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ABSTRACT: A method for describing damage propagation in a woven 
fabric-reinforced composite material subjected to tension or shear 
loading is presented. A three-dimensional unit cell description of a 
plain weave graphite/epoxy fabric-reinforced composite was con- 
structed. From this description, finite element models were gener- 
ated. An incremental iterating finite element algorithm was devel- 
oped to analyze loading response. This finite element program included 
capabilities to model nonlinear constitutive material behavior (ani- 
sotropic plasticity), and a scheme to estimate the effects of damage 
propagation by stiffness reduction. Tension and shear loadings were 
modeled. Results from the finite element analysis compared favorably 
with experimental data. Nonlinear shear stress-strain behavior of the 
fabric composite was shown to be principally caused by damage prop- 
agation rather than by plastic deformation of the matrix. 

KEYWORDS: composite materials, fabric, strength, micromechan- 
ics, finite element 

Woven fabric-reinforced composite materials are often used to 
construct plate or shell structures. Their ability to drape and con- 
form to irregularly shaped structures makes woven composites 
especially appealing. Theories to model elastic behavior of such 
composite materials in different structures are well-understood. 
However, modeling nonlinear load-deflection behavior due to 
plasticity or damage propagation, or both, is more difficult. Part 
of this difficulty is due to the complicated geometry of the ma- 
terial when viewed at the same scale as the weave geometry. 
Describing woven materials at this scale requires a three- 
dimensional analysis to model physical phenomena that dictate 
material behavior, especially failure. This paper presents a method 
to model damage initiation and propagation using a nonlinear 
three-dimensional finite element model. The particular material 
of interest was a plain weave graphite/epoxy (AS4/3501-6) fabric- 
reinforced composite laminate. While this paper presents dam- 
age modeling in a particular context, we are suggesting that this 
approach can be generally applied to many composite material 
systems. 
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Early work to model woven fabric reinforced composites 
has been performed by Ishakawa and Chou [1,2] and Kriz [3]. 
In both modeling attempts, the work was restricted to two- 
dimensional models and no attempt was made to model damage 
propagation. These models focused on elastic behavior of fabric 
reinforced composite materials. Whitcomb developed a three- 
dimensional finite element model for woven fabric-reinforced 
composites [4]. However, his work was also restricted to linear 
elastic analysis. Again, no attempt to model damage propagation 
was made. The objective of Whitcomb's work was to show that 
the modulus of the composite material was directly related to 
the degree of curvature of the yarns. 

A three-dimensional finite element analysis of a plain weave 
fabric-reinforced composite material is presented in this paper. 
The geometric model was constructed to model observed geome- 
try as closely as possible. Thus the effects of yarn curvature and 
interactions between intersecting yarns present in the actual com- 
posite are included in the model. Inelastic constitutive behavior 
(plasticity) and a procedure for modeling damage propagation 
were used. Global mechanical properties of the fabric-reinforced 
composite material were numerically predicted, starting with only 
material properties for individual fiber and matrix constituents 
and the geometry of the fabric unit cell. Numerical predictions 
of simulated stress-strain response are compared to experimental 
data. 

Plain Weave Finite Element Model Development 

Mechanical response of a single plain weave fabric-reinforced 
ply was analyzed by modeling the geometry of a repeating unit 
cell. As shown in Fig. 1, a plain weave fabric consists of warp 
yarns into which fill yarns have been woven in a simple over- 
under-over pattern. The unit cell is defined in the marked region 
of Fig. 1, where four yarns of a single fabric layer interact. In a 
balanced weave, as was modeled in this study, warp and fill yarns 
were assumed to be identical. 

In an actual composite, fibers are not uniformly distributed 
throughout a fabric-reinforced material. A cross-sectional mi- 
crograph of a fabric-reinforced composite is shown in Fig. 2. 
Individual fill yarn ends are perpendicular to the plane of the 
page, while warp yarns lie in the plane of the page. Note that 
yarns are not circular in cross-section, but instead form elliptical 
shapes. For  the plain weave fabric-reinforced composite dis- 
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FIG. 1--Plain weave fabric unit cell. 
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FIG. 3--Solids model representation of  a single yarn for a plain weave 
fabric-reinforced composite material. 

