Old Dominion University

ODU Digital Commons

Mechanical & A Engi ing Th
.ec amg S Aerospace Engineering Theses & Mechanical & Aerospace Engineering
Dissertations

Summer 1986

An Analytical and Experimental Study of Clearance
and Bearing-Bypass Load Effects in Composite
Bolted Joints

Rajiv Vikas Arun Naik
Old Dominion University

Follow this and additional works at: https://digitalcommons.odu.edu/mae_etds

b Part of the Mechanical Engineering Commons

Recommended Citation

Naik, Rajiv V.. "An Analytical and Experimental Study of Clearance and Bearing-Bypass Load Effects in Composite Bolted Joints"
(1986). Doctor of Philosophy (PhD), dissertation, Mechanical & Aerospace Engineering, Old Dominion University, DOI: 10.25777/
vesf-3m71

https://digitalcommons.odu.edu/mae_etds/264

This Dissertation is brought to you for free and open access by the Mechanical & Aerospace Engineering at ODU Digital Commons. It has been
accepted for inclusion in Mechanical & Aerospace Engineering Theses & Dissertations by an authorized administrator of ODU Digital Commons. For

more information, please contact digitalcommons@odu.edu.


https://digitalcommons.odu.edu/?utm_source=digitalcommons.odu.edu%2Fmae_etds%2F264&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/mae_etds?utm_source=digitalcommons.odu.edu%2Fmae_etds%2F264&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/mae_etds?utm_source=digitalcommons.odu.edu%2Fmae_etds%2F264&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/mae?utm_source=digitalcommons.odu.edu%2Fmae_etds%2F264&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/mae_etds?utm_source=digitalcommons.odu.edu%2Fmae_etds%2F264&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/293?utm_source=digitalcommons.odu.edu%2Fmae_etds%2F264&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/mae_etds/264?utm_source=digitalcommons.odu.edu%2Fmae_etds%2F264&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@odu.edu

AN ANALYTICAL AND EXPERTMENTAL STUDY OF CLEARANCE AND BEARING-
BYPASS IOAD EFFECTS IN COMPOSITE BOLTED JOINTS

by

Rajiv Vikas Arun Naik
B.Tech., June 1979, Indian Institute of Technology, Bambay, India
M.S., June 1982, Uriversity of Maine at Orono

A Dissertation Submitted to the Faculty of
0ld Dcminion University in Partial Fulfillment of the
Requirements for the Degree of

DOCTOR OF PHILOSOPHY

ENGINEERING MECHANICS

OLD DCMINION UNIVERSITY
August, 1986

Approved by:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

AN ANAIYTTCAL AND EXPERIMENTAL STUDY OF CLEARANCE AND BEARING-
BYPASS IOAD EFFECTS IN OCMPOSITE BOLTED JOINTS

Rajiv Vikas Arun Naik
Old Daminion University, 1986
Director: Dr. Ram Prabhakaran
Co~-Director: Dr. John H. Crews, Jr.

A combined analytical and experimental study is conducted
to determine the effects of clearance and bearing-bypass loading for
mechanically fastened joints in composites. A simple method of
analysis is developed to account for the nonlinear effects of bolt-
hole clearance. The nonlinear load-contact variations for clearance-
fit fasteners are also measured using specially instrumented
fasteners. For a quasi-isotropic graphite/epoxy laminate, results
show that the contact arc as well as the peak stresses around the
hole and their locations are strongly influenced by the clearance.
After a slight initial nonlinearity, the peak stresses vary linearly
with applied load. The typical clearance levels are shown to have
only a minor influence on the overall joint stiffness.

Quasi-isotropic graphite/epoxy laminates (T300/5208) are
tested under combined bearing and bypass loading to siudy failure
modes and strengths. Radiographs are made after damage onset and
after ultimate load to examine the failure modes. Also the laminate
stresses near the bolt-hole are calculated for each test condition,
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and then used with appropriate failure criteria to analyze the test
data. The tension data show a linear interaction for cambined
bearing and bypass loading with damage developing in the net-tension
mode and growing to failure in the same mode. Failure modes are more
camplex in campression. The compression bearing-bypass strengths for
damage-onset show an unexpected interaction involving the bearing
mode. Compressive bypass loads reduce the bearing strength by
decreasing the bolt-hole contact arc and thus increasing the severity
of the bearing loads. Bearing damage-onset, for campressive bearing-
bypass loads, causes a weakening of the offset-section leading to
ultimate failure in the offset compression-bearing mode. Damage~
onset is predicted reasonably well using the peak stresses at the
hole. Strength predictions indicate that damage corresponding to
ultimate strength is governed by the maximm stress near the hole.

This investigation will help improve the basic under-
standing of composite bolted joints and lead to better structural
design procedures.
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CHAPTER 1
INTRODUCTION

Camposite structures offer advantages over metal structures
for weight-critical aerospace applications. As a result, camposite
aerospace structures are being increasingly used. Unfortunately,
however, many of the current structural design procedures, developed
through years of experience with metals, do not apply directly to
canposites. This is especially true for predictions of strength. In
contrast to metals, which typically fail by a single crack that grows
in a self-similar mamner, composite failures are very canplex.
Camposites exhibit failure mechanisms involving localized micro-
damage such as matrix cracking and fiber debonding followed by macro-
damage in the form of fiber failures and delamination.

Failures that develop in structures usually originate at
joints. For composite structures, mechanical fastening is the
preferred joining technique despite the fact that fasteners sericusly
weaken composites. Within a joint, fasteners introduce severe load
concentrations. Furthermore, fastener holes give rise to high stress
concentrations. Mechanically fastened joints in camposites display
three principal failure modes [1]*- net-section tension, bearing, and
shearout (see Fig. 1). Furthermore, interactions can exist between

these failure modes [2]. A failure that initiates in one mode can

* Numbers in brackets indicate references.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



w
4
3 y
2 - 5 -
EN =t 4
Z =X < ?
nuWw.uQ..m.._ 9 w ie]
(7} C o B
Z
i z '§
- o S
) <
o o g
Z @ E:
x 3
z
| ;
T '6 g ':
L
(7)) g_" 3 Ry
$ L4 o 2 g
-3 w P '§
—~— |
(o) b=~
T o g
a (o]
c :
@ T E
a w
N z
- -
o
-.r;:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



amplify the stresses associated with a second mode and thereby lead
to failure by this second mode. In general, there are three
categories of parameters that affect the failure of mechanically
fastened joints in composites. They are:
(1) Material parameters: material properties of fiber and resin,
fiber volume fraction, fiber orientation and stacking sequence.
(2) Confiqurational parameters: hole size, bolt gecmetry, bolt-hole
clearance, washer size, plate thickness, joint geametry and
clanping force.
(3) Envirommental parameters: loading type, moisture content and
temperature of surrounding air.

It is clear that, in view of the very large mmber of var-
iables involved, a camplete characterization of composite joint beha-
vior is very difficult. Current design procedures for camposite
joints typically involve mumerous simplifying assumptions and there-
fore do not properly account for all of the composite damage mecha-
nisms. Such procedures usually lead to very conservative designs in
which the advantages of camposites are not fully exploited. The pre-~
sent research seeks to improve the basic understanding of composite
joints and thereby could lead to better structural design procedures.

1.1 Material Parameters
Cne would expect that fiber arrangement in laminated
composites affects the strencth of the laminate. Different fiber
orientations produce different constitutive elastic properties and
therefore different stress patterns. Collings [3] demonstrated that
fiber orientations had a definite influence on the failure of
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mechanically fastened joints. For (0/+45) laminates he found that
bearing, net tension, and shearout failures were dependent on the
percentage of 0 plies in the laminate. With 50-60% of 0o plies he
obtained optimm strengths in the three basic failure modes. His
studies further revealed that fiber orientation also influenced the
position around the hole circumference at which failure was initia-
ted. For the (0/+45) laminates failure initiated at ¢ = 45 , (9  to
the loading axis) for the (0/90) laminates at ¢ = 0, and for (0/+60)
laminates at ¢ = 300. These results were in general agreement with
the theory proposed by Waszczak and Cruse [4] in which it was sugges-
ted that failure initiation occurred at points on the circular bound-
ary where fibers were either tangential or normal to the boundary.

Quinn and Matthews [5) investigated the bearing strength of
glass/epoxy laminates and suggested that placing 90-degree plies
(perpendicular to the load direction) at or near the surface improved
bearing strength. They also found that failure mode depended on the
stacking sequence. Collings [3] further studied the erffect of
stacking sequence on the strength of graphite/epoxy joints. He
concluded that different stacking sequences resulted in differences
of only 2% and 6% in shearout and net tension strength, respectively.
Differences of 16%, however, were shown for bearing strength. In
general, the most homogenecus stacking seguences produced better
bearing strengths.

A better understanding of the influence of fiber
orientation and stacking sequence on the stress patterns around a
loaded hole can be vividly cbtained by photoelasticity. Prabhakaran
[6] applied the methods of photo-orthotropic elasticity to study
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bolted joints in glass/epoxy composites. The differences in the
stress patterns for the quasi-isotropic and unidirectionally-
reinforced models are clearly evident from the isochramatic fringe
patterns. Hyer and Liu ([7] also determined the stresses, using
photoelasticity, in quasi-isotropic, unidirectional and angle-ply
glass/epoxy laminates. Crews et al [8] computed stresses, using the
finite element method, for various fiber orientations and stacking
sequences in graphite/epoxy laminates. For an infinite pin-loaded
laminate they found that the [0/_-!:45]S laminates had a stress
concentration factor (SCF) that was 59% lower than the 0 -
unidirectional laminates. This suggests that the addition of +45 —
plies to a [0 ] laminate reduces the SCF and is in general agreement
with the experimental results of Collings [3].

