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CHAPTER 1. INTRODUCTION

1.1 CoMPOSITE MATERIALS

Composite materials were born out of the ideology that a material
with improved properties could be created through the combination of two or
more constituent materials. Materials consisting of continuous,
unidirectional, load carrying fibers imbedded in a homogeneous, load
distributing support matrix is one such example of this. Known as a lamina
and possessing orthotropic material properties, it may be stacked to construct
what is known as a laminate whose anisotropic material properties are dictated
by laminae stacking sequence and fiber angle orientation. The use of high
strength high modulus fibers such as boron or graphite can create a composite
of tailored material properties with a high strength to weight ratio.

This group of materials was widely used by the aerospace industries
during the late sixties and early seventies. Their high strength to weight
ratio allowed the design engineer to solve many stringent structural criteria
in both space and military vehicles. Structures fabricated from composites
improved craft mission capability through enhanced performance and increased
payload capacity.

Hand in hand with this new capability came the different task of
understanding and characterizing the material’s mechanical behavior to obtain
design confidence. Past design philosophies for isotropic materials proved to
be far to inadequate. Extensive research and development efforts and cautious
structural applications provided for learning experiences. Many of these
initial applications were in space and missile systems with subsequent
applications in aircraft, helicopter, and propulsion systems. Cost effective
consumer applications based on the early applications may be seen in the
automotive, boating, sporting goods, and commercial aircraft industries.

Recent trends have placed composite materials in primary load
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carrying structures as opposed to earlier secondary structures. Better
characterization of mechanical response and failure behavior is needed to

insure higher design confidence levels.

1.2 MECHANICAL FASTENING OF COMPOSITE STRUCTURES

The joining of composite structures by mechanical fastening methods
is one area where higher design confidence levels are needed. Although the
use of bonding procedures inherent in composite fabrication techniques can
reduce the use of mechanically fastened joints, bonded joint strength
limitations and structural disassembly necessitate their use. Examples of
mechanically fastened joints include riveted, pinned, or bolted arrangements
in single and multiple joint configurations. Figure 1.1 shows some examples
of single bolted joint configurations while Figure 1.2 illustrates some of
their typical failure rnodes.l

Increased structural performance requirements for composite material
systems translate into higher stresses in and around the vicinity of bolted
joints.  The anisotropic character of composites can be utilized to reduce
joint stress concentrations while maintaining joint strength. Laminae ply
orientation and stacking sequence as well as joint geometric parameters have
been shown to greatly affect these performance characteristics.

Analysis of bolted joints in composite structures generally begins
with an overall structural assessment to predict the approximate loads appied
to the joint as a whole. Individual bolt loads within these joints are then
determined by a bolt load distribution analysis [1]. The effects of material
type and laminate orientation upon structural integrity are iteratively
investigated and a preliminary material system and laminate orientation is
selected. A detailed stress analysis of those critical individual bolts is
then undertaken in which a material failure criterion is applied to predict
joint strength. This complete analysis technique is shown in Figure 1.3.

It is in this detailed stress analysis that modeling assumptions must
be made. Material constitutive equations, bolt/material interactions, and
material failure behavior are exemplary details that must be understood

thoroughly before being incorporated into the stress analysis. Verification




of assumptions regarding these details can only be acheived by rigorous

experimental testing.




Bonded-Bolted

Figure 1.1 Examples of Mecahnically Fastened Joints [ref. 1]
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Figure 1.2 Typical Failure Modes of Mechanically Fastened Joints [ref. 1]
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Figure 1.3  Analysis of Bolted Joints in Composite Structures [ref. 1]




CHAPTER 2. RELATED PAST WORK EFFORTS

There have been numerous studies of the mechanical response of bolted
joints in composite structures. Some of these have been analytical or
numerical in nature while others have been experimental. Nearly all the
analytical and numerical studies have relied on a planar treatment of the
problem. Experimental approaches range from ultimate failure testing to the
application of highly sophisticated experimental stress analysis techniques
A limited number of studies have attempted to verify analytical assumptions
experimentally . Both single and multiple connector configurations have been
investigated. While this section is an attempt to review these efforts, it
does so only as they apply to the present research work and may thus be

noninclusive.

2.1 YTI App

Perhaps one of the earliest analytical efforts was the planar
approach of Bickley2 that attempted to find the stresses in an infinite plate
with a hole subjected to point, pressure, and shear traction loading. Stress
functions were employed and the effects of nonuniform loading conditions
around the hole were investigated. In this work, the pin forces acting on the
isotropic plate were approximated by a cosinusoidal radial loading around the
upper half of the pin. Effects of plate finiteness in this type- of approach

3 Knight4. and Theoca.riss, by the superposition of

were studied by Howland,
analytic solutions. The effects of plasticity in an isotropic
pin-loaded plate was investigated by Howland6.

The use of composite structures with bolted joints requires the
knowledge not only of the complex stress distributions around the hole, but

also the ultimate strength of the joint itself. Elasticity approaches have
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been employed by many researchers to this avail. Oplinger and Gandhi7 used a
least squares boundary collocation method in conjunction with a complex
variable formulation to model the two dimensional elastic response of single
and periodic array fasteners with rigidly pinned arrangements. Friction-less
contact, linear elastic material conditions, and an assumed cosinusoidal
radial pin displacement were used to investigate the effects of various pin
spacings to diameter and edge distance to pin diameter ratios for [(O)nls,
[(0/90)n)s, and [(0O/+45/-45)n]s glass and graphite epoxy laminates. Failure
mechanisms were studied using a layer by layer application of Hoff man’58
quadratic failure rule. The effects of pin friction were accounted for in
this approach by the authors in a latter work.9 In a similar approach, de
Jongm calculated the stress distributions around both isotropic and
orthotropic pin-loaded holes. As in the earlier work of Oplinger and Gandhi,
the pin was considered to be rigid and frictionless. The effects of pin
friction and loading direction were analyzed later by de Jongn. He concluded
that pin friction had a significant effect on both the stress distribution and
strength of the connector.

Garbo and Ogonowski12 used the anisotropic two dimensional theory of
elasticity in conjunction with laminate plate theory and the point stress
failure hypothesis of Whitney and Nuismerl:3 on a ply by ply basis in their Bolt
Joint Stress Field Model (BISFM). Stress distributions and ultimate strength
of pin-loaded laminates were predicted assuming a cosinusoidal radial pressure
distribution for the pin/laminate interaction. Reasonable experimental
agreement was found for tension and shearout failure modes, but bearing
failure predictions appeared to be conservative.

A more compact analytical solution to the problem was obtained by
Zhang and Ueng‘14 by first assuming displacement expressions that accommodated
the displacement requirements and then calculating the appropriate stress
functions by anisotropic elasticity. A rigid pin that included frictional
effects was assumed while [(+45/-45)n]s and [(0/+45/-45)n)s laminates were
modeled. Mahajerin and Sikarskiels modified the boundary element method (BEM)
to evaluate singularities thus improving the accuracy of the methodology.
They evaluated a pin-loaded laminate with a rigid, no slip, and cosinusoidal
distribution of surface traction pin/plate interaction. Computational

comparisons to a two dimensional linear elastic finite element approximation




of the same problem were presented.

The effects of pin elasticity, clearance, and Coulomb friction on the
stresses developed in an infinite pin-loaded plate were studied by Hyer et al16
in a two bodied elasticity contact problem. A complex Fourier series was used
to model the unknown boundary tractions on infinite plates of varying
orthotropy. Collocation was employed to arrive at a solution that satisfied
all boundary conditions while an iterative technique established the proper
contact angle. The results indicated that pin rigidity had negligible
influence on radial and circumferential stress magnitudes and distributions,
while material orthotropy had a great effect. Radial tractions along the pin
boundary were significantly different from Bickley’s cosinusoidal assumption
for highly orthotropic plates where the principal stiffness direction s
perpendicular to the pin loading direction. For moderately onlthotropic
plates, increasing friction reduced and shifted the peak bearing stress on the
top of the pin while the sign of the circumferential stress was reversed at
this location. Increases in pin clearance acted to widen the peak
circumferential stress distribution and shift it towards the top of the pin.
Radial stress magnitudes were increased.

The effects of washer clamp-up in composite bolted joints was
investigated by Smith et aln. Through thickness clamping forces from pin
washers were modeled in the hope of explaining observable increased ultimate
bearing failures.

There have been numerous finite element approximations of the
pin-loaded orthotropic connector. Various levels of problem modeling
involving assumptions for pin/plate boundary cohditions. material linearity
and elasticity, failure mechanisms, and three dimensional effects may be seen
in past efforts.

Waszczak and Crews'® modeled [(+45/-4S)n)s,  [(0/+45/-4S)nls,
[(+45/-45/90)n]s, and [(+45/-45/0/90)n]s pin-loaded laminates with a two
dimensional finite element approximation in an attempt to predict joint
strength and failure mode. A cosinusoidal radial pressure distribution was
used with a frictionless assumption to represent the pin/plate interaction
while the Tsai-l-lill19 distortional energy failure criterion was used to predict
laminate failure strength and mode. An excellent correlation of failure modes

to experimentally available data was reported, but conservative strengths were



obtained.

Wong and Matthewszo used a two dimensional finite element
approximation to obtain strain distributions in single and double bolted
orthotropic joints. Like the earlier work of Wasczcak and Cruse, a
cosinusoidal radial pressure was used, but failure laws were not applied. A
similar approach was attempted by Cha.ng21 where the Yamada--Sun22 failure
criterion was used in conjunction with a characteristic failure curve.
Pin/plate interaction was modeled with a rigid pin and a cosinusoidal radiatl
pressure distribution. An iterative determination of the contact angle was
made based on the sign of the radial stresses. The joint strength and failure
modes agreed well with those available in existing literature, leading Chang
to conclude that the cosinusoidal radial stress distribution is acceptable if
a proper failure criterion is employed.

Agarwalz3 used the first ply failure criterion of Grimes and Whitney24
to determine laminate strength and the Whitney-Nuisme:r25 average stress
criteria to predict failure strength in a two dimensional NASTRAN finite
element approximation of [(0/90)nls, [(+45/-45)nls, and [(0/90/+45/-45)n]s
connectors. Surprisingly, Agarwal used a uniform displacement condition at
the opposite end of the coupon yet enforced a complete ninety degree contact
angle about the rigid pin. Failure strength and mode compared favorably with
existing experimental data with the exception of conservative failure
strengths for those laminates that exhibit nonlinear stress-strain behavior.

In similar approaches, Soni26 and Pipes et 3127

altered Agarwal’s analysis by
using the ‘l'sai-Wu28 tensor polynomial failure criterion along with a last ply
failure stress assumption and the Pipes-Wetherhold-Gillespi point stress
failure criterion respectively. As in the Agarwal results, failure strengths
were conservative.

The assumption of an elastic pin can be seen in the work of Crews et
at?® where [(O)nls, [(0/%0)nls, [(+45/-45)nls, and [(0/90/+45/-4S)ls finite
width connectors were modeled with a two dimensional finite element
approximation. The discretized pin was connected to the coupon through short,
stiff spring elements thus insuring a frictionless contact between the two.
The contact angle of the connector was found through an iterative procedure
where the stiffness of those springs that had tensile forces in them were

negated. Radial stress peak values and distributions were seen to vary
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dramatically with increasing orthotropy while maximum tensile stresses were
strongly influenced by finite width and edge distances.

The effects of nonlinear material behavior after initial ply failure
upon bearing failure strengths were investigated by Tsujimoto and Wilsonao.
Their two dimensional finite element analysis attempted to model bearing
failure by assuming an elastic-perfectly elastic bimodular material model. A
cosinusoidal pressure distribution signifying a rigid, perfectly fitted pin
was used as well as the Coulomb friction assumption. Incremental failure
cont30urs for each laminae were obtained using laminate plate theory and the
Hils!

stress failure assumptions (that use the Tsai-Hill or Tsai-Wu quadratic

yield criterion. Comparison to linear elastic analysis with point

interaction failure models) and available experimental results indicate a more
accurate prediction of joint strength and failure type.

l-:t'iksson32 mirrored the two- body elasticity approach of Hyer and Klang
when he investigated the effects of material orthotropy, pin elasticity,
clearance, and friction with a two dimensional, linear elastic finite element
model. Similar resuits to Hyer and Clang were obtained and experimental
strains along the coupon bearing plane and net section were in agreement with
mode] strains.

Through thickness effects in the pin bearing problem were
investigated by Matthews et a> in their three dimensional, linear -elastic
finite element analysis. Effective laminate three dimensional constitutive
equations were arrived at by the application of laminate theory (ie; inplane
transformation of unidirectional lamina and application of three dimensional,
orthotropic constitutive relationships along with a thickness weighted
average). Single element, half thickness, half width symmetry was used in
defining the mesh while pin-loading was accomplished by a an axial
displacement boundary condition of the central nodes to the coupon.
Establishment of the contact angle was done in a similar fashion in the afore
mentioned work of Crews et al with the exception that contact forces were
averaged through the thickness. Lamina and interlamina stresses were obtained
by the substitution of the finite element strains into the individual lamina
constitutive equations. In addition to the well known pin-loaded
configuration, they also simulated pin-loading with both a finger tightened
and a fully tightened clamped bolt washer assembly by Iimposing through
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thickness displacement and pressure boundary conditions respectively on the
first ring of elements in the mesh during the pin-loading of the coupon.
Results for [(0/+45/-45)n]s and [(0/90/+45/-45)nls laminates indicated that
through thickness tensile forces were reduced from the straight pin-loaded
case to the finger tigh*ened clamped case. Significant increases in the axial
compressive stress and one interlaminar shear stress were observed at the
washer edge for the fully tightened bolt washer assembly.

The issue of interlaminar stress singularities at curved free edge
surfaces and their possible role in delamination initiation was studied in
greater detail by a host of investigators. Rybicki and Schmueser34 used a
three dimensional linear elastic finite element analysis to observe the
effects of stacking sequence at curved free edge surfaces. By todays
standards, a relatively course mesh was used to model a circular hole in
tension. Certain adjacent plies were "smeared” or averaged creating effective
properties to reduce the number of required elements.

Stacking sequence has been found to greatly affect the normal
interlaminar stress in magnitude and in some cases in sign. Raju and Crewss5
used a highly refined mesh in their three dimensional linear elastic finite
element analysis of the same problem in hopes of modeling the interlaminar
stress singularity. Two dimensional modeling was done away from the ole while
three dimensional modeling in which each lamina received a layer of elements
was done near the hole. A three dimensional to two dimensional transition
region was placed in between them while [0/90]s and [90/0ls laminate
arrangements were looked at. Mesh refinement increased the singularities
magnitude and definition. Carlsson:;6 investigated the same problem, but with a
laminate that had twenty eight plies. Each ply was modeled with three 20 node
volume elements through the thickness in his linear elastic three dimensional
finite element approximation. High interlaminar stress locations were found
to agree closely with TBE enhanced X-ray photographs of a fatigue damaged
specimen. Lucking et a137 used the concept of substructuring to evaluate the
effects of geometry on the interlaminar stresses in a [0/90)s laminate. Large
values of hole radius to laminate thickness ratios tended to increase
interlaminar stresses thus leading the authors to conclude that laminate
strength might be reduced.
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2.2 EXPERIMENTAL APPROACHES

Early experimental efforts in the mechanical fastening of composite
materials were centered on the effect of geometric and materiai Joint
' parameters on ultimate strength. Testing of both single and multiple joint
connectors was undertaken in an empirical approach to design optimization.
Later efforts focused on the application of various experimental techniques to
determine actual mechanical response.

Oollings38 investigated the effects of laminate orientation, bolt
clamping pressure, and laminate thickness on the ultimate strength of single
and multiple joint configurations for various specimen widths and hole
diameters in carbon fiber reinforced plastics. Single configuration results
indicate that the inclusion of +45/-45 plies into the laminate acted to reduce
the net section stress concentration by "softening” the joint. Optimum
bearing strengths were obtained by a laminate that consisted of 55% - 80% of O
plies with the remainder of the laminate comprised of +45/-45 plies to add
transverse strength. Maximum tensile and shear strengths were obtained when
the ratio of O to +45 plies were 2:1 and 1:1 respectively. Clamping pressure
was found to increase bearing strength significantly up to a point. This was
also found to be true in glass fiber reinforced laminates in the work of
Stockdale and Matthewsgg. Although the effects of laminate thickness appeared
insignificant with clamping pressure, increasing the ratio of pin diameter to
specimen thickness was found to significantly reduce bearing strength.
Minimum values of width and edge distance to pin diameter ratios are required
for full bearing strength. Laminate orientation was found to affect these
minimum values.

Quinn and Matthewsw investigated the effects of stacking sequence on
single connector bearing strength in glass epoxy quasi-isotropic laminates.
Bearing strength was found to increase for those stacking sequences that had
90 plies close to the surface. They inferred that stacking sequence could
alter interlaminar stresses thus affecting bearing strength. Collings and
Bosau«:hamp“l found a direct correlation of bearing strengths with bearing
stiffness in carbon fiber reinforced plastics. Johnson and Matthews42 offered
a definition of limit load for graphite reinforced plastic single connectors.
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For crossply orientations, a .47% elongation of original hole diameter induced
significant visible damage thus defining a design load limit that could’ be
used to determine safety factors. The use of glass/carbon hybrid composites
and their effect on bearing strength was investigated by Matthews et al43. The
bearing strength of [(0/90)n]s laminates was found to be the highest in all
glass and all carbon laminate constructions while hybrid laminates with
varying ratios of the materials were weaker in bearing strength. All carbon
laminates had brittle failure characteristics while all glass and hybrid
laminates failed in a ductile fashion.

Collings“4 attempted to use a semi-empirical approach to predict the
bearing strength of single connector carbon fiber laminates of varying 0, 90,
and +45/-45 ply construction. Individual layer type bearing failure was
predicted by a simplified stress analysis and interaction effects based on
experimental results were used to try to predict the bearing strength of
multilayer type laminates. With the interaction effects expressed in terms of
[0] ply longitudinal and transverse compressive strengths as well as [0] ply
constrained bearing strength, comparisons of predicted results with mean
values of experimental results was good.

Multiple bolt connectors were tested by Collings45 in an attempt
to describe hole interaction effects using single bolt results. Specimen
dimensions, bolt spacing, and clamping pressure were selected for two hole
tandem, two hole side by side, and two tandem side by side configurations so
that full single bolt bearing strengths could be achieved. Interaction
effects were found to be negligible between the bolts and joint strength could
be predicted from single bolt test results. Pyner and Matt:hews46 found that
interaction effects became significant in multiple bolt connectors if specimen
and bolt spacing dimensions were selected such that single bolt bearing
strengths could not be achieved. They concluded that the load/bolt ratio
decreases as joint geometry becomes increasingly complex.

Experimental stress techniques have been applied by some researchers
to characterize joint behavior at loads other than ultimate. Full field
displacement, strain, and stress distributions in single and multiple bolt
connectors have been obtained. Nisida and Saito47 determined principal stress
components along the hole edge in an isotropic, single pin connector using an

interferometric photoelastic technique. The relations between these stresses
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and edge distance to hole diameter ratio were determined.

Orthotropic  photoelastic methodologies have been 'applied by
Prabhakaran'® and Hyer and Liu*? 50 . Prabhakaran investigated the in-plane
shear stress distribution along a shearout plane for quasi-isotropic and
unidirectional orthotropic photoelastic laminates for various edge distance to
pin diameter ratios. He concluded that higher shear stress levels are
obtained for shorter edge specimen dimensions In quasi-isotropic connectors.
Hyer and Liu took this type of analysis f urther by the application of a finite
difference technique and plane stress equilibrium equations to separate
stresses in pin-loaded [(0/+45/-45/90)nls, [(O)nls, {(+45/-45)n]s, and
isotropic material systems. Stresses in quasi-isotropic connectors were found
to behave very similarly to those in isotropic connectors with the exception
of having negative hole shear stress values, slightly higher bearing stresses,
and a skewed peak radial stress. Stresses in the unidirectional connectors
were found to vary from those in the quasi-isotropic cases by a lower value of
hole hoop stress (that rose dramatically to a maximum value) at the net
section and higher net section stresses at the hole edge. Hoop stresses in
the [(+45/-45)]s connectors were found to vary from those in the
quasi-isotropic cases by having a negative value at the top of the hole that
increased to a maximum value at a location roughly two thirds around the
connector.

