIO)

DO 100 ImlsK
IF((LARGE=RAT (1)) ,GT.EPS) GO TO 100

ITEMP a
JTEMP =

i
JJLI}

IFAILLITEMP» JTEMP) = JTRUE,
STOCITEMP s JTEMP)I =]

1T = 17

v 1

WRITE(G+9T720) YILI)eJJil)
100 CONTINUE

IF IMEME

a0 aoo

IF (MEMB
IF (MEMB

SET REEVALUATION COUNTER = g BEFORE INITIAL REEVALUATION

IF (MEMB.E£Q+2) KRCALuD }

RESET SENTINEL ONMLY AFFER FIRST REEVALVUATION

«FQe2} MEMB=]

SET SENTIMEL INDICATING FIRST MEMBER FAILURE UNDER PRESENT LOAD
+EQe1) MEMB=2

«NE«3) RETURN

< LIMIT NUMBER OF REEVALUATIONS PER LOAUING BY #MXCAL®
IF (KRCAL.GE.MXCAL} ISENTm)
IF (KRCAL,GE.MXCAL} RETURN

KRCAL =
RETURN

9720 FORMAT
END

KRCAL + 1

(10X ®MEMBER FAILUREI®23Xo®TRUSSH ¢ [29 3X ¢ OF [HER®T2)

08522774
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RUN VERSTON 243 =«PSR |FVEL 363=-

ggoolo
agoalo
ognelo
vpoolo

G0po0lo
oooolo

oongls
upeo2o
uonoz21
agooze
oooo2e

000032
000034
000035
000043
000045
aaaoT]
000076
Gonloé
ven11T
000121
a001zz
uoo124
uopras
UEOT4T
4gB205

oon212
U00212
upgo2i2

bon212
opp212

uoo02)2
tgo212

c

3750 FORMAT
9769 FORMAT

1
9TTO FORMAT

SUBROUTINE QUTPSS (NORPsNTRSGO»SGFeEV]

COmMMON/LDC2/ STO

REAL SGO016¢ 1) oEV byl 250F1 Se30)
DIMENSTON DR(&)

INTEGER STO(S5.30!)

NATA DRAEGH 11ledH 2294H 3354H 12:4H 23p4H
WRITE(6+3T5M)

AFTER A FIBER FAILS SET THE STRESS TO ZERO,
00 2 KJ3In}4S

B0 2 KJjbels3p

IF( STO [KJ3sKJ&)e £Ge Q) GD TO 2

SGF {KJAeK 41 20,0

CONTINUE

SEY ALL ELEMENTS OF MATRIX STO TQ ZERD,.
00 1 KJlwlsS

N0 1 KJ2wle30

STOUIKJLvKJ2I =D

NO 100 Imled

WRITE{649762) DR(1}2SGO{Is1)4EVIIaL}
CONTINUE

IFINTRGER.1) WRITE(5:19769)

IFINTR.GT.1) WRITE(6:9TT0)

nO 150 I=lsNQRP

00 150 J=tsNTRe2

JP o Jsy

NM.) ® NTR=j

IF(NMJLED, D) WRITE(6+9775) I4JaSGF{Ird)

IFINMJLGT,0) WRITE(AsITTS) T4JaSGF Il 0dl o 1sJPySGF{[+JP)
150 CONTINUE

SFIBERS IN®/2TX)eTRUSSH /)

BoX s #TRUSES /)

9775 FORMAT {2{12X+12+12X+12+15X¢E15,5))

RETURN
END

k) g

(/720K e *DIRECTION® 120X e aPPLIEL LOAD%s20X 1 #STRAIN®/S )
IT62 FORMAT (24Xsd&2(2004EL%,5))
(20!-'0RIENTATIONS*.1§l|*STHE55'I1OX|!TRUSSf.1olu

(P{20X s #ORIENTATIONS# o 1SN 9 #STRESS#¢5X) /10X e *TRUSS#y 10Xy
1 SFIRERS IN®*:30Xs#TRUSS®410Xs#F [RBERS IN®/Z/ Ay s TRUSS*y
2

08/22/T%
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RUN VERSTON 243 ==PSR LEVEL 363e~

opnply
40001)
00001

200011
400013
000030
000024
000040
ap00%3
090060
0poakl
uoollo
000120
000120
apo120
pon12n
000120
000120
oony2n