1.2 Configurational Parameters

This group of parameters includes the geametrical
dimensions of the bolt, washer, hole, and plates. The clamping force
and bolt-hole clearance are also important configurational
parameters. Basically, there is the choice between screws, rivets,
and bolts. Screws give the lowest load-carrying capacity. whether
self-tapping or screwed into tapped holes, extensive damage is done
to the laminate. Riveted joints give adequate strength in high-duty
composites in thicknesses up to about 3 mm. However, due to the
nature of the riveting process the closing force is not readily
controlled and in same cases may cause damage to the laminate. Bolts
offer the greatest strength for mechanically fastened joints in
camposites. The washers may dig into the laminate if the bolts are
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excessively overtightened. The washer size can influence strength
and it is important, as reported by Stockdale and Matthews [9], that
the hole in the washer should be a close fit to the bolt. Ancther
parameter that influences the strength of bolted joints is the ratio
of hole diameter (d) to plate thickness (t). The bearing strength
reduces as (d/t) increases [3] for graphite/epoxy laminates. Kretsis
and Matthews [10] cbtained similar results for the effects of the
(d/t) ratio on glass/epoxy laminates.

The spacings between the rows and the colums of fasteners
in a multi-fastener joint (see Fig. 2) also influences the joint
strength. In order to simplify the analysis of a multi-fastener
joint, it can be represented as an array of single-fastener coupans.
The width w and end distance e of such single-fastener coupons
can be varied to evaluate the influence of joint geametry on
strength.  In 1974, Van Siclen [11] studied the effects of width and
end distance on the strength and failure modes of single-fastener
joints. He concluded that the net-tension strength for a particular
graphite/epoxy laminate varied with the width-to-hole diameter (w/d)
ratio. Also, the shearout strength varied with the (e/d) ratio and
finally, the bearing strength was a constant and was the maximm load
that could be transferred at the joint. Hart-Smith [12] dbtained
similar results for the influences of w/d and e/d ratios on strength.
Figure 3 shows the effects of w/d and e/d ratios for quasi-isctropic,
graphite/epoxy laminates tested using the procedures described in
Ref. 14. For w/d values less than about 4, failures occurred by the
net-tension mode and joint strength increased as w/d increased
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(see Fig. 3(a) ). Wider specimens (w/d > 4) failed in the bearing
mode and bearing strength was unaffected by w/d. Similar results
were observed for e/d ratios. The shearocut failure mode for e/d < 2
changed to a bearing mode for larger e/d ratios (see Fig. 3(b) ).
The trends exhibited in Figs. 3(a) and 3(b) give significant
information for joint design. One can assume that bearing strength
is a laminate property, since it is not influenced by joint geometry
(w/d and e/d). A joint should be designed to fail in the bearing
mode to use the full strength of the laminate.

A better understanding of the influence of width and end
distance on laminate strength can be obtained by looking at the
stresses around a loaded hole. For a quasi-isotropic laminate with a
loaded hole, the effects of width and end distance are shown in Figs.
4 and 5. These stresses were calculated using the finite-element
analyses from Ref. 8. The distributions along the y-axis, the x-
axis, and the shearcut plane (y = d/2) correspond to the three
failure modes for a loaded hole. In Fig. 4 results are campared for
a wide (w/d = o0 ) and a narrow (w/d = 3) laminate. The narrow width
anplifies the peak Oy Stress on the net section, Fig. 4(a), by
about 80 percent compared to the infinite case. The peak bearing and
shearout stresses, Figs. 4(b) and 4(c), are influenced by less than
20 percent. This explains the cbserved trend for narrow laminates to
fail in the net-tensile mode rather than in the bearing or shearout
modes. The effects of end distance e on local stresses are shown
in Fig. 5. Both the peak net-section tensile stress, Fig. 5(a), as
well as the peak shearcut stress, Fig. 5(c), are elevated for
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e/d = 2, compared to the infinite laminate case. However, test
results in Fig. 3(b) show that only the shearcut stresses are
critical for small e/d values. The effects of w/d and e/d on
laminate strength will be discussed further as the various strength
prediction approaches are reviewed.

The amount of clamping force (or 1lateral constraint)
exerted by the bolt clamp-up torque strongly influences the bearing
strength. Crews [13] reported higher strengths for larger clamp-up
levels. The larger clamp-up torgues improved bearing strength by
more than 100 percent campared to the unconstrained case. Collings
[3] noted that there is an upper limit of clamping force beyond which
an additional increase will have little effect on theL strength of a
composite joint.

In most Joints some clearance, c, exists between the
fastener and the hole. Crews and Naik [14] illustrated the influence
of clearance for a pin-loaded hole in a graphite/epoxy laminate. For
a clearance of only 0.8 percent of hole diameter, the peak tangential
stress (aoo) around the hole boundary was 12 percent higher than the
snug-fitting (c = 0) case (see Fig. 6). Also the gy Peak had
shifted its location by 15 as campared to the smug-fitting case. It
is important to be able to determine the location of the peak value
of C because the onset of damage in camposite joints may start at
this location. In many cases, then, an analysis with a '"no
clearance" assumption may not be appropriate for real joints. Clear—
ance is difficult to account for in a stress analysis because it
leads to a contact region at the bolt-hole interface that increases
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nonlinearly with the bearing load. Prabhakaran and Naik [15]
developed an experimental technique, using a specially instrumented
pin, to study this nonlinear load-contact behavior in a clearance-fit
joint. Naik and Crews [16] developed a stress analysis method, to
account for the nonlinear load-contact behavior, in a clearance-fit
joint. Development of the load-contact measurement techniques and
the stress analysis method for clearance-fit joints were a part of
the present research and will be dealt with extensively later.

1.3 Envirormental Parameters

This group of parameters includes loading type (static or
dynamic), moisture content and temperature of surrounding air. As
mentioned earlier, one approach to simplify the analysis of milti-
fastener joints assumes that the joint can be represented as an array
of single-fastener coupons. 2n accurate analysis of the loading at
each fastener hole is essential to this approach. In the most
general case, this loading consists of a camponent that is reacted as
a bearing load at the hole and a second camponent that bypasses the
hole and is reacted elsewhere, as shown in Fig. 7. This conbination
bearing-bypass loading can strongly affect failure mode and strength
at the fastener hole.

Garbo ([17], Hart-Smith [12] and Ramkumar [18-20] found
that, for low bearing loads in tension, laminates failed in the
net-tension mode. For increasing values of bearing loads the net-
tension strength of the laminate decreased linearly with the bearing
stress until the failure mode switched fram net-tension to bearing
(Fig. 8 ). Unlike the net-tension strength, the bearing strength was
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indeperdent of load. For smug-fitting joints subjected to compress-
ive bearing-bypass loads, Hart-Smith [12] and Ramkumar [18-20] found
that laminate strength was unaffected for low values of bearing load
until a certain value of bearing load was reached. Beyond this value
there was a linear interaction between the laminate strength and the
bearing stress and the failure mode switched from net-section
campression to bearing ( Fig. 8 ).

In general, very little research has been published on the
effects of campressive bearing-bypass loading on laminate strength
and failure modes. There are several apparent differences for
laminate failure under campressive bearing-bypass loading campared to
tensile bearing-bypass loading. For example, under certain loading
conditions, compressive bypass loads could cause contact an both
sides of the bolt leading to load transfer across the bolt. This
results in lower stress concentraticns at the hole and thus leads to
an increase in bolt bearing strength. Furthermore, the failure modes
can interact during conbined bearing and bypass loading. Bearing
failures, for example, could cause a weakening of the laminate along
the specimen width and could thereby precipitate a failure across the
width of the specimen.

The presence of a clearance between the bolt and the hole
could further complicate the problem because of the nonlinear bolt-
hole contact. In most practical applications some clearance exists
between the fastener and the hole and the region around the hole is
generally subjected to combined bearing-bypass loading. A detailed
study of the nonlinear effects of clearance and the influence of
conbined bearing-bypass loading at clearance-fit fastener holes is
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the focus of the present research and will be discussed extensively
in later chapters.

The effects of fatigue loading at laminate fastener holes
were studied by Crews [13], Ramkumar [20] and others. In general,
fatigue strength was lower than static strength by about 20 percent.
Envirormental moisture and elevated temperature effects were beyond
the scope of the present study in which tests were conducted at roam
temperature in laboratory air.

1.4 Strength Prediction Procedures for Loaded Holes

The early procedures used to predict laminate strength at
fastener holes were based on empirical methods [11,12]. However,
such methods typically require extensive joint testing and may apply
only over the range of these tests. In contrast, analytical
approaches use material properties to predict the joint response.
The development of analytical methods requires a fundamental
understanding of joint behavior. This behavior mst be interpreted
in temms of the joint configuration, loading, and material
properties. Unfortunately, the complicated nature of fastener hole
failures prevents a completely analytical approach for predicting
laminate strength. As a result, various simplifying assumptions have
been used to develop semi-analytical prediction procedures.

Predicting the strength for a laminate fastener hole
involves two basic steps. First, the local stresses near the
fastener hole must be accurately calculated. Second, the local
stresses are then used in an appropriate failure criterion to predict
a local failure mode and strength. A major problem associated with
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the use of fibrous composites in loaded hole applications is the
selection of a suitable failure criterion both for individual laminae
and the laminate as a whole. Typically, several failure modes are
possible and a different failure criterion may be needed for each
failure mode. In general, a governing stress (or cambination of
stresses) must be calculated for each failure mode and then campared
with a corresponding failure criterion to determine the strength for
each mode. The lowest such calculated strength is taken as the
strength prediction for the laminate. Note that the relative
severity of a given failure mode camnot be estimated from the
magnitude of the camputed stresses alone but instead must be based on
the severity of the stresses campared to the strength for the
particular mode.