FIG. 2--Cross-sectional view of  a fabric-reinforced composite material 
(100×). 

cussed in this paper,  yarn cross-sectional height-to-width ratios 
of  approximately t0:1 were measured using photomicrographs 
similar to Fig. 2. Regions of pure matrix material exist near edges 
of yarns where one yarn "dips" beneath an orthogonal yarn. This 
yarn curvature leaves voids into which unreinforced matrix ma- 
terial flows. Unreinforced matrix resin regions were also reported 
in Refs [1 through 3]. 

The P A T R A N  (PDA Engineering) solids modeling program 
was used to describe observed unit cell geometry and to construct 
various finite element meshes. Figure 3 shows the geometric 
model of a single yarn as it would appear in the unit cell. The 
yarn is bent such that it will pass under and then over sequential 
orthogonal yarns, as shown in Fig. 4. Yarns are assumed to have 
the same cross-section throughout the unit cell. Further,  the 
yarns perfectly conform to each other at all intersecting locations, 
forming a continuous contact surface. Thus, mathematically the 
surfaces of the yarns "touch" at all locations within the inter- 
section region. Therefore, no voids or discontinuities are present 
within the unit cell. Mathematical discontinuities were present 
in the models described in Ref 4. 

To complete the basic shape of the unit cell, four yarns were 
"woven" together. The final step was to fill the irregular surface 
with matrix material. One quadrant of the model with matrix 

FIG. 4--Solids model representation o f  two single yarns woven in a 
plain weave configuration. 

material present is shown in Fig. 5. The complete fabric unit cell 
geometry, including all four yarns and matrix material, is shown 
in Fig. 6. 

To be truly representative of actual material, a unit cell model 
must also contain the correct proportions of constituent mate- 
rials; that is, the average model fiber volume must agree with 
that of actual material. An average composite fiber volume of 
60% was measured for our test material by use of standard acid 
digestion techniques. Because regions of pure matrix material 
were present in the composite, fiber volumes within the yarns 
themselves had to be greater than 60%. The yarns, consisting of 
fibers and matrix material, are themselves composite material 
regions. Yarn fiber volumes of approximately 70% were mea- 
sured by image analysis of micrographs similar to the previously 
presented Fig. 2. In the geometric model, average overall fiber 
volume of the unit cell was adjusted by varying the height of 
matrix material used to complete the unit cell. A unit cell with 
a thicker matrix layer represented a fabric composite of lower 
average fiber volume. The final minimum thickness of pure ma- 
trix material at the peak yarn curvature was approximately 1% 
of the total unit cell height. These minimum thickness regions 
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FIG. 5--Fabric unit cell model of four plain woven yarns with one 
quadrant of matrix material shown. 

FIG. 6--Completed unit cell model of  a plain weave fabric-reinforced 
composite material 

were where yarns were at their maximum out-of-plane height. 
The shapes of the yarns were also adjusted such that matrix 
material covered the yarns to complete the unit celt. Several 
iterations were required to achieve a representative yarn shape 
incorporated into a unit cell model with the appropriate average 
fiber volume. Similar difficulties were encountered by Whitcomb 
in his work [4]. 

Twenty node isoparametric hexahedron elements were used 
in generating the finite element meshes. A proportionately larger 
number of elements was used to model matrix material to ensure 
reasonable element aspect ratios. Matrix regions were in all cases 
only one-element-thick in the out-of-plane direction, and were 
divided into smaller elements than corresponding yarn elements. 
Limits on element refinement were imposed by the computa- 
tional time required for solution. Additional refinement signif- 
icantly increased solution time and a compromise was reached 
by using a nonuniform parameterization between yarns and ma- 
trix elements. The final finite element mesh was composed of 
1397 nodes and 256 elements. Even with this configuration the 
computation time required for each iteration or load step was 
approximately 30 real-time minutes using a VAX 8800 computer. 

Significant improvements in solution time are possible with avail- 
able high-performance workstation hardware. 

Constitutive Relations 

Material properties for the 3501-6 epoxy matrix and AS4 fibers 
were obtained from tests done at the University of Wyoming on 
the neat epoxy resin [5] and from manufacturer 's literature for 
the fibers. Elastic constants and strengths used in the fabric anal- 
ysis are listed in Table 1. Transverse tensile and shear moduli 
for the AS4 fiber are best estimates based on known composite 
data, and assuming transverse isotropy for the fibers. While only 
elastic properties are presented, inelastic behavior of the matrix 
material was also included in the analysis. 