Conventional bar and space grating moire methodologies have been
applied to [(0/90)n)s and [(+45/-45)n]s graphite connectors by KoshideSI. Full
field, front surface, loading direction displacement contours were obtained at
various pin-load levels for both conventional and woven fabric laminates.
Bearing and net section longitudinal strains were obtained by eye estimations
of fringe centers at various locations along these sections. The nonlinear
contact behavior for a clearance fit bolt was studied using a fiber optic
technique by Prabhakaran and Naiksz. The contact angle for a quasi-isotropic
laminate with a one millimeter clearance was determined. '

2.3 CoMBINED APPROACHES

Combined experimental and analytical studies in bolted composite
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joints have been limited in comparison to separate experimental or analytical
studies. Some studies have tended to emphasis one approach more than the
other. There have been few that give equal weighting to both approaches thus
allowing for the valid comparison of experimental and analytical results.
Some studies have used finite elément approximations to model and predict the
ultimate strength of the connector. These models were validated by ultimate
strength testing of representative connectors.

Chang et 3153 employed a two dimensional linear elastic finite element
approximation to obtain the stress distribution of various pin-loaded
laminates. A cosinusoidal radial stress distribution around the pin was used
with linear elastic material assumptions. Failure prediction was accomplished
by assuming laminate failure as per the YamaLda-Sun54 failure criterion along a
chosen characteristic failure curve whose normal radii were determined
experimentally. The failure mode was determined by the angular location of
the failure. Models were verified by comparisons with previous investigators
experimentally determined values of ultimate strength and failure modes in
graphite epoxy laminates of [(0/90)nls, [(+45/-45)n]ls, and [(0/90/+45/-45)nls
configurations. This approach was extended to evaluate two hole tandem and two
hole side by side bolted conf'igur-ationss'5 in [(0/£45/90)3)]s,
[(902/£60/230)2]s, [(%45)6ls, and [(0/90)els laminates with various pin
diameters, edge distances, and widths. Results for quasi-isotropic laminates
and [(902/$60/+30)2]s laminates revealed that predicted strengths were
conservative by 10~-30 percent with specimen geometry having little effect.
Crossply and angleply laminate results indicated predicted strengths were
conservative by 10-40 7 with better accuracy being obtained for smaller holes.
Failure modes were predicted with much greater success. Chang et 3156 used
this model and results to design bolted connections with more then two bolts.
No experimental verification was presented.

Chang et alS7 modified their analysis to include nonlinear
intralaminar shear stress-strain behavior in hope of reducing their
conservative predictions for single bolted configurations only. Comparison to
earlier experimental results indicated that inclusion of this nonlinear
material behavior reduced predicted strength values for [(0/90)ls and
((+45/-45)n]s laminates to a 10-25 7 level from a previous 10-40 % level.

Failure mode predictions in these laminates were more realistic.
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In an attempt to understand the progressive nature of failure in
laminated composites, Chang et al58 altered their two dimensional nonlinear
elastic finite element analysis to include an incremental loading and failure
approach. At each load increment, incremental and total stresses and strains
were found and trah.sf ormed into laminae stresses and strains. Failure
criterion that predicted the failure modes of matrix cracking, fiber-matrix
shearing, and fiber breakage were used. A material property degradation model
that altered laminae stiffnesses was employed to recalculate updated laminate
stiffness. Stresses were redistributed by rebalancing the finite element
equilibrium equations at the particular load level with these updated
stiffnesses for that load step using a Modified Newton-Raphson iterative
scheme. Joint failure was assumed when damage was present across a complete
boundary of the laminate. The matrix failure criterion was the summation of
the squared normalized transverse and shear stresses where normalization was
to ultimate transverse tensile and shear strengths respectively. The
fiber-matrix shearing and fiber breakage failure criterion were similar, but
used the longitudinal stress and ultimate stress value respectively. Property
degradation took the form of setting the transverse stiffness and Poisson
ratio values to zero for matrix cracking within a lamina. For fiber breakage
and/or fiber-matrix shearing, setting the longitudinal stiffness and Poisson
ratio to zero was accompanied by a reduction in the transverse and shear
moduli in accordance to a micromechanics approach for fiber bundle failure.
The ultimate strength of tensile specimens with a central circular hole was
predicted for various laminate orientations. Model verification was done by
experimentally obtaining the ultimate strengths. Predicted results agreed to
experimental ones within 20 7Z while fajlure modes were accurate.

Chang et 3159 extended this analysis to pin-loaded composite
connectors. Compressive matrix failure was incorporated into the analysis
through the Hashin Failure CriterionGo. Comparisons to earlier pin-loaded
ultimate strengths and failure modes showed that the predicted ultimate
strengths were within 20 % of the experimental values and that failure modes
were accurately determined.

An experimental/analytical investigation into the damage build up in
glass and graphite [(0/+-45)3/0ls laminates was conducted by Tsiang and
Mandellm. Both tensile specimens with central circular holes and pin-loaded
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specimens were incrementally loaded. Ply by ply specimen damage was found
through a de-plying technique at the various load levels. A two dimensional
linear elastic finite element approximation was undertaken with the
application of the Tsai-Hill and Whitney-Nuismer failure criteria. First ply
failure around the hole was predicted with the Tsai-Hill criterion while
ultimate specimen strength was predicted by the point and average stress
methods of the Whitney-Nuismer criterion. Comparisons of these predictions
and the observed damage at the various load levels were done. No direct
physical correlation was found suggesting that the non-frictional cosinusoidal
radial pressure distribution used in the analysis was incorrect.

Oplinger'62 investigated the linear and nonlinear joint response of
pin-loaded laminates by using an analytic two dimensional linear elastic
boundary collocation scheme, and experimental techniques of strain gages and
conventional moire methodologies. Comparison of net section strain gage
readings with analytic results for [(0)4a/(+-45)3]s, and [(+45/-45)nls,
laminates as well as aluminum specimens suggested that [(0)a/(+-45)als
laminate behaved linearly while ((+45/-45)nls specimens behaved nonlinearly
like its aluminum counterpart. Comparison of strains from front surface
experimental moire displacement contours and linear elastic analytic results
suggested that [0/90] laminates behaved nonlinearly in shear along a
prescribed locus of maximum shear strain. The experimental shearout failure
mode for [0/90] laminates was found to be along this locus.

Wilkinson and Rowlands63 used a combined experimental and numerical
approach in their study of Sitka-spruce single pin-loaded connectors.
Conventional moire methods and strain gages were used to obtain front surface
strain values along the bearing section for specimens of varying pin to hole
diameter, edge to width, and edge to end distance ratios. Comparisons were
made along the bearing section to a two dimensional linear elastic finite
element analysis that accounted for friction effects and pin-hole separation
(i.e. contact angle determination). Model results indicated that friction was
found to reduce the bearing area thus increasing peak radial stresses while
radial and tangential stresses were found to be independent of edge distances.
Radial stresses were found to be reduced and more uniformly distributed with
decreasing end distances. Decreasing the pin to hole ratio was found to

reduce contact area thus increasing maximum radial stress values. This
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modeling effort was expanded to include tandem connector arrangements in boron
and glass epoxy la.minates.64 Pin bypass loads were assumed.

Cloud et al65 applied both conventional and interferometric moire
techniques to obtain displacement contours of the orthotropic pin-loaded
connectors that Mahajerin [1S] had modeled earlier with a boundary element
analysis. Net section strains were obtained and net section stresses were
calculated using a two dimensional Hooke’s stress-strain approximation.
Laminate longitudinal and transverse moduli as well as Poisson’s ratio were
obtained from single respective direction tension tests. Comparison showed
that these experimentally obtained net section stresses were approximately 25
% lower than those from the boundary element analysis.

Sex~abian66 applied conventional moire techniques and a two dimensional
linear elastic finite element analysis in his investigation of [(0/90)3,0]s
S2-glass pin-loaded laminates. Both u and v front surface displacement
contours of the laminate were found at various load increments up to incipient
failure. Experimental shear strains along a maximum locus were obtained at
each load level from these displacement contours through graphical analysis.
A frictionless finite element approximation of the coupon that accounted for
pin/hole separation effects and an end loading arrangement predicted a similar
locus of maximum shear strain. Figure 2.1 illustrates the finite element mesh
of the coupon that was employed. An extensive lamina characterization was
undertaken to develop an average lamina (in-plane) mechanical property data
base67. Tangent lamina mechanical properties were used in conjunction with
laminate plate theory to provide effective laminate mechanical properties in
the finite element approximation. A two dimensional version of Hoffman’s
failure criteria [8] was applied to transformed laminate strains and ply
failure zones at each load increment were obtained. Finite element
displacement fields were post processed to reflect experimental optical
processing conditions. Visual comparisons of these displacement fields with
their experimental counterparts, as seen in Figure 2.2, indicated increasingly
higher experimental shear strains near the pin-hole interface. This
difference was more pronounced with increasing load levels. Numerical
comparisons of these shear strains as seen in Figure 2.3 indicated similar
results. Locus location of these variations in these strains corresponded

well with ply failure zone location for all load increments.
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The effects of intralaminar shear nonlinearity was investigated by
Serabian and Oplinger'68 by comparison of these analytical results with those
obtained from a similar finite element approximation that modeled shear
softening through an effective secant moduli approach. An exaggerated
nonlinear material shear stress shear strain law was used in search of shear
sof tening. Comparisons of linear and nonlinear shear strains along the
maximum locus as seen in Figure 2.4 indicate a definite shear softening

phenomenon.




Figure 2.1

Two Dimensional Mesh of Pin-Loaded Coupon

[ref. 66]
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CHAPTER 3. UNRESOLVED CRITICAL ISSUES

3.1 M N

Three dimensional effects in bolted composite connectors have been
left all but untreated by investigators. Although experimental efforts have
looked at the effects of washer clamp-up on bearing strength, treatment of
three dimensional effects has been limited to the modeling of unloaded holes
in uniaxial tension or compression and Matthew’s et al [33] analysis of a
pin-loaded coupon. From these studies, it is apparent that high interlaminar
stresses exist near the hole boundary. These through thickness stresses
intuitively must play a major role in the initiation of failure. If accurate
joint strength predictions are to be made, inclusion of these stresses
necessitate a three dimensional approach. Variations in ultimate strength and
observed damage from washer clamp-up is testament to this fact.

From the literature, it can be seen that there has been no known
experimental determination of out-of-plane deformation of pin-loaded
laminates. An experimental determination of this throughout the load history
of the laminate could lead to an understanding of this phenomenon and point to

the inadequacy of two dimensional modeling approaches.

3.2 CONSTITUTIVE EQUATION MODELING

It is apparent from past studies that -laminate configuration greatly
affects the mechanical response of pin-loaded laminates. Analysis based on
linear elastic behavior, while sufficient for certain classes of laminates,
clearly becomes inadequate for others in particular ([(0/90)n]s and
[(+45/-45)n]s. Joint strength prediction for these classes of laminates from

analysis based on linear elastic material behavior are extremely conservative.
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Shear or tensile stress reduction, referred to as “softening” by some
investigators, is not accounted for by linear elastic approaches thus leading
to unreasonably high predicted stresses and lower ultimate strengths from
associated failure theories. Recent two dimensional modeling efforts that
include intralaminar shear nonlinearity have provided more realistic stress
states thus reducing this conservatism, but not eliminating it.

Past work by the author [66] that characterized the lamina mechanical
properties of his fiber/resin system showed that other secondary
nonlinearities do exist beside the major intralaminar shear nonlinearity. It
is not apparent to what extent these secondary nonlinearities affect laminate
mechanical response. Furthermore it is apparent that the use of laminate
theory with these lamina nonlinearities will not include those nonlinearities
that are produced from ply interaction effects. A prime example of this is
matrix cracking in crossply laminates. Occurring at low strain levels, it has
been shown to reduce axial stiffness by as much as 357 for minimally
constrained fiberglass laminates such as [0/90n]-69. The property degradation
model of Chang and co-workers tries to account for this nonlinearity on a
layer by layer basis by eliminating the layer’s transverse modulus and
Poisson’s ratio when their transverse tensile and shear strengths are reached.
ply
discounting”, does not allow for a gradual degradation of those properties and

This type of “"on-off" approach, more commonly referred to as

has been shown to over estimate axial stiffness loss in highly constrained
laminates such as [(O/9O)n]-.7o In addition to this, since it is applied on an
element level, its macroscopic effects are dependant on the refinement of the
mesh used in the analysis. Clearly constitutive equation modeling should
account for nonlinearities resulting from ply interaction effects and should
be independent of mesh refinememt. Computational efficiency is also prudent
for large scale finite element implementation.

Three dimensional modeling requires the use of three dimensional
constitutive equations. The use of two dimensional laminate theory along with
three dimensional orthotropic constitutive equations to predict three
dimensional mechanical response has been successfully wused by some
investigators. Inherent in this approach are the use of laminate properties
such as through thickness Poisson ratios and tensile modulus as well as

transverse shear moduli. For lack of experimentally determined values, these
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laminate mechanical properties have been assumed. It is not apparent what
effect that these assumptions have on the results of their analyses. Proper
characterization of thesg properties or sensitivity analyses should be
undertaken to clarify this.

3.3 PiN/CoMPOSITE INTERFACE INTERACTION

The representation of pin-loading has evolved from the simple
cosinusoidal pressure distribution of Bickley [2] to a complicated complex
variable collocation procedure of Hyer et al [16]. The effects of pin
elasticity, friction, and clearance have been analytically shown in a two
dimensional elasticity analysis to affect the stress distributions in
pin-loaded orthotropic connectors. Most past two dimensional finite element
approximations have not simultaneously included ali three facets of the
problem. Three dimensional element approximations have only accounted for
contact angle determination. Experimental verification of pin elasticity,
friction, and clearance effects cannot be found in the literature.

3.4 COMPOSITE MATERIAL FAILURE MECHANISMS

Chang et al [55-59] have included failure mechanisms into models of
pin-loaded composite connectors. Their progressive approach, that models
various types of damage in conjunction with the Yamada-Sun failure criteria,
has proven somewhat effective in modeling two dimensional failure aspects.
Ultimate strength predictions have been made to within 20 % of experimentally
obtained values while .f ailure mode predictions have followed observable
trends. Delamination damage is not treated in this two dimensional type of
analysis.

Three dimensional treatment of failure mechanisms in pin-loaded
connectors has not been undertaken to date. Three dimensional modeling of
both unloaded and pin-loaded holes has revealed that high interlaminar
stresses exist near the hole boundary. At the present time, it is not clear

to what extent these stresses play in failure initiation and, in particular,
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the delamination mode of failure. Experimental determination of damage within
pin-loaded  coupons, although  limited to  [(0/+45/-45)3/0]s laminate

orientations, has shown that delamination damage is present within the coupon.

3.5 EXPERIMENTAL/ANALYTICAL COMPARATIVE LINK

There have been limited comparisons between experimental and
analytical studies. Many comparisons have been made with ultimate strength
and failure modes while more quantitative comparisons have been limited to
strain comparisons at certain points (ie; strain gage) or along specified
sections (ie; moire displacement contouring) in the coupon. While illustrating
the differences between modeling and experimentation, they lack the
informativeness that a two dimensional, load level dependent, comparison would
yield. This type of comparison would allow the investigator to quantitatively
identify the load dependency of their modeling assumptions through "zones" of
difference rather then sections.

Comparisons have generally been limited to the aforementioned due to
the lack of an automated full field data reduction system. Most section
comparisons have been done by cumbersome graphical hand techniques that
require that displacement contour fringe centers be found by eye and curve
fitted to obtain strain values. Automation of this technique has been
accomplished through video digitizing equipment and an automated multi section
approach has been established to yield full field results7l. However; the
accuracy of this particular method has not been determined to date.

Recently Tessler et al72

have applied a least squares penalty
constraint finite element method to generate strain fields from moire
displacement contours. This approach allows for a two dimensional smoothing
of the raw video intensity data. To date, the methodology has only been
applied to limited test cases to assess its accuracy. Initial results
indicate that extremely accurate strain fields may be obtained. However;

effects of fringe curvature and mismatch strains need to be investigated.



CHAPTER 4. RESEARCH OBJECTIVE AND APPROACH

4.1 ResEARCH QBJECTIVE

The objective of this dissertation is to quantitatively establish the
effects of crossply intralaminar shear material nonlinearity on the modeling
accuracy of [(0/90)n]s and [(+45/-45)n)s pin-loaded laminates.

4.2 - RESEARCH APPROACH

The dissertation’'s research objective was carried out by the
following combined experimental/analytical approach. The mechanical response
of both [(+45/-45)3ls and ((0/90)3,0ls pin-loaded laminates were determined
through three dimensional experimental displacement contouring using both
conventional and projected moire methodologies.

The in-plane mechanical property data base of the fiber/resin
material system was extended from past efforts {66] to include intralaminar
shear stress shear strain response by the ASTM D3518 specification. Effective
laminate mechanical properties were calculated using these in-plane values and
classical laminate plate theory.

Based on the appreciable through thickness mechanical response of the
pin-loaded laminates, a three dimensional modeling approach was taken. This
approach necessitated the need for laminate through thickness Poisson ratio
and transverse shear moduli values. A modified three point bend test was used
to obtain values of laminate transverse shear moduli while through thickness
contraction measurements on laminate tension tests were employed to obtain
estimates of the Poisson ratio values.

Three dimensional constitutive equations for the [(0/90)n]s laminate
were developed from effective and actual lamina mechanical properties.
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Three dimensional constitutive equations for the [{(+45/-45)n]s laminate were
developed from a material axis transformation of the ((0/90)nls three
dimensional constitutive equations. The validity of these constitutive
equations and the effects of nonlinear intralaminar shear behavior were
experimentally investigated through a comparison with uniaxial tension tests
of both laminates. A sensitivity analysis of through thickness modulus was
also done in this comparison in hope of providing insight into the selection
its magnitude.

Implementation of these constitutive equations was accomplished by
developing two user material subroutines (UMAT) for the finite element code
ABAQUS. Both verification and performance rating of these subroutines were
done on both a single and multi three dimensional element level using the
ABAQUS finite element code.

Three dimensional finite element models of the pin and coupon were
generated. Interaction of these two structures was modeled using INTER9
interface elements within the ABAQUS element library. Both linear elastic and
nonlinear elastic three dimensional finite element approximations of both
laminate configurations were generated. -

Comparisons of both linear and nonlinear finite element results with
graphically determined strain values from the experimental moire displacement
contouring were made. Assessment of nonlinear crossply intralaminar shear
behavior on modeling accuracy was determined.

A qualitative investigation into the effects of material damage on
the mechanical response of the pin-loaded laminates was done by taking
advantage of the translucent nature of the specimens. Backlit specimens
soaked in liquid penetrant at various pin-load levels were photographed in

hope of qualitatively investigating damage development.




CHAPTER 5. THREE DIMENSIONAL EXPERIMENTAL DISPLACEMENT CONTOURING

Out-of-plane displacements of the pin-loaded laminates were
determined with projection shadow moire. Optical system qualification was
accomplished by contouring a centrally loaded clamped circular plate.
Out-of -plane contouring sensitivity of the pin-loaded laminates was limited to
.001" by experimental concerns. In-plane displacement contouring of the
pin-loaded laminates was obtained by geometric moire. A contouring interval
of .001" was obtainable by using SO0 line/inch specimen gratings and Fourier

filtering techniques.