Stress analyses of laminates with loaded holes are
inherently difficult. Closed-form solutions do not exist even for
the simplest cases. Most stress analyses are based on either finite-
element or boundary-collocation methods. Typically, several
simplifying assumptions are used in such analyses. For example, many
investigators have approximated the bolt-laminate interacticn by
applying a cosine distribution of bearing stress on the hole
boundary. Other researchers have assumed a smug-fit, frictionless
bolt. Figure 9 shows the stress distributions near the hole for a
quasi-isotropic laminate loaded by a smooth, rigid, smg-fitting pin
(2]. The distributions along the y-axis, the x-axis, and the
shearout plane correspond to the three failure modes for a loaded
hole. These distributions were calculated using the finite-element
analyses described in Ref. 8. Notice that multi-axial stresses exist

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

-Lob-

20L
Stress distributions near a loaded hole in
quasi-isotropic laminate.

Fig. 9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

along each of the planes associated with the failure modes. For the
x-axis and especially the shearout plane, these milti-axial stresses
could influence the laminate strength.

In 1971, Waszczak and Cruse ([21] presented a strength
prediction procedure that used the stresses at the hole boundary and
the Tsai-Hill failure criterion [22]. 1In terms of ply stresses, the

Tsai-Hill criterion is given as follows:

2 2 2

[+3 ., 0 [ T

g . 0% %, e, 2.1)
xf__ xf,_ Yf: s

The subscripts 1 and 2 indicate directions parallel and perpendicular
to the ply fibers. mextaIdYtareﬂleoompomirgplytexmsﬂe
strengths in these directions and S is the ply shear strength. They
applied this procedure to each ply. When a ply was predicted to
fail, it was eliminated from the analysis and ply stresses were
recalculated. The bolt-bearing load was increased until the next ply
failed. This procedure was continued until the last ply failed and
that load was taken as the predicted laminate strength. These
predictions were found to be generally conservative. Oplinger and
Gandhi [23] modified the Waszczak and Cruse procedure by using the
Hoffman failure criterion [24] instead of the Tsai-Hill criterion.
The two~dimensional version of Hoffman's criterion is of the
following form:
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The subscripts 1 and 2 indicate directions parallel and perpendicular
to the ply fibers. 'IhextandYtrepmﬁentplystrelgthsinth&se
directions; S is the ply shear strength. The subscript t indicates
tension and c indicates compression. The Hoffman criterion has an
advantage over the Tsai-Hill criterion because it accounts for
differences in tensile and compressive strengths. Soni [25] followed
the general approach used in Refs. 23 and 24 but used the Tsai-Wu
criterion [26]. In temms of ply stresses and strengths, this
criterion can be expressed as follows:
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Soni's predictions were based on hole boundary stresses and were also
generally conservative. The conservative strength predictions
presented in Refs. 23-25 are typical of procedures based on stresses
at the hole boundary. Experimental investigations have shown that
the effective stress concentrations corresponding to laminate failure
are significantly smaller than the elastic stress concentration
values [11,12]. A plausible explanation for this discrepancy is that
a laminate develops localized damage consisting of ply splitting
and/or delamination in the region of high stress and this "softened"
damage zone reduces the stress concentration before the laminate
fails. Strength prediction methods based on the elastic stresses at
undamaged holes do not account for this effective reduction in the
local stress concentration. As a result, these methods underpredict
laminate strength.

In 1976 Eisermann [27] used a linear elastic fracture
mechanics approach for predicting the strength of loaded holes. He
assumed eight cracks equally spaced around the hole. Failure was
predicted if the stress intensity factor K; for any crack was equal
to the laminate fracture toughness Kjo+  Although this approach
produced excellent correlation with measured strengths, its broader
usage regquires complicated K solutions for cracks emating from pin-
loaded holes in orthotropic laminates.

In 1974, Whitney and Nuismer [28] introduced two versions
of the so-called two~parameter approach to predict notched laminate
strength. They assumed that the material near the hole is severely
stressed over a small distance. They looked attheaxxstress
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distribution on the net-section of a notched laminate and noted that
the computed tensile stress L at failure was greater than the
ultimate tensile strength 04y OVEr a distance from the hole. In
their first approach, this distance from the hole boundary was
calculated by determining the point atwhichon=ammthenet
section. This computed distance r, was the basis for their point-
stress failure criterion. A second two-parameter approach,
introduced by VWhitney and Nuismer [28,29], was called the average-
stress criterion. This approach was based on the assumption that
failure would occur when the average tensile stress over a
characteristic distance dot fram the hole equalled LA

In 1977, Agarwal ([30] adopted the average-stress criterion
[28] to predict the strength of laminates with loaded holes. A
NASTRAN finite-element code was used to campute laminate stresses.
For net-tensile failures, the tensile stress normal to several radial
lines (at 22.5 intervals) were averaged over a distance of a4y
measured from the hole. Failure was predicted when the average
stress reached the laminate tensile strength 04y  For bearing
failures, compressive stresses were averaged along radial lines to
cbtain averages over a distance a,. and failure was predicted when an
average stress equalled the laminate campressive strength o ar
Similarly shearout failures were predicted by averaging the shear
stress over the length a,g on the shearout plane (see Fig. 5(c) ).

In 1981, Garbo and Ogonowski [31] used the point-stress
approach together with the Tsai-Hill failure criterion [22]. Instead

of looking at o at a distance r, fram the hole, their procedure

xx
involved locking at the Tsai-Hill parameter at intervals arcund the
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hole to determine the failure location. Such an approach accounted
for the mlti-axial stress state around the loaded hole. They also
used the Hoffman, Tsai-Wu, maximm stress, and maximm strain failure
criteria along with the point-stress criterion [28].

In 1977, Karlak [32] modified the Whitney-Nuismer point
stress criterion by introducing the concept of a variable
characteristic length. He expressed r, as a function of hole radius
R and the “characteristic factor" K

r, =K VR (1.4)

In 1979, Pipes, Wetherhold, and Gillespie [33] extended Karlak's
modified point stress criterion by expressing r, as:

r. = (RR)Yc (1.5)

where Roisareferencemdius,misanexponentialparanete.r, and C
is a notch sensitivity factor. Wilson and Pipes [34) applied this
modified point-stress criterion to predict shearout strength for
loaded holes. Predictions were made for a range of hole sizes, w/d
ratios, and e/d ratios. York, Wilson, and Pipes [35] applied a
similar procedure to predict net-section failures for ranges of hole
sizes and w/d values. Chang, Scott, and Springer [36] presented an
even more generalized form of the point-stress approach in 1982.
They assumed that failure will occur when ply stresses satisfy a
given failure criterion at any point on the characteristic curve
shown in Fig. 10. They expressed this curve as:
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[N)/eR

+ r°y+ (rox-roy) cosf , x/2 <0 < x/2 (1.6)
Failure calculations were based on the Yamada-Sun ([37] failure

criterion:

12 2122

(xt) +(sc) x 1 (1.7)
The Sc in egquation (1.7) is the ply shear strength measured from a
symwetric cross-ply laminate. This "in situ" shear strength is
different from that measured from single plies. Iaminate failure was
defined by the first-ply failure and the corresponding failure mode
was determined by the leccation ¢ ¢ on the characteristic curve. The
following ranges of 4 £ indicated the failure modes:

-15 <of<15° —_ bearing mode
30 <0.<60 — shearout mode
75° <4 £< 900 e net-tension mode

Chang predicted strengths for the data presented by Agarwal [30] and
by Garbo and Ogonowski [31] and compared the predictions with those
in Refs. 32 and 33. Predictions based on the characteristic curve
method agreed with the data within 10 percent, in most cases. On the
other hand, the predictions given by the Agarwal and by the Garbo and
Ogonowski methods were in error by as much as 50 percent. Figure 10
shows an example of predictions based an the characteristic curve
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method. A rather camplete survey of strength analysis methods for
laminates with holes is provided in Ref. 2. All the works cited here
are two-dimensional analyses which do not take through-thickness
effects into account. Three-dimensional effects on laminate strength
can be significant but, enhancing the analytical capabilities to
include predictions of interlaminar failure modes and the
corresponding strengths would mean the use of costlier, three-
dimensional stress analyses. Also, at present, there are no
generally accepted failure criteria and procedures for predicting

interlaminar failure.

1.5 Research Objectives and Scope

The present work investigates the influence of clearance
and canbined bearing-bypass loading on laminate strength and failure
modes.  First, a detailed experimental and analytical study is made
of the effects of bolt-hole clearance on the contact and stresses
around a fastener hole. Second, an extensive analytical and
experimental study is made of the effects of cambined bearing-bypass
loading on the contact, stresses, failure modes, failure sequences
ard failure strengths of laminate fastener holes.

In the present work, the effects of bolt-hole clearance on
the ocontact and stresses around the fastener were studied
experimentally by using photoelastic specimens and specially
instrumented bolts. A new finite element analysis technique was
develcped to anmalyze clearance-fit fastener holes and a camparison of
experimental and analytical results was made. The effects of
cambined bearing-bypass loading on laminate fastener holes were
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examined by testing graphite/epoxy specimens. Specimens were 16-ply
quasi-isotropic T300/5208 graphite/epoxy laminates and were subjected
to varicus bearing/bypass load ratios. Radiographs, enhanced with a
dye-penetrant, were used to cbserve local inplane damage. A finite-
element analysis was conducted for each test condition to determine
how the bearing/bypass loading influenced the local stresses near the
fastener. The computed stresses were then used with laminate failure
criteria to predict failure modes and strengths.

The stress analysis method to analyze clearance-fit
fastener holes is described in Chapter 2. The experimental
determination of load-contact variations and stresses is the subject
of Chapter 3. The bearing/bypass test procedures and results are
described in Chapter 4. Failure predictions for damage anset and
ultimate failure are presented in Chapter 5. Finally, concluding
remarks and further research possibilities are discussed in
Chapter 6.
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CHAPTER 2
STRESS ANALYSIS METHOD

To better understand the complex behavior of mechanically
fastened joints, it is important to develop accurate stress analyses
for bearing-loaded fastener holes. This is especially important for
canposite structures since they can be seriocusly weakened by fastener
holes and often have rather camplex failures modes. Further, in most
joints some clearance exists between the fastener and the hole. This
clearance is difficult to account for in a stress analysis because it
leads to a contact region at the bolt-hole interface that increases
nonlinearly with the bearing load. Closed form solutions do not
exist even for the simplest cases of laminates with loaded holes.
Therefore numerical techniques have been used for the analysis of
laminates with loaded holes.