100
3710
9720
9725
9726
9730

SURROUTINE COUMP {NORPsNTReICON+1T+5GF o 3GP)

REAL, S6F( 5+30)+SGP( 5e30)
DIMENSION CONMSE (292}
DATA CONMSGI:BH DOES NOT ;lnHCDNVERGE v10H DIVERGES »
hd aH
ITM = IT=1
WRITE(&99710) (CONMSG(JsICON)} v Smleh)
WRITE{Be9T20) .
WRITE(6+9725)

WRITE (6+9T206) ITeITHM
DO 100 I=1.NORP

DO 100 JmlwsNTR
WRITE (6+9730)
CONTINVE
FORMAT {//10XKs#SOLUTION FOR STRESS ®.4A8//)

FORMAT (10Xs®TERMINAL STRESS VALUES*)

FORMAT {10X+#TRUSS®,10%.0 FIBERS ®110X+2(10XKs*STRESSe))
FORMAT (SEX+2(#(ITER,*212+#1#410X))

FORMAT (12X0I2415%9T12+15%Xp2(5XeF125})

RETURN

END

TaJsSGF(I41)3SGP (1 e.)



B HUN VERSTON 2.3 ==PSR LFVEL 363==

¢4onoo0Y
opooo?
wopaoy
000010
o000l 2
000013
ogoole
0oo0l?
o0noz0
¢00023
000023
Goo024

OOOaaOaaoann

100
150

SUBROUTINE MAXVAL (KsYIKMAX sUPPER}

DETERMINE MARIMUM OF ARRAY OF VALUES
AND SUBSCRIPT ASSOCIATED WITH MAXIMUM

FARAMETERS USED

Y I AHRAY NAME
K t NUMBER OF ELEMENTS IN ARRAY
UPPER 1 MAXIMUM VALUE OF Y

KMAX 1 SUBSCRIPT ASSOCIATED WITH UPPER
REAL ¥ (K) +UPPER

UPPER = Y(1)

KMAK = 1

IF(K.EQ.1) GO TQ 150

DO 100 l=2sK

IFUY (1L T-UPPER) @O TO 100
UPPER = Y1)

KMAX = |

CONT THUE

CONTINUE

RETURN

END

08/22/74
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RUN VERSTOMN P.3 ==PSR LEVEL 3&3==

tonnla
oopolé
000014
ugopls
agnol16
voonly
200021
060035
00oo&T
LLLT-E3

16
20

SUBROUTINE MXMULD{AsBeCoaNROWA+NCOLAINCOLBsMAYNAINE}

DIMENSION A{(NROWA+NCOLA} B INCOLAsNCOLE) »CINROWA ¢NCULB)
REAL AeBrCalXt

DO 20 Iw).MA

RO 20 JulsNB

A=,

B0 10 KmlgNA

AuX4A(T+KIPR{K, I}

Clled)mX

RETURN

ENO

ROGD000Z
RO6D0003
RO&DOGO
RUSD0005
RO6DO0GS
ROSD006T
RU6DOOOE
RO6D0009

0B/22/74
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RUN VERSTON 2.3 =-PSR LFVEL 383w=

gogol2
ogool2

oQool2
000013
00001 4
00np27
000034
U000l
000026
000037
Vo040
000052
060054
400061
000063
L4111
000066
00006T
Qoo0T2
Voo0Ta
ogoaTa
ogoars
000678
vooo??
000100
opplng
400103
Vo010
vaollz
900114
Qoollé
ogo1lT
0006120
200123
000126

OO0 OO0000N

10

(4]

30

&0
50

SUBROUTINE INVRTD{AsNDIMeN+DETAEPS) IRANKsUNDER)

ROUTINE INVRTO INVERTS AM N X N MATRIXK USING GAUSS=JORDAN

ELIMINATION METHOD

A{NIN)
NDIM

N
TRANK
DETA
ERS

UNDER

* YARLABLE DICYIONARY #

MATRIX TO BE INVERTED PASSEDs INVEHSE RETURNED

UPPER L IMIT TOU MATRIA OIMENSIONM

DIMENSION OF MATRIX
RANK OF MATRIX

DETERINANT OF MATRIX

ADJUSTABLE TULERANCE FACTOR COMPARED TO
VALUE OF PIVUTAL ELEMENT DURING INVERSION
UNDERFLOW LIMIT (CHECK ON COMPUTED VAR.)

