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INTRODUCTION

A courtship is in progress between the centuries-old technology of
textiles and the decades-old technology of composites. Stimulated initially
by potential economies offered by the ease of handling stable, woven con-
structions (to begin with primarily 8-harness satins), and encouraged by
their performance in prototype composite structures (for example, ref. 1), a
beneficent interaction between these two technologies has been developing.
Resulting, on the textile side, are advances in weaving capabilities to make
available multi-directional (ref. 2) and complex three-dimensional con-
figurations (ref. 3). On the composite side are: (1) advances in analysis
methodology as required for the complex configurations becoming available,
including effects due to yarn out-of-straightness (crimp) due to weaving and
composite lay-up; (2) progress toward development of criteria for thru the
thickness reinforcement to reduce both interlaminar shear and damage result-
ing from lateral impact (refs. 4 & 5); and (3) generation of guidelines for
improved three-dimensional (multi-directional) weaves.

The present report covers activities in all three of the latter
categories. Interactions with textile technology are suggested as
appropriate.

The question indubitably arises - apart from economies from ease of
handling in manufacture, why woven instead of the obviously superior
straight filaments? Importantly, as will be shown, if the detail designs of
weave and composite are proper - providing gently crimped yarns and avoiding
matrix pockets and voids, there should be no loss in overall properties for
wovens compared to straight filaments in multi-directional arrays. The total
potential reinforcement for a given volume fraction is a constant, and
actually, as will become increasingly evident in succeeding sections of this
report, there are a number of corollary potentials for multi-directional

properties offered by woven fabrics: -

(1) Multi-directional reinforcement in a single ply

(2) Potentials for interweaving two or more plies to eliminate inter-
laminar weaknesses

(3) Possibilities of weaving each lamina’s reinforcement to nest with
adjacent laminae, to yield constructions of tailorable thicknesses

with enhanced thru the thickness properties.



OBJECTIVES

The first objective of this study was the development of improved
analytical methods for the prediction of the physical behavior of woven
fabric reinforced composites. Here the interaction between textiles and
composites is indeed important. Photomicrographs of fabric reinforced
composites (Figure 1) reveal significant changes in reinforcement geometry
from idealized weave structure. Emphasis was accordingly first directed
toward the development of realistic models of the actual resulting construc-
tions to use as bases for analyses. Analysis development was undertaken for
all aspects of mechanical behavior. Progress toward that goal is reported
in the sections "DEVELOPMENT OF ANALYTICAL METHODS FOR WOVEN-FABRIC
REINFORCED COMPOSITE STIFFNESS PROPERTIES" AND "DEVELOPMENT OF ANALYTICAL
METHODS FOR WOVEN-FABRIC REINFORCED COMPOSITE STRENGTHS." Comparison of the
resulting property predictions with experiments and with predictions of
previously available analysis are given in the following section .

Because of the demonstrated susceptibility of conventional composite
laminates to damage from lateral impact (for example, ref. 5) studies were
made of the influence of thru the thickness running reinforcement elements
for the enhancement of thickness direction composite properties. Trade-offs
among longitudinal, transverse (widthwise), and transverse (thicknesswise)
properties were quantified. The objectives here were adequate definitions
of both the potentials for property improvements in the thickness direction
and types of configurations appropriate to provide such improvements. Thus
a framework was established within which desired interactions between com-
posite and textile design technologies might develop. Studies relating to
the thru the thickness reinforcement problem are found in all sections of
this report, including the composite/textile technology interactions in the
sections "DEVELOPMENT OF ADVANCED WEAVES" and "GUIDELINES FOR IMPROVED
FABRIC DESIGNS".

Improved fabric designs comprise the main objective. Through improve-
ment in understanding of the detailed mechanics of reinforcement, combined
with advances in fabric formation techniques, it does appear that impact-
resistant composites of enhanced performance capabilities can become
accessible. TIndeed progress is in evidence in both these areas: for ex-

ample, the mechanics of in-plane reinforcement by fabrics as influenced by



fineness of weave has been demonstrated (ref. 6); the mechanics of thru the
thickness reinforcement by finely spaced stitches has been demonstrated
(ref. 7); and the weaving of triaxial fabrics hitherto considered not
feasible has been demonstrated (ref. 8). Studies directed toward improved
fabric reinforcement designs are presented in the final sections of this

report.



APPROACH

The woven fabrics problem was divided into three areas, to be attacked

sequentially:

(1) Development of Analytical Methodology
(2) Evaluations of Performance Potentials

(3) Development of Advanced Weaves

At the outset it appeared that the state of the art of analysis of
woven fabric reinforced composites needed to be both reviewed and supple-
mented to provide an adequately sound basis for the attack upon the
following areas of investigation. The approach elected was a combined
analytical/experimental investigation. The analysis was derived in large
measure from the accumulated composite analysis technology that had led to
references 9 and 10 and that has been incorporated in MSC's X-CAP computer
code. Experiments were conducted at the Langley Research Center to help
guide and confirm the further development of analytical methodology.
Similarly, for the determination of performance potentials, structural/
material efficency analysis procedures presented in references 11 and 12
were used as the starting point for extension to the 3-D regime of thru the
thickness reinforced composites. Thus in both the analysis development and
the performance evaluation areas the approaches used were essentially a
typical build-on-developed-technology approach. For the development of
advanced weaves, however, a rather different approach was required.

Weavers, like magicians, are not wont to divulge their methodologies.
Reference material corresponding to that available for analysis development
and performance evaluation was not available to delineate the limits of
weaving capabilities. Accordingly, the approach used for this third and

most important phase of the problem was the two-fold one of

(1) Defining desirable weave configurations, based on the
results of the first two areas of investigation.
(2) Determining or inventing ways in which such configura-

tions can be made.



As will be seen, limitations arising because of lack of weaving
capability related almost entirely to fineness of weave. The ordinary multi-
harness loom can weave an astonishing variety of three-dimensional
configurations. The recent development of a multi-harness triaxial loom
(ref. 8) further extends the capability. Advanced textile technology ap-

pears capable of supporting advanced composite reinforcement technology.



RESULTS

The results obtained in each of the categories "Analysis Methodology",

"Potentials for Performance", and "Development of Advanced Weaves" are

summarized below. More detailed discussion of the development and implica-

tions of these results will be found in the body of the report,

ANALYSIS METHODOLOY

1.

A realistic model was generated to use as the basis for development
of the analysis of the properties of woven-fabric reinforced
composites. This model was derived based on photomicrographic
studies (for example Fig. 1) of various woven-reinforced composites
performed at the Langley Research Center. Use of this model led to
the development of analytical procedures yielding elastic property
predictions in good agreement with experiments for satin weaves in
tension but less satisfactory agreement for plain weaves and in

compression.

A sequential failure analysis, similar to sequential ply failure
analysis for 2-D composite laminates, was developed for 3-D
constructions. This analysis utilized "Average Stresses" on fibers
and matrix (as described herein) to determine regions of first and
subsequent fracture, and established methodology for accounting for
resulting property degradations. Satisfactory correlations with
experiment were demonstrated for this analysis in tension, - less

so in compression.

The MSC NDPROP computer code was modified to incorporate the
foregoing results. Thus stiffness and strength properties of
composites incorporating multi-directional woven reinforcements are
readily accessible. A copy of this code has been furnished to NASA

Langley.



POTENTIALS FOR PERFORMANCE

1.

Invariance

The fact that certain combinations of calculated stiffness
properties of composites are invariant for a fixed volume fraction
reinforcement was employed to assist in the evaluation of trade-
offs in properties resulting from configuration changes. It was
shown, for example, in reference 13, that if the reinforcing con-
figuration provides three-dimensional isotropy, the magnitudes of
the elastic properties achieved are identical regardless of the
specifics of the configuration used. Similarly, it can be shown
that the sum of the stiffnesses in the stiffness matrix (usually
Cll’ C12 etc. in the literature, $1, $2 etc. herein) is another
such invariant - hence, the enhancement of any one stiffness (such
as the thru the thickness stiffness $6) can only be done at the

expense of other stiffnesses.
For Composites in Tensjion

a. The most effective approach for evaluating performance
potentials of various configurations in tension was found to
°x
be a plot of tensile stress/density ratio ;- (as ordinate)
Gx
vs. both shear stiffness/density ratio —;X and axial stiff-

E
. X . .
ness ratio ;— (as abscissae) so that the ordinate value for

a given configuration identifies both its shear and exten-

a
. . . X
sional properties. On such a plot, maximum values of -

G E
which meet required stiffness _ﬁi and ;3 represent minimum

weight. (For example figure 2. Detailed discussion of such
evaluations is given in the section "Methodologies for

Structural Efficiency Evaluations.") Figure 2 is a summary



b.

plot of this type, embodying many of the results of the

evaluations performed, as noted in the following discussion.

(1)

(2)

o
Maximum values of ;3 (highest strength/weight ratio and

lightest structure) always correspond to minimum shear

G
. . XY <. .
stiffness requirements p but not to minimum axial

E
. . X ]
stiffness requirements P ). As is to be expected,

appropriate reinforcement configurations approach simple
unidirectionals as shear stiffness requirements

decrease.

As shear stiffness requirements increase, off-axis

o
- X
reinforcements are needed and values of - decrease. Up

to shear stiffness requirements approximately 2 to 2 1/2
times that provided by unidirectional reinforcements,
simple angle-ply (up to about *15°) constructions are
the lightest. For higher shear stiffness, *¢°/90°
configurations emerge as most efficient (as shown in
figure 3 for T-300; also found true for Kevlar, as noted
in the section "Parametric Studies of Properties";
further, for the same shear stiffness T-300 yielded
substantially lighter weights then Kevlar - the margin
increasing with increasing stiffness requirements;

hybrids were intermediate - Figures 4 and 5.

A plot such as figure 2 is also useful for comparing various

approaches to design for tension with requirements for

stiffness in shear - a common problem encountered in

aircraft wings, helicopter rotor blades, propellers, etc.

Thus, for example, figure 2 provides the following

comparisons:

(1)

Aluminum alloy (7075-T6) is not in contention with T-
300/5208 in either the ¢° or the #4°/90°



configuration. If additional requirements such as 3-D
isotropy are encountered, however, the aluminum alloy
emerges superior. Similarly, if substantial thru the
thickness reinforcement is required, the advantage of
T-300/5208 over aluminum is greatly reduced or lost
completely. For example, the Omniweave braids (ref.l4)
either in the basic "diagonals of a cube"” configuration
(OMQ in fig. 2) or with a fifth (axial) reinforcement
direction added (OMS)’ while providing good tensile
strength values if loaded along a reinforcement direc-
tion, are deficient in shear stiffness. If the braids
are oriented for maximum shear stiffness (the bottom
point on the figure) they are deficient in tensile

strength.

(2) If stiffness is not a criterion, figure 2 shows that E-
Glass is in contention for tensile loadings. The
tensile strength/density ratio is superior to aluminum,
but the strain at failure is approximately five times
as much. Axial stiffness is more apt to be a limita-
tion for glass than for aluminum or for any of the

other fibers considered.

The invariance of the sum of the terms in the stiffness
matrix demands a penalty in other stiffnesses for an increase
in thru the thickness stiffness. This penalty is rather
attenuated by being distributed among the various other
stiffnesses so that the effect on any one - such as the
longitudinal or shear stiffness is relatively small. For
example, for a typical quasi-isotropic 2-D configuration the
transfer of enough reinforcement material to the thru the
thickness direction to produce a 1% increase in the thru the
thickness-direction stiffness, Ez, results in less than 0.1%
decrease in axial stiffness, Ex’ and shear stiffness,GX

(See the section "Effects of thru the thickness

Reinforcements" herein.)



While such stiffness penalties are orderly and small,
effects on structural performance in some cases can be sub-
stantial and cannot be readily anticipated. The addition of
thru the thickness-running elements can induce new failure
modes which can be particularly degrading of most efficient
configurations. For example, for a 0°/%15° 2-D configuration
putting 10% of the reinforcement material in the thru the
thickness direction can reduce the value of axial

g
strength/density, ;3, by 25% (see figure 6) approximately.

While the corresponding reduction for a *15°/90° configura-
tion is - only about 16% (see figure 7), it is still greater
than the percentage of material employed thru the thickness.
Thru the thickness reinforcement demands thorough design and
analysis for most effective performance.

Hybrids play a role in the thru the thickness reinforce-
ment problem. Here again adequate design and analysis is
important. For example, 0°/%15° T-300 composites with 10%

o
Kevlar thru the thickness show only about 11% loss in ~&

compared to the simple 2-D configuration (c¢.f. 25% for all T-
300 as above). Reversing the constituents to 0°/+15° Kevlar
with 10% T-300 thru the thickness, however, is a disaster -

o
nearly 50% loss in ;E due to the reduced overall stiffnesses

provided by the Kevlar and the reduced compliance to
transverse cracking provided by the T-300. See figures 8 and
9. Totally apart from its inherent toughness, Kevlar appears
most promising, if properly used, as a thru the thickness

constituent.