In the following sections, a new mmerical technique is
first developed for the analysis of fastener holes subjected to
bearing loads only. Next, this analysis method is extended to
include the effects of canbined bearing and bypass loads. Finally,
this technique is applied to the analysis of the more camplicated

cases involving dual contact.
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2.1 Fastener Holes Subjected to Bearing Loads

In 1970, Harris et al [38] studied the influence of
clearance in mechanically fastened joints. In their analysis of the
nonlinear contact at the bolt-hole interface, they used a trial and
error procedure to determine the redundant radial reactions between
the plate and the fastener for a given load level. Several studies
have since used mmerical techniques to irnvestigate the nonlinear
contact problem associated with a smooth clearance-fit bolt under
bearing loads. Oplinger and Gandhi [39] used an analytical function
approach in conjunction with least squares boundary collocation.
Waszczak and Cruse [21] introduced a finite element approach, but
replaced the bolt with an assumed cosine stress distribution. Eshwar
[40] developed a continuum analysis together with an inverse
technique in which the contact angle was specified and the bearing
load was calculated. Mangalgiri et al [41] also used an inverse
technique but with a finite element analysis and an assumed cosine
distribution of radial displacements at the bolt-hole interface.

Several studies have also been done [42-45] for the more
general problem of the contact between elastic bodies including the
effects of clearance. These procedures could also be used in the
analysis of clearance-fit bearing-loaded holes. Francavilla and
Zienkiewicz [42] used an iterative finite element formulation in
terms of the contact pressures at possible contact points of the two
bodies. White and Enderby [43] also used a finite element approach
but with special elements at possible contact points and an iterative
scheme. Sholes and Strover [44] employed an incremental piecewise-
linear finite element analysis. Chan and Tuba [45] introduced an
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iterative finite element procedure to include the effects of both
clearance and friction. A comprehensive review of elastic analyses
of pin joints has been done by Rao [46] in 1978.

More recently, Wilkinson, Rowlands, and Cook [47] used an
iterative-incremental finite element scheme that accounted for
friction and clearance. Kim [48] determined bolt contact angles
using a conbined photoelastic-finite-element method and an
interactive computer graphics method. All of these analyses used
either an iterative-incremental approach or made simplifying
assumptions for the stresses or displacements in the contact region.

In the present study a simple numerical technique is
developed for the stress amalysis of a clearance-fit bolt under
bearing loads. The technique uses a finite element analysis with an
inverse formulation like that in reference 40. Conditions along the
bolt-hole interface are specified by constraint equations. These
equations describe the contact conditions more realistically than the
distributions usually assumed for radial displacement or stress.
Furthermore, the present technique does not need an iterative-
incremental method of solution. A single-fastener clearance-fit
joint was analyzed for a typical range of clearances found in
aerospace applications. The finite element analysis was performed
using the NASTRAN computer code. The material properties used in the
analysis represented a quasi-isotvopic T300/5208 graphite/epoxy
laminate (see Table 1). The bolt was assumed to be rigid and the
interface to be frictionless.

The nonlinear contact along the bolt-hole interface in a
clearance-fit joint leads to a problem with mixed boundary conditions
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Table 1 Material Properties of T300/5208 Graphite/Epoxy.

Property Symbol Value (Units)
Ply Properties

Modulus in fiber direction E, 134.00 (GPa)
‘Modulus in transverse direction E2 11.54 (GPa)
Shear Modulus G, 6.18 (GPa)
Poisson’s ratio Vig 0.38

Thickness t 0.13 (mm)

I N l E | . a

Young's Modulus E 59.45 (GPa)
Shear Modulus G 20.40 (GPa)
Tensile strength X, 414.00 (MPa)
Campressive strength X, 455.00 (MPa)
Thickness t 2.08 (mm)

3These properties represent a 16-ply, quasi~-isotropic, laminate
with a [0/45/90/-45],_ layup.
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with moving boundaries. In order to determine the contact angle for
a given applied load one needs to adopt an iterative-incremental
method of solution. However, ane could lock at the "inverse" problem
which states: given the angle of contact ecand the clearance Cy
find the correct load level. This inverse problem is simpler to deal
with, because the boundary conditions are fixed and known at the
outset. The correct load level can be determined by an "inverse
technique" similar to that used by Eshwar [40]. An inverse
technique, as discussed in the following sections, was used in the
present work to solve the nonlinear contact problem.

2.1.1 Analysis Model

The configuration and loading analyzed in the present study
are shown in Fig. 11. The bolt-bearing load results in a nominal
bearing stress, Sb' at the hole ard is reacted in tension at the left
end of the model. The configuration is described by the tension
length L, the edge distance e, the width w, and the hole diameter d.
The diametrical clearance S between the hole and the bolt is
expressed as a percentage of d. For the smg-fit joint (cd = 0), the
contact argle ¢ c + @along the bolt-hole interface, does not change
with S, and a simple linear stress analysis can be used. However,
for the clearance-fit joint (cd > 0), the contact argle, 0c ’
increases non-linearly with S, as shown in Fig. 12. This nonlinearly
varying boundary condition at the bolt-hole interface greatly
camplicates the stress analysis.
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%

Fig. 12 Noniinear relationship between bearing stress and contact
angle.
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2.1.2 Inverse Fornulation

An iterative-incremental method could be used to determine
thecontactargleec, for a given nominal bearing stress, S+ Or an
inverse technique can be used to determine the naminal bearing
stress, S for a given contact angle, 8.+ The inverse technique is
simpler to use because the boundary corditions are fixed and are
known at the outset. Therefore, the inverse technique, with a finite
element analysis, was used in the present work. Although the contact
prcblem is nonlinear, the inverse technique requires only linear
finite element analyses to arrive at a solution; thus, linear NASTRAN
procedures were used to solve this nonlinear problem. As previcusly
mentioned, the conditions along the bolt-hole interface were
specified by displacement constraint equations. The formulation of
these constraint equations and the solution procedure are described
in the following two sections.

2.1.3 Displacement Constraint Equations

Figure 13 shows the analysis model, where the bolt radius,
. is smaller than the hole radius, R, by the amount of radial
Clearance c. When no load is applied, the only contact point between
the bolt and the hole is at point A. To simplify the analysis, the
bolt is assumed to be fixed in space. The origin of the reference
coordinate system is located at the center of the undeformed hole.
After the model is loaded, points along the hole boundary which lie
within an assumed contact arc AB have moved to the frictionless
surface of the fixed rigid bolt.
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Fig. 13 Hole clearance notation.
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Consider a point P(x,y) on the hole boundary within the
assumed contact arc AB (see Fig. 13). Let u and v be the x- and y-
displacements necessary to move point P from its original position to
a point an the surface of the bolt. The deformed position of P may
be described by the following equation:

(k-0 +w?+y+v)®= o] 2.1)

By expressing x and y in polar coordinates and neglecting the higher
order terms in u and v, equation (2.1) may be rewritten as follows:

M+Bv=C (2.2)
where,

A=Rcosf -c¢ (2.3)

B =R sin ¢ (2.4)
and,

C=Rc (cosé - 1) (2.5)

Equation (2.2) 1is a constraint equation for the u~ and v-
displacements of any point, P(x,y) on the contact arc AB. For any
point witlﬁntheassm\edac, the quantities A, B, and C can be
caputed at the outset since they are functions of the initial

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

gecametry. In the finite element analysis, the displacements of each
node within the contact region can be specified by applying equation
(2.2) as a multi-point constraint. Note that the region beyond the
contact arc on the hole boundary is free of radial stress. This fact
will be used later in the analysis.

2.1.4 solution Procedure

To determine the correct nominal bearing stress for the
assumed contact angle, a simple procedure using a finite element
analysis was established. Figure 14 shows the mesh used for the
finite element analysis. One half of the plate was modeled by
isoparametric elements. Nodes were placed at every 0.9375 degrees
along the hole boundary. At node A, which was assumed to be in
contact with the rigid bolt throughout the analysis, all degrees of
freedam were set equal to zero. For an assumed contact angle, 0c’
displacements of the nodes within the contact arc were restricted to
those allowed by the multi-point constraints given by equation (2.2).
Thus all the boundary canditions, including those along the bolt-hole
interface, are known at the outset. However, since the contact
angle, 8, + and the nominal bearing stress, Sp are nonlinearly
related, the correct sbcorrespoxﬂ.ingtotheassm\ed b is still
unknown.

The correct Sb level fortl’:eassm:edocvaluewasdeter-
mined by a simple procedure [40]. Note that for a specified 6o the
problem is linear and thus, the stresses in the plate are linearly

related to Sy- A linear equation relating o__. , at the end of the

rr
contact arc, and sb can be written as follows:
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Fig. 14 Finite-element model.
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o (RO) =F S + F, (2.6)

The first term in this equation represents the un,canponent solely
attributable to the applied bearing load. The second term represents
the o, associated with the imposed multi-point constraints. This
second term is a function of clearance, as indicated by (2.2 - 2.5).
As mentioned earlier, the hole boundary region beyond the

contact arc is stress free. Thus,

A
<
IA
N

o (R) =0, ] (2.7)

C

This stress boundary condition was imposed at the end of the contact

arc as,
o (RB) =0 (2.8)

The correct solution must satisfy equation (2.8). If S; is
the correct nominal bearing stress corresponding to the contact

angle, oc , then, from equations (2.6) and (2.8), we have the

following relation:

F S + F, =0 (2.9)

This equation can be rewritten as follows:

*

St = -F,/F, (2.10)
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Equation (2.10) was evaluated by the following procedure. For an
assuved ¢, , an S, was selected azbitrarilyanithearrwas
calculated at the end of the contact arc using a finite element
analysis. 'Ih&sesband amvaluaswerethensubstimtedinto
equation (2.6) to get an equation for Flansz. Nect:,asecondsb
was selected and again the corresponding 9 at the end of the
contact was calculated. This secondsetofsbarxian_valuswas
used with equation (2.6) to get a second equation for F, and F, .
The two eguations were solved to determine Fland F, vwhich were
used in equation (2.10) to find s; This procedure was repeated
for a series of 8, Vvalues to detemmine the correspording S;

values. These pairs of 8, and s;valuswerethenplottedassb-

¢ o curves for the nonlinear contact in the clearance-fit joint.