Constitutive behavior of the yarns was modeled using a sep- 
arate generalized plane strain micromechanics analysis. Yarns 
were modeled as unidirectional composite materials containing 
a 70% fiber volume. While some material property data were 
available for graphite/epoxy lamina at commonly encountered 
fiber volumes, typically 60%, little or no material property data 
were available for graphite/epoxy lamina at 70% fiber volume. 
Fur thermore ,  transverse proper t ies  (transverse tension and 
transverse shear properties) for AS4/3501-6 graphite-epoxy lami- 
nae a t  any fiber volume are difficult to obtain. For this reason 
yarn properties were determined using a two-dimensional gen- 
eralized plane strain finite element micromechanics analysis us- 
ing procedures originally described in Ref 6. The complete non- 
linear stress-strain behavior for both tension and shear loading 
of the yarn material was modeled using an invariant-based flow 
rule [7]. Thus the properties of individual fibers and matrix ma- 
terial were used to predict the inelastic response of the yarns for 
use in the fabric model analysis. Yarn properties, summarized 
in Table 1, were checked against available experimental data. 
The transverse shear properties are consistent with an assump- 
tion of transverse isotropy, and a transverse composite Poisson's 
ratio v = 0.5 is consistent with experiments reported in Ref 8. 

The use of micromechanics results for input into the three- 
dimensional fabric unit cell model has several significant impli- 
cations. The first point is that analytical results from the plane 
strain micromechanics analysis did correlate with available ex- 
perimental data. Obviously, final predictions from the fabric 
analysis will be no better than data provided as input by the 
plane strain micromechanics analysis. The second point is that 
the three-dimensional fabric model was solved using only prop- 

TABLE 1--Constituent materials mechanical properties. 

Elastic Properties (room temperature), GPa (Msi) 

3501-6 Epoxy AS4 Carbon AS4/3501-6 
Resin Fiber Yarns, V I = 70% 

E u 4.4 (0.64) 221 (32) 151 (22.6) 
E2z = E33 4.4 (0.64) 13.8 (2) 10.1 (1.47) 
Ga2 = G13 1.7 (0.24) 13.8 (2) 5.7 (0.83) 
G23 1.7 (0.24) 5.5 (0.8) 3.4 (0.49) 
v12 = v13 0.34 0.2 0.24 
v23 0.34 0.25 0.5 

Ultimate Strengths, MPa (ksi) 

S~ 159 (23) 3585 (520) 2550 (370) 
Sz2 = $33 159 (23) 400 (58) 152 (22) 
S~2 = S~3 110 (16) 1793 (260) 97 (14) 
$23 110 (16) 200 (29) 55 (8) 
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erties for the individual constituents; i.e., fiber and matrix prop- 
erties and their geometric placement. Results from this model 
were then correlated to experimental data obtained from tests 
on fabric-reinforced composite materials. A complete summary 
of procedures used to generate the yarn constitutive properties 
is presented in Ref 9. 

Damage Propagation Model 

A total of 27 Gaussian quadrature integration points were used 
(3 x 3 × 3) in numerically integrating over volumes of the 20- 
node elements from which the fabric unit cell was constructed. 
In essence, each integration point within an element represents 
a volume of material with distinct material properties. If material 
properties at any of the integration points are altered, then results 
predicted for the global model will obviously be changed. At  
each Gaussian integration point, damage, or failure, was deter- 
mined by comparing the current stress state with a specific failure 
criterion. To simulate damage, material properties at each "failed" 
Gaussian integration point were reduced to values representing 
the particular type of damage that had occurred. Once property 
degradation had occurred, the represented volume was capable 
of  sustaining only reduced loads and therefore stresses which 
should be carried by this region had to be redistributed to sur- 
rounding regions. This is a classical nonlinear analysis and as 
such required an iterative solution procedure. An important point 
about this damage modeling method is that at a given global 
stress level an element within the model need not be totally elastic 
or completely failed. In the most general case, an element might 
have some Gaussian integration points which are elastic, some 
plastic, and some which are failed. 

The linear elastic structural mechanics finite element solution 
can be summarized by the equation 

[,(]{8} = {e}  (1) 

where 

[K] = global stiffness matrix, 
{B} = global generalized displacement vector, and 
{P} = global generalized force vector. 