3. For Composites in Compression
_O'X
(a) In compression, material strength/density values ( ;—)

are not the adequate measures of performance that values of

o
-2 are in tension. A measure that accounts for buckling
p

10



resistance as well as strength is required. Such a measure is
the "Indicator Number" derived in reference 15 and used

extensively in references 12 and 16. The plate buckling
. E1/6 01/2

Indicator Number I% = _p cu , considered in detail in the

p
section "Parametric Studies of Properties" herein, is acco-

rdingly used here to provide a plot for compressive

properties (figure 10) similar to Figure 2 for tension.
Results of evaluations from Figure 10 are as follows:

(1) Maximum values of I; (lightest structures) always cor-

G
. . . Xy
respond to minimum shear stiffness requirements (but

E
- : : . X :
not to minimum axial stiffness requirements p ). As is

to be expected, configurations appropriate for such

requirements approach simple unidirectionals.

(2) As shear stiffness requirements increase, off-axis
reinforcements are needed and values of I; decrease.
The *¢°/90° configuration was found to be the most
effective for all shear stiffness requirements with

either graphite or Kevlar reinforcements.

(3) Comparisons of Indicator Numbers for T-300/5208 2-D
constructions with other reinforcement configurations
and aluminum alloy confirm the superiority of T-300 for
compressive applications. The gains possible compared
to aluminum or 3-D constructions like Omniweave (OMA’

OMS) are indeed substantial.

(4) The Indicator Number provides a direct measure of the
performance penalty associated with the addition of thru
the thickness reinforcement. The magnitude of the
decrease is summarized by the plot of Figure 11 for a 2-

D quasi-isotropic configuration. The value of the

11



decrement in I; for an increment in thru the thickness
reinforcement increases as the amount of thru the thick-
ness reinforcement increases. When the total amount of
thru the thickness reinforcement is 1/10 of the total in
the configuration, the decrement is 1/10 of 1% for each
1% increment in the amount of thru the thickness
reinforcement. When the amount of thru the thickness
reinforcement is 4/10 of the total, the decrement in I;
increases to 3/10 of 1%. Typical results of deploying
1/10 and 2/10 of the total volume fraction reinforcement
thru the thickness are illustrated in Figure 12 for the

1¢°/90° configuration.

ADVANCED WEAVES

Progress was made toward the definition of weaving concepts which both

capitalize on advances in textile technology and are most appropriate for

composite reinforcement, as follows:

(1)

Nesting. In order to take advantage of the inherent flexibility
of construction provided by laminations, a "bumpy" fabric con-
struction was proposed (Figure 13) comprising auxiliary warps
running atop, or on both faces of an essentially plain weave base
fabric. Stacking such constructions provides overlapping, thru
the thickness yarns as illustrated in Figure 14. First samples of
such constructions, woven of T-300 carbon yarns by Textile
Technologies, Inc., showed adequate dimensional consistency for
nesting, volume fraction reinforcements of over 50 percent and
performance characteristics consistent with such volume fractions
(see Figures 2 and 10). While the area of damage from lateral
impact for the nested construction was found to be smaller than
for equivalent ordinary laminates, strengths after such damage
were not increased. Photomicrographs suggested that the bumps
were not bumpy enough. In addition, the weaver suggested that the

tightly woven plain weave base fabric (18 x 18 yarns/inch) may

12



(2)

(3)

(4)

(3)

(6)

have suffered substantial fiber damage during the weaving

operation.

Second Generation Bumpy Fabric. A second generation bumpy fabric

was designed in light of the foregoing observations (Figure 15).
In this design the auxiliary warps are stacked two high and the
spaces between them laterally reduced substantially compared to
those of Figures 13 and 14. This constuction is currently being

tested.

Bulbous Blade Bumpy (BBB) Fabrics. A bumpy fabric construction to
provide even greater thru the thickness reinforcement than
provided by the simple auxiliary warps of (1) or (2) above has
been designed. This construction both increases the bumpy overlap
and provides for a kind of interference fit between laminae
(Figure 16). This construction has not yet been woven. A patent

has been applied for covering these bumpy constructions.

Triaxial Weaves. Triaxial weaves combine potential for multi-
directional reinforcement within a single ply, and, in some
configurations such as the Substrate Weave, potentials for high
volume fraction reinforcement. The substrate weave with auxiliary
warps as shown in Figure 17 has been woven by Richard Dow on NASA
Contract NAS1-17877. A corresponding fabric with BBB has been
designed (Figure 18).

Stitchbase Weaves. The "locked intersection" characteristic of

many triaxial weaves provides a dimensional stability to the
construction adequate to insure that stacked configurations can be
precisely matched. Thus weaves with regular holes could be
stitched through the holes for thru the thickness reinforcement
without damage to the yarns in the fabric. Example Stitchbase

Weaves are shown in Figure 19.

Fine Weave. A related study (ref. 6) has shown a substantial

ngize effect" for fine weaves as reinforcements. The use of such

13



construction is proposed for special applications such as at
bolted or riveted joints. The new developments in triaxial weav-
ing that led to the capability to weave the Substrate Weave make

fine triaxial weaves a possibility for such applications.

14



DEVELOPMENT OF ANALYTICAL METHODS FOR THE CALCULATION OF WOVEN-FABRIC-
REINFORCED COMPOSITE STIFFNESS PROPERTIES

The mechanics of woven-fabric-reinforced composites are mnot as well
understood as those for tape-reinforced laminates. The behavior of woven-
fabric-reinforced composites is related to the additional geometric
parameters introduced by the complexity of the weave construction and
modifications caused by the composite fabrication process. A methodology
was therefore developed, based on extensive photomicrographs of various
woven reinforcements provided by NASA Langley, to establish a realistic base
for the development of the detailed analytical three-dimensional treatment
required to account properly for this complexity. The development of this

analysis for both biaxial and triaxial weaves is described herewith.

BIAXTAL WEAVES

Various analytical models exist in the literature for the prediction of
woven-fabric reinforced composite elastic properties, references 17 and 18.
Three different models --- "the mosaic model", "the fiber undulation model"
and "the bridging model" have been used by Chou and Ishikawa for predicting
fabric thermoelastic properties. Each of these approaches is based on a one
or two dimensional representation of the woven fabrics.

During the course of the present program, a number of different mathe-
matical models have been formulated. A detailed account of the approach,
the modeling assumptions and results for standard biaxial fabrics is given
in Appendix A. Comparison with experimental data indicated that the

"NDPROP" model was the most suitable for the desired purpose.
"NDPROP" MODEL

An important aspect of the development of this model was the formula-
tion of a rational geometric configuration to represent the various fabrics
under consideration. The geometric models were based on photomicrographs

similar to the ones shown in Figure 20. As seen in the photomicrographs,

15



the yarns assume several cross-sectional shapes and flatten out to fill
space almost completely. Very small amounts of matrix interstitial pockets
can be seen with the result that high fiber volume fraction reinforcements
can occur. The "NDPROP" geometry developed to correspond to these
photomicrographs is shown in cross-section in Figure 21 and the variation in
shape of a given yarn bundle along its length is shown for two different
weaves in Figure 22. Based upon the geometry of Figure 22, the yarn bundle
can be represented as an assemblage of short unidirectional fiber reinforced
composites oriented in various directions. This geometric assemblage repre-
sents the input to the "NDPROP" code to be used for calculation of elastic
stiffnesses.

Properties can be obtained from the code for either an Upper Bound
(using assumed displacement fields and minimizing the strain energy) or a
Lower Bound (using assumed traction fields and minimizing the complementary
energy). For relatively small amounts of yarn waviness and small amounts of
interstitial matrix material the Upper Bound yields results that are closer
to experimentally determined values. Typical results generated using the
Upper Bound are shown for T-300/Epoxy (vf=0.6) composites for selected
weaves in Table 1. The trends of increasing in-plane and decreasing thru
the thickness moduli as the harness number of the weave increases can be
observed. The eight harness satin fabric properties are similar to the
properties of a cross-plied (0°/90°) laminate, properties of which are also
shown in Table 1. Similar trends can also be observed for in-plane and thru
the thickness shear moduli. Detailed correlations between predicted and
measured fabric properties are presented in the section entitled

"Experimental Program".
TRIAXIAL WEAVES

A related approach to that used for biaxial fabrics was used for tri-
axial fabrics. Here analyses were bhased on a first approximation assumption
of elliptical yarn cross-sections. A cross-sectional view of triaxial weave
with such a yarn is shown in Figure 23. The procedure for determining the
yarn geometry and volume fraction of reinforcement is also outlined in
Figure 23. The approach 1is first to assume the volume fraction of yarn

within the yarn bundle and then solve a transcendental equation to determine

16



the yarn geometrical parameters. The overall volume fraction of fiber
within the fabric is finally computed and checked with the experimentally
determined value.

From Figure 23, it can be observed that the yarn consists of a
straight section of length £ and two curved segments of ellipses subtending
angles of y at their centers of curvature. For input to NDPROP the curved
segments are divided into several smaller segments and given sets of direc-
tion numbers and volume fractions. Typical results generated using this
code are shown for the BiPlain and Substrate Weaves (see Figure 24) in Table
2. The Substrate Weave has less crimp in the warp yarns than the BiPlain
Weave. In the results shown in Table 2, the X-direction refers to the
direction bisecting the +30 degree and -30 degree directions. The results
are calculated for fiber volume fractions of 50%. Properties of a *30°/90°

laminate have also been listed for comparison purposes.
EFFECTS OF THRU THE THICKNESS RUNNING ELEMENTS

The procedure to analyze special weaves having thru the thickness
running elements is essentially similar to that outlined above. The basic
repeating elements of the weaves are first identified. The yarns are then
divided into straight segments, curved segments or segments of any of the
standard weaves described earlier. Further sub-division of the curved
segments may be done as required. The sets of volume fractions and direc-
tion numbers of the various yarn bundle segments used to model the weave are
used by "NDPROP" to calculate the elastic properties.

For filaments without curved segments algebraic equations repre-
sentative of the NDPROP analysis were derived for the strength and
stiffnesses properties of 3-D 0°/%4°/90°/90° configurations. These equa-
tions, are readily programmable for a hand-held calculator. Programs for

the Hewlett-Packard 41-C are included with the equations in Appendix C.

17



DEVELOPMENT OF ANALYTICAL METHODS FOR THE CALCULATION OF WQOVEN-FABRIC
REINFORCED COMPOSITE STRENGTHS

Based on comparisons with other approaches and some experimental
results, the "NDPROP" Upper Bound was selected as the approach to be fol-
lowed for determining fabric stiffness properties. Efforts were then
" devoted to developing a corresponding consistent and realistic model for
predicting strengths, based on the assumed geometric configurations for the
various fabrics and the "NDPROP" Upper Bound.

Initially, the strength approach was formulated on a yarn bundle level.
Three-dimensional stress analyses were conducted on the fabric composite
modeled as an assemblage of oriented yarn bundles. Stresses on each yarn
bundle in its local coordinate system were calculated and compared to input
yarn bundle allowable strengths using the maximum stress failure criterion.
One of the main disadvantages of this method lies in the fact that the input
bundle allowable strengths have to be modified each time the assumed fiber
volume fraction within the bundle is changed. While this is fairly
straight-forward for axial strengths, no consistent procedure exists to
define bundle transverse and shear strengths as a function of fiber volume
fraction.

Accordingly, an "Average Stress Model" was used and the strength ap-
proach was formulated on an overall constituent fiber and matrix level. The
yarn bundle stresses were broken down into constituent fiber and matrix
stresses using the "Average Stress Model". That is, the bundle stresses and
strains were equated to the volume averages of the corresponding fiber and
matrix stresses and strains. Then, the constitutive stress-strain relations
of the fiber, matrix and yarn bundle were used to compute constituent
stresses. Thus, the matrix (or fiber) stresses could be determined as a
function of the fiber volume fraction, compliance matrices of the fiber,
matrix and unidirectional composite and the applied composite bundle
stresses, Although the stress states in the fiber and matrix vary from
point to point, failure analyses conducted on the basis of average states of
stress may be more realistic. The input allowables for the fiber and matrix
strengths were used to compute failure ratios for the fiber and matrix for

tensile, compressive and shear failure modes. The strength approach was
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then extended into a sequential failure analysis mode wherein matrix
dominated failures are considered not catastrophic. If the first failure is
a matrix failure, the matrix properties for the appropriate yarn bundle are
reduced and the analysis is continued until fiber failure occurs. Ultimate
strength is characterized by fiber axial failure or sudden increase in
strain levels due to stiffness reductions as a result of large numbers of
transverse and shear failures. The details of the strength approach are
relegated to Appendix B.