5.1 SPECIMEN DESCRIPTION AND FABRICATION

Coupon geometry followed that of reference [66] which is shown in
Figure S.1. The 6" x 1" [(+45/-45)3]s coupons were cut from the central
section of a 3’ x 3’ laminated plate that was manufactured from a 3M SP250-S2
glass fiber/resin system. The prepreg tape of 2-5/8" width was cut into 3’
long sections and laid up in a [(+45/-45)3)s laminate orientation. This layup
was then sandwiched between two flat aluminum plates, vacuumed bagged, and
cured in an autoclave under the temperature and pressure conditions specified
by 3M. A solid carbide drill was used to drill the .251" diameter pin hole in
the center of the coupon 1" down from the top. The [(0/90)3,0ls coupons were
obtained from the similar manufacturing processes of an earlier effort [ref.
66].
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5.2 QuT-oF PLANE DISPLACEMENT CONTOQURING
5.2.1 R Tl HADOW M

The geometric shadow moire technique was employed to determine the
out-of-plane deformations of both the [(0/90)3,0ls and [(+45/-45)3ls pin
loaded cour.\ons.73 In this technique, the interference of a projected grating
and its shadow upon a specimen that has undergone an out-of-plane deformation
produces fringes that represent a depthwise contour map.74 This phenomenon may
be seen in Figure 5.2 where an originally flat specimen with incident
projected grating pitch (Ps) and projection angle (a) has been displaced
out-of-plane by a distance QA. As seen from the recording camera’s viewing
angle (B8), the original projected grating covering length TS appears to cover
length TR upon the deformed surface. This length variation (RS) may be used
to trigonometrically relate the out-of-plane displacement (w) to both the
projection and viewing angles through the grating pitch. Upon doing so, we
find that;

N Ps
(tan « + tan B)

W = N Pefr = (5.1)

5.2.2 PROJECTION AND OPTICAL PROCESSING EXPERIMENTAL ARRANGEMENTS

The optical arrangement in Figure 5.3 was used to form and project a
moire grating on the surface of the pin-loaded coupon. A 15 mW Helium Neon
laser was spatially filtered by passing it through a 40X microscope objective
and 10um pinhole. A multi element transform lens was employed to bring the
frequency content of a moire glass master line grating of given pitch P into
the Fourier filtering plane. Passage of the *Nd4 diffraction orders from this
filtering plane produced a sharpened line grating image of pitch P/2. A field
lens collimated this grating image and projected it onto the coupon at a given
angle (a) from its normal. Designating the distance from the moire glass
master grating to the Fourier filtering plane as S and the distance from the

field lens to the Fourier filtering plane as f, the projected pitch (Ps) of
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the grating on the surface of the specimen is given as;

f P

Ps = [STNa + 1) cos a ]

(5.2)

For a normal camera viewing angle (8 = 0), the equivalent out-of-plane contour

level is given from equations 5.1 and 5.2 as;

fP

Pe = [S(Nad + 1) sin « |

(5.3)

Actual photographed grating pitch (P1) was controlled through image
magnification by the recording camera. For a given camera magnification (Mc),

the imaged grating pitch may be exgressed as;

f P Mc

P1 = [S(Na + 1) sin « |

(S.4)

Superposition of the original projected specimen grating with that
its image on the deformed specimen resulted in the formation of out-of-plane
fringe contours. This was accomplished by either a double exposure technique
or a single exposure manual superposition method. Both the loaded and no
loaded grating images were photographed on a single piece of recording medium
in the double exposure technique. In the manual superposition method, the
loaded and no loaded grating images were photographed on separate pieces of
recording medium, sandwiched together, and manually aligned. Manual
superposition allowed for comparisons of the no load grating image with a
series of progressively loaded grating images thus forming an out-of-plane
contouring history.

Sharpening of fringe contours obtained from either the double
exposure or manual superposition techniques was accomplished through Fourier

filtering. The optical processing arrangement shown in Figure 5.4 was used to
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accomplish this. A 6 mW Helium Neon laser was spatially filtered by passing
it through a 40X microscope objective and 10um pinhole. The expanding beam
was collimated through a collimating lens and passed through the photographs
of the superimposed load no load projected gratings. A transform lens
transformed this information into the frequency domain. The +l1 diffraction
order was allcwed to pass from the Fourier filtering plane and photographed by
a camera. Micropositioning equipment was utilized for the proper alignment of

the load no load projected grating images.

5.2.3 SYSTEM QUALIFICATION

A clamped centrally loaded circular aluminum plate of 2" radius and
.121" thickness was illuminated with a projected grating (1/Ps) of 425
lines/inch. This specimen grating was created by the projection of the +1 and
-1 diffraction orders of a 300 line/inch (1/P) glass master grating with a
magnification (f/S) of 1.08 and projection angle (x) of 40°. A normal
recording camera viewing angle (ie; 8 = 0) and camera magnification (Mc) of 1
produced a photographed grating image of 425 lines/inch and an out-of-plane
contouring sensitivity of .0028". This experimental arrangement was
constructed on top of a vibration isolation table.

The undeformed projected grating image was photographed through an
f/11 recording camera aperture onto an AGFA 10E75 holographic plate. The rear
surface of the plate was displaced by .032" and the deformed projected grating
image was superimposed onto the undeformed by the double exposure technique.
Exposure times of 6 minutes per photograph were necessary to adequately image
the projected gratings. Fourier filtering of this holographic plate in the
optical processing arrangement of Figure 5.4 yielded the fringe pattern shown
in Figure 5.5. The contour interval times the number of observed fringes
yielded an experimental out-of-plane deflection of .0308" for an experimental

error of about 4 7.




5.2.4 EXPERIMENTAL TESTING

Increased out-of-plane contouring sensitivities were attempted for
the pin-loaded coupon specimen by increasing both the frequency of the
projected grating and its projection angle. Larger projection angles tended
to increase projected grating exposure times while increases in projected
grating frequencies resulted in poorer fringe quality. POLAROID type S5 film
was employed to reduce exposure times along with larger recording camera
apertures. Larger recording camera apertures hampered photographing the
projected grating by decreasing the image depth of field. Smaller recording
camera aperatures to increase image depth of field enlarged image speckle
size. As can be seen in Figure 5.6, image speckle size must be kept lower
than grating pitch for adequate grating imaging. For these rez.nsons,
experimentally obtainable out-of-plane contouring sensitivities were bounded
by the trade off conditions that existed between projection grating frequency,
recording camera f/stop and exposure times, fringe quality, and grating image
depth-of -field.

An experimental projection arrangement that obtained modest
sensitivity with excellent fringe quality, relatively short exposure times,
and good depth-of-field considerations was arrived upon after balancing all
experimental concerns. A 500 line/inch glass master grating was projected
with a magnification of .966 and projection angle of 75° after +1 and -l
diffraction order Fourier filtering. A normal recording camera angle and
magnification of 1.3125 formed an image grating of 204 lines/inch and
equivalent contouring sensitivity of .001". Exposure times of 1.5 seconds
were obtainable on POLAROID 55 film with a recording camera aperture opening
of f/8.

The hydraulically actuated pin-loading arrangement used in the
authors earlier work of reference [68] and shown in Figure 5.7 was positioned
in the projection moire arrangement such that proper coupon illumination
prevailed. A substantially larger pin support bracket was used than in the
author’s earlier work [66] to insure the fixed boundary condition of the pin
front. Pin-load level was monitored by a hydraulic pressure transducer. Both
((0/90)3,0}s and [(+45/-45)3)s coupons were cleaned with acetone. A uniform

thin coating of a flat white spray paint was applied with care to avoid
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excessive paint buildup within the coupon hole. A white metal target area was
juxtaposed next to the coupon in the same focal plane.

For each specimen, a no load projection grating photograph was taken
followed by separate progressively loaded deformed projection grating
photographs. Specimen loading was continued until coupon failure occurred.
Manual superposition of the no load photograph with the loaded photograph in
the optical processing arrangement produced an out-of-plane contouring history
of each specimen type. During this process, rotational alignment of the
photographs was insured by obtaining a null field of the target area since

this area was void of deformations.

525 EXPERIMENTAL RESULTS

Figures 5.8 and 5.9 illustrate the out-of-plane contouring results
for the [(0/90)3,0ls and [(+45/-45)3ls pin-loaded coupons respectively.
Results are presented starting at load levels were out-of-plane deformations
are present and ending at the load levels just prior to failure. As can be
seen, maximum out-of-plane deformation for the [(0/90)3,0ls laminate were
between .001" and .002" while being between .002" and .003" for the
[(#45/-45)3]s laminate. For the given specimen thickness, considerable
through thickness strain values were present. Initial .001" deformation was
observed at 1050 lbs for the [(0/90)3,0)s laminate and at 1200 lbs for the
[(+45/-45)3)s laminate thus indicating three dimensionality at load levels

well below coupon failures.

5.3 IN-PLANE DiSPLACEMENT CONTOURING
5.3.1 GEOMETRIC MOIRE

In-plane  displacement contouring of  the [(0/90)3,0]s and
[(+45/-45)3]s pin-loaded coupons was done using the geometric moire technique.
This full field technique has been successfully used by many experimentalists

attempting to observe the effects of material anisotropy and nonlinear




behavior in composite materials [74].

As in the case of projection moire, in-plane contouring is based upon
the interaction of superimposed bar and space specimen grating images. In
this instance however; grating images are created by photographing a specimen
grating that is adhered to the front surface of the specimen that has
undergone deformation. Superposition of this deformed specimen grating image
onto a glass master grating of original undeformed specimen grating pitch
produces contours of in-plane displacement.

Fringe formation is governed by resulting intensity variations
created by the superposition of deformed and undeformed gratings as seen in
Figure 5.10 High intensity values occur when the bars of the two gratings
align themselves, while low intensity values occur when the bar of one grating
aligns itself with the space of the other grating, These low intensity values
are located where deformed grating displacements (u), normal to undeformed
grating bars, are an integral value (Nx) of undeformed grating pitch (P) [74].
High intensity values are formed at half integral values. This may be stated

as;
u=NxP where Nx = 0, .5, 1, 1.5, 2 .... (5.5)

In a similar fashion, use of orthogonal bar and space specimen gratings will
yield intensity variations for displacements normal to those discussed above
which may be expressed as;

v=NyP where Ny = 0, .5, 1, 1.5, 2 .... (5.6)

In-plane strains contouring may be obtained from in-plane
displacement fringe fields through differentiation. Scans and cross scans of
an in-plane displacement u fringe field will yield curves of fringe order, Nx,
versus specimen location, x or y, as seen in Figure 5.11. Similarly, scans
and cross scans of an in-plane v fringe field will yield curves of fringe
order, Ny, versus specimen location, x or y. Numerical differentiation of
these curves will yield normal and shear strain components. Thesé may be

expressed as;
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€x = Ju/dx = P dNx/8x (5.7)
ey = dv/8y = P 8Ny/dy (5.8)
rxy = [(8u/8y) + (8v/8x)] = [(P8Nx/3y) + (P8Ny/dx)] (5.9)

In some instances, the plots of fringe order vs specimen location may
not be defined sufficiently due to localized regions of low fringe density.
Erroneous strain values may result in the differentiation of these curves.
Linear mismatch methods may be used to overcome this problem [74]. Increases
in fringe density may be created by employing an initial pitch differential
between master and specimen gratings. A resulting uniformly spaced fringe
field representing an initial artificial strain increases fringe density. The
magnitude of this fictitious strain (ea) is related to original grating pitch

(P1) and fringe field spacing (3a) by;
€a = P1/8a (5.10)

When this artificial strain value is superimposed with subsequent
strains due to loading, more clearly define fringe order versus specimen
location plots are generated. Subtraction of the initial artificial strain
value from resulting strains will yield specimen strains due to deformation

only. Both compressive or tensile mismatch strain fields may be used.

5.3.2 EXPERIMENTAL TESTING

A contact printed image of an orthogonal 500 line/inch chrome master
grating on KODAK transparent stripping film was adhered to the front surface
of the [(+45/-45)3]s with a thin uniform layer of ECOBOND #45 clear adhesive
and % 1S clear catalysts. The coupon was initially cleaned in acetone and
covered with an even coating of flat white spray paint. Grating alignment was
obtained by trimming one edge of the grating parallel with its bars and the
use of a curing fixture. This curing fixture aligned both the trimmed grating
and coupon edges while immobilizing them during the adhesive cure cycle. The

thin flat uniform layer of adhesive was obtained by covering the grating with
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a weighting rigid surface. The backing of the stripping was carefully removed
from the specimen after curing of the adhesive. The photographic emulsion
containing the orthogonal array of grating bar and spaces remained intact on
the specimen surface. Its magnified image may be seen in Figure 5.12. Excess
grating emulsion and adhesive were carefully trimmed along the coupon sides
and hole with an X-ACTO knife.

The loading frame and pressure transducer were mounted on an 8"
machinist’s rotary stage affixed to the vibration isolation table. Specimen
illumination was accomplished by concentrating a high intensity quartz-iodine
lamp using a 10" single element lens. The specimen grating was photographed
with a 4" x 5" back SINAR-P copy camera. Proper camera alignment (ie normal
viewing) and 1:1 specimen magnification was obtained by placing an orthogonal
500 line/inch glass grati-ng in the film plane of the camera. Adjustments to
the camera and/or loading frame were made until a null field (no fringes} was
observed in the back of the camera signifying its alignment. Pin shadow
elimination and enhanced specimen grating imaging were obtained by rotating
the loading frame -45°with the rotary table.

A series of trial exposures were made with KODAK ortho type III film
using an f/16 camera aperture to provide adequate depth of field. Exposures
were controlled by switching of the quartz-iodine lamp with a timer mechanism
to avoid shutter induced camera vibrations that were found earlier to blur the
specimen grating image. All shiny metallic loading frame and fixture surfaces
were covered to avoid back reflections of the illumination source that were
found earlier to produce specimen grating intensity variations. Correct
exposure and fine focusing of the photographs was obtained by their
microscopic inspection.

The ([(+45/-45)3]s coupon was pin-loaded and photographed for
increasing pin-load levels. A specimen loading history was obtained from
monitoring the transducer output. Deformed grating photographs were developed
in accordance to film specifications.
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5.3.3 0pTicAL PROCESSING OF EXPERIMENTAL RESULTS

Optical processing of the deformed grating photographs for in-plane
displacement contouring was done with a Fourier optics system shown in Figure
S5.13. The system effectively allowed for the projection of a photographéd
specimen grating onto the image of a glass master moire grating to produce
fringes of constant displacement. Fourier filtering of the deformed specimen
grating photograph was done for separation of orthogonal displacement
components, fringe multiplication for increased contouring sensitivity, and
fringe sharpening.

The light of a 1S mW Helium-Neon laser was expanded by a 40x
microscope objective and filtered through a 10 um pinhole. This expanded beam
was passed through the no load specimen grating photograph and focused in the
Fourier filtering plane by a transform lens. Passage of the (+1,0) and (-1,0)
Fourier frequency components into a field lens and onto a 500 line/inch glass
master moire grating in the image plane with a two fold magnification created
a v displacement field with a contouring sensitivity of .001". Rotary and
orthogonal adjustments of the specimen grating as well as magnification
adjustments through field lens translation were made to properly align and
magnify the projected specimen grating image with respect to the glass master
grating. This effect was noted by creation of a null fringe field on the
glass master grating. Translation of the field lens created the initial pitch
differential between the specimen grating image and the glass master grating
for a .010 inclv/inch tensile mismatch v displacement field. Use of this
tensile mismatch field produced increased fringe density in the net section of
the coupon for more accurate €y strain determinations. No load specimen
grating photographs were then replaced with deformed grating photographs to
produce the in-plane v displacement contouring of the [(+45/-45)3]s specimen
for the various pin-load levels. This procedure was repeated with an initial
-.010 compressive mismatch field to increase fringe density in the bearing
section of the coupon for more accurate ey strain determinations. All fringe
fields were photographed with a 4" x 5" back camera and POLAROID type S5 film.




5.3.4 [EXPERIMENTAL RESULTS

The in-plane contour v displacement fields of the {(+45/-45)3ls
coupon for both the +.010 inch/inch and -.010 inch/inch mismatch fields are
shown in Figures 5.14 through 5.18. The 300 Ib pin-load level fringe field
was unable to be processed due to a poor deformed specimen grating exposure.
The in-plane u and v displacement fields of the [(0/90)3,0]s coupon from the
~ authors earlier work {66] may be seen in Figures S5.19 through 5.24.
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Figure 5.22 [(0/90)3,0]s Experimental In-Plane u and v Displacement Contours
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CHAPTER 6. LAMINA/LAMINATE MECHANICAL PROPERTY EVALUATION

Three dimensional constitutive equations were developed for each
laminate configuration from a lamina/laminate mechanical property data base.
Intralaminar shear response was characterized by the ASTM D3518-76
specification and used with previously determined [66] in-plane lamina
properties (Ei, E2, v12, and wv21) to form the lamina mechanical property data
base. Through thickness laminate Poisson ratio and transverse shear moduli
properties were determined from tension and modified three point bend tests to
form the laminate mechanical property data base. This section will first
review the authors’ earlier in-plane lamina property tests and results. A
discussion of the intralaminar shear, transverse shear, and through thickness

Poisson ratio tests and results will then be discussed.

6.1 IN-PLANE LAMINA MECHANICA PERTY DATA BaAs

Both in-plane lamina moduli and Poisson ratio values of the SP250-S2
Glass fiber/resin system were successfully previously characterized by the
author [66]. AMMRC SL-3 streamlined tension specimens, shown in Figure 6.1,
were manufactured from eight ply SP250-S2 Glass unidirectional laminated
plates. A total of six (0)s and six (90)s specimens were shaped on a
pantograph by carbide router bits and instrumented with back to back BLH
FAET-06A-35-SI3E strain gages. These gages were wired in series and connected
to the single active arm of a Wheatstone bridge to alleviate specimen bending
effects. The specimens were tested in a 20K INSTRON testing machine.
Longitudinal and transverse specimen strains and loads were monitored using
conventional XY recorders.

The load-strain curves of the SL-3 tension specimens were digitized.

Average as well as plus and minus standard deviation stress-strain curves were
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found for both the longitudinal and transverse directions. The in-plane
Poisson ratio values for both the longitudinal and transvérse directions
tension tests were also calculated. Average and plus and minus standard
deviation Poisson ratio curves were also determined. Figure 6.2 illustrates
the average moduli curves while Figure 6.3 illustrates the average Poisson

ratio curves. Table 6.1 lists the average lamina moduli and Poisson ratios.

Table 6.1 Average Lamina Moduli and Poisson Ratios
STACKING SEQ E1 (pst) E2 (ps1) v12 v21
[(0)]s 6.654E+6 1.858E+6 0.2972 0.0883

The ASTM D3518-76 test consists of a uniaxial tension test of a
[(+45/-45)n]s specimen. Rosenl, upon simplification of Petit's2 approach,
expressed the shear stress of a unidirectional lamina, J12, in terms of the

uniaxial stress state, o11, of a [(+45/-45)n]s laminate as;

J12 = o172 (6.1)
He further described the shear strain of the unidirectional lamina, 712, in
terms of the [(+45/-45)]s longitudinal and transverse normal strains, €L and
€T, as:

712 = (eL - €T) (6.2)

The intralaminar unidirectional shear modulus, Gi12, is defined from these

quantities as;

Gi12 = 8012/9712 (6.3)
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The intralaminar shear modulus of the [(0/90)n]s laminate configuration, Gxy,
can be shown to be equal to this unidirectional shear modulus, Gi2, within the
bounds of Classical Lamination Theory [80].

A recent comparison of intralaminar shear tests by Lee and Munr03
have shown the ASTM D3518-76 test to be quite attractive in comparison to
other shear test methods. The basis for their decision lay in various criteria
that include accuracy of strength and stiffness predictions and ease of

specimen preparation and test procedure.

6.2.2 SPECIMEN DESCRIPTION AND PREPARATION

The geometry of the intralaminar test specimen was taken from ASTM
specification D3518-76. Illustrated in Figure 6.4, the specimen was
manufactured from a [(+45/-45)2]s laminated plate that was fabricated from 3M
SP-250 S2-Glass prepreg tape. Beveled tabs manufactured from specimen
material were adhered to the specimens with American Cyanamid FM-1000 film
adhesive. Both sides of the specimen were instrumented with BLH
FAET-06A-35-S13E biaxial strain gages. A total of four test specimens were
produced.

6.2.3 TesT PROCEDURES AND RESULTS

All of the D3518-76 test specimens were placed into a 20K Instron
testing machine. Front and rear surface strain gages were wired into a two
active arm Wheatstone bridge that was used in conjunction with a PACIFICO
signal conditioning unit. Both longitudinal and transverse strains as well as
load levels were digitally recorded using a KEITHLEY/IBM data acquisition
system. Tension test were conducted at a rate of .02 in/min while data
acquisition was done at a 4 sample/second rate.