For an elastic material the global stiffness [K] matrix is constant 
and any method of solution for Eq 1 can be used. Displacements 
are calculated from which strains and stresses can be computed 
in the usual way. For  an inelastic analysis one can represent the 
finite element solution in the form 

[K~d{S} = {P} (2) 

where [Keff] represents the instantaneous effective stiffness matrix 
and is a function of the current stress state in the material. This 
dependence of matrix properties on current stress state can be 
due to inelastic material behavior (for example, plasticity), or 
from material damage as is the focus of this work. 

For  the nonlinear problem a solution is obtained by incre- 
mental application of loads or displacements. At  each load in- 
crement, one or more iterations are required to obtain a final 
solution for that increment. Iteration is required because the 
stiffness matrix used to initially calculate a solution for an in- 
crement of load or displacement must be assumed, then adjusted 
due to the occurrence of further plastic deformation or material 

failure, or both, during the increment. In an elastic analysis, 
Eq 1 need be solved but once and the stiffness matrix remains 
unchanged. In the nonlinear problem, solution of Eq 2 occurs 
several times for each load increment. Initial solution results in 
over estimation of computed stresses when yield or ultimate 
strength values are exceeded. Stresses are adjusted according to 
the plasticity model or the failure criterion, or both, being used, 
and the stiffness matrix is adjusted. A load vector is calculated 
from the adjusted stresses, and the difference between the two 
load vectors is calculated (called the residual load vector). If 
residual loads exceed a specified tolerance, the iteration is again 
performed by reapplying the residual loads. Thus, solution time 
required for the nonlinear problem is essentially the time re- 
quired to solve the elastic problem multiplied by the total number 
of iterations. 

The solution procedure presented here is best termed an 
incremental-iterative technique following work by Dodds et al. 
[10,11], who modeled cracking in concrete structures. Incremental- 
iterative means that while iteration is performed at each load or 
displacement increment, small increments are used to ensure 
stability and to maintain accurate initial predictions of nonlinear 
constituent properties. However, if large load increments are 
applied to the model, early catastrophic failure occurs, missing 
important intermediate stress-strain behavior. As a rule of thumb, 
load increments should be no larger than 1/20 of the total final 
failure load [10,11]. Because the total load required is not known 
beforehand, the increment size is generally determined using a 
trial and error approach. 

Selection of a failure criteria for both the neat matrix material 
and yarns was an important aspect of the modeling formulation. 
Matrix material was assumed to be isotropic. Because the par- 
ticular epoxy resin modeled in this work fails in a brittle manner, 
a maximum normal stress failure criterion was used to define 
failure. During modeled loading, if the principal stress exceeded 
strength, degradation was modeled by reducing the tensile mod- 
ulus of the material to 1% of its initial value at that particular 
Gaussian integration point. The shear modulus was reduced to 
20% of its initial value. Degradation percentage values were 
selected based on similar values used by Dodds [10] and by 
correlating to experimental data. Shear modulus values were 
reduced to 20% under the assumption that some shear stiffness 
remained due to friction still present on the failure plane. Note 
that after modeled failure, the epoxy material was no longer 
isotropic. Dodds [10], in his investigation of concrete, modeled 
failure in a similar manner. 

For orthotropic materials, different failure criteria are avail- 
able. One problem encountered when using these different cri- 
teria, however, is that no indication of failure direction is ob- 
tained. What is experimentally observed in composite materials 
is that transverse failure can occur due to matrix failure without 
breaking longitudinal fibers. Such failures, occurring parallel to 
the fibers, do not completely destroy the load bearing capability 
of the material. Thus it is important to account for both the type 
of damage (failure) and the orientation of that damage when 
modeling degradation of fiber-reinforced materials. If damage 
orientation is not modeled and the entire stiffness matrix is de- 
graded at a given Gaussian integration point, a transverse failure 
of the composite would be assumed to render the material unable 
to bear further loads. This is neither intuitively nor physically 
correct. Therefore, a failure criterion that indicated both failure 
initiation and damage orientation was required. 