Typical results from this approach are shown for T-300/Epoxy biaxial
and triaxial woven fabrics in Tables 3 and 4, respectively. Trends among
the various fabrics styles are similar to those seen for the elastic
properties. Discussions regarding the merits of the strength approach will
be made in the section entitled "COMPARISONS OF ANALYSIS AND EXPERIMENT"
wherein the results of data correlations between predicted and measured

fabric strengths will be presented.

COMPARISONS OF ANALYSIS AND EXPERIMENT

An experimental program was conducted at NASA, Langley with the follow-

ing objectives:

1. To verify the analytical predictions of standard woven fabric properties
and strengths and to explore differences in toughness characteristics
among the various fabric reinforced composites and compare them to those
of equivalent tape laminates;

2. To serve as a guide for modifying the analytical models and methodology
based upon the data correlations in 1;

3, To determine the properties and strengths of the advanced weaves
developed in this program and compare them to those predicted
analytically;

4., To determine possible enhancements in toughness characteristics among
the newly developed advanced weaves in comparison with both tape
laminates and standard weaves; and

5. To guide the development of advanced weaves based on the shortcomings or

advantages experienced in 3 and 4.
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The results presented in this section are arranged in two parts: those
for standard biaxial and triaxial weaves and those for the newly developed

advanced weaves,

Standard Weaves

Tests were conducted at NASA, Langley using T-300/934 graphite/epoxy
material and the following fabric styles: Plain weave, Oxford weave, 5
Harness Satin weave, 8 Harness Satin weave and BiPlain Triaxial weave. Some

Kevlar/934 triaxial weave samples were also available for testing.

Biaxial Weave Elastic Properties and Strengths

Calculations were made using the "NDPROP" code in order to perform data
correlations with experimental results. The weave parameters used to model
the geometry are shown in Table 5. Assuming that the overall fiber volume
fraction within the bundle, Ve is known from experimental measurements, the
fiber volume fraction within the bundle, vfp, and the packing fraction of
yarns, vfp’ have to be adjusted to satisfy the relation:

Vo=V

f fb

X vfp
The experimeritally observed in-plane elastic properties are shown in Table 6
along with "NDPROP" calculated values.

The measured data were obtained from the experimental program conducted
at NASA, Langley. Both tabbed and untabbed specimens were used for the
tension test. Gage section failures were consistently observed only for the
untabbed specimens. Hence the reported tensile strengths are the averages
of the untabbed specimen data. The tensile moduli have been calculated
using both the untabbed and tabbed specimen data. The compression test data
reported were obtained from the "Short Block Compression Test" method. The
+45° Tension test was used to determine the fabric in-plane shear
properties. The calculated tensile moduli are about an average of 12%
higher than measured values for the Oxford, 5 and 8 harness satin weaves.
However, a large discrepancy (30%) exists in the case of the plain weave.

This may have been caused by either or both of the following factors:
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1. The plain weave sample may be of poor quality. C-scans of the material
indicated damaged areas and the photomicrographs indicated areas with
voids and resin rich areas.

2. The higher crimp in the plain weave may cause the measured values to be
lower than predicted by the Upper Bound. Although the analytical model
accounts for the crimp in the woven fabrics, the Upper Bound assumption
tends to minimize the effects of high cross-over angles. The Upper
Bound predictions thus represgent properties attainable from good quality
woven fabrics (fewer voids and damaged areas) having small amounts of

yarn waviness.

For the plain weave, the tensile and compressive moduli are not sig-
nificantly different. For the other weave styles, the compressive moduli
are lower by an average of approximately 13%. The analysis does not distin-
guish between tensile and compressive moduli. A possible reason for the
lower measured compressive moduli lies in the inherent complexity of com-
pression testing of composites. This complexity arises because the test
fixture and specimen must be designed so that buckling must not occur
(unsupported length must be small) and the gage section stress state must be
uniform and uniaxial (gage section must be sufficiently far from the
supports).

The in-plane shear moduli are in good agreement for the five and eight
harness satin weaves. For the Oxford weave, a balanced *45° lay-up was not
used, hence the data are not reported.

Comparisons between calculated and measured in-plane tensile, compres-
sive and shear strengths of the same biaxial fabrics are shown in Table 7.
Both the initial and ultimate failure stresses are reported in the table.

It can be observed that the predicted tensile first failure occurs at a
stress of approximately 70 ksi for all four fabric styles. For the 5HS and
8HS fabrics, the measured strengths are in good agreement with the predicted
final failure stress (~110 ksi). However, for the plain weave and Oxford
weave, the measured strengths are closer to the first failure stresses. A
possible explanation is that the higher amounts of crimp in these two fabric
styles cause matrix dominated failures to be more severe by not allowing the

loads to get effectively redistributed among the fibers.
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In the case of predicted shear strengths, the first failures are matrix
dominated failures. Since the shear loads have to be primarily carried by
the matrix in orthogonal biaxial fabrics, subsequent failures are also
matrix failures and occur at stresses even lower than the first failure
stress. Therefore the first failure stress represents the ultimate strength
also since the fabric can no longer carry shear loads after the first matrix
failure has occurred. The measured and predicted shear strengths are in
good agreement, as can be observed from Table 7.

In the case of predicted compressive strengths, the first failure in
each case is a fiber failure. Thus the initial and ultimate compressive
strengths are the same for each of the four fabric styles. The results are
in good agreement for the 5HS and 8HS weaves. The predicted values are much
higher than the measured values for the plain weave and Oxford weave (warp
direction). The reason for the large discrepancy can be explained in the
following manner. For conventional tape laminates numerous studies have
been carried out, aimed at deriving analytical expressions for the axial
compressive strengths of unidirectional fiber bundles. These strengths are
then used in laminate failure analyses. The axial compressive strength can
be analytically shown to be equal to the unidirectional composite axial
shear modulus. Measured strengths have consistently been much lower. It is
postulated here that the discrepancy may be explained by a decrease in the
matrix shear modulus because its proportional limit has been exceeded. For
an absclutely straight fiber bundle under compression, the axial stress in
the matrix is low due to the large ratio of fiber to matrix axial Young's
modulus., Also, the shear stress in the matrix is zero.

Because of imperfections associated with fabrication, small amounts of
waviness exist in the fibers (for conventional tape laminates). When these
fibers are under compression, the states of stress in the matrix are a
combination of normal and shear stresses. The shear stresses become sig-
nificant even at small angles of waviness and cause the matrix to yield
resulting in low compressive strengths. Accordingly, the allowables that
are used for conventional laminate strength analyses reflect this knockdown.

Additional knockdowns in strength can occur if the crimp in the fabrics
is high. This is because the matrix shear stresses are a strong function of
the off-axis angle and may become more significant than the normal stresses

in terms of causing the matrix to yield even at off-axis angles as low as
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5°. Therefore, the compressive strength allowables that go in as input to
the stress analysis have to be calculated as a function of the off-axis
angle. More work is required in this area so that the postulate can be
formalized and incorporated inte the computer code.

Iosipescu shear tests were done on the fabrics at the University of
Wyoming. Results are presented in reference 19. Both in-plane and
transverse shear moduli and strengths are presented in Table 8 along with
the predicted values. The predicted shear moduli in all cases are higher
than the measured values by about 20-30%. The calculated in-plane shear
strengths, however, under predict the measured values by about 20%. The
predicted transverse shear strengths are in reasonable agreement with data.
For in-plane moduli and strengths, the *45° tension tests are generally more
reliable than the Iosipeseu shear tests and those results were in better

agreement with calculations, as indicated in Tables 6 and 7.

Triaxial Weave Elastic Properties and Strengths

The parameters used for modeling the T-300/934 and Kevlar/934 triaxial
weaves are shown in Table 9. The comparisons between calculated and
measured properties and strengths are shown in Table 10. The triaxial woven
fabrics had essentially the same crimp as the plain weave biaxial fabrics
discussed above and in addition had more resin rich areas (low values of
Vf). The following conclusions may be made from the data:

1. Measured tensile and compressive moduli are almost identical. This
is in agreement with the analytical model assumptions of equal
tensile and compressive moduli.

2. Both moduli and strengths in the fill direction are higher than
corresponding warp direction values by about 10-15%.

3. Measured compressive strengths are significantly higher than the
tensile strengths (about 16-20%).

The comparisons between predicted and measured values indicate that the
agreement is not as good as for biaxial weaves. The analysis predicts
higher ultimate tensile and compressive strengths in the warp direction as
compared to the fill direction, but measured data indicate otherwise. A
possible explanation for the discrepancy in the tensile strength stems from

the fact that the y-direction load is directly along the fiber; therefore,
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failure in this direction only occurs when axial fiber breakage occurs. In
the warp direction, matrix failures may have caused material degradation
leading to premature failures. The analytical model for triaxial weaves

thus needs some modification and improvement.

Biaxial Weave Toughness Properties

In order to evaluate toughness properties of fabric composites, NASA
Standard Toughness tests (reference 20) were done on the various types of
fabrics. The results of the compression after impact tests are shown in
Table 11. Results for the equivalent tape lay-up are also presented in the
table. The results of the other toughness tests (Double Cantilever Beam,
Open Hole Tension and Open Hole Compression) are shown in Table 12. Results
for the corresponding tape lay-ups were obtained from reference 22 and are
also presented in the same table. -

The toughness tests generally indicated that fabrics possess better
toughness characteristics as compared to conventional tape laminates as
evidenced by higher strengths and ultimate strains for the "Compression
after Impact" test and higher values of interlaminar fracture toughness
(GIC) as measured by the "Double Cantilever Beam" test. It was originally
thought that open hole tension and compression strengths for fabrics may be
higher than those for equivalent tape laminates because of the increased
delamination resistance that the fabrics are likely to provide. It is
possible that the increased resistance was not observed because the weave
patterns wetre fairly coarse (émall amounts of intersections of warp and fill
yarns per square inch). Inhibition of the initial failures through the use

of finer weaves was demonstrated in another research program, reference 6.
Advanced Weaves

As described in the section "Development of Advanced Weaves", some
"Building Block" configurations were defined during the course of this
program. The first configuration from this category is termed the
"Auxiliary Warp Reinforcement Weave" and consists of two nested configura-

tions --- "Nested face-ply" and "Nested Internal-ply" (see Figure 14).
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Elastic property and strength calculations were made in order to assess the

potential of these woven configurations.

Auxiliary Warp Reinforcement Weaves

Calculations were made based on the following specifications:

1. 3000 filaments/yarn;
2. Yarn count of 18 for the basic plain weave, and

3. T-300/Epoxy material.

The first task was the identification of the repeating volume element with
realistic dimensions based on the photomicrographs and measured volume
fractions. It was assumed that the area fraction of the fiber within the
yarn was 70%.

The nested face-ply configuration contains within its repeating ele-
ment, 8 yarns each in X and Y directions constituting the 18x18 plain weave,
6 circular section yarns (assumed straight) traveling in the X direction and
6 non-circular auxiliary yarns in the Y-direction holding the other yarns in
place. The lengths and direction numbers of the plain weave were obtained
based on the yarn count, cross-over angle and yarn cross-sectional area.
Similar calculations were done for the auxiliary yarns, and curved segments
were approximated by short straight segments to determine volume fractions
and yarn orientations. The resulting set of direction numbers and volume
fractions were fed into "NDPROP" in order to get an Upper Bound prediction
on elastic properties and strengths.

A similar procedure was used to calculate properties of the nested
internal-ply configuration. The repeating element in this case contains the
same 8 yarns of the basic plain weave in the X and Y directions but contains
12 circular straight yarns in the X-direction and 12 auxiliary yarns in the
Y-direction.

The materials that were tested were the nested face-ply, the 4-ply
building block and the 12-ply building-block configurations. The 4-ply
fabric consists of 1 nested face-ply and 1 nested internal-ply. The 12-ply
fabric material consists of 1 nested face-ply and 5 nested internal-plies.

The properties of these building-block configurations were generated from
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the basic face-ply and internal-ply properties. The results of these cal-
culations are shown in Table 13. The comparison between predicted and
measured values from tests conducted on these materials are shown in Table
14, 1In general, the measured tensile moduli and strengths and the measured
compressive moduli are 20-30% lower than the calculated values. The major
discrepancy is in the compressive strength values.

Because of these low values a new design of auxiliary warp weaves was
developed based on the following considerations: (1) elimination of the
resin-rich pockets as far as possible and (2) use of yarns with longer float
lengths, minimizing crimp while retaining the basic features of the original
building-block configuration. The following section contains the details of

the Revised Design Auxiliary Warp reinforcement weaves.