The resulting digital data files were transferred into the
Computational Mechanics local area network. Processing on. an APOLLO DN3000

work station resulted in average as well as plus and minus standard deviation
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curves of uniaxial longitudinal stress vs. longitudinal strain and uniaxial
longitudinal stress vs. transverse strain. An average intralaminar shear
stress strain curve was then determined using relations (6.1) and (6.2). This
average intralaminar shear stress-strain curve was then approximated with a
two part least squares curve fit. Each part was of the form; l

! (6.4)

Txy = C1 + C2yxy + Cayxy> + ... Coyxy™

where the order of fit is taken to be equal to (n-1).
Figure 6.5 shows the average and plus and minus standard deviation
stress strain curves from the ASTM D3518-76 test specimens. Figure 6.6
illustrates the average resulting intralaminar shear stress strain response
and its two part least squares fit. Table 6.2 is a listing of the constants

for the least squares curve fits.

Table 6.2 Least Squares Curve Fit Constangs For Average
ASTM 3518-76 Test Results (x107)

CURVE CONSTANTS

SECTION Cl Cc2 C3 C4
PART A 0.0000 | 7.3511 ;- 244.057]| 3137.38
PART B 0.7312 | 0.4656 0.96492

6.3 TRANSVERSE SHEAR TESTING
6.3.1 THREE POINT BEND TEST ARRANGEMENT

Transverse shear moduli for both laminate orientations were
determined from the three point bend test approach as described by
Tarnopol’skii and Kincis4. In this approach, composite beams of various span
to depth ratios (1/T) are three point loaded as shown in Figure 6.7. Load
deflection measurements are used with the deflection expression derived

from technical beam theory which is given as;
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3
Pl aPl
Wmax = Wo + Wr = [[—mx—] * [‘Tcﬁ']] (6.5)
where

Wmax = total beam deflection

Wo = beam deflection due to bending

Wt = beam deflection due to shear

P = beam center load

1 = beam span length

Exb = beam bending modulus

I = moment of inertia

« = 1.2 (rectangular beam cross sections)
Gxz = transverse shear modulus

F =

beam cross sectional area

By denoting a fictitious bending modulus, Efb, from deflections due to bending

only as;

P13

Er» 48 I Wmax

(6.6)

Tarnopol’skii and Kincis developed the following linear relationship between
the three moduli;

2
1 1 1.2 T
Efb = [ Exb [ Gxz ][ 1 ] ] (6.7

>

where
T = beam thickness

The laminate transverse shear modulus, Gxz, is found from the resulting slope
(1.2/Gxz) of a I/Erv verses (T/1)? plot.  Since both laminate configurations
are orthotropic, this transverse shear modulus is equal to the remaining

transverse shear modulus, Gyz.




6.3.2 SeeciMEN DESCRIPTION

Both [(0/90)s]s and [(+45/-45)a)s 3M SP250-S2 glass specimens of
nominal 0.125" thickness were used in the three point bend tests. Specimen
span lengths were selected as to provide appreciable deflections due to shear
for accuracy in experimental determination of the transverse shear moduli
(78]. From equation 6.5, it can readily be seen that the ratio of shear
deflection to total beam deflection may be expressed as;

- FHEIHT 9

which may graphicalAly seen in Figure 6.8. A priori assumption of a moduli

ratio of .1 will yield deflection ratios of approximately 437, 167%, 8%, and 4%
for respective beam spans of 0.5", 1.0", 1.5", and 2.0". A specimen width of
0.5" was selected relative to the resulting span to depth ratios in accordance
to the b = 59" (0.039" = T s 0.39") recommendation of Tarnopol’skii [78]. A
specimen of 5" span were also selected to experimentally determine an Exb
value for comparison to the graphically obtained one from equation 6.7.
Specimens of 2.5" and 5.0" length by 0.S" width were manufactured
from the 16 ply laminated plates. Their locations within the plate were
selected as to minimize specimen thickness and volume fraction variations.

Table 6.3 lists exact three point bend test specimen dimensions.
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Table 6.3 Three Point Bend Test Specimen Dimensions

SPEC. NO.[ STACKING SEQ. [ 6 (i1m)[ I (in)| T (1n)] I/T
1 [(0/90)4]s| 0.5015] 0.500 0.1090] 4.587
2 [(0/90)4als|] 0.4920| 1.000 0.1120] 8.928
2 [(0/90)4)s| 0.4920| 1.500 0.1120] 13.393
2 [(0/90)4ls| 0.24920| 2.000 | 0.1120f 17.857
3 [(0/90)4]s| 0.2110]| 5.000 0.1170]| 42.735
4 [(+45/-45)4]s| G.4755]| 0.500 0.1175] 4.255
5 [(+45/-45)4]s| 0.4725| 1.000 0.1145] 8.734
6 [(+45/-45)4]s| 0.4875| 1.500 0.1185} 12.658
7 [(+45/-45)4]s| 0.4860]| 2.000 0.1155] 17.316
8 [(+45/-45)4ls| 0.4070| 5.000 | 0.1170]| 42,735

6.3.3 IEST PROCEDURES AND RESULTS

Three point bend test fixturing consisted on two 1 in® aluminum bars
with mating transversely drilled 0.25" diameter semicircular holes that were
0.25" spaced. Matching diameter steel pins placed into these holes acted as
roller supports for the three point load configuration. Specimen deflections
were monitored by a TRANS-TEK model 351-000 LVDT that was perpendicularly
mounted into the center of the bottom aluminum bar by threaded connection. A
lock washer was employed to eliminate spurious LVDT movement. Span distances
and LVDT location were maintained by locating their machining procedures from
the same end of the the aluminum bars that were initially ground flat.
Alignment of the bar ends during testing insured proper location of specimen
loading and center deflection measurements. A 20V power supply was used to
power the LVDT while a conventional XY recorder was used to monitor load and
specimen deflection.

The three point bend test arrangement was placed into a 20K INSTRON
testing machine. Each laminate span length was compression loaded in the
fixture a total of four times. Specimens were shifted slightly in between load

cycling to allow for fresh roller indentation among trials. Effects from
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specimen variation were minimized by using the same specimen for all laminate
orientation test groups except for cases where lower span lengths or laminate
stacking arrangement were thought to have lead to fiber and resin damage. All
[(0/90)als specimens were loaded to 90 lbs while all [(+45/-45)a]s specimens
were loaded to 35 lbs.,

Measured load deflection ratios (Km) were found by taking an average
of the slopes of the load deflection curves at 75 lbs for the [(0/90)sls
laminates and 20 1bs for the [(+45/-45)s)s laminates.. Corrected load
displacement ratios (Kc) were calculated by subtracting out spurious effects
from loading jig compliance and specimen roller indentation (Kspur) as per

Fischer et al5 by;

_ Km
Ke = [ 1 = (Km/Kspur) (6.9)

An average value of Kspur was found from averaging multiple load displacement
ratios determined by loading a specimen of smallest span (0.5"). For this
test case, deflections due to beam bending and shearing were minimized by
placing a metal plate above and below the top and bottom roller supports (i.e.
an equivelant span length of 1 = 0.0").

Load deflection ratios for the 1.5" and 2.5" [(+45/-45)4ls specimens
showed a consistent reduction from loading to loading that seemed to indicate
specimen damage. For this reason, only the first load deflection ratio was
used in the calculations. The measured deflections and span lengths for the
5" span specimens were corrected to account for beam rotations at the roller
supports as suggested by Tarnopol'skii and Kincis (78] by the following
relationships;

2r
AW = (12/4W) . 1 (6.10)

r
. al = [(I/ZW) R (wm] (6.11)



n

where

r = support roller radius

Figure 6.9 shows load deflection data for both the [(0/90)als roller
indentation/jig calibration and the 1.0" span length tests which is typical of
the test data obtained.

Table 6.4 lists the measured results for all test specimens. From
these results, graphical representation of equation (6.7) may be seen in

Figures 6.10 and Figure 6.11.

Table 6.4 Three Point Bend Test Experimental Results

SPEC. NO| STACKING SEQ.] I (1n)| Km (ps1)|Kc* (ps1)|1/Efb (psi)
1 [(0/90)als| 0.500 | 4.982E+4| 6.193E+4| 3.356E-7
2 [(0/90)4]s| 1.000 1.443E+4| 1.530E+4 1.807E-7
2 [(0/90)4])s]| 1.500 | 4.882E+3| 4.977E+3 1.646E-7
2 [(0/90)als] 2.000 | 2.08lE+3| 2.098E+3 1.647E-7
3 {(0/90)a]s{ 5.000 | 1.113E+2 1.938E-7
4 [(+45/-45)4 ]3] 0.500 | 2.598E+4| 3.551E+4| 6.952E-7
5 [(+45/-45)4]1s| 1.000 | 6.852E+3| 7.374E+3| 3.974E-7
6 [(+45/-45)4]s| 1.500 | 2.484E+3]| 2.459E+3|] 3.767E-7
7 [(+45/-45)4)s| 2.000 | 1.027E+3| 1.038E+3| 3.580E-7
8 [(+45/-45)4]s| 5.00C | 6.317E+2 3.471E-7

[ ]
Kspur ((0/90)41s = 2.548E+5 (1 = 0.50")
. Kspur [(+45/-45)4]s = 9.682E+4 (1 = 0.50")

As can be seen from the figures, a .ionlinear relationship between
1I/Exb and ('I‘/l)2 existed for both laminate arrangements. This nonlinearity
seemed to imply a softening of the transverse shear modulus for shorter span
lengths. However; transverse shear stress as predicted by technical beam
theory is not a function of span length. Furthermore, since all measurements

for the various span lengths were taken at the same load level, similar
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magnitudes of transverse shear stress should have been predicted for all span
lengths thus ruling out transverse shear modulus softening.

An explanation of these results is that the very specimen dimensions
that were necessary to induce an appreciable amount of shear deflection could
have in fact violated the dimensional requirements of beam theory itself.
This may be readily seen in Figure 6.8 where for an assumed moduli ratio (E/G)
of 10, a span to depth ratio of 10 or lower was necessary for a deflection
ratio (3t/81) of 10% or greater. This was in sharp contrast to the span to
depth ratio of 30 for beam assumptions.

The specimen dimensions (that were experimentally necessary for an
accurate transverse shear moduli determination) could have required that the
actual beam theory be of a transitional nature somewhere in between that of a
shear-bending formulation to that of a pure shear formulation. This
phenomenon was thought to be highly span dependent. A mathematical
representation of this formulation was found by introducing a bending
participation factor () into the technical beam theory of equation
(6.5) resulting in the following expression;

3
Woas = (o + We) = [c[ LIS Y AT } 6.2

Appropriately, the fictitious flexural modulus of equation (6.6) became;

cp1’ (6.13)

Bt = e Wmax

while the linear relationship of (6.6) takes the form of;

S K < 1.2)(T1)?
Exr -[Exb ’[ze][x]] (6.14)
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Here again, a plot of {/Efv verses (T/1)? yielded a straight line whose
slope was equal to the quantity of 1.2/Gxz. As before, the y intercept
equaled Exb since a ('l‘/l)2 of zero implies a infinitely slender beam.

6.3.4 TesT MODIFICATIONS AND RESULTS

An experimental determination of the bending participation factor, ¢,
was undertaken using Aluminum T6061-Té beams of 0.125", 0.250", and 0.375"
thickness and 0.5" width. Three load deflection curves were obtained for each
span lengths of 4.0%, 3.0%, 2.5 2.0", 15" 1.0, and 0.5" in a similar
experimental procedure as before. To avoid effects from permanent specimen
deformations, separate specimens were used in each determination. Average
load deflection curves were obtained and correction for roller indentation and
loading jig compliance were accounted for through equation (6.9). Using the
flexural modulus of the 0.125" depth and 4.0" span length (assuming total
bending deflection) a transverse shear modulus for the aluminum was calculated

using the following relationship;

Exb
G = ol (6.15)

Values of { were back calculated using this value and the experimentally
determined Exb.

A plot of the bending participation factor, &, versus nondimensional
beam length, I/T, may be seen in Figure 6.12. Averaging of £ values from
different specimen thicknesses yielded a plot of average bending participation
factor verses nondimensional beam length as shown in Figure 6.13. As can be
seen, { falls off rather sharply for smaller I/T ratios thus verifying the
transitional beam theory assumption of the previous section.

Using this average bending participations factor, prior three point
bend test results of the composite materials were corrected. Results may be
seen in Table 6.5 and Figures 6.10 and 6.11. Note the linearization of the
curves over those determined without the bending participation factor. The
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deviation from linearity of the small depth to span specimens was thought to
exist due to their smaller shear to total deflection ratio. Comparisons of
the graphical and experimentally determined Exb values yielded differences of
less then 257.

Table 6.5 Corrected Three Point Bend Test Experimental Resuilts

SPEC. NO|STACKING SEQ.| (1/T) [ < Exb (psi)|Gxz (ps1)| 8s/8T

1 [(0/90)4]s| 4.587 0.761 0.480

2 [(0/90)4]s] 8.928 0.970 6.716E+6| 5.192E+S 0.196

2 [(0/90)4]s]|13.393 0.986 0.098

2 [(0/90)s4]s}{17.857 0.991 0.057

4 [(+45/-45)a)s| 4.255 0.722 0.361

5 [(+45/-45)a]s| 8.734 | 0.965 2.885E+6| 4.231E+5 0.118

6 ((+45/-45)a)s|12.658 0.984 0.060

7 [(+45/-45)4]s|17.316 0.991 0.033
6.4 THRQUGH THICKNESS PQISSON RATIO TESTING

6.4.1 UNIAXIAL TENSION TeST AND DisPLACEMENT CiiP GAGE DESCRIPTION

Uniaxial tension tests were conducted on both [(0/90)4]s and
[(+45/-45)a]s laminates to in an attempt to measure their through thickness
Poisson ratios. Specimen dimensions were equal to those of the ASTM D3518-76
configuration. Each of the two specimens that were used for both laminate
configurations were instrumented on front and rear surfaces with BLH
Faet-06A-SI3E strain gages. In-plane strains were monitored as a function of
tensile load through a dual active arm Wheatstone bridge configuration.

Through thickness strains were monitored with a sensitive
displacement clip gage that is shown in Figure 6.14. Maximum front and rear
surface strains of the dual cantilever beam gage were wired in a four active
arm Wheatstone bridge configuration to produce maximum voltage output. With a

maximum bridge excitation that allowed for stable operating performance,
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displacement sensitivity was as low as 50 uin/in.

6.4.2 TEST PROCEDURES AND RESULTS

All specimens were load cycled a total of three times up to 2000 lbs.
Load, longitudinal strain, and through thickness displacements were monitored
with conventional XY recorders. Figure 6.15 shows typical through thickness
test data for both the [(0/90)sls and [(+45/-45)4ls type specimens. After
linearization of these curves at initial readings, through thickness Poisson

ratio was determined by;

v23 = -(w/Ti)/e2 (6.16)
where

w = through thickness contraction

Ti1 = initial specimen thickness

€2 = longitudinal tensile strain

Table 6.6 lists specimen dimensions and test results for each specimen.

Table 6.6 Through Thickness Poisson Ratio Specimen
Description and Test Results

SPEC NO.| STACKING SEQ | b (1m)| T (1n) v23
1 [(0/90)a]s| 1.0025| 0.1180| 0.4264
2 [(0/90)4]s| 1.0030| 0.1120| 0.4104
3 {(+45/-45)4)s| 0.9530]| 0.9800| 0.3475
4 [(+45/-45)4a]s| 0.9880| 0.0900| 0.4178

As indicated in Figure 6.15, maximum through thickness specimen
contractions were approximately 200 puin/in for both laminates. With a
displacement sensitivity of S50 uin/in, the displacement clip gage appeared to

be too course of a measurement technique for accurate laminate through
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thickness Poisson ratio determinations. The experimental values obtained were

thus used as best estimates.
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CHAPTER 7. THREE DIMENSIONAL CONSTITUTIVE EQUATION MODELING

The three dimensional constitutive equations for the {[(0/90)3,0ls
laminate were derived by using effective two dimensional laminate mechanical
properties from the lamina/laminate mechanical property data base. Three
dimensional orthotropic stress strain laws were then used in conjunction with
these effective mechanical properties. Intralaminar shear nonlinearity was
accounted for by using the results from the ASTM D33518-76 test results.

The [(+45/-45)3]s laminate constitutive equations were generated by
appropriate material axes transformations of [(0/90)3ls three dimensional
constitutive equations. The laminate’s constitutive equation constants were
expressed as a function of trigonometric expressions and [(0/90)3]s
constitutive equation constants.

The constitutive equation were verified by uniaxial laminate tension
tests. The experimertal stress and strain states of the laminates were
compared to those predicted by constitutive equations. The effect of
nonlinear crossply intralaminar shear behavior upon [(+45/-45)als modeling
accuracy was determined. Sensitivity analyses of [(0/90)als E3 and vz3
through thickness properties and [(0/90)s4ls E2 and v21 in-plane properties

were conducted to assess their effects on uniaxial stress state prediction.

7.1 EFFecTIVE Two DIMENSIONAL LAMINATE MECHANICAL PROPERTIES

Effective laminate mechanical properties for [(0/90)3,01s,
{(0/90)3ls, and [(+45/-45)3]s stacking sequences were found from the average
lamina mechanical properties of Table 6.1 using the two dimensional
orthotropic constitutive equations of classical laminate plate theory6.

For plane stress conditions, the stress-strain relations of a lamina

of arbitrary orientation within a laminated plate as shown in Figure 7.1 were




expressed as,

ox Qu Qi1z Qi €x
Cy = Qz Q22 Qas ey
Txy Qe Q26 Qes 7xy

where the transformed reduced stiffness matrix,
[Q1 = (r7'Q! (1’

and whose stiffness matrix terms as a function of lamina properties,

_ Ei1 (v12)(E22)
Qu = [T - (viz)(va1)] Q2 = 1T - vi2)(va)]
- E22 _
Qzz = T - (vi2)(va)] Gee = G1z
whose lamina transformation matrix was,
cosza smza 2SIN « COS @
(T] = siN’a cos’a -2SIN @ COS &

-SIN @ COS « SIN & COs « cosza - smza

Effective in-plane mechanical properties of the laminates were

from their extensional stiffness constants by;
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(7.1)

(7.2)

(7.3)

(7.4)

found




. [(A11) (Az2) - A12°) , A66
B = &zt Gy’ = —45
' (7.5)
Ey’ = [(A12) (A22) - A12°] S A12
v [(A11)(ho) ] xy Az22
which were defined in terms of the reduced stiffness matrix as;
N o= (7.6)
Ay =} (Quk (Zx - Zx-1) )

k=1

Table 7.1 contains the effective laminate mechanical properties resulting from
these calculations.

Table 7.1 Effective In-plane Laminate Mechanical Properties
STACKING SEQ. E’'x (pst)| E’y (pst) V'xy G’xy (psi)
[(0/90)3,01s | 4.104E+6 | 4.476E+6 0.1356 8. 170E+5
[(0/90)3)s | 4.290E+6 | 4.290E+6 0.1297 8. 170E+5
[(+45/-45)3]s | 2.386E+6 | 2.386E+6 0.5385 1.884E+6

7.2 THREE DIMENSIONAL ORTHOTROPIC CONSTITUTIVE EQUATIONS

7.21 1(0/90),,0], LAMINATE CONFIGURATION

Three dimensional constitutive equations for the [(0/90)3,0ls
laminate were found by using the effective in-plane laminate mechanical
properties as calculated from classical laminate plate theory and 3D
orthotropic stress-strain relations that were given as;
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[ ox ) [Ci1 Ciz2 Ciz3 0 O O ] [ ex )
oy Ci2 C22 C23 0O O 0 £y
oz - Cia C23 C3aza O O 0 €z (1.7
Txy 0 0 0 Csa O 0 vz
Txz 0 0 0 0 Css O 7zx
| Tyz ) | O 0 0 O O Cess ) | Txy |
where;

{1 - (v23)(v32)] [vz1 + (v31)(v23)]

Cit = —IE(E)A)] C1z = — e (E3)(a)]

cun UL onn Sl

o UEiEE oo« Lipizisio
Cas = G23 Css = Ga Cés = Gi12

and;
A = [1 - (v12)(v21) - (v23)(v32) - (¥31)(v13) - 2(v21)(v32)(v13)]
[(E1)(E2)(E3)]
An average through thickness Poisson ratio value wv23 from the
apropriate test results in Table 6.6 was used. The transverse through

thickness Poisson ratio, vi13, was assumed equal to v23 for the transversely
orthotropic [(0/90)3,0ls laminates. Remaining Poisson ratios were found from

the reciprocity relationship;
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vy _ vy
Ei E} (7.8)

A through thickness modulus value (E3) equal to the transverse modulus of the
unidirectional lamina was assumed. Nonlinear intralaminar shear behavior was
introduced by using a least squares curve fit representation as given in
equation (6.4) and constants listing in Table 6.4. Table 7.2 lists the 3D
constitutive equation constants for the [(0/90)3,0ls and [(0/90)sls laminate

arrangements.