The approach used in the present analysis was to examine 
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stresses in each of the local material coordinate directions and 
compare current stress levels to respective ultimate strengths. In 
essence, this is a maximum stress theory, but not cast in terms 
of principal stresses. Instead, stresses calculated with respect to 
material coordinate directions were used. If failure was detected 
in any material plane, appropriate mechanical properties were 
reduced corresponding to the particular failure mode. Table 2 
lists the failure mode and stiffness reduction factors used in this 
analysis. For  example, if failure was detected due to transverse 
tension, cr22 , then the transverse modulus, E=,  was reduced to 
essentially zero. Shear modulus terms, G12 and G13, were also 
degraded, but not to zero. The modulus degradation factor was 
chosen based on the observation that when a composite material 
fails transverse to the fiber it can still support some shear stress 
along the fiber. Other failure modes were defined and appro- 
priate stiffness reduction factors determined, as listed in Table 2. 

Using this progressive damage approach for yarn elements, 
stress levels at each Gaussian integration point were checked 
against appropriate strengths to categorize specific failure modes. 
Each Gaussian integration point was allowed to fail in one or all 
modes. For example, when the woven model was subjected to 
tension, yarns in the load direction experienced primarily fiber 
direction, (rll , tensile stress. Transverse yarns experienced high 
transverse, ~22, tensile stresses and failed relatively early in the 
loading. This transverse failure was a Type 2 failure as listed in 
Table 2. The compliance matrix for yarns after a Type 2 failure 
was of the form 

[S ]  = 

t v~2 v~3 

E .  E .  E11 

vl2 1 v23 

Ell otEze E33 
I)13 1)23 1 

0 0 
Ell E33 E33 

1 
0 0 0 ~ 0 

623 
1 

0 0 0 0 
13G13 

0 0 0 0 0 

0 0 

0 0 

0 

0 

0 

1 
13G~ 

TABLE 2--Failure modes and degradation values of elastic properties. 

Failure Mode Mechanical Property and Degradation Factors 

EN E2a E33 623 GI3 Gl~ 

(1) Longitudinal 0.01 0.01 0.0-"~ 0.01 0.01 0.01 
Tension ~rll 

(2) Transverse 1.0 0.01 1.0 1.0 0.2 0.2 
Tension a22 

(3) Transverse 1.0 1.0 0.01 1.0 0.2 0.2 
Tension cr33 

(4) Transverse 1.0 0.01 0.01 0.01 0.01 0.01 
Shear 1%3 

(5) Longitudinal 1.0 1.0 0.01 1.0 0.01 1.0 
Shear ~13 

(6) Longitudinal 1.0 0.01 1.0 1.0 1.0 0.01 
Shear xl2 

where 

e~ = 0.01 (reducing the modulus to essentially zero), and 
13 = 0.2 (degrading the shear stiffness to 20% of original value). 

The value of a was chosen to be slightly greater than zero to 
avoid numerical (computational) difficulties generated by having 
zeroes in the denominators of the compliance matrix. The value 
of [3 was chosen based on a physical argument that some frictional 
resistance to shear still existed on the failure plane. Notice that 
damaged yarns retained stiffness in the fiber direction. Sensitivity 
studies were conducted for the c~ and [3 parameters. It was found 
that parametric variations in a did not significantly affect pre- 
dicted material response. However,  values of the shear stiffness 
reduction factor, 13, did affect predicted inelastic stress-strain 
response. Once damage propagation was stabilized for a specific 
load increment, another global load increment was applied. For 
each iteration, or upon application of the next global load in- 
crement, stresses at each Gaussian integration point were ex- 
amined for additional damage propagation until a second type 
of failure was detected or catastrophic failure of the entire model 
occurred. Catastrophic failure of the entire model resulted in 
large (several orders of magnitude larger than previous values) 
displacements and the program was terminated. 

Results and Discussion 

The fabric unit cell model was analyzed for two loading modes, 
specifically, tension and inplane shear. For correlation, experi- 
mental tensile tests were conducted on plain weave fabric com- 
posite test specimens using ASTM D 3039 procedures (Test Method 
for Tensile Properties of Fiber-Resin Composites). The Iosipescu 
shear test method, as described in Ref 12, was used to measure 
shear properties for the same laminates. Hercules plain weave 
AS4/3501-6 carbon/epoxy preimpregnated material was used to 
fabricate the test laminates. 

A comparison between typical tensile test results and numer- 
ical predictions of stress-strain behavior from the fabric model 
is shown in Fig. 7. These tensile test specimens were 254-mm 
(10-in.) long and 25.4-mm (1-in.) wide, instrumented with a 100- 
mm (4-in.) gage length strain gage extensometer. A series of five 
tests was conducted for room-temperature,  dry conditions. A 
typical tensile stress-strain plot is shown in Fig. 7. 