2.1.5 Results apd Discussion
First, to evaluate the accuracy of the present aralysis,

results are compared with previously published work. Next, the
effects of clearance on the contact angle, local stresses, and the
hole elongation are presented. Also, the effect of clifferent levels
of the nominal bearing stress on the local strese distribution is
shown.

The § - ¢, curve cbtained for an essertially infinite
plate (w=20d, e=104, L =10 d) with isotropic material
properties using the NASTRAN program is shown as a solid line in
Fig. 15. The dash-dot curve represents the infinite plate results
cbtained by Eshwar [40] using a contimum analysis. For both curves,

the diametrical clearance C4 Was 0.8 percent. The two curves are in
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excellent agreement, which verifies the finite element model and the
numerical procedure used in the present study. A comparison of the
stress results for a finite plate (see Fig. 14), with Sy = 0.8% is
made in Table 2. The tensile stress-concentration factor, Ktb’ (i.e.
(aoo )max /S b) and the bearing stress-concentration factor, Kbb ’
(i.e. (”n)max /Sb) , obtained from the present analysis techniques,
are campared with those camputed using the stress analysis methods
described in references 41 and 49. Reference 41 assumes a cosine
distribution of radial displacements, while, reference 49 assumes a
sinusoidal radial stress distribution at the bolt-hole interface.

The present analysis technique does not make any
simplifying assumptions for the stresses or displacements in the
contact region. Conditions along the bolt-hole interface are
specified by displacement constraint equations which describe the
contact conditions more realistically than the distributions usually
assumed for radial displacement or stress. It is therefore believed
that the results using the present procedure are more accurate than
those obtained by the methods described in references 41 and 49.
Further, a comparison is also made of experimental and analytical
results, for load-contact curves and local stresses, in the following
chapter.

Two values of the bolt-hole clearance, Cy = 0.8 percent and
1.6 percent, were used in the present study. These values are
typical of clearances recammended for mechanically fastened joints in
aerospace structures made of composite materials [1]. In additian,
the smug-fit case (cd=0) was used as a reference. All of the
following results were cbtained for the finite size plate shown in
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Table 2 Canparison of stress results.

Solution Method Ktb Kbb
Present 1.27 1.26
Reference 41 1.28 1.26
Reference 49 1.24 1.49
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6. (DEGREES)

Fig. 16 Effect of clearance cn the S, =6 c relationship.
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Fig. 14 withw=84d, e=4 q, l.t=6d. The influence of the value

Cq on the §, = ¢, curves is shown in Fig. 16. The dashed line
corresponds  to the smug-fit case (cg=0). In this linear case, the
contact angle; ¢ . = 83 degrees, does not change with increasing Sy
For both the nonlinear cases (the dashed-dot and solid curves), at
low levels of Sy, the contact angle, ¢ c’ increased rapidly for small
increases in S,- At higher §,, levels, the contact angle was less
sensitive to increases in the load level and appeared to approach an
asymptotic limit. A least-squares fit to the finite element results
indicated asymptotic values for ¢ , of about 76 degrees for cyq=1.6
percent and abmrt83degreesforcd=0.8pemerxt. In general, the
8y~ 0, curves in Fig. 16 show that the clearance had a strong
influence on the contact angle.

The normalized hole boundary stresses are shown in Fig. 17
for the different values of C4q- All the results shown in this figure
were calculated for a nominal bearing stress of 475 MPa. Again the
dashed curves represent the smyg-fit (cd = 0) reference case, where
0c= 83 degrees. For the case of c4q= 0, the peak value of (”oo/s b)
= 1,16 was reached about 2 degrees beyond the contact region. The
contact angle for the case of cy = 0.8 percent was 65 degrees. The
peak value of o”/sb here was 1.29, 11 percent higher than the snug-
fit case. The contact angle for the 1.6 percent clearance case was
only 53 degrees. The peak value of aoo/Sb was 1.34, which was about
16 percent higher than the smug-fit case. Furthermore, the peak
value of anjsb was 36 percent higher than that for the smg-fit
case. This figure shows that the peak stresses and their locations
were strongly influenced by clearance.
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Fig. 17 Effect of clearance on local stresses.
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For ¢4 = 0.8 percent, the radial (v, ) and tangential (o))
stresses arcund the hole boundary are shown in Fig. 18 at several S,
levels. Ateachsblevel, the peak tangential stress occurs about 2
degrees beyond the contact region. It is important to be able to
determine the location of the peak value ofu” because the onset of
damage in camposite joints may start at this location [14].
Furthermore, under fatigue load.ingtheo” peak will move with the
cyclic load which severely complicates the fatigue damage analyses.
The variations of the peak stresses with increasing stress

level S, are shown in Figs. 19 and 20 for several values of As

Cd.

expected, for the linear snug~fit case (cd= 0), the peak ¢ andarr

86
stresses vary linearly with increasing S,+ For clearance cases, both
the peak o, Stress arxithepeakarr stress show a slight initial
nonlinearity, although, at higher load levels, both peak stresses
increase linearly. It is interesting to note that, although the
location of the peak g0 stress changes nonlinearly with the load,

the magnitude of the peak o stress increases linearly after a

a6
slight initial nonlinearity.
Ioading will cause the hole to elongate and the piate to
deform. The hole elongation was calculated as the x-displacement of
point D relative to fixed point A (see Fig. 13). The overall plate
deformation was calculated as the x-displacement of the left erd of
the model. Figure 21 shows the change in the hole elongation and
overall plate deformation with bearing stress for a 6.35 mm diameter
hole. As expected for the smug-fit case, both the hole elongation and
overall plate deformation vary linearly with increasing Sy - After a
slight initial nonlinearlity, the hole elongation and overall plate
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deformation also vary linearly with increasing bearing stress for the
clearance cases. At a typical laminate bearing strength level of 8=
1000 MPa, [14] the = 1.6% case shows a 16% higher hole elongation
than for the smug-fitting case. As expected, when campared to the
hole elangation, the overall plate deformation is less sensitive to
clearance. Also the initial nonlinearity of the overall plate
deformation is less severe. For the C4q = 1.6 percent case, overall
deformation is only 7 percent higher than the reference c i 0 case at
S, = 1000 MPa. The length I..t=6d used in the present study is
typical of bkolt spacing used in multi-fastener joints. Hence the
above results for overall plate deformation suggest that clearance is
probably not a critical factor in the stiffness analysis of malti-

fastener joints.

2.2 Fastener Holes Subjected to Combined Bearing and Bypass Ioads

The stress analysis of a mlti-fastener Jjoint can be
simplified by representing it as an array of single-fastener
elements. The loading at each fastener consists of a component that
is reacted as a bearing load at the hole and a second component that
bypasses the hole and is reacted elsewhere, as shown in Fig. 17.
Single-fastener elements subjected to such conbined bearing-bypass
loading can be analyzed and tested in order to better understand the
complex behavior of a mlti-fastener joint. In general, very little
research has been published on the analysis of single-fastener
elements subjected to bearing-bypass loading. In 1981, Ramkumar [18]
used a two-dimensiocnal finite-element stress analysis to determine
the stress state around the fastener in a single-fastener laminate
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subjected to bearing-bypass loads. The fastener load was modelled by
imposing zero radial displacements on the load-carrying half-segment
of the fastener hole surface. In the same year, Garbo [17] used his
BISFM analysis [31] to obtain the stresses in a single-fastener
laminate subjected to bearing-bypass loads. The fastener load was
similated by specifying a radial stress boundary condition varying as
a cosine over half the hole.

All the stress analyses done in the past have neglected the
effect of the clearance between the hole and the fastener. In almost
all practical applications some clearance exists between the hole and
the fastener. The presence of a clearance leads to a nonlinear
contact between the hole and the bolt (see Fig. 12) and influences
the stress state around the hole considerably as discussed in the
previous sections. It is important to make an accurate stress
analysis because strength predictions for the joint are to be made
based on these computed stresses and an appropriate failure
criterion.

For stress analysis purposes, the combined bearing-bypass
loading could be resolved into two simpler loading cases - the un-
loaded hole case and the loaded hole case (see Fig. 22). The local
stresses for these two cases could then be calculated individually
using finite-element methods and then superposed to approximate the
desired local stresses for a given combination of bearing-bypass
loading. In a clearance-fit joint, however, this would involve the
superposition of a nonlinear contact problem (the loaded hole case)
and a linear open hole problem. In general, such a superposition
will not adequately model the nonlinear contact between the bolt and
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(b) Loaded-hole case,

(c) Combined bearing and bypass case.

Fig. 22 Basic loading cases for single-fastener coupons
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the hole for cambined bearing-bypass loading. It was therefore
decided to use a direct solution approach without superposition. 2an
inverse technique, as described in Sections 2.1.2 = 2.1.4 is used in
the solution of this nonlinear problem.

It is customary to specify the bearing-bypass ratio, 8 =
Sb/snp ,vmeresmisthenanﬁnlnet-sectimbypasssm, in order
to describe the bearing-bypass loading. In the present analysis the
applied nominal gross stress, Sg
stress, sbp , appear explicitly in the equations and so it was more

, and the applied nominal bypass

convenient to use the bypass ratio, k=sbp/sg , to describe the
bearing-bypass loading.