722 [(+45/-45),]1, LAMINATE CONFIGURATION

Three dimensional constitutive equations for the [(+45/-45)3]s
laminate were found by using the 3D orthotropic ((0/90)3]ls stress-strain
relations and appropriate transformation theory. This approach, as previously
suggested in a two dimensional sense by Serabian and Oplinger68 , allows for
the nonlinear stress-strain description of a [(+45/-45)3)s laminate in terms
of [(0/90)3)s nonlinear intralaminar shear stress-strain behavior. The

transformation has the form;

»
el =111 [c] IT) (7.9)
where

[ cos’a sin’a 0 SIN & COS 0 0 )

smza c052¢ O -SIN a Ccos a 0 0

(T'] = 0 0 1 0 0 0
0 . 0 0] 0 cos a -sin a
0 0 0 0 sina cos a
(=2sin a cos @ 2sinacosa O cosza - sinza 0 0 )

[ )
where [C] = [(+45/-45)3]s constitutive matrix
[C] = [(0/90)3])s - constitutive matrix
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For a = 450, expression (7.9) may be reduced to;

[ (CA + Cs6) (Ca - Cee) Cs 0 0 0 )

(Ca ~ Co6) (Ca + Cos) Cs 0 0 0

L J
C] = Cs Cs Cas 0 0 o (7.10)

0 0 0 Cas ) 0

0 0] 0] o Css O
.o 0 0 0 0 Cec,

where

Ca = .5(Ci1 + C12)
Cs = .5(C13 + C23)
Cc = .5(Ci1 - C12)

In this instance, Ce6 was evaluated from an effective intralaminar shear
strain that was obtained by using;

7y’ = (ey -~ €x) (7.11)
Table 7.2 lists these 3D constitutive equation constants forr the [(0/90)3,0]s,
[(0/90)3ls, and [(+45/-45)3]s laminate configurations. These values were
determined with an intralaminar shear modulus evaluated from the condition

that;

¥xy = ¥'xy = 0.0 (7.12)




98

2
Table 7.2 Initial 3D constituitive Equation Constants (psi x10%)

STACKING SEQ C11] C12| C13| C22|] C23| Ca3| Caa| Css| Ces
[(0/90)3,0)s |4.71]1.22]|1.10|5.10[1.09]|2.25|/0.52]|0.52|0.82
{(0/90)3])s 4.88]1.09/1.08]4.88|1.0812.25{0.52]10.52|0.82

o 2 g T W — - | Zum ma Zuams
STACKING SEQ |C 11|C 12|]C 13|C 22|C 23|C 33|C 44|C s55|C 66
[(+45/-45)3]s|3.72{2.24]|1.08|3.72]|1.08|2.25{0.42(0.42|1.90

E3 = 1.85S8E+6
Cee6 = Gxy(@ yxy = 0.0)

7.2.3 EXPERIMENTAL CORROBORATION

An attempt to experimentally verify the constitutive equation
modeling approach was made through uniaxial laminate tension testing. The
experimental uniaxial laminate stress states were compafed to those predicted
by the constitutive equations and experimental uniaxial laminate strains.
Although only uniaxial in nature, the comparison offered some insight into the
accuracy of the constitutive equations. This type of corroborative effort
could be expanded to include biaxial testing for a more informative
comparison.

A laminate experimental data base was constructed by tensile
testing [(0/90)a]s laminates and reusing the ASTM D3518-76 [(+45/-45)z]s
tensile data. A total of four 172 SL-3 [(0/90)4ls streamline tensile
specimens were instrumented with back to back BLH FAET-06A-35-SI3-E electrical
resistance strain gages. The strain gages were connected to a dual active arm
Wheatstone bridge configuration of a KEITHLEY/IBM data acquisition system.
The specimens were placed in a 10K INSTRON servo hydraulic testing machine and
loaded at a rate of .0l in/min. Full scale values of 2500 lbs, 3%, and 0.27%
were used for the load, longitudinal, and transverse scales to provide ample
load and strain resolutions. The digital load-strain data was then
transferred to an APOLLO DN-3000 work station where it was converted to
stress-strain data files. All files (including the ASTM D3518-76 results)
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were then sorted, linearly interpolated, and averaged among specimens to
produce average stress-strain curves. Strain standard deviations were also
computed for each specimen set.

Figures 7.2 and 7.3 illustrate the longitudinal (ey) and transverse
(ex) stress-strain response of the [(0/90)a)s specimens. The longitudinal and
transverse stress-strain ASTM D3518-76 response was previously illustrated in
Figure 6.5. Note that the [(+45/-45)2]s response is based on the average of
four specimens. Only one [(0/90)4]s specimen reached a longitudinal 37 strain
value while total response is projected to a 47 longitudinal strain level.

For both laminate arraugements, these experimental strains were used
with the constitutive equations (7.7) and (7.10) to predict the experimental
tensile stress state. Comparisons were done at each stress interval up to the
maximum 47 longitudinal strain limit. The predicted stress states were then
compared to the actual uniaxial stress condition. @ Normalized percent error
functions with respect to the actual uniaxial stress were formed.

Figure 7.4 shows this normalized uniaxial stress state comparison for
the [(0/90)4)s laminate. Figures 7.5 and 7.6 illustrates a similar comparison
for the [(+45/-45)2]s specimens with linear and nonlinear intralaminar shear
stress-strain  behavior respectively, Maximum normalized errors of
approximately 400 %Z and 30 % were observed for the [(+45/-45)2]s laminate with
linear and nonlinear intralaminar shear stress-strain response respectively.
This observation underscored the importance of this constitutive modeling
assumption particularly at higher uniaxial strain levels. Similarly, the
[(0/90)4]s laminate comparison yielded a maximum normalized error of 35 7.

It was not apparent what effect the [(0/90)s4]s E3 and v23 through
thickness properties had on the resulting normalized errors. Remembering that
a marginal measuring sensitivity was used to determine v23 and noting that E3
may have a lower bound of that of pure SP250 resin (0.40xE+6), a sensitivity

analysis to determine these effects was undertaken.

7.3 THROUGH THICKNESS LAMINATE MECHANICAL PROPERTY SENSITIVITY ANALYSIS

Effects of the [(0/90)a]s through thickness mechanical properties

were investigated by introducing variations of their values in the uniaxial
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stress state comparisons. For both laminate arrangements, E3 was varied from
values of pure resin to that for a transverse lamina ( ie 0.40xE+6 s E3 =
1.858xE+6) (with v23 equal to the experimentally determined value). Similarly,
a separate * SO 7 variation in v23 (with an E3 of 1.858xE6) was introduced
into the constitutive equations.
Figures 7.7 and 7.8 illustrate the normalized [(0/90)4]s uniaxial
stress state errors resulting from the E3 and v23 variations. Figures 7.9 and .
7.10 show the normalized [(+45/-45)s]s uniaxial stress state errors resulting
from the E3 and w23 variations. Graphically, these variations are seen .
traversing across each normalized stress component. As can be seen, both
variations had minimal affect on the [(0/90)4]s laminate results, but greatly
affected the [(+45/-45)s]s results. In both cases, the lower bound of the
through thickness modulus yields lower oz error values. Note also that these
lower values occured with this the experimentally determined value of w23.
With these through thickness values and the inclusion of intralaminar shear
nonlinearity , maximum normalized [{+45/-45)2]s uniaxial constitutive equation
modeling error was reduced to approximately 20% while the maximum [(0/90)s4]s

error remained at 35 %.

7.4 IN-PLANE LAMINATE MECHANICAL PROPERTY SENSITIVITY ANALYSIS

The experimental uniaxial stress strain response of the [(0/90)als
laminate shown in Figures 7.2 and 7.3 indicated nonlinearities in both the
in-plane Poisson ratio, v21, and tensile modulus, E2. In order to assess the
effects of these nonlinearities on the remaining normalized uniaxial stress
state errors, experimental v21 and E2 nonlinearities were introduced into the .
constitutive equations. A five point "rolling average"” of these values was
computed as a function of longitudinal tensile strain to promote smooth
descriptions.
Figure 7.11 shows the effect of in-plane Poisson ratio w21 while
Figure 7.12 shows the effect on in-plane modulus Ez for the [(0/90)s]s

laminate. As can be seen, the v21 nonlinearity acted to nullify the

transverse normalized error while the E2 nonlinearity acted to greatly reduce

the normal normalized stress error.
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Figure 7.13 illustrates the effects of both in-plane properties upon
the [(+45/-45)2]s laminate. In this case, both the [(0/90)4)s E1 and Ez2
moduli were equated and nonlinearized due to the equality of the transformed
tensile loading existing within the laminate. As can be seen, the effects
were minimal in regards to the normalized stress error. However; a 20 7%
reduction of these moduli values nullified the remaining normalized stress
errors of the [(+45/-45)a]s laminate as can be seen in Figure 7.14. Reduced
moduli values might have resulted from seperate autoclaving runs that were

used to manufacture the laminated specimens.
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Normalized [(0/90)a]s Uniaxial Stress State Error
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Figure 7.11 Normalized [(0/90)a]s Uniaxial Stress State Error
[{E3 = 0.40xE6)(v23 = v23 exp)(v21 = V21 uniaxial)]
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Figure 7.12 Normalized [(0/90)4]s Uniaxial Stress State Error
[ (E3 = 0.40xE6) (E2 = E2 exp) |
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Normalized [(+45/-45)4]s Uniaxial Stress State Error
With Nonlinear Intralaminar Shear Behavicr

[ (E3 = 0.40xE6) (E1 = E2 = E2 exp) 1]
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Normalized {(+45/-45)als Uniaxial Stress State Error
With Nonlinear Intralaminar Shear Behavior

[ (E3 = 0.40xE6) (E1 = E2 = 0.8E2 exp) |
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- CHAPTER 8. CONSTITUTIVE EQUATION IMPLEMENTATION

Results of the through thickness mechanical property sensitivity
analysis were used to select the constitutive equation constants for both
laminate configurations. Implementation of constituitive equations in the
finite element code ABAQUS was done by developing user material subroutines.
Single and multiple element verification of these subroutines was undertaken.

Performance of the [(+45/-45)3]s laminate subroutine was investigated.

8.1 Fi v NSTAN

Selection of the final constitutive equation constants were based on
the outcome of the laminate through thickness property sensitivity analysis.
In-plane laminate property variations, while being informative of their
effects on uniaxial stress state prediction, were not included in this work
due to the complexity of their implementation into the finite element
computations.

From chapter seven, the constitutive equation modeling approach was
experimentally shown to be sensitive to E3 and v23 for the [(+45/-45)z]s
laminate but not for the [(0/90)4ls. It was shown that use of the
experimental [(0/90)s]s v23 value obtained from displacement clip gage testing
precludes the use of a lower E3 value for [(+45/-45)4]s uniaxial stress state
error reduction. While the experimental value of v23 was questionable due to
measurement methodology, its value is in strong agreement with the 0.413 value
predicted by Herakovich7 for [(0/90)]ls graphite epoxy laminates. For this
reason, the experimentally obtained [(0/90)s]s v23 value was wused in
conjunction with an E3 of pure SP250 resin.

Table 8.1 shows the final value of the laminate constitutive equation
constants resulting from the E3 and v23 values and equations (7.7) and (7.10).
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Table 8.1 Final 3D Laminate Constitutive Equation Constants
(psi x 10E+6)

STACKING SEQ Ci1| Ci12| C13| C22| Cz23| C33| Cas| Css| Cee

[(0/90)3,5]- 4.28(0.78[{0.20]4.66]0.20|0.42{0.52]0.52]0.82

[(0/90)3]s 4.46|0.66|/0.20]/4.46[/0.20](0.42|0.52|0.52(0.82
 a— v % .

STACKING SEQ.IC 11|C 12{C 13|C 22{C 23|C 33|C 44|C s5|C 66

| [(+45/-45)3]1s|3.67({2.12|0.37|3.67|0.37/0.45|0.42|0.42|1.90

E3 = 4.00E+5

8.2 ABAQUS UsSer MATERIAL SUBROUTINE DESCRIPTION

The constitutive equations for both laminates were implemented in the
ABAQUS finite element code through the use of User Material Subroutines
(UMAT). The subroutines are based on the iterative Newton-Raphson formulation
that is shown in Figure 8.1. For nonlinear elastic material behavior, the
solution technique required the calculation of updated stresses (Qe,i-1) and
tangent moduli stiffnesses (") from updated strains (qi). These values were
returned to the finite element code where equilibrium residuals (Qi) were
calculated and applied to the system of equations in the next iteration.
Iteration continued until the resulting equilibrium residuals fell below a
specified tolerance ( ie. Qi s Qtol ).

The ABAQUS UMAT subroutines were written to 1) update current
strains, 2) calculate updated stresses based on updated strains and the
present value constitutive matrix, and 3) form the lJacobian of the present
value constitutive matrix. These three functions were performed for both
laminate arrangements by using laminate constitutive equations (7.7) & (7.10),
the final laminate constitutive_ equation constants of Table 8.1, and the
-nonlinear intralaminar shear stress strain least squares curve fit of equation
(6.4) and curve fit constants of Table 6.2.

As can be seen in the [(0/90)3ls laminate constitutive equation
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(7.7), the nonlinear intralaminar shear stress response was uncoupled from all
other laminate stress components. Thus, updated linear elastic stresses were
found directly from the normal and transverse shear constitutive constants
while the updated nonlinear elastic intralaminar shear stress was found
directly from its least squares curve fit representation and intralaminar
shear strain. In direct contrast to this, the material axes transformation of
the [(+45/-45)3]s laminate embedded the nonlinear intralaminar shear response
into normal laminate stress components. In this instance, updated
[(+45/-45)3]s stresses were found by using an appropriate secant intralaminar
shear - stress modulus whose intralaminar shear strain was obtained from the
transformation of in-plane [(+45/-45)3]s strains as given by equation (7.11).
Calculation of the constitutive matrix Jacobian for both laminates
was accomplished through differentiation of the intralaminar shear
stress-strain least squares curve fit to obtain dtxy/d¥xy or Ces. The
uncoupled nature of the [(0/90)3]s laminate normal and shear stresses produced
a material nonlinearity that could be solved by a "classical” Newton-Raphson
solution routine. However; from constitutive equation (7.10), we find that
the [(+45/-45)3]s laminates normal stress constitutive constants had a lower
bound given by Ca, CsB, and Cc. By comparison of these values with the
laminate’s actual uniaxial tensile behavior from the ASTM D3518-76 tests, it
was apparent that the [(+45/-45)3]s laminate’s material nonlinearity might not
be solved by a classical Newton-Raphson solution routine. A check of

subroutine accuracy and performance was thus warrented.

8.3 SUBROUTINE SINGLE ELEMENT VERIFICATION

Verification of both UMAT subroutines was accomplished by single
element testing. A single C3D20 three dimensional ABAQUS element was bounded
with appropriate displacement and pressure boundary conditions to produce a
uniaxial tension stress state for the [(+45/-45)3]s laminate UMAT and a pure
intralaminar shear stress state for the [(0/90)3ls laminate UMAT. ABAQUS
finite element runs were made for each test case shown in Figure 8.2 in which
full loading (20,000 psi uniaxial tension and 10 7 shear strain) was
éccomplished in nine equal steps. A developer’s suggested convergence
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tolerance equal to 1.0E-03 of the absolute maximum reaction force of each load
step was employed. Figures 8.3 and 8.4 illustrate a comparison of these
finite element results with the experimentally obtained stress-strain response
of the appropriate laminates. As can readily be seen, agreement was quite
good thus ensuring the proper functionality of both UMAT subroutines.

8.4 SUBRQUTINE SINGLE ELEMENT PERFORMANCE INVESTIGATION

The performance of the [(+45/-45)3]s UMAT subroutine was investigated due
the constrained nature of its constitutive equations and departure from a true
Newton-Raphson solution approach. The single element model was run for
varying convergence tolerances ranging from 1.0E-03 to 1.0E-0l1 of the absolute
maximum reaction forces. Figure 8.5 illustrates the stress strain results of
these finite element runs while Table 8.2 shows the resulting cycles to

convergence.

Table 8.2 Cycles to Convergence for [(+45/-45)3]s
UMAT Subroutine

SIGMA Y CUMULATIVE CYCLES TO CONVERGENCE

PTOL | S*PTOL|10*PTOL | 20*PTOL | 50*PTOL |100*PTOL
2000 9 7 6 5 4 3
4000 8 6 5 4 3 2
6000 9 6 5 3 3 2
8000 9 6 5 4 3 2
10000 11 A 6 3 3 2
12000 13 8 6 5 3 2
14000 18 11 8 6 3 2
16000 29 17 12 8 4 2
18000 63 33 20 12 5 2
20000 85 51 37 20 8 2

As can be seen from Table 8.2, the number of cycles to convergence
increased with increasing load level for a given convergence tolerance.
Reduction of the convergence tolerance generally resulted in a decrease in

cycles to convergence for all load levels with a stronger reduction at higher




120

load levels. Figure 8.5 illustrates the resulting stress strain response as a
function of convergence tolerance. As can be seen, the error in the stress

strain state increased with increasing convergence tolerance and load level.

8.5 SUBROUTINE MULTIPLE ELEMENT VERIFICATION

The effects of element orientation on UMAT subroutine calculations
were investigated by performing a patch test. The single element test cases
shown in Figure 8.2 were subdivided into two 37 element (C3D20 ABAQUS) layers
whose total thickness was .0625". This total thickness is similar to the
thickness that was used for the pin-loaded coupon finite element model. The
same displacement and pressure boundary conditions of the single element test
cases were placed upon the multi element mesh shown in Figure 8.6. A
convergence tolerance of 1.0E-03 of the absolute maximum reaction forces was
employed while total loading was broken down into nine load steps as before.
Large displacement theory was used as in the previous single element cases.

Figure 8.7 shows the variation of these calculated and experimental
inplane shear and unjaxial stress states for the highest load cases for both
the [(0/90)3ls and [(+45/-45)3]s multi element test cases respectively. As
can be seen, variations from experimental results are less than .37% throughout
the entire model thus indicating an element orientation independence and
proper UMAT subroutine resuits.
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Figure 8.7 Nonlinear Stress States for Full Load Multi Element UMAT
Subroutine Test Cases
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CHAPTER 9. FINITE ELEMENT MODELING

A three dimensional finite element modeliﬁg approach was taken due to
the experimentally observed three dimensional behavior of the pin loaded
coupons. Pin elasticity and ovin/plate interactions were included within the
model by a finite element representation of the pin and the use of gap contact
elements between the two structures. Frictionless contact was assumed. Both
linear elastic and nonlinear elastic finite element computations were made
with the ABAQUS finite element code using the UMAT subroutines described in
section seven.

Post processing of the finite element results was done to obtain net,
bearing, and pin boundary sectional stresses (normalized to the maximum pin
bearing stress) through the thickness of the coupon at the various load levels
of the moire analysis. Total coupon front surface in-plane stresses and
strains as well as out-of-plane displacements for the various load levels were
.obtained using the finite element post processing software PATRAN. Through
thickness coupon stresses for the highest load case were also obtained. UNIX

scripts were employed to automate all post processing activities.

9.1 MopeL DESCRIPTION

Four isoparametric element types from the ABAQUS element library were
used in the finite element representation of the pin/coupon structure. Twenty
noded C3D20 solid continuum brick elements were used to model the majority of
the coupon and pin. Twenty-two noded C3D27 variable node solid continuum
brick elements were employed for the inner and outer elements of the coupon
and pin respectively. Fifteen noded C3D1S wedge elements were used for the
inner most portion of the pin. Eighteen noded INTERY gap interface elements

were used to model the pin/coupon interaction. Figure 9.1 illustrates the
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physical representation of all four of these elements.