Initially this load case would appear to be less interesting as 
it appears to be essentially linear elastic to failure. However,  
there are two points to be made. First, the model overpredicts 
ultimate tensile strength. The finite element model does not 
account for statistical variations of strength in individual fibers 
within the yarns. In an actual composite material, some fibers 
fail prior to catastrophic failure, transferring load to nearby fi- 
bers. In the finite element model, longitudinal tension failure 
occurred essentially simultaneously at all locations, governed by 
the input longitudinal tensile strength of the yarns. 

The second point was that catastrophic failure of the model 
was preceded by transverse failure of the yarns at approximately 
400 MPa. These transverse failures occurred at points of maxi- 
mum yarn curvature. Given the complexity of the model, only 
one yarn curvature was investigated. Note, at the 400 MPa stress 
in Fig. 7, numerically predicted response deviates slightly from 
experimental data. This deviation was due to modeled damage 
in transverse yams. This damage may indeed have been present 
but undetected in the actual tensile specimens and could be much 
more significant in cyclic loading situations. 
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FIG. 7--Tension stress as a function of  tension strain for a plain weave fabric-reinforced 
composite material. 

Numerically predicted shear stress-strain response and strength 
results are plotted with typical measured Iosipescu shear stress- 
strain test results in Fig. 8. Iosipescu shear test specimens were 
75-mm (3-in.) long, 19-mm (0.75-in.) tall with 90 ° notches ground 
to a depth of 20% of the height. Each specimen was instrumented 
with a 2-gage shear rosette incorporating 3 mm (0.125 in.) strain 
gages oriented at -+45 ° . Five tests were conducted for room 
temperature, dry conditions. Little scatter was noted among the 
various specimen results; a typical response plot is shown in 
Fig. 8. 

The measured and simulated stress-strain plots compare very 
well, even in the nonlinear regions. Nonlinear stress-strain be- 
havior in shear was shown to be due primarily to damage ac- 
cumulation in the fabric unit cell model, rather than from plastic 
deformation of the yarns or matrix material. The predominate 
damage (failure) mode was a Type 2 failure, transverse tensile 
failure, as described in Table 2. This physically is an indication 
that due to excessive stress within the yarn, failure between the 
fibers occurred. Thus massive reduction of the transverse tensile 
modulus, E2z, was justified. However, in a simulation for which 
the longitudinal shear stiffnesses, G~2 and G13, were also reduced 
to essentially zero, the analysis greatly underpredicted final com- 
posite strength. Some shear stiffness, due to friction between the 
fibers, was retained. Thus a shear modulus degradation factor 
of 0.2 was used in the analysis. The predicted behavior then 
matched observed shear stress-strain behavior very well. Further 
experimental verification of this progressive failure model can 
be done. It should be noted that the degraded modulus values 
do not affect the stress level at which damage initiates; only the 
final shape of the stress-strain plot after apparent yielding occurs 

is altered. Thus the model is capable of predicting the point of 
initial failure using only strength values of the constituents. Mod- 
ulus degradation values affect only apparent inelastic behavior. 
Further investigation of actual failure mechanisms for other com- 
posite geometries, different woven unit cells, or braids is being 
done to see if the same degradation factors can be used. 

Final Remarks 

In this work, it has been shown that by carefully modeling the 
geometry of a fabric unit cell, and by use of appropriate consti- 
tutive relations, it is possible to predict the stress-strain behavior 
of a fabric-reinforced composite material from known fiber and 
matrix properties. A generalized plane strain micromechanics 
analysis was used to predict the constitutive behavior of 70% 
fiber volume yarns. Yarn and epoxy constitutive behavior was 
then used in a three-dimensional finite element analysis of a plain 
weave fabric unit cell to predict tensile and shear stress-strain 
behavior. A stiffness reduction damage propagation scheme was 
implemented for individual Gaussian integration points within 
each element. Model results were verified by correlating finite 
element results with measured experimental data. It was shown 
that nonlinearity in shear stress-strain behavior was principally 
due to damage within the composite yarns themselves, rather 
than from plastic deformation of the matrix epoxy. 