Revised Design Auxiliary Warp Reinforcement Weaves

The building-block for the advanced weave also consists of the face-
ply and internal-ply configurations. The modified face-ply design is shown
in Figure 26. It can be observed that the basic weave corresponds to a four
harness satin in the fill direction and a five harness satin in the warp
direction. As before, a thread count of 18 per inch and 3000 filaments/yarn
were assumed for the calculations.

The dimensions of the repeating element are 4Lx10L as can be seen from
Figure 26. Different cross-sectional views of the face-ply and internal-ply
configurations at various sections are shown in Figures 27 and 28,
respectively. The repeating element contains two each of the yarns shown in
sections B-B, C-C, D-D, and E-E, and one each of the yarns shown in sections
A-A and F-F, see Figures 27 and 28. The nested face-ply and nested
internal-ply configurations are shown in Figure 29. Property calculations
were made by assuming a volume fraction of fiber within the yarn of 70%.

The "NDPROP" Upper Bound results for the Revised Design Auxiliary Warp
nested face-ply and nested internal-ply are shown in Table 11. Also listed
are the properties for a 4-ply nested lay-up consisting of two face-plies
and two internal-plies, shown in Figure 29. Test data on the revised weave

design are awaited.
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EVALUATION OF POTENTIALS FOR PERFORMANCE OF WOVEN FABRIC REINFORCEMENTS

Evaluation of the potentials for performance of woven-fabric reinforced
composites is complicated by the fact that both strength and stiffness in
various directions (including the thru the thickness direction) are vari-
ables dependent on the weave design. In general, therefore, as the following
results will emphasize, trade-offs are needed among the pertinent variable
properties to define most appropriate weave configurations. Likewise, the
methodology of evaluation must be extended to include additional pertinent
design parameters such as thru the thickness reinforcement, as will be

shown.
APPROACH

The approach used to evaluate the potentials of woven reinforcement
constructions was to utilize the NDPROP computer code to calculate
properties for typical composites, with parametric variations of reinforce-
ment configurations, and relate the results to the familiar standard,
7075-T6 aluminum alloy. This baseline material has much to recommend it
beside familiarity. For one thing, it is hard to beat, particularly, as
will be seen, for three-dimensional properties. Thus composites offering
potentials superior to the aluminum can be considered of interest. The fact
that wovens of T-300 can indeed out-perform aluminum for many applications

will be repeatedly demonstrated in the following evaluations.

Throughout these calculations the assumption is made that the woven (or
braided) constructions are comparable to multi-harness weaves, having mini-
mal crimp and accompanying maximum properties. (Similar assumptions have
been employed successfully for 3-D carbon-carbon composites, for example,

reference 21). Thus the potentials for performance are represented.
EVALUATION PROCEDURES

A wide range of reinforcement configurations, both 2-D and 3-D, was

evaluated, as follows:
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2-D (1) 0°/90°, of varying proportions
(2) %4°
(3) %4°/90°
(4) 0°/%4°

3-D (1) The 2-D constructions with thru the thickness reinforcement.
(2) Omniweave

(3) Nested constructions

Primary constituents considered were T-300 and Kevlar 49 filaments in a
5208 resin matrix. Volume fractions were 60% throughout.

In accordance with the results found in the section "COMPARISONS OF
ANALYSIS AND EXPERIMENT", with the assumption that woven constructions of
minimal crimp are accessible, as they in general appear to be, the upper
bound NDPROP analysis was employed for the evaluation of elastic properties.
For strength, first failure rather than that for cumulative damage was the
criterion, as representative of conservative design practice for repeated

loading.

EVALUATION PARAMETERS

Tension

The important design parameters for tensile applications were deter-

mined to be:

a
, . . X .
(1) Tensile strength/density ratio ;— - a direct measure of

weight of material required to carry a tensile load.

E
(2) Tensile stiffness/density ratio ;ﬁ - a prime measure of

weight of material required to limit the extension of a

tensile element to some desired value.
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. . . X .
(3) Shear stiffness/density ratio -;X - a measure of weight of
material required to limit distortion of an element subject

to shear.

Of these parameters (1) and (3) are generally most important. For
tensile applications, the tensile load to be cérried is the essence of the
design. For many applications, - aircraft wings, helicopter rotor blades,
propellers, etc., shear stiffness, relating to flutter and divergence, is
also of major importance. Axial stiffness, relating to overall bending of
the wing for example, may also be a design consideration, particularly for
composites, because in general as the configuration is changed to increase
shear stiffness the axial stiffness decreases, as the following plots will

show.

Compression

The parameters for compression are similar to those for tension, but
require an additional one to account for the possibility of compressive

buckling, as follows:

-0
. . . X .
(1) Compressive strength/density ratio P a direct measure of
weight of material required to carry a compressive load.

E E
(2) Compressive stiffness/density ratio ;5 - in general equal to ;E

for tension.

G G
(3) Shear stiffness/density ratio —fl - in general equal to _fl for
tension.
Additionally,

(4) Compressive buckling Indicator Number I; - a value combining the

material strength and stiffness properties to measure weight
required to carry the applied load. Different formulations are
required (see ref. 12) depending on whether a plate (I;) or shell
(I:) construc?ion is involved. Herein only I; will be used;
results for I; while numerically different would lead to identical

conclusions. The formulation for I; is
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i} E 1/6 1/2 5 1/3
5 - P cu in
P p " 1b
where:
E,, plate buckling modulus, = i —-_EKEX—__ + 6
’ ’ X
P 2 1-vuxyvyx 7

with Ex’ Ey longitudinal and transverse extensional moduli, psi

v.. , v __, in-plane Poisson’s ratios
Xy ¥X

ny, in-plane shear stiffness, psi
%y compressive strength, psi

p, density of material, peci
EVALUATIONS
Tension

Evaluations for tensile applications are presented in the format used
in Figure 2 for the various materials and constructions considered. 1In

g
every case the ultimate tensile strength/density ratio ;ﬁ is plotted

G E
against -fy, the shear stiffness/density ratio and ;5 the axial

stiffness/density ratio. Curves for shear stiffness are solid; for the

axial stiffness dashed. Tick marks on the curves identify specific propor-

tions, as indicated.

Evaluations begin (Figure 30 & 31 ) for a simple, biaxial configura-
tion, representative of 5 harness or 8 harness satin weave, with various
proportions of reinforcement in the warp and fill directions (see the verti-
cal curve to the left on each of the figures). Such variations in
proportions might be produced, for example, simply by changing the weft yarn
count while holding the warp yarn count constant. The figures show that the

simple 0°/90° configuration has a minimal shear stiffness/density ratio (25%
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of that of aluminum, 15% for Kevlar) for all proportions, but enormous (up

to 750%) improvement in strength/density ratio.

Biaxial Configurations.

For many, perhaps most, applications, shear stiffnesses greater than

those attained by the biaxial 0°/90° reinforcement are required. Braided

biaxial constructions making angles *4° to the axial x-direction can provide

such increases, as shown on Figures 30 and 21. For the T-300 braid at the

same strength/density as aluminum the shear stiffness/density ratio is

approximately 225% that of aluminum. For Kevlar the ratio is 130%.

Strengthwise, for the same shear stiffness/density as aluminum the gains are

even greater, being approximately 320% for T-300 and 80% for Kevlar.

Triaxial Confipurations.

Shear stiffnesses greater than for the 0°/90° configuration are also

obtainable with triaxial weaves in either 0°/%¢° or *¢°/90° configuration.

Rather surprisingly, the #¢°/90° arrangement is generally superior to the

0°/t¢° configuration but there are exceptions for the latter, as the follow-

ing comparisons bring out.

Numerical comparisons taken from figures 32-35 with nominal aluminum-

alloy properties, are indicated in the table below

Property Alusinum Alloy T-300 and (Kevlar-49)
bT X3 29 /90

G
XY 3n. 40,000,000 40,000, 000 40,000,000

P

? (3) (31| ¢ ou20-
X in. 700,000 3,200,200 @ ¢=20¢ 3,800,000 ¢

r3

(1,200,000) (870,000)2

o

X 4n. 700,000 700,000 700,000

P

G L]
XY 4n. 40,000,000 87,000,000 @ ¢-25- 80,000,000 @ ¢=40

f 4

(39,000,000) @ ¢=35. {38,000,000) @ ¢~30-
31

Oc/28°

40,000,000

3,300,000(3’ @ ¢=20-

{(1,700,000)

700,000

82,000,000 @ ¢=45-

(52,000,000) @ ¢=40-



(1) The superiority of the braid for high shear stiffness (*45°
is a maximum).

(2) Deficiency regions in the Kevlar construction due to the
compressive weakness of Kevlar. 1In this case, Poisson con-
tractions induce compressive failures in the 90° filaments.

(3) Minor but not substantial superiority of the *¢°/90°

configuration.

Both the *¢°/90° and the 0°/%¢° configurations can be made with various

proportions as shown in figures 32 to 35. For the *¢°/90° configuration,

. x . . . . ] .
highest values of ;“ are achieved with most material in the *¢° direction

G
and also highest values of _fi are achieved with the highest fractions of

a

material in the *¢° direction (Figs. 32 & 33). The reverse is true for =

for the 0°/%4° cases (Figs. 34 & 35), hence specific comparisons such as
those in the table above may be misleading unless truly optimized propor-
tions of each approach for the application have been evaluated. The use of
envelope curves such as those of figure 36 provides such optimization. From
these envelopes it is evident that the #¢°/90° configuration is indeed
superior to the 0°/1¢° configuration except for the restricted area
encountered in comparisons with aluminum for which ¢ approaches 45° and in

which the curves come together.

Effect of Use of First Fajlure Criterion in Evaluations

As previously noted, the failure criterion used throughout these
evaluations was that of first failure. 1In order to determine whether the
use of this criterion unduly penalized the composite constructions, as for
example in relation to their performance compared to aluminum, a few ex-
ploratory calculations were made using the cumulative damage failure
criterion. Typical results are shown in Figure 37 for a *¢°/90°
construction. As would be expected, the final failure criterion is shown to

G E
raise the value of ;ﬁ for given values of —%X and ;5. Differences are not

substantial - on the order of 10%. The conservative use of the first

failure criterion for these evaluations appears to be appropriate.
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Implications of Analvytical Methodology Used (NDPROP, Equations of Appendix

C) on Effects of Thru the Thickness Reinforcement

The addition of thru the thickness (TTT) reinforcement to planar rein-
forcement configurations is shown to be twofold: (1) it detracts from the
volume fraction available for in-plane reinforcement, and (2) it introduces
the possibility of new failure modes associated with the transverse (TTT)
direction. The first of these effects is straightforward. One percent taken
away from unidirectional (axial, 0°) stiffening and used TTT reduces the 0°
stiffness slightly less than 1% (0.875% for T-300/5208 @ Vf=0.6) but in-
creases the TTT stiffness by much more than 1% (12.5% for the same
construction). Surprisingly, the in-plane transverse (90°) stiffness is
also increased (by 1.72% due to Poisson's ratio effects). (These changes

are not in contradiction to the theorem that the sum of the stiffness § in

the stiffness matrix for the material is invariant; 1% of the original axial
stiffness is a quantity which is the same order of magnitude as 12.5% of the
original transverse stiffness.) The effect on strength, however, can be
substantial; instead of the 330,000 psi tensile strength of the unidirec-
tional composite, the TTT configuration fails in a transverse mode at
220,000 psi. (Starting with a balanced 0°/90° T-300/5208, Ve = 0.6 con-
figuration, removing 1% of the in-plane reinforcement, and adding it TTT,
decreases both the 0° and 90° in-plane stiffnesses 0.66% and increases the
TTT stiffness 11%).

Various combinations of woven reinforcements were investigated to
evaluate the effects of thru the thickness reinforcement. Typical results
are shown in Figures 38-41.

For both T-300 and Kevlar constructions the effects of adding thru the
thickness reinforcements on resulting composite properties (both stiffness
and strength) are shown to be orderly and not disproportionate to the per-
centage TTT addition as long as new failure modes are not encountered. New
failure modes were encountered for the 0°/14° configurations in both T-300
and Kevlar for proportions having mostly 0° reinforcements. Accordingly
calculations for strength of these configurations yielded substantially
lower stresses than for the same configurations without TTT (see par-

v

G, f
ticularly figures 40 and 41 for low values of —?X and —;E ).
f
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If new failure modes are not introduced by TTT reinforcements the
relationships between losses in tensile strengths and increases in thru the
thickness reinforcement can be summarized on a simple plot of Aax vs. Ve

max z
(figure 42).
The figure shows that if the losses in tensile strength are to be kept under
ten percent, even for simple, constant failure modes, the volume fraction of

TTT reinforcement must also be kept below 10% of the total reinforcement.