Conventional continuum element formulations and theories govern all
continuum element behavior while the Lagrange multiplier theory was used with
the INTER9 elements to enforce contact between the pin and the coupon.l
Contact between the pin and coupon occurs at a zero separation distance
between respective nodes of the INTER9 elements. Tangential displacements of
these nodes were permitted upon contact.

The three dimensional finite element mesh of the coupon was
constructed using the two dimensional mesh of earlier efforts [68] that is
shown in Figure 2.3-1. A Fortran program entitled MG3DV was written to
project this mesh in the thickness direction. Program execution transformed
the nodal listing and eight noded quad nodal connectivity listings of this
mesh into the nodal listing and twenty noded brick connectivity listings of a
two element, half thickness three dimensional representation of the coupon.
Additional centroidal and midface nodes were added to the inner most ring of
these coupon elements to form the necessary C3D27 variable noded elements that
were connected to the INTER9 gap elements.

The three dimensional representation of the pin was constructed using
the preprocessing module of PATRAN. Its diameter measures 0.124" thus leaving
a 0.001" clearance between itself and the coupon. In a similar procedure as
with the coupon, the outer most layer of pin elements (but first two in the
axial z location) were edited to form the matching C3D27 variable noded
elements for INTER9 gap elements. This pin was substructured using the
superelement approach within ABAQUS to reduce computation time. Active pin
degrees of freedom (those associated pin nodes that were common to the pin and
gap interface elements) were retained while all others were condensed by a
Guyan statical condensation technique I82]. However; this substructure was
not used in finite element computations due to an associated error in the
ABAQUS version being used.

Figures 9.2 and 9.3 illustrates the three dimensional discretization
of the pin/coupon structure (less the C3D15 wedge elements that were not
accepted in the ABAPAT translation of the model for PATRAN display). A total
of 312 coupon elements, 216 pin elements, and 36 gap interface elements
comprised this 564 element model.

The quarter symmetrv model was bounded by constraining all nodes
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along the Y axis from movements in the x direction, all nodes along the Z = 0
plane from movement in the z direction, and the pin tip (bottom side) from
movement in the y direction. The constitutive equation constants of Table 8.1
were used for the material constants for the coupon while material properties

of steel were used for the pin.

9.2 EINITE ELEMENT COMPUTATIONS

The finite element computations were done with the ABAQUS finite
element code. A series of six steps were used for the complete loading
history of the model. The first step consisted of a 0.001" y direction rigid
body translation of the coupon to place it in contact with the pin. The
remaining five steps consisted of 300 Ib incremental loadings of the coupon
through appropriate oy boundary condition at its far end. A direct
incrementation approach was employed with a single increment being used for
the coupon rigid . body translation. Load steps two and three used ten
increments apiece while all remaining load steps wused sixteen increments.
Convergence tolerances were selected as to approach the developer’s suggested
1.0E-03 of the maximum coupon reaction force.

ABAQUS restart results files were written at the midpoint and end of
each step (ie 150 Ib loading increments). Maximum coupon reaction forces were
obtained from the restart files to insure the fulfillment of convergence
requirements prior to continuation of latter modeling steps. Linear elastic
approximations were made for both laminate orientations with the constitutive
equation constants of Table 8.1 while nonlinear elastic approximations were
made with the appropriate UMAT subroutine described in section seven. Large

displacement theory was employed for the nonlinear elastic approximations.

9.3 PosST PROCESSING QF FINITE ELEMENT RESULTS

Finite element results were obtained at each load level from the post
processing of each restart results file. A UNIX script entitled POSTPR as

well as several other fortran programs were written to accomplish this.
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Figure 9.4 illustrates a flow chart of the script. As can be seen,
three separate ABAQUS post ;arocessing runs (POSTNBP, POSTPBI, and POSTPIN)
were done to create the necessary *.FIL files that contained nodal stresses,
strains, and displacements. Net, bearing, and far field coupon data was
generated in POSTNBP while pin boundary radial stress nodal data was generated
in POSTPBI. Top surface pin nodal displacement data was produced from
POSTPIN.

The nodal data contained in each *.FIL file was then sorted and
averaged at the nodes for the various sections (ie bearing, net, far field,
and pin top) by a series of fortran programs. Actual and pin bearing stresses
(normalized to maximum pin bearing load S) along with strain values and
displacements were obtained through the thickness of the coupon and placed
into the proper format for the xy plotting routine of PATRAN PPLOT by programs
NBPSECT, PBSECTC, PBSECTI, and PINSECTP.

Total coupon stress, strains, and displacements were nodal averaged
and placed in proper format for PATRAN post processing software through a
fortran translator program entitled STABAPAT. The translator was written to
operate on the *.FIL files (generated from the ABAQUS post processing runs) to
create smaller PATRAN nodal data files in liu of larger files obtained from
the commercially available ABAPAT translator.

Display of coupon stresses and strains were done using the
aforementioned PATRAN nodal data files and the post processing package PATRAN.
PATRAN session files were written to display these results throughout the load
history of each laminated coupon for both the linear and nonlinear elastic
finite element analysis. Execution of PATRAN and these session files were in
turn controlled by various UNIX scripts for file manipulation and hardcopy

printing within the Computational Mechanics local area network.

9.4 FiNTE ELEMENT RESULTS

Results obtained from post processing of finite element restart
results files are presented in the following section. A presentation format
to illustrate the effects of nonlinear material behavior and through thickness
variations upon pertinent coupon stresses throughout the loading history was
selected.
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Figures 9.5 through 9.16 illustrate net, bearing, and pin boundary
normalized sectional' stresses for all major load levels of the [(0/90)3,0ls
linear and nonlinear elastic analyses. Both mid and front surface coupon
locations (ie. Z = 0.0000" and Z = 0.0625") are shown. Figures 9.17 through
9.28 illustrate similar results for the [(+45/-45)3]s analysis.

Intralaminar shear stresses and strains are depicted in Figures 9.29
through 9.38 for all major load levels of the [(0/90)3,0ls linear and
nonlinear elastic analysis. Normal Y stresses and strains are shown in
Figures 9.39 through 9.48 for all major load levels of the [(+45/-45)3]s
linear and nonlinear elastic analysis. Out-of plane displacements of the
nonlinear analysis of both laminate orientation are presented for all major
load levels in Figures 9.49 through 9.53. Through thickness stresses on the
front surface of each coupon element layer are shown in Figures 9.54 and 9.55
for both laminate orientations of the linear and nonlinear elastic analysis.

The [(0/90)3,0)s nonlinear intralaminar shear modulus is shown as a
function of load level in Figures 9.56 through 9.60. Pertinent {[(+45/-45)3]s
nonlinear normal constitutive constants are shown as a function of load level
in Figures 9.61 through 9.65.

Top surface pin displacements as a function of load level are shown
for both the linear and nonlinear elastic analysis of both laminate
orientations in Figures 9.66 through 9.69.

Tables A.1 through A.4 of the appendix list the historical
computational aspects of the linear and nonlinear [(0/90)3,0]s and
[(+45/-45)3]s analysis.

9.5 MoDELING OBSERVATIONS

8.5.1 [(0/90),,0], LAMINATE CONFIGURATION

Both pin bearing load normalized net and bearing [(0/90)3,0]s
sectional stresses were slightly higher for the nonlinear elastic analysis
than for the linear elastic analysis. This variation was more predominant at
higher pin load levels. Both linear and nonlinear elastic pin bearing load

normalized [(0/90)3,0)s radial stresses (as determined from the gap interface
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elements) departed from the often assumed 4mcos@ distribution. This was in
part due to the formation of the contact angle which was created by the
initial 0.001" clearance between the pin and the coupon. The contact angle
had an initial angle of 55°and was seen to grow with progressive loading as
the [(0/90)3,0)s coupon was wrapped around the pin. A maximum contact angle
of 74° was seen to form at the highest load level. This partial contact
resulted from a net section Poisson contraction affect. The nonlinear elastic
intralaminar shear material assumption caused a significant redistribution of
the [(0/90)3,0ls radial stresses. These stresses were reduced at an angular
location that coincides with the location of maximum coupon intralaminar shear
stress and were increased elsewhere within the contact region. This
redistribution effect was increasingly seen with progressive loading. A
reduction in contact angle was also seen for the nonlinear material
assumptions at the Z = 0.0000" nodal plane yet not at the Z = 0.0625 " nodal
plane. An increase in the [{(0/90)3,0ls circumferential stress (as determined
from the inner most ring of coupon elements) was observed from the nonlinear
elastic material assumption.

‘ The simply supported pin condition was found to cause a small through
thickness variation in almost all sectional stresses for both the linear and
nonlinear elastic [(0/90)3,0)s analysis. Front surface linear and nonlinear
elastic coupon net and bearing sectional stresses appeared to be slightly
larger than their midsurface counterparts due to the nature of the pin
deflection and resulting load transfer. Linear elastic coupon radial stresses
also followed this trend while nonlinear elastic [(0/90)3,0]s radial stresses
were found to be slightly higher and slightly lower in front of and behind the
angular location of maximum intralaminar shear stress respectively. Both
linear and nonlinear elastic [(0/90)3,0]s coupon front surface circumferential
stresses appeared to be slightly higher and lower in front of and behind the
angular location of maximum intralaminar shear stress respectively than their
midsurface counterparts.

The effects of the nonlinear elastic material behavior were quite
evident when viewing the [(0/90)3,0ls coupon intralaminar shear stress / shear
strain results. Progressively higher intralaminar shear straiﬁs were observed
along the locus of maximum intralaminar shear strain within the coupon for the

nonlinear elastic analysis in comparison to the linear elastic analysis. This
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variation increased with increasing pin load level with a more than a two fold
increase at the highest pin load level. In a similar fashion, progressively
higher linear elastic intralaminar shear stresses were observed along the
locus than their nonlinear elastic counterparts. This variation also
increased with pin load level with almost a three fold increase at the highest
pin load level. Review of the intralaminar shear modulus along this locus and
throughout the coupon revealed significant reductions (507) at even the lowest
of pin load levels. More than a ten fold intralaminar shear modulus reduction
was observed at the highest of pin load levels. These results are not
surprising given the observed highly nonlinear intralaminar shear stress
strain behavior.

Through thickness stresses appear to be negligible in comparison to
in plane stress magnitudes for the [(0/90)3,0]s laminate. The highest of
these values appeared closer to the midsurface of the coupon. The nonlinear
elastic intralaminar shear stress-strain assumption acted to increase through
thickness stresses slightly.

Out-of-plane deformations for the nonlinear elastic analysis appeared
to be considerably lower than those obtained from the projection moire study.
These variations indicated the presence of a severe through thickness matrix
material nonlinearity or failure. However; the deformations appeared to agree
in a qualitative sense in their similar shapes. The effects of the crossply
laminate orientation was seen in the oblong shape of the front surface

deformation patterns.

9.5.2 [(+45/-45),], LAMINATE CONFIGURATION

Pin bearing load normalized [(+45/-45)3]ls net section stresses showed
a reduction for the nonlinear elastic material analysis in comparison to the
linear elastic analysis. However; maximum net section stresses in the
vicinity of the pin appeared to be unchanged. This yielding phenomenon
becomes increasingly apparent with higher pin load levels. Normalized bearing
stresses appeared to be lowered significantly for the nonlinear elastic
analysis in comparison to the linear elastic analysis. An outward shift along

the bearing section of this maximum value was observed. As with the net
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section stresses, these effects became increasingly apparent with higher pin
load levels. '

Both the linear and nonlinear elastic normalized [(+45/-45)3])s radial
stresses departed from the often assumed 4wcos@ radial pressure distribution.
As with the [(0/90)3,0]s laminate, contact angles less than 90 we:e obtained..
These contact angles grew with progressive pin load level as the coupon
wrapped itself around the pin until a maximum of 80°was observed. The
nonlinear elastic material behavior redistributed the radial stress by
significantly lowering its value near the pin bearing section and increasing
it for the remainder of the contact angle. Somewhat higher contact angles
were observed with nonlinear elastic material assumptions as compared to
linear elastic assumptions. An increase in circumferential coupon stresses
(as calculated from the inner most ring of coupon elements) was noticed for
the nonlinear elastic material assumptions in comparison with the linear
elastic analysis. All of these effects increased with increasing pin load
level.

Both linear and nonlinear elastic net, bearing, and circumferential
[(+45/-45)3]s normalized sectional stresses appeared to be unaltered by the
simply supported boundary condition of the pin. However; front surface radial
stresses appeared to be slightly higher than their midsurface counterparts.
The redistribution of these radial stresses for nonlinear elastic material
assumptions was shown to be greater for front surface coupon location than
for the midsurface.

Progressively higher nonlinear elastic ey coupon strain values were
seen in and around the net and bearing regions of the [(+45/-45)3]s laminate
than for the linear elastic analysis. The largest variations between the two
analyses were observed closest to the pin. This ductile behavior, although
almost unnoticeable at lower pin load levels, becomes more apparent at higher
pin load levels. As much as a two and three fold increase in bearing and net
section ey strains were respectively observed. Corresponding oy stresses
appeared to follow suit with linear elastic stresses being higher than those
of the nonlinear elastic analysis. @ However; appreciably smaller increases in
bearing section oy stresses were observed than net section stresses for the
linear elastic analysis in comparison to the nonlinear elastic analysis.

Review of the Cii and Czz2 angleply constitutive equation constants throughout
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the coupon revealed significant reductions in the bearing section and along
the fiber directions in the net section even at the lowest pin load level.
These zones of "softened” material behavior grew with increasing pin load
level yet were bounded by the constitutive equations of equation 7.10 and the
values in Table 8.1.

As in the case of the [(0/90)3,0)s laminate, through thickness
[(+45/-45)3)s stresses appear to be negligible in comparison to in plane
stress magnitudes. The highest of these values appeared closer to the
midsurface of the coupon. The nonlinear elastic material assumptions acted to
increase through thickness stresses slightly.

As in the case of the [(0/90)3,0]s laminate, out-of-plane
deformations for the nonlinear elastic analysis appeared to be considerable
lower then those obtained from the projection moire study. These variations
indicated the presence of a severe through thickness matrix material
nonlinearity or failure. However; the deformations appeared to agree in a
qualitative sense in their similar shapes. The effects of the angleply
laminate orientation was seen in the "butterfly” shape of the front surface
deformation patterns.
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INTER® C3018

Figure 9.1 Physical ABAQUS Element Representations Employed in Pin/Coupon
Finite Element Modeling Efforts
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Figure 9.67 {(0/90)3,0ls Pin Top Surface Nodal Locations as a Function of
Load Level [Nonlinear Elastic Analysis]
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Load Level [Linear Elastic Analysis]




205

PIN CTOP SURFACED NOGAL LOCATIONS
NONMLINEAR ELASTIC ANALYSL(S

124 e e - —
B s o e fenasienci e ’-
UG TS i e =1
¢ e 0 S A S ‘ e
' PN 0N 0SSt A0 NN I - :
3 Lo g -
8 |, fuie :
o LW fooect
E‘ beceqeisohagadaa : .:.... -----
>.121 - —
3 s - e i [ IDDS 928 TN
S )20 s T o —e— 115N 1700 LBS)
3 et ' ! —8— 5700 (00 L6S)
> —fe 4006 N (900 LBSI
119 — SN (1200 LEST
—%— G676 N (1500 LES)
119

.082S5 -129 -188 .250
Z OINECTION PIN OEPTH CINCHESD

Figure 9.69 [(+45/-45)3]s Pin Top Surface Nodal Locations as a Function of
Load Level [Nonlinear Elastic Analysis]




206

CHAPTER 10. EXPERIMENTAL/NUMERICAL MODELING COMPARISONS

Post processing of the [(+45/-45)3]s tensile and compressive mismatch
moire displacement fields was undertaken along net and bearing section
respectively to determine experimental ey strain values. Comparisons of these
strains with three dimensional linear and nonlinear finite element
approximations were made. Experimental and two dimensional linear elastic
finite element [(0/90)3,0)s intralaminar shear strains results [66] were
compared to their respective values from three dimensional linear and

nonlinear elastic finite element approximations.

10.1 PosT PROCESSING OF MOIRE DISPLACEMENT CONTOURS

The [(+45/-45)3]s experimental moire displacement contours were post
processed using the moire fringe data acquisition system shown in Figure 10.1.
The C1000-01 HAMAMATSU video camera was mounted at the end of the optical rail
shown in Figure 5.13 to image the moire displacement fringe patterns within a
CONRAC video monitor. Single light intensity scans were acquired with the
HEWLETT-PACKARD 9845B computer through the C1000 HAMAMATSU digitizing unit.
Light and dark fringe intensities of the 1024 pixel scan were digitized on a
256 grey level scale. Smoothing of these fringe intensity variations was done
by slightly misfocusing the fringe pattern image. A typical scan line is
shown in Figure 10.2. As can be seen, increased fringe density allowed a more
accurate fringe center selection.

The [(+45/-45)3]s moire fringe patterns with a compressive mismatch
were used to obtain bearing section &y strains. Half order fringe locations
of contour interval .0005" were obtained from a bearing section scan.
Graphical differentiation of the resulting v displacement versus y location
curve (8v/3y) and subtraction of mismatch pattern strains yielded bearing
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section ey strains at ten section locations. This procedure was followed for
all load levels with the exception of the 300 lb case which suffered from
poor photographic quality.

The [(+45/-45)3ls moire fringe patterns with a tensile mismatch were
used to obtain net section ey strains. A total of ten vertical scans
throughout the net section were made. Fringe shifting methods1 were employed
to straddle a light / dark fringe intensity variation over the net section for
each scan. The .0005" displacement contour interval of this light / dark
fringe pair divided by its measured fringe spacing yielded the net section ey
strains for each scan. This procedure was followed for all load levels with
the exception of the 300 lb case which suffered from poor photographic
quality.

10.2 [(0/90),,01, LAMINATE COMPARISONS

Maximum [((0/90)3,0ls intralaminar shear strain values for both the
linear and nonlinear elastic three dimensional finite element analysis were
compared to those from the two dimensional linear elastic finite element and
moire results from the authors earlier work [66]. These comparisons may be
seen in Figures 10.3 through 10.7. The two dimensional linear elastic finite
element results were slightly less than their three dimensional linear elastic
counterparts. Moire intralaminar shear strain values appeared to be somewhat
lower than these two dimensional results for the 300 1b load level. The 600
Ib and 900 1b load levels showed an agreement with the two and three
dimensional analysis respectively while the 1200 1b load level showed a closer
agreement with the three dimensional nonlinear elastic analysis. However; the
300 1b, 600 1b, and 900 lb load level moire results were lower closer to the
pin than their sectional trends suggested. Moire results for the 1500 1b load
level were in good agreement with the three dimensional nonlinear elastic
results away from the pin, but showed an increased tendency to exceed those
values closer to the pin.

The observation of slightly higher 7xy strain values for the three
dimensional analysis in comparison to those of the two dimensional analysis

was no doubt caused by pin elasticity effects. The simply supported pin
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boundary conditions employed in the three dimensional analysis produced pin
deflections that caused an uneven through thickness load transfer between the
pin and the coupon. This may be seen in the pin deflections of Figures 9.65 -
9.68. In this instance, front surface strains were slightly higher than
midsurface or rigid pin strains.

The increased tendency of the moire strain data to approach and
surpass the three dimensional nonlinear elastic analysis results with
increasing load level was caused by the unsymmetric experimental pin boundary
conditions and the presence of a material shear failure mechanism. The
clamped/simply supported boundary conditions of the respective rear and front
pin surfaces employed during the experimental moire analysis resulted in
unsymmetric pin deflections. This type of deflection caused the rear surface
of the coupon to carry a higher percentage of the pin load than the front
surface forcing initial front surface moire strains to be lower than those
predicted by analysis. This is born out by the uneven front and rear surface
coupon strain values observed in the author’s earlier work [66] where a
clamped/free (rear/front) pin boundary condition was initially investigated.
Lower experimental moire shear strains near the pin in the 300 lb, 600 lb, and
900 1b load cases was caused by using only the 8v/8x component of shear strain
in determining ¥xy. The 8u/8y component of shear strain could not be
determined due to a lack of u field contouring sensitivity. The presence of a
material shear failure mechanism no doubt acted to progressively increase the
shear strain values for the higher load levels thus causing them to approach
and surpass those of the nonlinear elastic analysis.