As indicated in Fig. 12, the contact angle between the bolt
and the hole varies nonlinearly with the load. In order to determine
the contact angle for a given load level, cne needs to detarmine the
nonlinear variation of the contact angle with load. For a given
configuration, this nonlinear relation between the contact angle and
the 1load is different for different values of bearing-bypass ratio g
and for different values of clearance ¢

a
hole. Thus, before a stress analysis can be performed for a given

between the bolt and the

joint configuration, at a given locad level, Sg , and a given bearing-
bypass ratio, 8, one needs to determine the nonlinear relation
between the contact angle and the load for the given conditions.

The objective of the following sections is to develop a
procedure to determine this nonlinear relationship between the
applied load and the contact angle for a given clearance and any
given bearing-bypass load ratio. A description of the analysis model
is followed by a discussion of the inverse technique used. A
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solution method is then developed for bearing-bypass loads. Finally
an example is used to demonstrate the use of the suggested solution
procedure.

2.2.1 Analysis Model

The configuration and lcading analyzed in the present study
are shown in Fig. 23. 'megrossappliedloadpgisreactedpartlyin
and partly as a bypass load, Pbp' at the other end of

bearing, B,
the model. The bolt was assumed to be rigid and the bolt-hole
interface to be frictionless. The diametrical clearance c; between
the hole and the bolt was expressed as a percentage of the hole
diameter d. The material properties used in the analysis represented
a quasi-isotropic T300/5208 graphite/epoxy laminate (see Table 1).
The mesh used for the finite element analysis was similar to that
shown in Fig. 14. As described in Section 2.1.4, nodes were placed
at every 0.9375 degrees along the hole boundary. At node A, (see
Fig. 13) which was assumed to be in contact with the rigid bolt
throughout the analysis, all degrees of freedom were set equal to
zero. An inverse technique was used to determine the nominal gross
stress Sg for an assumed contact angle 0 Conditions along the

bolt-hole interface and within an assumed contact angle, ¢ were

c!
specified by milti-point constraints as described in Section 2.1.3.
However, since the contact angle, oc, and the naminal gross stress,
Sg , are nonlinearly related, the correct Sg correspording to an
assumed b (for a given clearance cdand bypass ratio k) is still
unknown. 'Ihecorrectsglevel foranasstm\edacvaluewasdetennined

by the procedure described in the following section.
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'mecorrectsglevelforanassmedocvaluewasdetemined
by a simple procedure. Note that for a specified 6 o » the problem is
linear and thus, the stresses in the plate are linearly related to
the applied load S , the bypass load §, and the forces associated
with the imposed multi-point constraints. A linear equation relating
anattheendofthecontactam, Sgandsbpcanbewrittenas:

S, _+C

Ipy(Ri8) =A S +B S +Cy (2.11)

The first two temms in thisequationrepresentﬂ)eon
conponents attributable to the applied load Sg and the bypass load
sbp respectively. The third term represents the O associated with
the multi-point constraints. Only three different finite element
solutions, as described in Section 2.1.4, for any three different
cambinations ofsgandsbp, areneededtodetem.ineﬂmeconstantsAl,
B, and < in equation (2.11). As mentioned earlier, (Section 2.1.4)
the correct solution for a given contact angle ¢ o ust satisfy the
condition arr(R,o (_) = 0. Therefore, for every correct solution we
have,

B Sy +B §, +C =0 (2.12)

Equation (2.12) represents a linear relationship between Sg
andsbp 'mismeansﬂlatforagivencontactangleac,thecon'ect
solutions for different combinations of Sg and pr , will lie on the

same straight line given by eguation (2.12). This straight line
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represents a family of solutions over a range of (pr/sg ) ratios for
a given contact angle ¢ c*

A different contact angle 6 , will lead to a straight line

da
of a different slope in the Sg - pr plot (see Fig. 24). A family of
straight lines can be generated for a range of contact angles.
Similar plots can be made in the sb-sbpplanewheresbisthe
nominal bearing stress (see Fig. 25).

In order to obtain the nonlinear relat:ionbetweensg and
contact argleocforagivenbypasszatio k, one needs to construct a
straight 1line of slope k in the Sg~ Spp Plot (Fig. 24). The values
of sg andoc, at which the straight line of slope k intersects the
straight lines of constant contact angle, can then be plotted on a
Sg - 6  plot to give the required nonlinear relation (see Fig. 26).

The above formulation for combined bearing-bypass loading
can be applied to cases involving either tension beaving-bypass or
campression bearing-bypass. Note that equation (2.11) is satisfied
regardless of the signs of Sg and pr However, as discussed later
in Section 2.2.5, the above procedure cannct be used for cases of
dual contact under compression bearing-bypass loads. An example that
illustrates the above procedure is described in the following

section.

2.2.3 Illustrative Example

Consider a quasi- ic T300/5208 graphite/epoxy
laminate subjected to cambined bearing-bypass loading. For a
clearance of cd=0.8% it is required to determine the stresses
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armxxitheholeataloadlevelofsg=150maarda bypass ratio,
k=(pr/ Sg) of 0.5.

Before the stress analysis can be done using the finite-
element method one needs to determine thecontactangleocthat
correspords to a load level of 150 MPa and a bypass ratio of 0.5. In
oxder to determineﬂmiscontactangleoconeneedstodetemmme
nonlinear relation between S_ and ¢ c for the given conditions. This

can be done byconstxuctir;astraight lineofslopekinthesg-
Spp Plot (Fig. 24). The values of 5 at which this straight line
intersects the straight 1lines of constant contact angle are then
plotted on a sg - 0cp1ot to give the required nonlinear relation
(see Fig. 26). For a stress level of 150 MPa the correspanding
contact angle can now be read off from Fig. 26 as 69.5 degrees.

Finally a finite-element analysis can be done with an
applied load of Sg= 150 MPa, abypassloadofsbp=75m:a, ard a
contact angle of 0c=69.5degreestoobtainthereq1ﬁ.redmsw
around the hole.

2.2.4 Effects of Bearing-Bypass Ratio

The bearing-bypass ratio, ﬂ=sb/snp , was found to have
a considerable effect on the load-contact behavior (see Fig. 27), the
hole elongation, and the stresses arcund the hole. The values of g
that were used in the present study were g = 10, +1, #3, +x. Note
that a B = -0 correspords to a compression bearing case with no
bypass load and a S = 0 correspords to a tension bypass case with
Sg =prandsb=0. All of the following results were cbtained for
the finite size plate shown in Fig. 23 with a bolt-hole clearance of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

*sdrysuorjerax uw - nm Y3 uo orjex ssedAg-furaeaq Jo 309IIH

(seeubep) g

oe

888dAq~Bupiveq
uojsue]

ssedAq-Bupieeq
uoisseadwon

Lz b1d

ooV

(edn)

008

—~ooct

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

cd=1.2% . The influence of the value of g mthesb-ocmrves is
shown in Fig. 27. For the tension bearing-bypass cases an increase
in B lead to a decrease in contact angle forthesamesblevel. The
opposite was true for the campression bearing-bypass cases in which
an increase in 8 leadtoani:measeinocforthesanesblevel.

The hole elongation § was calculated as the x-displacement
of point D relative to fixed point A (see Fig. 13 ). If the point D
moved towards the point A in the positive x~-direction, then the hole
elorgiation § was taken as positive. Figure 28 shows the change in
hole elongation with Snp for a 6.35 mm diameter hole. After a
slight initial nonlinearity, the hole elongation varies linearly with
increasing Snp for all three campression bearing-bypass cases. For
the B = -3 case, § is negative; i.e. the point D moves away from the
point A and the hole elongates (in the x-direction) with increasing
load. The opposite is true for the g = -1 and g = -0.5 cases where
§ is positive and the point D moves towards point A. Thus with
increasing load, the point D will make contact with the bolt and lead
to a dual contact situation. Any further increase in load will then
lead to contact regions on both sides of the bolt. This dual contact
problem is more complicated than the single-sided contact problems
dealt with in Section 2.2.2. The solution method developed in
Section 2.2.2 for bearing-bypass loads and single-sided contact
cannot be used for dual contact problems. A new technique for the
analysis of dual contact in a clearance-fit joint under bearing-
bypass loads is described in the following section.
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2.3 Analysis Method for Dual Contact Problems

As described earlier in Section 2.2.5, a clearance-fit
joint subjected to compression bearing-bypass loads may lead to dual
contact at the bolt. The presence of a clearance between the bolt
and the hole further complicates the problem as it leads to two
nonlinearly increasing contact regions around the hole. An extensive
survey of the literature revealed that an analysis method for this
problem had not been developed before. In the present study a simple
numerical technique was developed using a finite element analysis and

an inverse formualtion.

2.3.1 Analysis Model
The configuration and loading analyzed in the present study
are shown in Fig. 29. The gross applied compressive load P_ is

g9
reacted partly in bearing, Py s and partly as a conpressive bypass
load, P, . The bolt was assumed to be rigid and the bolt-hole

bp
interface to be frictionless. A diametrical clearance ey = 1.2% was

used in the analysis. The material properties used represented a
quasi-isotropic T300/5208 graphite epoxy laminate (see Table 1). The
mesh used for the finite element analysis was similar to that shown
in Fig. 14. As described in Section 2.1.4, nodes were placed at
every 0.9375 degrees along the hole boundary. When no load is
applied, the only contact point between the bolt and the hole is at
point A (see Fig. 30). To simplify the analysis, the bolt is assumed
to be fixed in space. The origin of the reference coordinate system
is located at the center of the undeformed hole. As campressive

bearing-bypass load is applied, contact starts increasing around
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Fig. 30 Contact angle notation for dual contact.
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point A. At the same time the point D moves inwards (for certain
values of B) towards the frictionless surface of the fixed rigid
bolt. The solution method described in Section 2.2.2 can be adopted
only until there is single-sided contact around point A and the point
D has not made contact with the bolt. For § = -0.5, a hole diameter
of 6.35 mm, and a clearance of 0.076 mm (cc1 = 1.2%), the analysis in
Section 2.2.2 predicts that point D will contact the bolt at a load
level of Snp = 375 MPa (see Fig. 28). The analysis for dual contact
should then be used for any further increments in load. As the load
is increased further a dual contact situation prevails. At a certain
load, there may be contact along arc AB (see Fig. 30) and also
contact along arc DE leading to contact angles ¢
respectively.