Compression

Evaluations for compressive applications are presented in a similar

-0
. . X Vi
format to that used for tension, i.e. plots of “;— vs. the parameters E

E -0
and ;K with the curves for —;é Vs, —% as dashed lines indicative of the
lesser role of Ex in most cases to that played by the shear stiffness Gx
*
To evaluate buckling resistance, curves are also plotted of I as dis-

P)
cussed in the section on "EVALUATION PARAMETERS".

Biaxial 0°/90° and *4° Configurations.

For the simple biaxial configurations in compression the evaluations
(figures 43 and 44) depict similar characteristics to those found in
tension. The 0°/90° configuration is characterized by low shear
stiffnesses; the ¢4 configurations have reasonable combinations of compres-
sive strength/density and shear stiffness/density - better than the aluminum
alloy for T-300/Epoxy. The Kevlar suffers from its low compressive

strength, and is not competitive in any of these simple configurations.
*

Evaluations with account taken of buckling characteristics utilizing IP

v
X
as the measurement parameter in place of > (figure 45) show that the *¢°
configuration can potentially be made in a plate structure to carry the same
compressive loading, at the same shear stiffness, as aluminum alloy for 3/8
the weight.
Kevlar was not evaluated for use in plates in compression because its

low compressive strength does not make it attractive for such application.
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Triaxial Configurations,

As noted for tension, the use of triaxial weaves, either 0°/%¢° or

+$°/90°, can provide both high compressive strength/density ratios and high

shear stiffness/density ratios, as the specific values (taken from figures

46 and 47) in the table below reveal.

Property Aluminum alloy

ny
, in.
o)
-0
—, in.
o
-0,
—=, in.
p
G
—Ey, in.
P

40,000,000

600,000

600,000

40,000,000

T300/5208
Tde I¢/90‘ Qo/2¢e
40,000,000 40,000,000 40,000,000
2,900,000 & ¢ = 20 2,900,000 %8 ¢ = 20- 2,500,000 @ ¢ = 25¢
600,000 600,000 600,000
81,000,000{1)e ¢ = a0- 80,000,000 @ ¢ = 45s 80,000,000 & ¢ = 40°

As previously found for tension, the table shows (1) superiority

(though less than in tension) of the braid for high shear stiffnesses, and

(2) minor but not substantial superiority of the *4°/90° configuration over

the 0°/4¢° configuration.

misleading.

Here again, however, as in tension, specific comparisons may be

The best basis for evaluation appears to be by comparisons of

the best against the best, using the most rigorous comparative parameters.

E

: * Xy X
Accordingly, envelope curves of I, vs. P and ;— were drawn for the

various configurations and used as the basis for overall evaluations, as

shown in Figure 48.

below.

The results of these overall evaluations are summarized



(1) The triaxial #¢°/90° weave provides superior performance in com-
pression as measured by higher values of the Indicator Numbers I;,
for the range of shear stiffnesses achieved for 0°<¢°<45°, as
compared to (a) 0°/90° biaxial weaves, (b) *4° biaxial braids, (c)

0°/+4°.

(2) The superiority of the 1¢°/90° weave is greatest at shear stif-
fnesses corresponding to those achieved by the weave at
intermediate angles of ¢, as in the range 20°<¢°<30°. The supe-

riority diminishes to zero as ¢ approaches 0° or 45°.

(3) The plot of figure 48 forms a basis for comparison of performance
among various other materials and configurations. (Such com-
parisons are made and reported in the section "POTENTIALS FOR
PERFORMANCE" .)

HYBRIDS

Woven hybrid reinforcements are perhaps unduly intriguing because they
are easy to make., In both biaxial and triaxial construction the use of
different materials in warp and fill imposes no difficulty, indeed in some
cases may make the weaving easier.

From a performance standpoint the prime motivation for hybrid construc-
tions relates to the thru the thickness reinforcement problem. The use of
fibers of higher "toughness" such as nylon or Kevlar appears appropriate for
investigation even though as yet the relative roles of thru the thickness
strength, stiffness, and toughness have not been adequately characterized.
Further, the addition of any thru the thickness running element must be
evaluated in terms of its possible influence on in-plane performance.

In-plane hybrids also deserve consideration. The basis for hope that
some hybrid combination might prove more effective than either constituent
follows some such pattern as the following: (1) the transverse stiffnesses
of material (b) are much less than those of material (a) therefore, the use
of (b) tranéﬁerSely will not as readily lead to premature cracking in ten-

sion as the use of (a) transversely, - so a combination of (b) with (a)
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should be better than (a) alone. While there may be merit to this argument,
detailed analysis reveals that the benefits are limited, as will be shown.
Analyses were made of various hybrid combinations, following the same
approach used for the performance evaluation of individual materials. In
all cases the materials studied were T-300 and Kevlar-49. On all figures,

tick marks on the curves denote angles of 15°, 30°, and 45°, as in Figure 2.
EVALUATIONS OF HYBRIDS
Tension

Biaxial 0°/90° Weaves

Evaluations begin (fig. 49) for a simple biaxial weave with T-300 in
the warp (0°) direction and varying proportions of Kevlar-49 in the fill.
(The reverse hybrid having Kevlar in the 0° direction was not considered
because of the adversely high transverse stiffness of T-300. The damaging
effect of this characteristic will be considered in the section "Thru the
Thickness Reinforcements" to follow.) Figure 49 shows clearly the desired
improvement in tensile properties for the hybrid over those for either T-
300 or Kevlar alone. For both materials by themselves the smallest fraction
of transverse fiber induces premature cracking whereas the Kevlar transverse
fiber accommodates the low strain of the 0° T-300 environment.

With this encouraging result, the next question to be considered is
"Can this same improvement be found in triaxial weaves providing increased

shear stiffnesses compared to those for the biaxial constructions?”

Triaxial +¢6°/90° and 0°/*4° Weaves

Answers to the above question are explored in Figure 50 to 55. The

overall answer is a negative one, for various reasons, such as:

(1) Putting a 90° Kevlar into a +4°/90° configuration (*¢° being T-
300) introduces a new failure mode, - compression in the Kevlar

due to Poisson contraction, - with substantial strength reductions
(Figure 50).
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(2) Putting a 90° T-300 into a *¢°/90° configuration (*¢° being
Kevlar) aggravates the transverse failure mode caused by the 90°

element (Fig. 51).

(3) Putting a 0° Kevlar into a 0°/%¢° configuration (*¢° being T-300)
does not do much harm, but it does not do any good either (Fig.
52).

(4) Putting a 0° T-300 into a 0°/%¢° configuration (*¢°being Kevlar)
does do much good, but not as much as putting T-300 all around
(Fig. 53, and c.f. Fig. 34).

(5) Comparisons of the best - the envelope curves for hybrids and non-
hybrids of both triaxial weaves show that the *¢°/90° T-300 is the
best followed closely by the 0°/+¢4° T-300 (Rigs. 54 and 55). The
*4°/90° Kevlar is the poorest, again due to the compressive
failures induced in the 90° elements. The hybrids fall in all

cases between the Kevlar and the T-300.

Thru the Thickness Reinforcements

Typical results of evaluations of the effects of using Kevlar rein-
forcements thru the thickness are shown by comparisons of Figures 56 and 57.
Figure 56 shows losses in performance due to additions of T-300 thru the
thickness reinforcement to a triaxial 0°/1¢° configuration. Figure 57 shows
lesser losses for the use of Kevlar TTT. Figure 58 and 59 indicate similar
results when the base configuration is #¢°/90°. Kevlar appears especially

attractive as a TTT reinforcement material.

Compression

In compression, the evaluation results show that, as in tension,
Kevlar has a role to play as a thru the thickness reinforcement but not as a
booster of in-plane performance. Because of the similarity of these results

to those for tension they will be summarized only briefly here before going
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on to treat the more complex problem not encountered in tension, of combined

strength and buckling resistance.

Biaxial 0°/90° Weaves

Hybrid combinations of T-300 filaments in the warp (0°) direction and
Kevlar in the fill (90°) direction are represented in Figure 60. No merit

is evident for the hybrids compared to 100% T-300.

Triaxial +¢°/90° and 0°/té° VWeaves

For the 0°/%¢° configuration the Kevlar is least damaging if used in
the *¢° direction filaments (Figs. 61 and 62). For the *4°/90° configura-
tion (Figs. 63 and 64), Kevlar in the 90° direction is nearly as effective
as T-300, but used in the %¢° directions it destroys the usefulness of the
configuration. Because of the potential increased toughness of Kevlar, a
+¢°(T-300)/90° (Kevlar) hybrid may be of interest. The penalty to be paid

-0
in terms of potential e values is 10% to 15% as shown by the envelope
curves of Figure 65. Losses if used in the 0°/%¢° configuration (Fig. 66)

are substantially higher.

Thru the Thickness Reinforcement

The most appropriate use for Kevlar as a hybrid with fibers like T-300
appears to be in the thru the thickness direction. Here the losses for the
addition of small volume fractions of thru the thickness Kevlar are minimal
(Figures 67 and 68) and less than those for all T-300 constructions (compare

Figs. 8 and 67, for example).

Evaluations on the Basis of TIndicator Numbers

If shear stiffnesses greater than one fourth those of aluminum are
required so that a simple biaxial configuration is inadequate (Fig. 69), the
only hybrids competitive with 100% T-300 are the *¢°/90° configuration with
Kevlar in the 90° direction (Fig. 70). Even here the best has the least

Kevlar. The 0°/+¢4° at proportions giving shear stiffness/density ratios
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about equal to aluminum are indeed much lighter than aluminum (Fig. 71), but
lesser than the #4°/90° configurations. As is to be expected, the mostly
Kevlar hybrids (Figs. 72 and 73) are not competitive for these compressive
loading with the mostly T-300 hybrids (Figs. 70 and 71).

Thru the thickness, however, Kevlar does a most effective job (Fig.
72). Reductions of only approximately 5% and 10% in I; values accompany TTT
Kevlar reinforcements in planar *¢°/90° T-300 weaves for 10% and 20% TTT

Kevlar.
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DEVELOPMENT OF ADVANCED WEAVES

Development of advanced weaves had the following two principal objec-
tives superposed on the ongoing one of providing improved in-plane

properties (compression, shear), namely:

(1) Weaves to facilitate enhancement and control of thru the thickness
properties.

(2) Weaves to facilitate fabrication of composites for high load
intensities (thick constructions), particularly weaves providing
for tapering thickness to accommodate varying load intensities.

(3) Fiber architectures that inherently improve damage tolerance.

Three advanced weave concepts have been developed to meet the forego-
ing objectives. These weaves derive in part from the analyses described in
the previous sections, in part from supporting studies and tests at the
Langley Research Center, and in part from developments in related studies
(refs.8 and 22). These concepts are the auxiliary warp (or "Bumpy Fabric")
concept (Patent Applied for), the Stitchbase Weave, and the Multi-layer

Triaxial, as described below.

BUMPY FABRICS

The Bumpy Fabric concept is simple. As illustrated in Figure 75 it
proposes nesting configurations that overlap thru the thickness to provide
increased interlaminar interface area and provide that separating forces be
resisted by shear as well as tension. Such a configuration also makes
accessible the same flexibility for tapering thickness that ordinary
laminated construction provides.

While the concept is simple, the execution is not. First trial weaves
(Figs. 76 and 77), adequately bumpy appearing on paper, turned out to be not
very bumpy as fabricated. Further the intentionally widely spaced auxiliary
warps (Fig. 77) did not spread laterally sufficiently during autoclave
curing to fill the open spaces allotted for them. Voids and resin-rich
areas that were created led to premature failures, especially in

compression. Even so, lateral impact tests of bumpy fabric laminates using
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these initial samples did appear to show reduced areas of damage compared to
comparable conventional laminates.

To increase the bumpiness, a revised design was made (Fig. 78). Again,
the bumps appeared greater in cross-sections on paper than as woven. Tests
have not yet been performed on the revised design material.

Because of the continued lack of bumpiness of the revised design, a
concept similar to a blade-stiffened construction is proposed (Figure 79).
The auxiliary warps are woven vertically, perpendicular to the base fabric,
as shown. With the addition of a double thickness "bulb" to the tops of the
blades, a truly interlocking construction is achieved. As the cross-
sectional view reveals, the fill yarns that tie in the bumps truly provide

thru the thickness reinforcement. This design has yet to be fabricated.

STITCHBASE WEAVES

In a study related to this program (ref. 7), Dexter and Funk found
notable improvements in thru the thickness properties of laminates stitched
together with closely-spaced Kevlar stitches. About the only drawback to
this stitching approach appeared to be damage induced by stabbing the
stitching needles through the reinforcing yarns. To overcome this drawback
a "Stitchbase" woven construction is proposed. Examples of such weaves are
shown in Figure 80.