10.3 [(+45/-45),], LAMINATE COMPARISONS

A comparison of three dimensional linear and nonlinear elastic
analysis [(+45/-45)3ls bearing section ey strains with those for the
experimental moire analysis may be seen in Figures 10.8 through 10.11.
Similar net section ey strain comparisons may be seen in Figures 10.12 through
10.15.

For the 600 b load, moire and finite element bearing strains were

inclose comparison far. from the pin. However, moire strain values appeared
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lower than the linear elastic results close to the pin. All other load levels
indicated a good agreement between moire and three dimensional nonlinear
elastic finite element bearing strains. However, slightly lower moire bearing
strain values were seen close to the pin followed by slightly higher moire
bearing strain values just beyond the pin. Far field bearing strains were in
excellent agreement with finite eleu_xent results.

The 600 lb moire net section strains were in excellent agreement with
the three dimensional nonlinear elastic finite element results. At subsequent
load levels, net section moire strains appeared tc exhibit progressively
higher values than those of the nonlinear elastic analysis at close pin
proximity. This divergence spread deeper into the net section with higher
load level until the 1350 1b load case where far field net section moire
strains exceeded those of the nonlinear elastic analysis.

Bearing strain comparisons close to the pin for the [(+45/-45)3]s
laminate appear to be affected by the clamped/simply supported (rear/front)
experimental pin boundary conditions in much the same fashion as the
{(0/90)3,0]s intralaminar shear strain comparisons. Higher experimental moire
strains are expected if a symmetric simply supported pin boundary condition
was used during the experiment. Net section strain comparisons did not appear
to suffer from this experimental pin boundary condition effect. This seemed
plausible in that the unsymmetric pin/coupon load transfer occured in the
bearing region and not the net section. Variations in net section moire
strains from those of the three dimensional nonlinear elastic analysis were

highly suggestive of a tensile material failure mechanism.
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Figure 10.1 Moire Fringe Data Acquisition System
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[(0/90)3,0]s Finite Element and Moire Shearout Section yxy
Strain Comparison {900 1bs]
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Figure 10.6 [(0/90)3,0]s Finite Element and Moire Shearout Section ¥xy
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Figure 10.8 [(+45/-45)3]s Finite Element and Moire Bearing Section ¢y
Strain Comparison [600 lbs]
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[(+45/-45)3]s Finite Element and Moire Net Section ey Strain

Comparison (600 lbs]
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CHAPTER 11. QUALITATIVE MATERIAL DAMAGE INVESTIGATION

Comparisons of sectional strains obtained from finite element
approximations and those from the experimental moire results indicated
possible material failure occurring within the net and bearing sections of
the [(+45/-45)3]ls laminate and in the locus of maximum shear stress within the
[(0/90)3,0]s laminate respectively. A qualitative investigation of this
observation was undertaken in the hope of providing insight. Use of the
translucent nature of the SP250 S-2 fiber / resin system, liquid penetrant and
a backlighting experimental arrangement were employed to provide a qualitative

planer view of progressive coupon damage for each laminate type.

1.1 RIMENTAL DAMA TECTION TECHNIQU

The experimental arrangement shown in Figure 11.1 was used in the
qualitative damage detection study. A doubly simple supported pin arrangement
of span length equivalent to that used in both the Moire and finite element
analysis was used. The fixture was placed into a 20,000 lbs INSTRON
mechanical testing machine with one mechanical wedge grip grabbing the top
part of the fixture and the other grabbing the coupon itself. A NIKON 35 mm
SLR camera with motor drive film advancing unit and 80-120 mm VIVITAR zoom
lens was positioned to image the front surface of the pin~loaded portion of
the coupon. A thick, black cardboard mask was placed around the coupon to
eliminate stray light from overexposing the photographs. A quartz-iodine high
intensity lamp was placed behind the coupon at such a distance to provide
uniform front surface coupon illumination. KODAK Tri-X Panchromatic black and

white film was used as a recording medium.




1.2 TeST PROCEDURES

A series of trial exposures were made to determine what shutter speed
and appropriate f stop camera settings would yield optimum photographic
results. After subsequent development and printing of all trial exposures,
the camera settings were determined.

For both laminate arrangements, the coupon was placed within the
experimental arrangement of figure 11.1. The coupons were subjected to 300
lbs loading increments to 900 lbs, 100 Ibs loading increments to 1200 lbs, and
50 lbs loading increments till failure. In between each load increment, the
coupon was removed from the experimental arrangement and submersed in
MAGNAFLUX type SKL-HF liquid penetrant for approximately twenty minutes. The
coupon was then wiped of front and rear surface excess penetrant with
MAGNAFLUX type SKL-NF/ZC-7B cleaner and placed back into the experimental
arrangemeht for photographing at the predetermined camera settings. Care was
taken for proper specimen fixture alignment during its reinstallation. Both
specimens were loaded until significant load réduction was observed upon

reloading (ie failure).

1.3 Test RESULTS

Figures 11.2 -~ 11.9 represent the experimental resuits for the
[(0/90)3,0]ls coupon while Figures 11.10 - 11.15 represent those of the
[(+45/-45)3])s coupon.

A vertical crack was seen in the right side of the [(0/90)3,0ls
coupon at the locus of maximum shear strain at the 1000 lb load level. This
crack grew in a vertical fashion with increased load level until the 1300 1b
load level where several smaller vertical cracks were observed on the left
side of the coupon in the vicinity of the locus of maximum shear strain. The
existence of transverse cracks were seen in this location at the 1350 1b load
level. With increased loading, both vertical and transverse cracks enlarged
while the formation of transverse cracks were observed around the pin. Ply
delamination or three dimensional "brooming” of the material was observed on

the left coupon side near the initial site of transverse crack formation at
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the 1400 1b load level. This delamination area grew until failure at just
over 1600 1b load level where massive ply delamination occurred above the pin.

The [(+45/-45)3ls coupon exhibited cracks along the =-45°fiber
direction in the net section at the 1000 1b load level. These cracks
continued to grow in length and nuti\ber at the net section with increasing load
level. Cracks along the +45°fiber direction were initiated in the net section
at the 1250 1b load level. The 1300 1lb load load level saw the initiation of
+45°and -45° cracks to the left and right of the bearing section respectively.
These bearing section cracks grew in length and formed a "cone" like formation
above the pin with increased load level. Ply delamination was observed in
the net and bearing section crack initiation locations at the 1400 1b load
level. Increased loading caused massive ply delamination above the pin.

The vertical cracks in the [(0/90)3,0)s laminate suggested an initial
matrix shear failure along the locus of maximum shear strain in the 90°ply
layers. The ensuing observation of transverse cracks in the O°layers is
suggestive of a load transfer to and matrix failure of these plies. The
existence of this shear failure mechanism and the lack of inelastic material
behavior in the modeling effort caused experimental / finite element shear
strain discrepancies along the locus of maximum shear strain. Similar
experimental and finite element pin boundary conditions might have allowed a
load level correlation between observable damage and shear strain
discrepancies.

The observation of cracks along the fiber directions within the net
and bearing sections of the [(+45/-45)3]s laminate suggested a matrix / fiber
interface failure. This type of failure manifested itself in a "scissoring"
action of the +45° and -45° plies. Discrepancies between net section ey
experimental / finite element strains exhibited a load level correlation with
observable net section damage thus indicating the presence of inelastic
material behavior. This same conclusion might have been drawn for bearing
section €y strains had similar experimental and finite element pin boundary
conditions prevailed.

Delaminations and resulting coupon failures were no doubt due to the
unrestrained through thickness coupon boundary condition. A true double lap
joint conf ig.uration would provide this through thickness restraint thus

producing a delamination suppression mechanism. Since both shearout and net
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section damage mechanisms were present prior to delamination formation within
the [(0/90)3,0]s and [(+45/-45)3]s coupons respectively, delamination

suppression most likely would have resulted in these coupon failure modes.




229

HIGH INTENSITY LAMP }

. / PIN-LOADED COUPON
{% |

RECORDING CAMERA

Figure 11.1 Qualitative Damage Detection Experimental Arrangement




230

ON (O ibs)

((0/90) ,0)g

1334 N (300 ibs)

Figure 11.2 [(0/90)3,0ls Pin~loaded Coupon Damage [0 lbs 300 lbs)
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Figure 11.3
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{(0/90)3,0}s Pin-loaded Coupon Damage [600 lbs 900 lbs)
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((0/90) 3.0)3
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Figure 11.4 {(0/90)3,0]ls Pin-loaded Coupon Damage [1000 lbs 1100 lbs]
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Figure 11.5
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[(0/90)3,0]s Pin-loaded Coupon Damage (1200 lbs 1250 lbs]

233




234

5783 N (1300 Ibs)

((0/90),,,0)g

L ]
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Figure 11.6 [(0/90)3,0]s Pin-loaded Coupon Damage (1300 lbs 1350 lbs}
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Figure 11.7
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6450 N (1450 Ibs)

{(0/90)3,0]s Pin-loaded Coupon Damage [1400 lbs 1450 lbs}
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Figure 11.8
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[(0/90)3,0}s Pin-loaded Coupon Damage [1500 Ibs 1550 lbs]
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7117 N (1600 Ibs)

((0/90) 3.Q)s

FAILURE

Figure 11.9 [(0/90)3,0]s Pin-loaded Coupon Damage [1600 lbs failure]
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ON (0 Ibs)

1334 N (300 Ibs)

Figure 11.10 [(+45/-45/)3]s Pin-loaded Coupon Damage [0 lbs 300 lbs]
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((45/-45) 3) s

4003 N (900 Ibs)

Figure 1l1.11 {(+45/~45/)3]s Pin~loaded Coupon Damage {600 lbs 900 1ibs]
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4448 N (1000 ibs)

((45/—45)3) s

4893 N (1100 Ibs)

Figure 11.12 ((+45/~-45/)3)s Pin-loaded Coupon Damage [1000 lbs 1100 lbs]
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((45/-45)3) s

5560 N (1250 Ibs)

Figure 11.13 [(+45/-45/)3]s Pin-loaded Coupon Damage [1200 lbs 1250 lbs]
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5783 N (1300 ibs)

‘«45/-45)3) s

6005 N (1350 Ibs)

Figure 11.14 [(+45/-45/)3)s Pin-loaded Coupon Damage [1300 Ibs 1350 Ibs]
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6227 N (1400 bbs)

((45/-45)3) s

FAILURE

Figure 11.1S ((+#45/-45/)3]s Pin-loaded Coupon Damage (1400 lbs failure}
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CHAPTER 12. CONCLUSIONS

The combined experimental and analytical nature of this dissertation
has served to answer some crucial questions regarding the mechanical response
and modeling assumptions of [(0/90)nls and [(+45/-45)nls pin-loaded laminates.
Its interdisciplanary approach allowed for relevant experimental / analytical
comparisons that led to validated conclusions.

Application of projection shadow moire clearly illustrated a
significant through thickness mechanical response of both laminates at load
levels considerably lower than failure. These observations led to a three
dimensional finite element modeling approach.

Through thickness laminate mechanical property determinations
produced fairly accurate estimation of these values for constitutive equation
development. Transverse shear modulus determinations of both laminate
orientations through a conventional three point bend test arrangement yielded
highly inaccurate results, Application of calibrated beam deflection
equations in the small span to depth ratio regime yielded a more accurate
determination of laminate transverse moduli. Use of a displacement clip gage
during laminate tension tests suffered from lack of measurement sensitivity,
yet gave good approximations for laminate through thickness Poisson ratios.
The [(+45/-45)3]s through thickness Poisson ratio was extremely nonlinear in
nature.

Use of effective in-plane laminate mechanical properties and the
application of three dimensional orthotropic constitutive relations in
conjunction with through thickness laminate mechanical properties provided a
sound constitutive equation approach for laminate stress-strain behavior.
Development of laminate constitutive equations including nonlinear crossply
intralaminar shear behavior was successfully accomplished for both laminate
orientations. The material axes transformation of the [(0/90)nls constitutive

equations led to compact yet accurate expressions for[(+45/-45)nls
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constitutive equations. Uniaxial stress predictions for the [(+45/-45)ls
laminate underscored the importance of including crossply based nonlinear
intralaminar shear behavior within the constitutive expressions.

A sensitivity analysis showed that [(0/90)s4]s uniaxial stress
predictions were insensitive to through thickness [(0/90)s4]s modulus and
Poisson ratio value variations. However; uniaxial [(+45/-45)4]s stress
predictions were effected by [(+45/-45)4]s through thickness modulus and
crossply based Poisson ratio value variations. Assuminga through thickness
modulus equal to that of pure resin reduced this sensitivity.

Both single and multi-element verifications of laminate ABAQUS user
material subroutines were successful. The Newton-Raphson nonlinear solution
technique employed by ABAQUS converged well when using the [(0/90)als
subroutine.  However; the constrained nature of the [(+45/-45)4]s subroutine
required increased cycles for convergence. Effects of convergence tolerance
upon solution accuracy and computation time were investigated proving the
((+45/-45)s]s user subroutine to be computationally inefficient. It is not
apparent if computational efficiency could have been acheived by use of a
Modified Newton-Raphson approach in which global stiffness is not updated.

The linear and nonlinear three dimensional finite element
approximations of [(0/90)3,0)s and ((+45/-45)3]s pin-loaded laminates
analytically established the effects of nonlinear crossply intralaminar shear
material behavior. Both radial and circumferential pin boundary coupon
stresses were significantly affected by the inclusion of the material
nonlinearity for both laminate orientations. An approximate threefold
reduction of maximum txy stresses was observed in the shearout section of the
((0/90)3,0]s pin-loaded coupon. A similar reduction occured in the net
section of the [(+45/-45)3]ls laminate. Nonlinear elastic predictions of
[(0/90)3,0]s ¥xy values along the coupon locus of maximum shear strain were
observed to gradually increase over linear elastic predictions wit:h increasing
pin-load level. These variations increased closer to the pin. In a similar
fashion, nonlinear elastic predictions of [(+45/-45)3ls ey values in the
coupon net and bearing sections was observed to gradually increase from those
of the linear elastic prediction with increasing pin-load level. These
variations also increased closer to the pin. .

Through thickness ¢z finite element stresses were negligable in
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comparison to in-plane laminate stresses. Larger values were observed closer
to the midplane of the laminates than the front surface. The nonlinear
material assumptions increased these oz stresses for both laminate
arrangements.

Variations of nonlinear elastic constitutive equation constants were
observed for both laminate configurations. These variations were seen at the
lowest pin-load level of 300 Ibs and became more pronounced at higher pin
loads. A softening of the [(0/90)3,0ls intralaminar shear modulus was seen
along the locus of maximum shear stress. A similar effect was seen in Cu in
the net and bearing sections of the [(+45/-45)3)s laminate. Corresponding net
and bearing section [(+45/-45)3ls Ci2 values increased.

Application of geometric moire successfully generated in-plane
displacement contours for the [(+45/-45)3ls pin-loaded laminate. Application
of Fourier filtering, mismatch methods, and semi-automated fringe digitization
procedures allowed for accurate strain determinations in both the net and
bes.~ing sections of the coupon. Detailed displacement contouring around the
circumference of the pin in order to observe frictional effects could not be
made due to the lack of experimental displacement contouring sensitivity.

Comparisons of experimental and finite element strains in the
shearout section of the [(0/90)3,0ls coupon and in the net and bearing section
of the [(+45/-45)3]s coupon validated the importance of including nonlinear
crossply intralaminar shear material behavior in numerical computations and
highlighted the effects of material damage. Net section [(+45/-45)3)s ey
experimental strains were seen to follow nonlinear elastic finite element
predictions at low pin-load levels. Increasingly higher experimental ey
values were observed with increasing pin-load levels. This departure
increased with closer pin proximity suggesting the presence of a net section
tensile damage mechanism. Similar trends in [(+45/-45)3]s bearing section ey
and in [(0/90)3,0]s shear out section yxy were observ;:d. but were altered
somewhat by unsymmetric experimental pin boundary conditions.

The qualitative material damage investigation effectively illustrated
the role material damage plays in pin-loaded composite connectors. Load level
comparisons with both linear and nonlinear finite element and experimental
sectional strain values indicated the presence of tensile and . shear damage
mechanisms for the ([(+45/-45)3]s and ([(0/90)3,0}s laminate respectively. The
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progressive nature of the damage was observed in both laminates at pin-load

levels Weli under failure.
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RECOMMENDATIONS FOR FUTURE WORK

Recommendations for future work should include the following efforts.

1)

2)

3)

4)

S)

6)

7

8)

9)

Development of fixturing for symmetric experimental boundary
conditions.

Use of a higher experimental displacement contouring
sensitivity to determine pin/coupon frictional effects.

A better characterization of laminate through thickness modulus
and Poisson ratio.

An accurate determination of free edge interlaminar stresses.

Development of a more computationally efficient [(+45/-45)3ls
constitutive equation subroutine.

Inclusion of validated statistically based failure theories.
Investigation of a front and rear surface restraint of a true
double lap joint upon through thickness stresses and failure
modes.

Investigation of residual stresses from laminate cure cycles
and their possible effects upon pin-loaded response.

Full field comparison of experim~>al and finite element
strains by the approach of Tessler et a. (72].
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Ct0/9073.018 LINEAR ELAGTIC PINLOADED COUPON FINITE ELEMENT RUN RESLTS

LDAD (1be) STEF & INCO ITTER® PYOL MAX RESIDUAL MAX RF (coupon) T MAX AF CPU(hre) CUMRATIVE CPUhre)
rot ! 1 2 1.008=-03 =-1.39K~13 -3,.E-07 (331) 4, 30807 .47 00.47
300 2 1 [ ] 2.002-03 1. 64E~04
WC 2 2 3 2.008~-03 3.348-04
300 2 3 2 2.00£-03 4.3538-04
300 2 4 2 2.008-03 T.73E-048
300 2 S 2 2.00€~03 3. 70€-03
300 2 & 2 2.00E~03 =3, 19E~-048
300 2 7 3 2.006-03 -7.19€-04
300 2 [ ] 2 2.008-03 1.39€E=-04
300 2 e 2 2.008~03 1.76E-04
300 2 10 2 2.008-03 1.27€-03 -2.10 (1202 S.82€~04 e.22 08. 6%
400 3 1 2 4.008-03 2.99€-04
00 3 2 2 4.00€-03
»00 3 3 2 4, O0E~0J
600 3 . 2 4. 00803 .

400 3 S 2 4, 00€-03

400 3 & 2 4,00E-03

»00 3 ? 2 4.00C-03

400 3 [ ] 2 4.00€~03 -4.43 (1248) 3.97E-04
00 3 ® 2 4,00E~0Y

600 3 10 2 4.008-03 6.80 15, 49
900 4 1 2 &.90E~-0)

900 4 2 2 &.90E-03

900 4 3 2 6. 20E-03

00 L} 4 2 &. Y0E-03

900 L] s 2 6. 908~03

900 4 ] 2 . 90E-03

900 4 k4 2 &. Y0E-03

900 L] L 2 &.908-03

900 4 L4 2 6. 90E~03

900 L} 10 2 &.90E~03

900 L] 11 2 &.90E-03

900 L] 12 2 6. 90€E-03

900 L} 13 2 6. 90€-03

900 L) 16 2 6. 908~-03

900 L] 13 2 6. 90E-03

900 4 16 2 &. 90E-03 1.17€-03 -8,21 (1280 1.420—04 10.4S8 26.14

1200 ) ) 2 7.20E-03 1.218~03
1200 s 2 2 7.206-03 1.26E-03
1290 3 3 2 7.20€-03 1.32€8-03
1200 S 4 2 7.20€-03 1.37€-03
1200 L -] 2 7. 20E-03 1.42€-03
1200 3 & 2 7.20€8-03 1.48€-03
1200 -] 7 2 7.20€8-03 1.33-03
1200 -] [ ] 2 7.20E-03 1.99€-03
1200 L] L4 2 7. 208-03 1.64E-03
1200 -] 10 2 7.208-03 1.708-03
1200 S 11 2 7.206-03 1.76E-03
1200 S 12 2 7.206-03 1.82€-03
1200 S 13 2 7.206-03 1.890€~03
1200 S 14 2 7.2028-03 1.948-03
1200 S 13 2 7.206-03 2.01E~03
1200 S 1 H 7.206-03 2.07¢~03 ~12.02 t124®m) 1.726~-04 10.32 3b. 66
1900 & 1 2 2.188-03
1500 [ 3 2 2 2. 208-03
1500 [ 3 2 2.27%-03
1590 ] 4 2 2. 34€-03
1900 ] S 2 2.418~-03
1300 & & 2 2.48€-03
1500 ] 7 2 2.955~03
1300 ® e 2 2.628-03
1300 . 9 2 2.49€-03 >
1300 & 10 2 2.77%-03
1300 [ 3 11 2 2.84£-03
1500 [ 12 2 2. ME-0I
1300 L] 13 2 3.008-03
1300 [ 14 2 3.006-03 *

1900 L] 13 2 3. 168-03
1900 [ ] i 2 3.248-03 -13.93 1280 2. 03 -04 10.27 4.3

Table A.1 {(0/790)3,0ls Pin-Loaded Coupon Linear Elastic Finite

Element Computational Results
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€¢0/90)3,038 NONLINEAR ELASTIC PIM.DADED COUPON FINITE ELEMENT AUN REVLLTS

LOAD(Ibe) STEP 6 INCO ITTERE PTOL MAX RESIDUAL MAX AF (coupon) X WAX RF  CPU(hre) CUMRATIVE CPUthrs)

rot 1 1 2 1.008-03 1.768-13 -3.6-07 (331) . e7R-07 0.31 00.51

300 2 1 k4 2,00E~03 2.89¢-04 .