An iterative-incremental analysis method could be used to

1and92

determine the unknown contact angles ¢ andozforagiven load

1
level. However, such an analysis would not be cost effective and
would require tedious node tracking along the contact arcs. In the
present method an inverse technique is used in which contact angles
6, and ¢, are both assumed and the corresponding load levels
determined by a simple procedure. The inverse technique is simpler
to use because the boundary conditions are fixed and are kncwn at the
outset. Conditions along the bolt-hole interface, and within the

assumed contact angles 6. and ¢

1 51 Were specified by milti-point
constraints as described in Section 2.1.3. The corresponding load
levels sg andsbpweredeteminedbyﬂleproceduredescribedinﬂle

following section.
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2.3.2 Solution Procedure
The correct sg and pr levels for the assumed contact

angles 01 and 6 ,were determined by a simple procedure. Note that

2
for specii:'iedolandl)2 the problem is linear and thus the stresses
in the plate are linearly related to the applied load Sg , the bypass
load pr , and the forces associated with the imposed multi-point
constraints. A linear egquation relating O Sg’ andsbpcanbe
written at the end of each contact arc as:

oppRiI) =AS +BS +C (2.13)
' -
o) =DS +ES, +F (2.14)
' _ °
where, 6, =180 =6,

The firsttmte.msinﬁmeequationsreprsentﬂwarr
camponents attributable to the applied load Sg and the bypass load
sbp respectively. The third term represents the - associated with
the imposed multi-point constraints. Only three different finite
element solutions (see Section 2.2.2) for any three different
conbinations of Sgarﬂsbparereededtodetemimﬂxeconstantsk,
B, C, D, E and F in equations (2.13) and (2.14). As mentioned
earlier (Section 2.1.4), the correct solution must satisfy the
conditions: (i) o (R, 0) = O and (ii) o (R, 6 ,) =0. Fram

equations (2.13) and (2.14) we have,

AS_ + +C=0 2.15
sg Bsbp ( )
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DS _+E +F=0 2.16
g * ¥ Sop (2-28)

'meonlyurﬂcwrsintheaboveequationsaresgamsbpand
can be determined by the simultanecus solution of equations (2.15)
and (2.16). The above procedure can be repeated for different sets
of assumed contact angles §, and 6 ,to generate an array of solutions
as shown in Fig. 31. Each solid circular symbol represents a
solution corresponding to the assumed contact angles olandoz. The
dashed curve represents the onset of dual contact. 1In the region to
the left of this curve there was contact only on cne side of the
bolt. The solution procedure developed in Section 2.2.2 may be used
in this region. The solid straight lines in this region represent
solution lines simliar to those in Fig. 25. The region to the right
of the dashed curve represents the dual contact solutions. Unlike

the single contact region, lines of constant 6. and constant ¢ pare

1
not linear in this region. The dashed-dot 1line represents the
B = =0.5 bearing-bypass ratio. It intersects the dual-contact onset
curve (dashed curve) at Snp=375 MPa. Thus dual contact for this
casewouldbeginatsnp=375MPa. The effect of dual contact on the
8, - occurveisshovminFig. 32. This curve was constructed from
Fig. 31 by picking outthesb, olandozvalues on the § = -0.5 line.
Same interpolation was needed in the dual contact region. The S0,
curve in the single contact region was generated by the procedure
described in Section 2.2.2. 'mesb-olrelationship changes after
the onset of dual contact. The Sb-ezalrveisalsononlinearami
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§., increases more rapidly than ¢ 1with increasing load. The effects

2
of cambined bearing-bypass loading and dual contact on the local

stresses arcurd the hole will be discussed in Chapter 5.
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CHAPTER 3
EXPERIMENTAL TECHNIQUES

A new stress analysis method for the analysis of clearance-
fit bolted joints was developed in the previous chapter. Before ap-
plying this method along with composite failure theories to predict
the strength of bolted joints, it was considered appropriate to veri-
fy the finite element predictions for the load-contact variations and
the stress distrilbutions. The absence of friction in the finite
element analysis in particular, required justification. In the pres-
ent chapter, simple experimental techniques, using instrumented pins,
are developed for the measurement of the load-contact variation in a
clearance-fit, pin-loaded hole. The ability to accurately determine
the arc of contact at any load was crucial for this measurement. 2An
instrumented pin, that activated a make-or-break electrical circuit
in the pin-hole contact region, was used to measure contact angles.
Because of the limitations of this wethod ancther technique using an
optical fiber sensing system was also developed and applied to this
problem. A layout fluid technique was used for measuring contact
angles in small diameter bearing loaded holes. ILoad-contact
variations in photoelastic specimens were measured by cbserving the
isochromatic fringe patterns around the bkolt-hole interface. Aall
such experimental load-contact variations were compared with
analytical results obtained by the procedures described in Chapter 2.
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Finally, photoelastic results for stresses around the hole are also
carpared with analytical results.

3.1 Flectrical Instrumented Pin Technique
This technique was used to measure load~contact variations
in a graphite/epoxy specimen. The good electrical conductivity of
graphite/epoxy was the basis for this technique. 2An instrumented
pin, that activated a make or break electrical circuit in the pin-

hole contact region, was a key camponent in the measuring system.

3.1.1 Instrumented Pin

The instrumented pin was made of steel and consisted of two
parts, (i) an inner rotating shaft and (ii) an outer slotted ring, as
shown in Fig. 33. The inner rotating shaft contained a 1.6 mm
diametrical hole that met a larger axially drilled hole, forming an
I~shaped passage. An insulated wire was passed through this L~shaped
passage. The wire could be fixed in the desired location by means of
a set screw as shown in Fig. 33. The outer ring consisted of a 1.6
mn wide slot over half of its circumference. The inner rotating
shaft was placed on bearings that fitted inside the outer slotted
ring. The assembled instrumented pin is shown in Fig. 34. In the
assenbled pin, the insulated wire passes through the L-shaped passage
in the inner rotating shaft and projects through the slot in the
outer ring (Fig. 34). The inner shaft, along with the insulated
wire, is free to rotate when the pin is under load. In order to
- measure the angle of rotation of the inner shaft, dowel pins were
located on one face of the inner shaft and the outer ring (Fig. 33).
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3.1.2 Initial Setting
For accurate pin-hole contact angle measurements, it was

necessary to locate the insulated wire such that it was flush with
the surface of the pin. This adjustment was made by placing the pin
on a flat metal surface with the slotted half of the pin facing the
metal surface. With the pin held stationary, the inner shaft was ro-
tated until the insulated wire touched the metal surface and activa-
ted an electrical circuit. If the insulated wire was not flush with
the pin surface, but protruded ocutside the slot, then the electrical
circuit remained activated over a finite arc of inner shaft rotation.
If the insulated wire stayed below the pin surface, inside the slot,
then the electrical circuit was not activated over the entire 180
degree rotation of the inner shaft. When the insulated wire was
flush with the pin surface, it touched the metal surface at just one
point over the entire rotation of the inner shaft and the electrical
circuit was activated at that point. It was thus possible to locate
the insulated wire such that it lay flush with the pin surface. The

wire was fixed in this location by means of a set screw (Fig. 33).

3.1.3 Test Procedure and Results

The specimen was a 4.41 mm thick T300/5208, 32-ply, quasi-
isotropic laminate with a [0/45/90/-45] 4s layup. It had a 50.8 mm
diameter hole which was loaded using a 49.8 mm diameter instrumented
pin (see Fig. 35). This resulted in a pin-hole clearance of 1.0 mm.
The width (w) of the plate was 139.7 m and the end distance, e,
(from the center of the hole to the free end) was 127 mm. This
resulted in a plate-width to hole-diameter ratio (w/d) of 2.75 and a
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end-distance to hole diameter ratio (e/d) of 2.5. The pin was placed
in the hole such that the slot in the pin was oriented towards the
bearing side of the hole and was located in the middle of the plate
thickness. A make-or-break electrical circuit was connected between
the graphite/epoxy specimen and the insulated wire. This electrical
circuit was activated when the rotation of the irmer shaft caused the
insulated wire to make contact with the hole in the graphite/epoxy
plate. Throughout the region of pin-hole contact, the insulated wire
made contact with the hole in the graphite/epoxy plate. Therefore
the electrical circuit remained activated over the entire arc of pin-
hole contact. The angle subtended by this contact arc was measured
with a universal bevel protractor (least count 5 min.) using the dow-
els on the face of the inner shaft and outer ring as reference. Con-
tact angle measurements were made at increasing pin load levels and
the results are shown in Fig. 36. Similar measurements were made for
an aluminum specimen to assess the influence of interfacial friction.

The load-contact measurements for the aluminum specimen
were obtained for two different values of interfacial friction and
are plotted in Fig. 37. The static coefficient of friction, u,
between the bare steel pin and the aluminum plate was 0.33. The
interfacial friction between the pin and the plate was reduced by
using a graphite solid lubricant at the pin-hole interface. This
resulted in a static friction coefficent of 0.15. The load-contact
variation predicted by the analysis technique described in Chapter 2
is also shown in Figs. 36 and 37. The analysis assumes a rigid pin
and a smooth (4=0) pin~hole interface. The experimental load-contact
angle curves had a zero shift of about 10 degrees at no load. This
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zero shift was a characteristic of the measurement technique and was
called the '"dead" contact angle. This dead contact angle was found
to be a function of the hole diameter relative to the pin diameter.
Figure 38 shows the variation of the dead contact angle with 1/R,
where R is the hole radius. Figures 39 and 40 show the load-contact
angle variations for graphite/epoxy and alumimm respectively after
the dead contact angle was subtracted from the experimental readings.
For both materials, the trend of the experimental load-contact angle
variations is the same as the trend given by the finite element
analysis. In the case of aluminum, it is clear that if the
coefficient of friction can be further reduced, the experimental
curve will approach the analytical curve.