Triaxial weaves can be woven with regularly spaced holes in a wide
variety of configurations. The necessary accuracy of yarn spacing of the
Barber-Colman type triaxial loom together with the high Young's modulus of
composite reinforcement yarns and the "locked intersection" characteristic
of the Stitchbase Weaves insures that such construction can be accurately
stacked with holes matching holes. Thus the potential is created for stitch-
ing through the holes without yarn damage. Furthermore, technology is
available, as from the computer industry, for positioning the stitching
needles (e.g. the soldering or welding heads for computer chip connections)
with precision.

No stitchbase weaves have been made, however, their development is

recommended.
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THICK TRIAXIAL WEAVES

Recent exploratory development of triaxial weaving equipment with
multiple harnesses (like a biaxial Dobby loom) opens new possibilities for
triaxial fabrics. Samples of the Substrate Weave with auxiliary warps (fig.
81) have already been woven (in vref. 8). The next step is weaving of a
Substrate Weave with Bulbous Blade auxiliary warps (fig. 82). Constructions
like this have the potential to provide thru the thickness reinforcement
with tapered thickness constructions (as with ordinary laminates, by chang-
ing number of plies), together with multi-axial yarns for improved shear
stiffness compared to biaxial weaves.

Thick triaxial constructions can also be woven on the multi-harness,
Barber-Colman type machine, providing a multi-layer fabric with thru the
thickness running yarns as shown in Figure 83. While tapering thickness
could probably be programmed into the weaving, it would have to be done so
specifically for the end application and would not have the generality of

applicability of the Bumpy constructions.

THE PERFECT WEAVE

A corollary to the development of the multi-harness triaxial loom is
the potential for weaving triaxially interwoven triaxial constructions such
as that shown in Figure 84. This construction (l-up, l-down in all three
directions) is the most nearly perfect of the triaxial weaves, having sym-
metries in all three in-plane directions. It is perhaps of greater interest
as a textile than as a composite reinforcement; emphasis on its development
is not proposed or recommended. As textile technology continues to advance,
however, to the point that such weaves can be woven with high yarn counts,
they may find application in composites in such places as in the vicinity of
joints or other points of stress concentration to take best advantage of the

gain in ultimate strength recently found for finely woven reinforcements.
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GUIDELINES FOR IMPROVED FABRIC DESIGNS

In this section a summary is made of unexplored areas which appear to
offer promise of performance improvements of various kinds. In some cases
weaving capability already exists to produce the weave described, in others
extensions to textile technology are required as will be noted. 1In all

cases an assessment of projected potentials is attempted.

BIAXTAL FABRICS

Float length

The curves of Figure 85 suggest that, for conventional weave construc-
tions as the float length decreases below about 3 yarn diameters
(corresponding to 4 harness satins) losses in in-plane reinforcement effec-
tivenesses begin to increase rapidly. The likely cause is the increasing
ratio of crimped to straight yarn with diminishing float lengths, possibly
exaggerated by the abruptness of the 8-up/l-down, 6-up/l-down, 4-up/l-down
nature of satins. If the weaves were 8-up/2-down, 6-up/2-down, etc. the
direction reversals would be less abrupt and in-plane yarn effectivenesses
can be expected to improve. The magnitude of improvement can be readily
explored both analytically, by extending the model of Figures 21 and 22, and

experimentally with fabric woven on conventional looms.
Braids

Simple *¢ reinforcement configurations have been shown (ref. 22) to
provide maximum combinations of in-plane axial - and shear-stiffness/density
ratios. Thus either by themselves (probably mostly at values of ¢ not
greater than 20° to avoid excessive Poisson effects), or laminated with
other configurations, they provide a maximum potential. To provide such
configurations in any but small sizes, however, textile technology is
deficient. Large braiding machines are not available. In this area machine
development (perhaps borrowing from filament winding technology) must come

first.
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TRIAXTAL FABRICS

The development of multi-harness machinery to weave triaxial fabrics
opens up new possibilities for triaxially woven reinforcements. Hitherto
limited to the open Basic Weave and the l-up, l-down BiPlain Weave (Fig.
24), other more desirable configurations now become available. Guidelines

for their development are given below.

Volume Fractions

Configurations are needed which provide maximum volume fraction
reinforcement. The Substrate 2-up and l-down Weave (Fig. 24) appears to be a
step in that direction compared to the BiPlain. Much depends, however on
the final resulting configurations of yarn cross-sections. Extensive photo-
micrographs, similar to Figure 1 for biaxial fabrics are needed. Longer

float lengths than those in the Substrate Weave may be found preferable.

Bumpy Fabrics

Triaxial weaves provide a desirable base for the Bumpy Fabric construc-
tions (Figs. 17 and 18), allowing shear properties to be designed into the
woven configuration. Development requires photomicrograph studies to define
models for analysis and direct configurations toward maximum volume

fractions.

Stitchbase Weaves

The development of Stitchbase Weaves (Fig. 19) to provide thru the
thickness holes for sewing plies together can also be used for cases in
which substantial thru the thickness reinforcement is required. Both cases
present problems: (1) for sewing, the problem is to make the holes small
enough; (2) for TIT reinforcement, the problems are primarily those of
insertion. Both problems appear solvable, but (1) may lead to the use of 1K
carbon yarns in the base fabric and (2) may lead to the development of
special insertion systems. Further study is needed to evaluate these

problems.
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Hybrids

The triaxial weave lends itself well to hybridization - carbon fiber in
the warps, Kevlar in the fill. Although the evaluations herein showed that
in-plane performance of the hybrids is generally less than for all carbon
construction, the losses were in many cases minor and possibly more than
compensated for by increased toughness. Guidelines here involve: (1)
definitization of toughness criteria so that quantitative measures of tough-
ness can be found by test; and (2) tests of representative triaxial hybrids

to determine their performance utilizing the criteria developed.

Multilayer Constructions

The Substrate Weave lends itself well to multilayer constructions
(Figure 83). Such constructions provide thru the thickness running yearns,
and should not be prone to TTT failure. The TTIT yarns can just as readily
be hybridized, if desired, for further toughness increases. The recent
advances in triaxial weaving technology make such weaves accessible.

These multilayer triaxial weaves embody all the desired directional
reinforcement characteristics: (1) In plane axial, transverse and shear
reinforcement, and (2) thru the thickness reinforcement. These individual
properties may be traded off, one against another, but for the same volume
fraction total these trade-offs involve no overall loss or gain; the sum
total reinforcement remains the same. Lacking is only the flexibility of
tapering provided by constructions like the Bumpy fabrics. The guidelines

here are that both multi-layer and bumpy should be exploited.
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QOVERALL CONCLUSIONS AND RECOMMENDATIONS

ANALYSTS METHODOLOGY

Analysis methodology, culminating in the NDPROP Computer code, appears
adequate for multi-harness weaves in tension, useful (with arbitrary knock-
down factors) for plain weaves in tension and multi-harness weaves in

compression, unconsevvative and to be used with caution for plain weaves in

compression. Further research, both analytical and experimental, in this

last area is recommended.

POTENTIALS FOR PERFORMANCE

The development of the NDPROP code makes possible an analytical assess-
ment of the difference in potential for performance of woven constructions
and unidirectional tape laminates. Results of such an assessment are shown
in Figure 85. This upper bound assessment shows less than 4% loss in lon-
gitudinal stiffness and ultimate tensile strength for weaves having float
lengths corresponding to three or more harnesses. Corresponding first
failures (in the vicinity of yarn cross-over) are calculated to occur at
stresses 6%-8% below those for unidirectional tape lay ups. Thus, in-
evitably, for in-plane, two-dimensional constructions, such minor losses in
performance potentials are to be expected.

Three dimensional reinforcement constructions such as braids like
Omniweave, configurations approaching 3-D isotropy, and the like are not
competitive in performance with constructions which are primarily 2-D
planar, with minimal thru the thickness reinforcement. Trade-offs in
properties to maximize performance for 3-D constructions include the mini-
mization of the thru the thickness elements to the extent possible without
encountering thru the thickness weakness problems. Further research, both
analytical and experimental is recommended to quantify criteria for the

magnitude of thru the thickness reinforcement required.
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ADVANCED WEAVES

Innovative approaches to the thru the thickness reinforcement problem,
such as the Bumpy Fabric and the Stitchbase Weaves are in early stages of
development. Gontinuing effort to bring them to fruition is recommended.
Emphasis should be upon configurations providing angularly oriented in-plane

yarns as needed for enhanced shear properties.
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Table 10. Comparison of Calculated Versus Measured Triaxial

Woven Fabric Properties and Strengths

T300/934 (v,.=.45) Kev/934 (v,=.39)
Property
Calc. Meas. Calc. Meas.
2+(1) .
E. , Msi 5.64 4.60 2.63 1.81
E;(Z), Msi 5.64 4.56 2.63 2.01
+
v, Msi 5.64 5.05 - -
4
E_, Msi 5.64 5.13 - -
14
y t 0.284 0.234 0.2973 0.256
Xy
- 0.284 0.232 0.2953 0.305
Xy
y ¥ 0.284 0.250 - -
¥X
v 0.284 0.268 - -
VX
”x+' ksi 42.1/69.8 36.8 32.8 24 .4
n; . ksi 6£8.3 42.7 14.1 18.5
ﬁy—, ksi 38.0/49.8 41.5 - -
o, ksi 55.5 49.6 - -
v

(1) + indicates tension

(2) - indicates compression
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Table 13. Calculation of Elastic Properties and Strengths of

Original "Building-Block" Auxiliary Warp Configuration

Property Face-Ply Internal-Ply] 4-Ply 12-Ply

E s Msi 11.72 12.80 12.48 12.70

Ey, Msi 7.06 4.66 5.56 4.93
E . Msi 1.76 1.87 1.82 1.86

G ,Msi 0.69 0.64 0.66 0.65
Xy

G.__, Msi 0.89 0.81 0.79 0.80
vz ,

G__, Msi 0.76 0.64 0.74 0.67
zX

v 0.032 0.069 0.050 0.063
Xy

v 0.499 0.431 0.432 0.431
Yz

Y 0.057 0.041 0.051 0.044
ZzZX

a;, ksi 78.4/123.9| 80.8/137.6 |80.9/133.2| 80.8/136.3
+

9 ksi 51.4/67.6 29.1/40.3 34.6/50.6 30.7/43.4

0;, ksi 122.3 133.3 130.1 132.4

a;, ksi 73.8 48.7 58.0 51.5

+ indicates tension

- indicates compression
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Table 14. Comparison of Predicted and Measured Properties and
of Original "Building-Bldck" Auxiliary Warp Configuration
Face-Ply 4-Ply 12-Ply
Property
Predicted Measured Predicted Measured Predicted |Measured

E;, Ms i 11.72 8.60 12.48 9.11 12.70 9.66
z;, Msi 7.06 5.92 5.56 5.19 4.93 4.48
E;, Msi 11.72 - 12.48 - 12.70 8.81
E;, Msi 7.06 -— 5.56 - 4.93 4.67
U;Y 0.032 0.148 0.050 0.150 0.063 0.134
U;X 0.019 0.098 0.022 0.083 0.024 0.080
- 0.032 - 0.050 - 0.063 0.136
Xy )

v 0.019 - 0.022 - 0.024 0.031
vX
a;,ksi 78.4/123.9 71.0 80.9/133t2 77.35 80.8/136.3 82.5%

+

oy,ksi 51.4/67.6 45.2 34.6/50.6 37.86 30.7/43.4 34.9
ax,ksi 122.3 - 130.1 - 32.4 45.6
ay, ksi 73.8 - 58.0 - 51.5 34.9

+ indicates tension

- indicates compression
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Table 15, Results of Elastic Property Calculations on Revised

Design Auxililary Warp Reinforcement Weaves

Nested Nested Nested Face
Property
Face-Ply Internal-Ply & Internal Files
6‘ .
E.. Msi 11.93 : 13.03 12.56
Ey’ Msi 6.67 5.30 5.89
Ez, Msi 1.71 1.73 1.72
G , Msi 0.66 0.65 0.66
Xy
G ; Msi 0.62 0.59 0.60
vz
G_., Msi 0.69 0.70 0.70
22X
v 0.050 0.064 0.057
¥X
v 0.374 0.364 0.368
vz
v 0.052 0.047 0.049
ZX
t, in 0.035 0.047 0.082
v, 0.55 0.54 0.54
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ORIGINAL PAGE 5
OF POOR QUALITY

*
P

b

Ffigure 11. Summary Measure of Penalitv -AJ_ for Taru the Thickness Reinforcement

"

for Compressive Loadings. Curve is typical, though specifica..v ac-

=] o o . . -
curate as drawn for 30 /90 /90 guasi-isotropic in-p.ane re:nforcenment
configurations. See aiso figure 2.
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Weave with Auxiliary Warps. The Substrate shown 1S
valent to that of a tightly woven piaxial
truction. Normally the Substrate would

rate Triaxiail
ly woven to a density equi
ve to illustrate the cons

Figure .7. Subst
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(See aliso Iig. 24} .
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Definition of Symbols not defined in figure:

Af .cross-sectional area of fibers in yarn

V%b:volume fraction of fibers in yarn

v; soverall fiber volume fraction

e seccentricity of ellipse = b/a

v_ :volume fraction of yarns within repeating element
Procedure: Given L, T and Af

1, Calculate b = 0.25 T

. me’ V.
2 Assume b

3. Calculate e = ﬂbzvfb/Af

Cross Sectional View of Elliptical-Section Yarns for

Figure 23.
and Procedures to Define Yarn Geometry.