Acknowledgments  

Assistance in testing provided by Richard Zimmerman and 
William Wright is gratefully acknowledged. The authors would 

 

Copyright by ASTM Int'l (all rights reserved); Tue Feb 16 19:11:21 EST 2016
Downloaded/printed by
University of Wyoming Libraries					 (University of Wyoming Libraries					) pursuant to License Agreement. No further reproductions authorized.



142 JOURNAL OF COMPOSITES TECHNOLOGY & RESEARCH 

120 

100 

~ 6o 

tO 

20 

0 
0.00 

ceeee Experimental shear data -] 18 
c==== WYO3D shear data 

!5  

12 

T ! I i I I g J I I I e | I I ~ I I a a 

0.02 0.04 0.08 0.08 O. 10 
Strain 

~e 
V 

t/I 
m 

(/1 

I-- 

U 

t -  

FIG. 8--Shear stress as a function of shear strain for a plain weave fabric-reinforced com- 
posite material. 

also like to thank Martin Marietta, Michoud Division, for partial 
support of this work. 

References  

[1] Ishikawa, T. and Chou, T. W., "One-Dimensional Micromechan- 
ical Analysis of Woven Fabric Composites," A1AA Journal, Vol. 
2t, No. 12, 1983, pp. 1714-1721. 

[2] Ishikawa, T. and Chou, T. W., "Stiffness and Strength Behavior 
of Woven Fabric Composites," Journal of  Material Science, Vol, 
17, 1982, pp. 3211-3220. 

[3] Kriz, R. D., "Influence of Damage on Mechanical Properties of 
Woven Composites at Low Temperatures," Journal of  Composites 
Technology and Research, VoL 7, No. 2, Summer 1985, pp. 55-58. 

[4] Whitcomb, J. D., "Three-Dimensional Stress Analysis of Plain Weave 
Composites," NASA Technical Memorandum 101672, November 
1989. 

[5] Walrath, D. E. and Adams, D. F., "Fatigue Behavior of Hercules 
3501-6 Epoxy Resin," Report No. NADC 78139-60, Naval Air Sys- 
tems Command, Warminster, PA, January 1980. 

[6] Adams, D. F. and Crane, D. A., "Combined Loading Microme- 
chanical Analysis of a Unidirectional Composite," Composites, Vol. 
15, No. 3, July 1984. 

[7] Hansen, A. C., Blackketter, D. M., and Walrath, D. E., "An 

Invariant-Based Flow Rule for Anisotropic Plasticity Applied to 
Composite Materials," Journal of Applied Mechanics, Vol. 58, No. 
4, December 1991, pp. 881-888. 

[8] Walrath D. E., "Transverse Shear Testing of Thick Composite 
Laminates," Developments in Mechanics, Proceedings of the 21st 
Midwestern Mechanics Conference, Houghton, MI, August 13-16, 
1989, pp. 305-306. 

[9] Blackketter, D. M., "A Study of Woven Fabric-Reinforced Com- 
posite Materials Using an Invariant-Based Orthotropic Plasticity 
Formulation," Ph.D. dissertation, Department of Mechanical En- 
gineering, University of Wyoming, Laramie, WY, May 1989. 

[10] Dodds, R. H., Lopez, L. A., and Pecknold, D. A., "Numerical 
and Software Requirements of General Nonlinear Finite Element 
Analysis," Report No. U1LU-ENG-78-2020, Civil Engineering 
Studies, University of Illinois at Urbana-Champaign, September 
1978. 

[11] Dodds, R. H., Darwin, D., Smith, J. L., and Leibengood, L. D., 
"Grid Size Effects with Smeared Cracking in Finite Element Anal- 
ysis of Reinforced Concrete," NSF Research Grant PFR 79-24696, 
Structural Engineering and Engineering Materials SM Report No. 6, 
University of Kansas, August 1982. 

[12] Adams, D. F. and Walrath, D. E., "In-Plane and Interlaminar 
Shear Properties of Various Fabric/Epoxy Laminates," Journal of 
Composites Technology and Research, Vol. 9, No. 3, Fall 1987, pp. 
88-94. 

 

Copyright by ASTM Int'l (all rights reserved); Tue Feb 16 19:11:21 EST 2016
Downloaded/printed by
University of Wyoming Libraries					 (University of Wyoming Libraries					) pursuant to License Agreement. No further reproductions authorized.