A A L L Ll A e L S I A e ST ST LRy Y Ty ey e Y YT I Iy

DIMENSION A(NDIMeNDIM)

INTEBER IR(60) ¢ ICUA0) +R»S

CHECK MATRIX ELEMENTS FOR UNDEWFLOW PUSSIBILITIES

D0 5 [&1,N
D0 5 JmiuN

IF({ ABS(ACIvJ)).LT4UNDER)

CONTINUE

DETA=],

SUM=0,

DO 10 I = leN

NO 1p 4 = 1aN
SUM=SUMsA( Iy ) wa2
SUms SQRT(SUM)

DMA a Nassd
AMS=SUM/DMA
TOL=EPS*RMS

DO 20 T = 1sN
IR(T)=p

IC{TI=g

S=q

R =N

Img

JaQ

TESTmO,. 0

D0 %0 K = 1N
IF(IR{K} NE.0)BD TOSD
nd 40 L = 1N
IF(ICIL) JNE40D)GO TO&D
X= ABS{A{KsL})
IFIX.LT.TESTIGD TOAp
1=K

JEL

TESTeX

CONTINUE

CONTINUE

PIvsaile))

AllsJl = Qs0F 00

R12D000G
R1200007
rR12D0008
R1200009
R12D0010

R12D0011

Rl2Do012
R1200012
R12D0G14
R120001%
R1200016
R1Z2DDOO17
Ri200018
R1200019
R1209020
Rl2poogl
R12pog22
R1Z200023
R1Z00024
R120002%
Rl1200p2&
RrizZoooe2y
R1z200028
R1200029
R1200030
Ri200031
R12D0032
R12D0033
R1200034

08/22/T4
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908133
a0Q13T
aaa1s
voe1e3
upn14s
900146
000150
0a1%7
0Qo01ss
000164
000167
oon1T1
90017S
HoolTY
Ugo203
vonzlr
vaaz3s
0002490
00024)
400253
900254
0002%6
000260
0aNn262
0go2é63
[LLEL
Q00266
9gaReT
¢Qo2T3
voo3n2
Gp0306
aq00307
000314
goa3zz
wopa3n
0op3alde
000333
0007326
000337
¢0n340

60

710
80
90
100

110

140
150

IF{ ABSIDETA}.LT.UNDER) DETA = 0.00E 00
DETA=PIVDETA

IF { ABS(PIV) .LE, TOL) GO TO 150
IR(1Ymy

IC¢{uta]

PIV = 1,0E0/PIV

ATy timPTyY

DO 60 K = 1N

TF{KeNEs JIALTsKImA{T 4K)#PIV

DO 80 K = 1N

IF (KJEQ.,I} GO TO 90

PIV] = At(Kyd)

00 80 L = 1N

IFt ABS(PIV1) ,LTLUNDER} PIVISQ,0E DO
TF U ABS(A{IsL) }oLT4UNDERY A¢EsL} = 0400F 00
IF(LeNEs JIA{Ks L) mATKsL)=PIVI®AITWL)
CONT INVE

0O 160 x = 1N

TF(KuNELIIA{Ky J)mePTV®A{Ky )

Sn5+]

IF(S.LT.R}GD TO 3¢

DO 140 I = 14N

K=RICL{I)

MeTR{I)

IF(K+EQ.I}B0 TO 140

DETA=~DETA

DO 120 L = 14N

TEMPEA (K4}

AlKyL)I=atTlsl)

MTIsLI=TEMP

00 130 L = 1s+N

TEMPRA (L oM}

A{LaMImA(LYI}

A{LsTIETEMP

ICIM) =K

IR{K)Y=M

CONTINUE

TRANK=S

RETURN

END

R1200035
R1200036
R1200037
R1200038
Al20003%
R1200040
R1200041
RIZDOGAZ
R12D0O43
RL2DO044
RLZDO04AS
R12D0046

R12D004T
R12D0048
R12D004%
R12DooS0
R1200051
R1200052
R12006053
R1200054
R12000S5
R1200056
R12D0057
R12000%8
R12D005%
R12D0040
R1200061
R1200p62
R)200063
R12D0064
R12D0065
R12D00K6
R12D0067
R120D006B
R120006%
RrRl200070
RizDoOT1
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