89
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4. Solve for r, where b < r < b/e :

tan-l 2b + tan-l L2-4r2—2Tr + tan-l r2-b2 - 90°
L 2r+2b 2 22

5. Determine fabric geometrical parameters:

a = t:an-1 EE
L
-1 L2-4r2-2Tr

B = tan 2r+2b

-1 2 .2
2 22
b-er

[

L = v I..2-2Tr-4r2

-11%
3Af sin z—siny
6. Compute Ve = T 2+ 2ao o

o] V[I-sin26s1n2¢ d¢

where r, - r+b;
b_ = 2b;
[o]
r bo sin v
a - e m— :
V b2-r2 c0527
0o o
-1 b02
and § = sin 1l - )
4

7. Calculate pr= vf/vfb

Figure 23. Cross Sectional View of Elliptical-Section Yarns for Triaxial W
eaves
(cont'd) procedures to Define Yarn Geometry. g

90



ORIGINAL PAGE IS

‘usnaoMIsaIUT 1ou dae sdaem syl
-sdaem a8yl JO Yoed YITM [TIJ 9yl J0J umop oml pur dn suo sT 3aRaM ayl

ajeaysqng ay) ul -sdaem ay3y JO UYoes UYiTM TTTJ 9Yy JI0J umop a2uo pue dn
SUO ST S9ABIM BYl ULR[JId 2Y) Ul 'S84ES M TEBIXETJ] 9]1el1sqng pue urerdrd "vg 2anbrg
XLISNAAG °XYKW ALISNIA TYNIWON
WN\\a...-w 2 LT S YEAY EAVES

ELY LY )
AR5 B (5T
L0

OF POOR ”QUALlTY

oot L) Hfor? \\\ m.%\\ HN\ NW\\O
7, DAL

Vgl - LS NSTIS S

/ vy v/l
~o st VB T ), %H.X S T ITITLS

IAVIM 3LVYISENS ‘3AVIM NIVIdId

9l



" X 7. X Ty = sumloA TTeD

'SUOTIRINDTIUND LAISAN 1ISATE O sartiaadois HurieTnoTen
UT pasn JusuaTty Luriesdsy pue sgorsusury ButMous ¢7 eanbrs 10 1RICHE "Gg 9anbHra

WBT/T = 1 - | _ (q)

"X T X Ip = SUNTOA TISO

92



8 :
Ei : El { = ; =
2N (EN |IE 2N (1B A Y=
Bl e e =i el = E E
i (EHIER ||E 2HEH | £l HEN HE
it (NB1HIEN (I B (1B |l | {1 (1E
I B (i B e Ve ! T 1
3 R HEH = | e = e
_ SlgE H) E Hi YE -
- g )
= ‘E_r: a7 allBl e g afllll=g == S
e &3 ElHED W HED (o | i] H o
B Bl e H BN Emd BB (B <
D Bl 1B ER (ElHE T D (ENHIER [
El E 1ER (LS WEN HE [ L e e n
c B G 1EY B e TEN 1B Bl |1 {IE :
IR B B EllE (B e BB 8 e
s L& JEIE El | Bt iE
| A md ey (Emg €l E = EliE
A 1112 JiiE 0 2 s
b— L R
Plan View 1
Section A-A 2
i o i \i"ul"l' g e 1
- JIn ﬁL T E\___I '\lnlunll %_ 1T
‘”'1” i mlnmu- .m.m.‘”!’-m_ ] !@H
1110 W 11 BilLLINWITY H -mun- uum-m__m-mm
[ ‘llllullli \IIIIHIII -JMJLIMQHHNII @! sy
m -‘ E lulnlm” Y l l-nmn.m - ‘-‘
===l ==l
u.l 1mluﬁml -”-nm | W i1l B
= i .
i ainne -IlllllII1 Wi i -munim
| i ’
mnnn‘” _,_Ln-nmun:ml— l-ulnululnnJ” -unn
| -HIHH.”. "V.i !-lllllll.“}-ﬂl III-‘ -IIIIHlIm'I n
m:[ | 1-1 l.m’.m\ ?:!r -l IHHIIIIk l-‘ :{ l
——hﬂ\hd‘ i D o |hm hﬂ
Bottom View
Figure 26. Revised Design Aawxillary Warp Construction. FRevisions fromn first design

T
include stacking of the auxilliary warps to make the fabric more Humpy
and increasing float lengths to improve compressive properties.

93



W

i %y

Section
A-A

Section
B-B

Section
c-C

Section
D-D
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Section
F~F

Figure 27. Cross Sections of Revised Face Ply Reinforcement Showing Auxiliary Wars:
T:e-Down Every Fifth Pick, Alternating over-and-under the Individual
varn Pairs of the Auxiliaries.
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Figure 28.
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s
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Cross Sections of Revised Internal P1lv Reinforcen
Downs for the Auxiliaries to Those in the Face Pli
the construction appears much more oumpy than the
however,

warp construction (fig. i14). As woven,
appear nearly as great.
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e ERIRIET ik

Nested Face and Internal Plies

Cell Volume = 4L x 10L x .082"
L = 1/18"

Figure 29. Nominal Nesting of Multi-Ply Revised Auxiliary Warp Constructions
Indicating Magnitude of Through-the-Thickness Running and Overlapping
Fill Yarns.
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Tigure 78. Revised (Mark II) Bumpy Fabric Stacked the Auxiliary Warps Two High, as
Shown Here. Whether this is adequate to provide appreciable thru the
thickness reinforcement is yet to be determined.
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Advanced Bumpy Fabric Design Provides Nominally High Bumps,

Relatively Low Volume Fraction Reinforcement

design.

But as Drawn

As in the preceding

end volume fractions and performance are yet to be determined.

Figure 79.
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Figure 81. As Shown Here the Auxiliary Warps Have Relatively Long Floats.
Alternatively, they could be woven to be tied in every second, fourth or

other multiples of two fill vyarns.



Figure 82.
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Nesting of Bulbous Blade Auxiliary Warps Atop Substrate Weave Fabric
Constructions Is Different from that of Auxiliaries on Plain Weave

Fabrics.

The high Poisson's ratio of the Substrate Weave will permit
some control of the width dimension by tensioning the fabrics.

Truly

compact nested configurations should be achievable.
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APPENDIX A

ANALYTICAL MODFELS FOR THE CALCULATION OF WOVEN FABRIC PROPERTIES
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LIST OF SYMBOLS
As used in Appendix A

area
matrix relating in-plane stresses to strains

matrix relating in-plane stresses to curvatures
stiffness matrix

matrix relating moments to curvatures

Young's modulus

shear modulus

thickness

thread count

compliance matrix

temperature difference from stress free temperature
strain energy

complementary energy

fiber volume fraction

thermal expansion coefficient vector

thermal curvature coefficient vector

vector relating strains due to applied temperature gradients
to stresses

vector relating curvatures due to applied temperature
gradients to stresses

strain vector

curvature vector

stress vector

Poisson’s ratio
SUBSCRIPTS

longitudinal (fiber) direction
transverse (to fiber) direction
in-plane axial direction
in-plane transverse direction

thru the thickness direction
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APPENDIX A

ANALYTICAL MODELS FOR THE CALCULATION OF WOVEN FABRIC PROPERTIES

The behavior of woven fabrics is dependent on several geometrical as
well as material parameters. The analytical treatment of the woven fabric
needs to be three-dimensional to account properly for the complicated rein-
forcement geometry of anisotropic fiber bundles. The mechanics of fabric
reinforced composites are not as well defined as compared to laminated
composite plates and hence our approach to the development of an analysis
was to obtain bounds on the effective fabric properties based on energy
principles. Various fabric models were considered and resulting calcula-
tions were compared with the results of finite element analyses in order to
assess the validity of the different models. This appendix contains a brief

description of each of the approaches and the results obtained.

LAYERED-PLATE FABRIC MODEL

The first step in analyzing the fabric was to define the geometry of a
representative volume element. In this approach it was assumed that the
yarn cross-sections remained circular. The overall structural behavior of
the fabric was determined from the weave characteristics and properties
computed for the representative volume element. The representative volume
element of a five harness satin woven fabric is shown in figure A-1. The
figure also shows several cross sections within the representative element.
It can be observed from the figure that the weave is of the "over 4 under 1"
pattern typical of the five harness satin weave. The cross-sections are
similar to each other except for the relative position of the cross-over
yarn.

A typical cross-section of the weave is shown in figure A-2. The
cross-section of another weave would be similar except for the relative
dimensions of the straight and cross-over yarns. The cross-section can be
divided into several sub-layers each containing axial, transverse and

oriented fiber bundles. The overall weave properties were computed by
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treating each sub-layer as a portion of a laminated plate and integrating
through the ply thickness.

The elastic properties of the woven fabric were determined by this
approach using three different assumptions. First, it was assumed that each
of the sub-layers had a linear strain field thru the thickness and a con-
stant strain field along its length yielding an upper bound on stiffnesses.
The second assumption led to a reduced upper bound based on a constant
strain field along the length and a state of plane stress for each sub-
layer. The third assumption yielded a lower bound on the fabric stiffnesses
by assuming a linear stress field thru the thickness and a constant stress
field along the length for each sub-layer.Equations for the elastic
properties under three different assumptions are presented in the following

paragraphs.

Upper Bound Approximation

We assume that the element shown in figure A-3 is subjected to no
surface tractions and that the assumed displacement fields hold everywhere
inside the element. If the constitutive relations for the constituents are

of the following form (in contracted notation)

ai = Cij ej + yiAT . (1)

then noting that e = €19 T €5 = 0 everywhere, and summing the strain

33
energies in all the constituents for the assumed displacement field, one

obtains

ij 13 13 4 %3 7 P13 1 % (2

where repeated indices indicate summation over indices 1, 2 and 6. The

upper bound stiffness matrices Al, B1 and D1 are calculated in the following

manner.
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S & R ij
(3a)
L M(2)
-3 [(Pf, o, Y = ch aﬁ“ﬂ
2=1 m=1 3
h/
1 1 1 2
[Fi, Ai] = fAf v (1,z) dz
-h/2
(3b)
L M(2)
- s [(PL, QL) 5 7£ma ﬂm]
£=1 m=1

In equations (3) the superscripts fm indicate material, m, in layer, £,
and M(£) is the number of materials in layer £. L is the total number of

layers. Further

PP =hy, - Dy,

1/2 (b, - b)) (%)

po
1

3 3
R® = 1/3 (h], - hy,)

bll’ h22 being the z-coordinates of top and bottom surfaces of layer £.

Al' B1 Dl Fl and Al ield approximate values of A*
i Pig0 Pije i iy PP ob 84

* * %

., B.., D.. I, and

J 1]
*

Ay respectively. Moreover, the diagonal terms of the matrices A%j and D}j

are upper bounds on the corresponding effective properties. Approximate

expansions for average thermal expansions and curvatures can be obtained as

a.l Al Bl -1 F.l
i i

= (5)
gt gl b at
1 1
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Reduced Upper Bound Approximation

An assumption which is used in laminated plate theory is that the
stress in the z direction is equal to zero. 1In the problem under considera-
tion, we may make the same assumption and obtain approximate expressions

A? B?., Dij for the effective properties by using reduced stiffnesses

' Am Am Am . fm, . fm . Am . c
Cij = cij - Ci3 C3j/C33 in place of Cij in (3a). The expressions for the

diagonal terms of A2 and 02 matrices are not strictly upper bounds on the

corresponding effective properties and, therefore, we have introduced the

term reduced upper bound.