300 2 2 ) 2.00E-03 1.94g-03 -2.30 (1302) 9.435-04

300 2 3 3 2.00€-03 1.79€-03

300 2 4 . 2.00E-03 ~1.41€-04

300 2 s 3 2,008-03 ~1.526€-03

300 2 . « 2, 00E~03 5. 12€-04

300 2 7 L) 2.00€-03 1.35E-04

300 2 [ 3 2,006-03 -1.52€-03

300 2 . 3 2. 00E=-03 1.76E-04

300 2 10 . 2.00E-03 1.27€-03 12.40 12.91

00 3 1 3 4, 00€-03 -1.53€-03

00 3 2 3 4, 00E~03 1.97¢-03

«00 3 3 3 4,00E-03 -1, 53E-03

400 3 4 3 4,00€~03 -1.93E-03 .

#00 3 s 3 4,00£-03 -1.93€-03

00 3 . 3 4,00£-03 -1.93€~03

00 3 7 3 4,00E-03 -1.34€+03

400 3 [] 3 4,00£~03 ~1.34€-03

#00 3 . 3 4. 008~03 -1.S4£-03

00 3 10 3 4,00€-03 ~1.S4€-03 -4.61  (1202) 3.34E-04 .73 22.66

900 . ] 3 #.90£~03 S.54£-04

900 L] 2 3 &, 90€-03 S.G9E-04

900 [ 3 3 €. 90€-03 ~ 6.26£-04

900 . I3 3 &, 90€-03 5. 9E~04

200 - S 3 &. 90E-03 6. 97804

900 L3 . 3 6. 90E-03 7.33E-04

200 L) 7 3 . POE-03 7.70E-04

200 [} [ 3 . 90£-03 4. 10£-04

200 ] L) 3 6. 90E-03 8. 3004

%00 . 10 3 6. 90E-03 8. 92604

.00 . 1 3 6. P0£-03 9. 395€-04

%00 . 12 3 &.90€-03 9. 79¢~04

%00 . 13 4 6. 906-03 1.026-03

#00 e 18 3 6. 90£-03 1.072-03

00 4 13 3 6. 90E-03 1.12€-03

%00 . 18 3 . 90€-03 1.17€-03 -7.42 (1202) 1.58€-04 15.62 38.08

1200 s 1 3 7.29€-03 -9, S4E-08

1290 s 2 3 7.20€-03 -¥, 65€-04

1200 3 3 3 7.208-03 9. 76E-04

1200 s . 3 7.20€-03 -9.87€-04

1200 s s 3 7.20€-03 -4, 19603

1200 s . 3 7.20€-03 «1.01E~03

1200 s 7 3 7.20€-03 -1.02€-03

1200 s [ 1 7.20€~03 &.29-03

1200 s . 3 7.208-03 %.13£-03

1200 L] 10 3 7.20€-03 1.098-03

1200 ] 11 3 7. 2003 ~1.06E-03

1200 s 12 3 7.208-03 4.49€-03

1200 s 13 11 7.20€-03 1.2726-02 «10.97  (1202) 1.11€-03

1270 s 14 3 7.206-03 -1.10€-03

1200 s 13 3 7.20€-03 ~1.11€-03

1200 s 16 3 7.20€-03 1.29-03 . 19.12 87.20

1500 [ 1 3 *,3508-03 -1.135-03

1300 . 2 3 9,.302-03 1.32¢-03

1300 . 3 3 9.30€-03 -1.1S€-03

1300 . . 3 ,.3502-03 1.33€-03

1300 . s 3 9,508-03 1.37€-03

1900 . . 3 *,50€-03 -6, I9E-03

1500 . b4 3 9, 30€-03 1.618-03 >

1500 . ) 3  e.50€-03 -3.726-03 *

1500 N . 3 9. 50€-03 1.576-03

1900 . 10 3 9.90€-03 1. 79503

1500 . 1 3 9. 50€-03 4, 4903

1900 N 12 3 9.3508-03 1.99¢-03

1500 . 13 3 9,302-03 2.00£-03 .

1900 . 14 3 9, 50€-03 2.298-03

1300 . 13 3 9, 902-03 2.43-03

1500 . 1. 3 9.502-03 3.242-03 -19.31 (1202 2.12€-04 18.06 72.26
Table A.2 ((0/90)3,0ls Pin-Loaded Coupon Nonlinear Elastic Finite

Element Computational Results
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L (+AS/~43) 38 LINEAR ELASTIC PINLDADED COUPON FINITE ELEMENT RUN RESIATS

LOAD(108)

b ]
[ 4
-

§3033833228822243 BRRRLRRREE 4RYEBYLRYY

STEP ¢ INCe ITTERS PTOL
1.00€-03

-
-

2.00€E-0)
2.00E~03
2.00€-03
2.00€-03
2. 00E~0Y
2.00E-03
2.00E-03
2.00€-03
2.00E-03
2.00E-03

CABNOPUDUN-

-

4,00€-03
4,00E-03
4.00€-03
4.00E-03
4.00E-03
4,00E-03
4,00E-03
4. 00E-03
4,00€~03
4.00E-03

CODNCUNILN-

-

ABNCABUN-

TEPPETROPOIRPIPOr VUVUUNUUUUUBUUUNUUY S ADLLLLRLL008000 UUWHUWUWUULLWLE NNNNNNNNNN
-
wau
NRNNNNNNNNRNONNNNN NRNNNRNRNNNNDNRNNAN RNONNNNNNRNRNNNNNRNN WNNNONNNNG NNNNNNWUUS N
r
o

Table A.3

MAX RESIDUAL MAX RF (coupoOn)

-1.448-13

1.23E-04
5. 66E-04

.

=3, 0E=07 (33
-2.9% (1227)
-4.77 11227)
~7.3ﬂ. (1227)
-9.94 (1227
-12.% (1227

Computational Results

X MAX RF CPU(Rre) CUMAATIVE CPU(hra)

4. BOE-07 ©.33 00.31
S.17E-04

08. 862 09.13

4.4A9E-04 07.12 16.25

1.99€E-04 10.64 2t.89
2.62€-04

13.48 38.37

3.23E-04 12.18 S0.33

[(+45)3]s Pin-Loaded Coupon Linear Elastic Finite Element
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NOMLINEAR ELABTIC PIMLOADED COUPON FINITE ELEMENT RUN RESULTS

LOAD(1Dbw) STEP @ e

§335242282242242 BRIRRRRERE puunyyNUNY &

-

UHUUUUULUWUGE NONOVRNNNNNN

CEOSEPPPPPCOIPEPS VUULAUUUUUUUAUGBUUY P LODLSADLLLLSALS

Table A.4

[ -
OCIBNOCUIUNGE OB VNEPUSIUHUN® o

CEBNPUIUN-

»

ITIER® PYOL

CEIIBOBEIBBVNY UHUUHUWUWWNE NNNNINNNNE

3.008-03

1.908-02

((245)3]s
Element Computational Results

MAX RESIDUAL MAX AF (coupon?

=1.848-13 =3.0E~071331)

0. 79€-04
0. 9%E-04
-9, 61E-04
-1.03E-03
=-1.106-03
-1.17€-03

-2.40 1227)

~“3.2¢ 0227)

-8.33 aaz2n

S.71E-03
6. Y9E-03
&.07€-03
&.32¢-03
6. 99€-03
7.18£=-03
S.738-03
6. 14€-03

?7.12€-03 ~12.17 Q1227

1.46€-02 ~13.86 (1227

Pin-Loaded Coupon

X MAX NF CPUIhrs) CURULATIVE CPUhrs)

4.902-07 .93 00.53
. 42E-04 21.13 21.66

7.34E-04
21.9 43,57

8.076-04
38. 60 92.17

2. 856-04
53.93 136.10

9. 20€~04
0. 68 19,79

Nonlinear FElastic Finite
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503113530m120360 G

SEEERREEN R RS R R E B PSRN O N CAAN SR NSRS R BB SRRSO N N ECS RN EE R RO R LRSS S BRSO RN OSSO
=% 3D nonlinear elastic [((0/90)1s intralaminar shear material subroutine ses

*+ Newton-Raphson formulation ABAGUS version 4.7 ess
SESEREARECEPE VR BECR SRR AP EC O RN ES U S NN SRR RS SR NS RN R P RSB OSSNV AN SO FERECS SRS
c
c
c

*USER SUBROUTINE
SUBROUTINE UMAT (STRESS.STATEV: DDSDDE, SSE, SPD+SCDy
1 RPL,DDSDDT,DRPLDE, DRPLDT, STRAN, DSTRAN. TIME,DTIME.
2 TEMP.DTEMP, PREDEF, DPRED, CMNAME, NDI,NSHR, NTENS, NSTATV,
3 FROPS, NPROPS, COORDS. DROT)

c
c
IMPLICIT REAL*8(A-H,0-2)

c

CHARACTER#*=8 CMNAME

DIMENSION STRESS (NTENS) . STATEV (NSTATV) . DDSDDE (NTENSNTENS) »

1 DDSDDT (NTENS) » DRPLDE (NTENS) » STRAN (NTENS) » DSTRAN (NTENS) »

2 PREDEF (1) ,DPRED (1), PROPS (NPROPS) » COORDS (3) » BROT (3, 3) » TSTRAN (&)
c
c

Cosensennnsasnenpnsnsnes UPDATE STRAINS #2480ttt st bt sdnsehhnektiebhdan
c
B0 S I=1.,6
TSTRAN(I)=STRAN(I) +DSTRAN(I)
S CONTINUE
Cc
Crisusnsnnrsnssansesinss UPDATE STRESSES S8 ¢t nd st as@nntkbk kst skdswn
C
STRESS (1)=PROPS (1) *TSTRAN (1) +PROPS (2) »
1 TSTRAN(2)+PROPS (3) *TSTRAN(3)

Cc
STRESS (2) sPROPS (2) »TSTRAN (1) +PROPS (4) »
1 TSTRAN(2)+PROPS (5) « TSTRAN(J3)
[
STRESS (3) =PROPS (3) *TSTRAN (1) +PROPS (S) »
1 TSTRAN(2) +PROFS (&) ¢« TSTRAN(J)
c
ABSGALT=ABS (TSTRAN (4))
[
Cmwm——- obtain corresponding 0/90 shear stress from ASTM D33576-18 curve---—--
c
IF (ABSGALT .LE. .029904) THEN
TAULT= (0, 73S113E+06+ABSGALT -~ 0.244087E+08*ABSGALTs*»2, +
% 0.31373BE+09«ABSGALT*#3.)
c
ELSE IF (lABSGALT.GT..029904).AND. (ARBSGALT.LT..032178)) THEN
TAULT= (0. 848000E+04 + 70360.6% (ABSGALT - 0,0299040))
c
ELSE IF(ABSGALT .GE. .032178) THEN
TAULT=(0.731176E+04 + 0.446%5449E+05+ABSGALT -
& 0.964921E+05+ABSGALT**2.)
c
ENDIF
c
STRESS (4)sTAULT
IF(TSTRAN(4).LT. 0.) STRESS (4)=-TAULT
Cc

Listing A.l [(0/90)3,0]s Nonlinear Elastic ABAQUS User Material
Subroutine {1 of 2]




c

STRESS (3) =PROPS (8) s TSTRAN (5)
STRESS (6) =PROPS (7) * TSTRAN (&)

Cesssnssssssses FORM JACOBIAN OF CONSTITUITIVE MATRIX +ecassssssssssvanses

c

oan

30

DO 20 I=1.6

DO 30 J=1,6
DDSDDE (1, J)=0.0
CONTINUE

CONTINUE

DDSDDE (1, 1) =PROPS(1)
DDSDDE (1, 2) =PROPS (2)
DDSDDE (1.4 3) =PROPS (3)
DDSDDE (2, 2) =PROPS (§)
DDSDDE (2, 3) =PROPS (5)
DDSDDE (3. 3) =PROPS (6)

calculate 0/90 tangent modulus

IF(ABSGALT .LE. .0379640) THEN

DDSDDE (4,4) = (0.817047E+06 - 0.720163E+0B*ABSGALT +
0.301293E+10*ABSGALT**2. — 0.449077E+11+ABSGALT**3. +
0.3569318E+12+ABSGALT++4.)

ELSE IF((ABSGALT .GT. .037944).AND. (ABSGALT .LT. .04167)) THEN
DDSDDE (4, 4) =(0.S32406E+0S - 1.93861E+06% (ABSGALT - .037964))

ELSE IF (ABSGALT .GE. .04167) THEN .
DOSDDE (4, 4) = (0, 346802E+06 ~ 0.1465373E+0B+*ABSGALT +
0. 327833E+09+ABSGALT*#2, - 0,290658E+10+ABSGALT#»3. +
0.971387E+10 =ABSGALT#*#4.)

END IF
DDSDDE (S, 5) =PROPS (8)
DDSDDE (&, 6) =PROPS (9)

RETURN
END

[X

Listing A.l [(0/90)3,0]s Nonlinear Elastic ABAQUS User Material

Subroutine {2 of 2]
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$03511330m120360 G

[ ZI IR E 2 S22 AR AR SRR R LR At R R Y1 Rl i 0 0 2Rl Rl 22X 3 1) X)

sesseses 3D nonlinear elastic [ (+45/-435) 1s material subroutine (LI TEL L L)
sssesvew developed by material axis transformation of nonlinear (LT3 LT L LY ]
ssxssses glastic ((0/90)1s intralaminar shear material subroutine Sensassane
sssssess Newton—-Raphson formulation ABAGUS version 4.7 sEEREsERSS
SR EE S EPSORSE BN R BRI L SRS R RN IR SR CR NP EEPSE RN IO OSSP PRI N RO S G TN EE RSN G
c

Cc

*USER SUBROUTINE

; SUBROUT INE UMAT (STRESS.,STATEV., DDSDDE, SSE, SPD,SCD.
1 RPL,D0DSDDT, DRPLDE, DRPLDT, STRAN, DETRAN, TIME, DTIME,
2 TEMP.,DTEMP, PREDEF+ DPRED,» CMNAME : NDI+ NSHR, NTENS,NSTATV,
3 PROPS, NFROPS, COORDS.DROT)

c
Cc
IMPLICIT REAL#*8(A-H,0-2)
c
CHARACTER*8 CMNAME
DIMENSION STRESS (NTENS) ,STATEV(NSTATV) » DDSDDE (NTENS, NTENS) »
1 DDSDDT (NTENS) » DRPLDE (NTENS) » STRAN (NTENS) » BESTRAN (NTENS) »
2 PREDEF (1) ,DPRED(1) , PROPS (NPROPS) , CODRDS (3) » DROT (3, 3) » TSTRAN (&)
c
c

Cressvssnpninpsscsontsosisrnsd UPDATE STRAINS #2252t itk dksdeikitksssnhan
[}
DO S I=1,6
TSTRAN(I)=STRAN(I) +DSTRAN(I)
S CONTINUE

c
c
Craxsrssdssnnnsssssssnssnsssss UPDATE STRESSES #4450 sstssssssssssantebrandhsn
c
c calculate effective 0/90 shear strain
Cc
GALT=TSTRAN(2) -TSTRAN (1)
c
Commoem— obtain corresponding 0/90 shear stress from ASTM D3%576-18 curve-————--—-
c
ABSGALT=ABS (GALT)
c
IF (ABSGALT .LE. ,029904) THEN
TAULT=(0.735113E+06+ABSGALT - 0.2440S7E+0O8+ABSGALT#*+2. +
& 0.313738BE+09+ABSGALT#+3,)
c
ELSE IF ((ABSGALT.GT..029904).AND. (ABSGALT.LT..032178)) THEN
TAULT=(0.848000E+04 + 703460. 6% (ABSGALT ~ 0,0299040))
c
ELSE IF(ABSGALT .GE. .032178) THEN
TAULT=(0,.731176E+04 + 0.4435649E+0S+ABSGALT -
& 0.964921E+05sABSGALT#e2,)
c
ENDIF
c
Cc calculate 0/90 secant modulus
c
IF (ABSGALT .EG. O0.) THEN
SECMOD=0.0
ELSE
SECMOD=TAULT/ABSGALT

Listing A.2  [($45)3]s Nonlinear Elastic ABAQUS User Material
Subroutine [l of 3]
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END IF
[
C= form +-45 constitutive matrix as a function of 0/90 constitutive constants -
C~ 0/90 secant modulus will allow for "true" updated +-43 stress calculations -
c

CPK1=2.984749E+06

CPK2=1.081&625E+06

CPK3I=1 . 898651E+06

APC11=CPK 1+SECMOD
APC12=CPK 1-SECMOD
APC13=CPK2
APC22=APC11
APC23=CPK2
APC33=PROPS (6)
APC44=CPK3
APCS3=PROPS (8)
APC&66=PROPS (9)

STRESS(1)=APC11+TSTRAN (1) +APC12+TSTRAN(2) +APC13*TSTRAN(3)
STRESS (2) =APC12¢TSTRAN (1) +APC22sTSTRAN(2) +APC23«TSTRAN(3)
STRESS (3)=APC13#TSTRAN (1) +APC23+TSTRAN (2) +APC33+ TSTRAN(J3)
STRESS (4) =APC44sTSTRAN (4)
STRESS (5) =APCSS+ TSTRAN (S)
STRESS (6) =APC&662TSTRAN (&)
Cc
Cesseensensssss FORM JACOBIAN OF CONSTITUITIVE MATRIX #essssnssssssssdssanvan
c
DO 20 I=1,6
DO 30 J=1,6
DDSDDE(I.,J)=0.0
30 CONTINUE
20 CONT INUE

c
C calculate 0/90 tangent modulus
c
IF (ABSGALT .LE. .029904) THEN
TANMOD=(7.35113E+0S5 - 4.88114E+07+ABSGALT +
& 9.41214E+08ABSGALT*=2,)
c
ELSE IF((ABSGALT.GT..029904).AND. (ABSGALT.LT..032178)) THEN
TANMOD=70360. &
c
ELSE IF(ABSGALT .GE. .032178) THEN
TANMOD= (4, 65649E+04 ~ 1.92984E+0Z+ABSGALT)
c
ENDIF
c

C-- calculate jacobian of +-43 constitutive matrix as a function of 0/90 —-—=—-
C-- constitutive constants. please note use of 0/90 tangent tangent mod —----
c

DDSDDE (1. 1) =sCPK 1 +TANMOD

DDSDDE (1, 2) =CPK 1~-TANMOD

DDSDDE (1, 3)=APC13

DDSDDE (2, 2)=DDSDDE (1. 1)

DDSDDE (2, 3) =APC23

DDSDDE (3, J) =APC33

DDSDDE (4. 4) =sAPCA4

DDSDDE (S, S) =APCSS
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DDSDDE (&, &) =APCALS

RETURN
END
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