Lower Bound Aproximation

In this formulation, instead of choosing an approximate displacement

field, we assume the following stress field in the representative area

element
b4 2o 21
o] = o} + z o3 , £=1,2, ... L (6a)
i=1,2,6
2 £ 2 pi 2 2
and 0y =0, = 0. = 0 (or, Oq3 = 013 = 0p3 = 0) (6b)

£ . . A
where o; = the stress component i in the Ith layer each of which is inde-
pendent of the x and y coordinates.

The complementary energy for the assumed stress field representative

area element can be expressed as

L
U = Z 1/2 F?. 0?0 020 + G?.A a?o agl + a?l a?o
c 91 ij "1 7] ij i 7] i j
+ H?. 0?1 0?1] + [e? 0@0 + f? a?l] AT (7
ij "1 7] 171 i~i
- { P'E aﬂo €, + Q£ [UEO K, + a?l € } + R£ 021 K }
i i i i i i i i

where the repreated indices i, j indicate summation over 1, 2 and 6 and,
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(8)
M(2)
-a et ot rh =AM
m=1
M(£2) h/,
2 2 z Am
e, ", £, = 1 faf-h/ ol" (l,z) dz dA
2
M(2)
- A (Pﬂ, Qﬂ) mil aim aﬁm

In equation (8) A is the area of the element Pz, Qﬂ, R£ and aﬂm are defined

. : Im 2 . \
for approximation 1, and Si" aim are the complicances and thermal expansion

J
coefficients for material m in layer 2. Minimization of UC with respect to
the unknows afo, afl (i = 1,2,6 and £ =1, ...L) yields
Lo ' 2 2 2 - 2 -
oy = Fij [-ej AT + P ej + Q Kj]
rct [-f.ﬂ ot + of &+ rY k.] (9)
1] ] J J
oA ¢t [-e far v vt i vtk ]
i 1] ] J J
+n* {-f Par+ ot i, +rb ]
1] ] J J
where
-1
F 2 G £ _ F£ G2
G'E H 2 GE H2

Substitution of equation (9) in (7) or evaluation of Ni and Mi with the
help of (6a) and (9) yields the following approximate expressions for the

effective properties.
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The appoximate effective thermal expansion coefficients and curvatures are

then expressed as

- ‘ (11)

In this formulation, the diagonal terms of the matrices A3 and D3 yield
lower bounds for the diagonal terms of A*, D respectively.

The yarn properties were obtained from the constituent fiber and matrix
properties and the fiber volume fraction using UNI, a MSC fiber bundle
property prediction code based on the composite cylinders assemblage. The
T300/Epoxy properties used for the analyses are listed in table A-1.

The next step in this approach was the determination of amounts of yarn
in the different orientations: axial, transverse and cross-over. This is
illustrated in figure A-4. It can be observed that the angle of cross-over
can be determined in terms of the fabric ply thickness and the distance
between two consecutive yarns. The calculated volume fractions were then
used along with the three different assumptions to yield bounds on the
overall elastic properties of the woven fabric.

The results obtained by using the layered-plate fabric model for plain

weave and 8 harness satin fabrics are shown in figure A-5. The results
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indicated very little difference in the in-plane elastic modulus between the
plain weave and the 8 harness satin fabric based on both the upper and lower
bounds. Also, the in-plane shear moduli of the fabrics were almost identi-
cal to the shear moduli of the unidirectional fiber bundles. The bounds
were observed to be far apart so that it was not possible to ascertain the
validity of the results. An improved lower bound was then obtained by
subdividing the repeating element into layers parallel to the thru the
thickness direction. This resulted in the fabric consisting of layers of
0/90 and crossover material for 3 and higher harness satin fabrics.
Utilizing the geometry of the yarns as shown in figure A-2, appropriate
volume fractions were calculated for the 0/90 material and segments of the
crossover. The fabric in-plane modulus was then obtained through a lower
bound formulation by considering the stiffnesses and the volume fractions of
the sub-layers. This resulted in higher values as compared to the one
obtained earlier because in this approach the oriented yarns only affect the
stiffnesses of the crossover region. Thus, although the lower bound results
for the plain weave (two harness satin) fabric were identical for both
approaches, the 0/90 material without any crossover material improved the
lower bound stiffnesses for higher harness number fabrics.

Another disadvantage with the layered-plate model was that the maximum
prism volume fractions of the yarns was about 55-60%, which meant that the
fabric contained large amounts of interstitial matrix. Examining
photomicrographs of T300/5208 fabrics indicated that in actuality, the
volume of interstitial matrix pockets was negligibly small and that the yarn
flattened and changed shape along its length. Since the layered-plate
fabric model did not yield very satisfactory results it was considered
necessary to develop a geometrically compatible model. The following
paragraphs contain a description of the approach and results obtained for

the geometrically compatible model.
"NDPROP" MODEL
The basic assumption used in constructing the geometric model was that

the yarn cross-sectional area remained unchanged while taking on various

shapes along its length. Even though the shape of the cross-sections varied
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continuously, it was assumed that the transition sequence within one repeat-
ing element could be represented by a few discrete shapes.

Based on these considerations, representative area elements were iden-
tified for commonly used weaves. These are shown in figure A-6. It can be
observed from the figure that the 8 harness satin weave element is of the
"over 7 under 1" type and consists of 4 distinct shapes that the yarn must
take along its length within its repeating length of 8L. Here "L" refers to
the yarn count, i.e., the average distance between successive yarns. It was
assumed that the actual distance between any two successive yarns could be
different from L, in order to accommodate changes in length, while keeping
the overall length of the representative element unchanged. The repre-
sentative elements of the other weaves were defined in a similar manner.

For 3 and higher harness satin fabrics the number of distinct shapes of the
yarn cross-section were kept unchanged. The lengths in which the transi-
tions occurred were selected according to the repeating element geometry.
For the plain weave fabric, another intermediate cross-section, a rectangle,
was introduced to make the transition more gradual and realistic.

The sequence of transition within the representative area element for
two typical fabric constructions is shown in figure A-7. The sequences for
the higher harness satins can be readily extrapolated from that of the 3
harness satin fabric.

The next step in the procedure consisted of determining the required
dimensions to define the repeating element completely. The weave parameters
which were utilized to do this were: yarn cross-sectional area, fabric ply
thickness and yarn count. In addition to these, it was necessary to assume
a few other dimensions in order to make the geometry determinate. However,
these assumptions were made in non-critical dimensions so that the end
results were not affected significantly. Once the leading dimensions of the
cross-sections were determined, the yarn cross-over angle, prism volume
fractions of the bundle segments and the volume of the interstitial matrix
pockets could be calculated. The complete transition sequences for 3 har-
ness and plain weave fabrics are shown in figure A-8.

In order to compute the properties of thévyarn from the properties of
the unidirectional fiber bundle, each cross-section was broken down into
several segments by joining each vertex to the centroid of the cross-

section. Each fiber bundle was assumed to exist from a segment of one
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cross-section to the corresponding segment of an adjoining cross-section.
The procedure used to determine volume fractions and direction numbers is
outlined in figure A-9. In the same manner the entire yarn could be broken
down into various segments with their corresponding direction numbers and
volume fractions. The volume fractions were normalized with respect to the
repeating element volume and then multiplied by the total prism volume
fraction to account for the interstitial matrix pockets.

The resulting set of volume fractions and direction numbers along with
the unidirectional fiber bundle properties were fed into "NDPROP" which is
an MSC computer code used to predict properties and strengths for a com-
posite with multidirectional reinforcement. The upper bound properties were
obtained by volume averaging globally transformed stiffnesses of the various
bundle segments, corresponding to the constant strain assumption. The lower
bound prediction of stiffnesses were obtained by volume averaging the trans-
formed compliances of the bundle segments, the assumption being that the
stresses in the longitudinal and transverse yarns are constant.

The upper and lower bound predictions of Young’'s modull are shown for
the plain weave and 8 harness satin fabrics in figures A-10 through A-13.
The in-plane elastic modulus bounds are far apart even in this approach.

The lower bound predictions for the two different fabric types are not
significantly different for both in-plane and thru the thickness moduli.
However according to the upper bound prediction, an increase in the in-
-plane modulus is accompanied by a decrease in the thru the thickness modulus
for the 8 harness satin as compared to the plain weave. The elastic moduli
can be expected to approach the 0/90 laminate moduli as the harness number
increases.

The shear modulus predictions for the plain weave and 8 harness are
shown in figures A-14 and A-15. The in-plane shear modulus predictions
agree fairly well with the layered-plate fabric model predictioms. For the
plain weave, the transverse shear modulus is significantly higher than the
in-plane shear modulus. The differences between in-plane and transverse
shear moduli are much smaller for the 8 harness satin fabric.

The differences in the properties between the plain weave and 8 harness
fabrics can be explained in general by the differences in amounts of thru
the thickness reinforcement. The 8 harness satin properties are very

similar to the properties of a cross-plied laminate, as Table 1 in the main
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body of the report indicates. Hence, the 8 and higher harness satin fabrics
would have the best in-plane properties and the plain weave fabric would
have the best thru the thickness properties.

Although this approach led to reasonable trends in the results, the far
apart bounds in the in-plane elastic moduli were a cause for concern. In
order to determine which of the bounds gave a better representation of the
fabric behavior a finite element analysis was conducted. For this analysis

the plain weave fabric was utilized due to modeling ease.
FINITE ELEMENT ANALYSIS

The finite element model was a symmetric section of the plain weave
repeating element of the geometrically compatible model. Linear three-
dimensional isoparametric finite elements were used in the analysis. Since
the cross-section of the yarns varied within the repeating element, it was
necessary to use solids with fairly complex geometries. Further, the inter-
stitial matrix pockets were also modeled to prevent inaccuracies in the
results due to the presence of voids in the model. The nature of the model
and the applied boundary conditions resulted in stiffness matrices of very
large bandwidth. Therefore, the finite model was made somewhat coarse (101
modes and 107 elements) for the sake of modeling ease and minimizing com-
puter run times. The finite element model is shown schematically in figure
A-16 along with the applied boundary conditions. The complete finite ele-
ment model with all the element boundaries is shown in figure A-17.

The finite element results have been compared with the upper and lower
bounds of the NDPROP model in figures A-18 and A-19. The analyses were
conducted for four different volume fractions. Both the in-plane and thru
the thickness moduli exhibited a consistent trend as can be observed from
figures A-18 and A-19 respectively. The results appear to be reasonable and .
it can be observed that the finite element predictions are not significantly
closer to either of the bounds. This indicates that neither the constant
stress nor constant strain assumptions are good representations of fabric
behavior. One of the reasons for the low in-plane elastic modulus obtained
through the finite element analysis appeared to be the particular model

geometry chosen with the high crossover angle of 53°. 1In order to study the
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effects of the crossover angle and thereby the relative amounts of horizon-
tal and oriented yarn segments, two dimensional finite element analyses were
conducted. The repeating element cross-sections shown in figure A-6 were
modeled for plane strain analyses. The modulus from the 2-D analysis was
about 5% lower than that from the 3-D analysis for the original geometry
(crossover angle = 53°). The model was therefore verified to be accurate
enough to compare effects of geometry changes. The plain weave moduli were
observed to be Qery strong functions of the crossover angle. For example,
the modulus for the T300/Epoxy Plain Weave fabric (vf = 0.60) was calculated
to be 4.10 Msi for a crossover angle of 53° and 6.96 Msi for an angle of
15°.

The 2-D plane strain analyses were also done for higher harness
fabrics. The comparisons of the finite element results with those from the
various approaches are presented at the end of this section.

Since the NDPROP and Layered-Plate model bounds were quite far apart,
attempts were made to develop improved bounds based on a simplified fabric
model. The following paragraphs described the analytical methodology and
the results of this approach.

SIMPLIFIED FABRIC MODEL

The simplified fabric model consisted of four oriented yarn bundles
with none of the bundles containing any straight horizontal segments. All
four bundles were inclined at the same angle with respect to the thru the
thickness direction and balanced in the in-plane direction, see figure A-20.
-An improved lower bound approach was formulated for this model based on the
assumption that the transverse stresses in the bundles were the same as the
state of stress in the interstitial matrix. Contributions of the lon-
gitudinal and transverse strands and the matrix material to the
complementary strain energy were evaluated in terms of the applied in-plane
stress in order to arrive at an improved lower bound for the in-plane elas-
tic modulus. The upper bound calculations for this model were obtained in
the same manner as for the NDPROP model.

The results of this approach are shown in figure A-21 for plain weave
fabrics for different amounts of reinforcement. The orientation angle of

the yarns was obtained from the fabric yarn count and ply thickness values
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used for the other models. The finite element results could not be compared
to these results on the same basis since the geometries of the two models
were different. The simplified model is, in fact, spatially compatible only
up to a total yarn prism volume fraction of 75%. Accordingly, the results
shown in figure A-21 are for a 75% prism volume f