3.2 Optical Fiber Technique

The electrical technique posed two problems: first, the
dead contact angle had to be accounted for and the load-contact
curves had to be shifted; second, the slit in the outer ring resulted
in the bearing load being applied nonuniformly over the specimen
thickness. 1In order to overcamne these shortcamings the load-contact
variation in the graphite epoxy specimen was also measured by an op—
tical fiber sensing system. A light socurce was placed on one side of
the loaded hole and an optical fiber sensed the light on the cother
side. Since the graphite/epoxy plate and the steel pin were opaque,
there would be no light transmission in the region of pin-hole con-
tact. However, in the region of no contact, light would be transmit-
ted through the gap in the clearance-fit pin joint (Fig. 41). The
optical fiber would therefore conduct light anly in the no contact
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region. This concept was the basis of the present technique. The
optical fiber used was a commercial, miltimode, graded-index fiber
with a 50 pm core diameter. A specially instrumented pin was used to
locate the optical fiber at the pin outer diameter and to rotate it
along the pin-hole interface.

3.2.1 Instrumented Pin

The instrumented pin was made of steel and was similar to
the pin used for the electrical technique (see Section 3.1.1) in many
respects. It consisted of an inner rotating shaft and an outer
stepped ring (see Fig. 42). The outer ring had a stepped outer
surface. The surface that loaded the hole in the graphite/epoxy
specimen had a 49.8 mm diameter and was 7.94 mm wide. On either side
of this centrally located bearing surface was a stepped down surface
of diameter 46 mm. The purpose of this stepped down diameter was to
allow for the location of the optical fiber close to the pin bearing
surface. The inner rotating shaft was placed on bearings that fitted
inside the outer stepped ring. In the assembled pin, the inner
rotating shaft protruded out on one side. A vertical adjusting bar
(see Fig. 43) was attached to this protruding inner rotating shaft.
On the other side of the imner rotating shaft, provision was made to
hang counterweights. The optical fiber was mounted on a horizontal
adjusting bar which was attached to the vertical adjusting bar. The
inner rotating shaft, along with the vertical and horizontal
adjusting bars and the optical fiber were all free to rotate inside
the outer stepped ring when the pin was under load. In order to
accurately measure the angle of rotation of the inner shaft and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



94

*anbruyoey Ioqr3 TeoTado o3 utd pejusunaysur v “Brd

Jeq Bujisnipe |BO1}40A

b/

fuijdnod

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



95

Z-bracket
Loading brackets 4

pin details.

Optical fiber

Fig. 43 Instrumented

Horizontal adjusting bar
Vertical adjusting barg

potentiometer

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



96

optical fiber, a system of gears and a 10-turn potentiometer were
used. A 120 tooth gear was attached to the inner shaft. This gear
meshed with a 12 tooth gear on ancther shaft which was coupled to the
10-turn potenticmeter. Thus ten turns of the potenticmeter corres-
ponded to one turn of the inner rotating shaft and optical fiber.
The potentiometer was calibrated to measure inner shaft rotation in
degrees (least count 2 min.). The 12 tooth gear shaft and potentio-
meter assembly was attached to the outer stepped ring by a Z-bracket.
The instrumented pin, with the inner rotating shaft, the ocuter
stepped ring, the optical fiber, the system of gears and the
potentiometer could be handled as one unit.

3.2.2 Initial Setting

For accurate pin-hole contact angle measurements, it was
necessary to locate the optical fiber such that it was just above the
surface of the pin outer diameter (49.8 mm). This adjustment was
made by placing the instrumented pin assembly on the loading frame
(se2 Figs. 44 and 45) and loading the hole in the graphite/epoxy
specimen. The specimen had a 50.8 mm diameter hole. This resulted
in a pin-hole clearance of 1.0 mm. A light source on the other side
of the specimen caused light to pass through the gap in the pin-hole
interface (see Fig. 41). With the pin held stationary (due to the
applied load), the inner shaft was rotated until the optical fiber
was in a region where the pin-hole gap was large. Light that passed
through this gap was picked up by the optical fiber and sensed by a
photodiode/amplifier system. The horizontal adjusting bar was first
used to locate the optical fiber very close to the pin-hole inter-
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face. Then the vertical adjusting bar and the photodiode sensing
system were used to locate the optical fiber just above the surface
of the pin. When the optical fiber is below the surface of the pin,
very little light is sensed by the photodiode. As the optical fiber
is moved towards the pin surface there is a sudden increase in the
photodiode output. The vertical adjusting bar was fixed in this
location. The optical fiber is thus located just above the pin
surface and ready to make contact angle measurements.

3.2.3 Test Procedure and Results

Contact angles were measured at increasing load levels. At
each load level the contact angle was measured by rotating the inner
shaft in Jjust one direction (say clockwise) starting at one end of
its travel. This caused the optical fiber to move (along the pin
surface) first, through the no contact region, then the contact re-
gion and finally the no contact region (see Fig. 41). As the optical
fiber moves through the no contact region and towards the contact re-
gion, there is a monotonic decrease in the photodiode ocutput. This
is due to the decreasing gap between the pin and the hole. When the
optical fiber moves into the contact region there is no further de-
crease in the photodiode output which remains constant throughout the
contact region. Further rotation of the inner shaft causes the
optical fiber to move out of the contact region and into the no con-
tact region. This is indicated by the monotonically increasing out-
put from the photodiode/amplifier system. The angle over which the
photodiode output remained constant was measured, using the poten-
ticmeter, as the contact angle. Contact angle measurements (Fig. 46)
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were made at increasing pin load levels. The measured angles by the
present technique show excellent correlation with the load-contact
variation cbtained by the electrical technique of Section 3.1.

3.3 The layout Fluid Technique

The contact angle in a clearance-fit bearing-loaded
specimen can also be measured by this simple technique. The layout
fluid technique caonsists of applying a thin layer of blue layout
fluid on the bolt-bearing surface prior to load application. After
the 1layout fluid has dried, the bolt can be used to load a bearing-
loaded test specimen. The bolt is carefully removed from the test
hole after loading to a desired level ard then unloading. The layout
fluid on the bolt gets scraped off in the region of bolt-hole contact
and the impression left on the bolt can be used to measure the
contact angle. This method was used to determine contact angles at
increasing load levels, for the alumimm specimen, and the results
are shown in Fig. 47. The measured angles by the layout fluid
technique show excellent correlation with the load-contact variation
cbtained by the electrical technique of Section 3.1. The present
technique is not very convenient for the determination of load-
contact curves as it involves loading, unloading and the application
of layout fluid to the bolt surface at each load level.

3.4 Photoelastic Results
The load-contact angle measurements clearly showed the
influence of interfacial friction in a pin-loaded joint. In order to
verify the finite element stress predictions photoelastic tests were
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performed. The isochromatic fringe patterns for a polycarbonate
specimen were used to determine the maximm shear stress distribu-
tions along the net-tension, shearout and bearing planes. The dis-
turbances in the fringe patterns along the bolt-hole interface were
the basis of the "photoelastic technique" for the measurement of
load-contact variations in clearance-fit loaded holes. FPhotoelastic
results for the stresses and load-contact variations were compared
with results obtained numerically.

3.4.1 Test Procedure

The test specimen configuration and the loading arrangement
used was similar to that shown in Fig. 35. The isctropic polycarbo-
nate specimen was 6.35 mm thick and had a 50.8 mm diameter hole which
was loaded using a 49.8 mm diameter pin. This resulted in a pin-hole
clearance of 1.0 rm. The width of the plate was 139.7 mm and the end
distance (from the center of the hole to the free erd ) was 127 mm.
This resulted in a plate-width to hole-diameter ratio (w/d) of 2.75
and a end-distance to hole diameter retio (e/d) of 2.5. To load the
specimen without abscuring the neighbourhood of the hole, a special
loading fixture was devised (see Fig. 35). With this loading
arrangement, most of the region around the hole was visible. The
material fringe value, f, for the polycarbonate was determined by the
standard circular disc calibration method [S50] as £ = 6937 (N/m) per
fringe order. The isochromatic fringes in a polycarbonate specimen
represent contour 1lines of maximm shear stress (fmaaé' The r

max
along a contour is given by,
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= NE (3.2)

where N is the fringe order, f the material fringe value and t is the
thickness of the specimen. The isochromatic fringe patterns for the
bearing-loaded polycarbonate specimen were photographed at

successively increasing loads.

3.4.2 Results

Light field isochramatic fringe patterns for the
polycarbonate specimen corresponding to bearing load levels of 245 N,
800 N and 1134 N are shown in Figs. 48, 49 and 50, respectively. The
vertical centerline in all photographs represents the loading axis
with the bearing load applied upwards. As expected, the fringe
patterns are symmetric about the loading axis. The fringes in Fig.
50 were used along with equation (3.1) to determine the maximm shear
stress distributions along the net-~tension, bearing and shearout
planes (see Figs. 51-53). The x-axis is along the loading direction,
the y-axis along the net-tension plane and the line y = d/2 lies
alang the shearout plane in all three figures. Also shown in Figs.
51, 52 ard 53 are the correspording — distributions obtained
mmerically by the stress analysis method described in Chapter 2.
There is generally good agreement between the experimental and
analytical results especially in the region away fram the bolt. In
the vicinity of the bolt~hole interface the experimental stresses are
influenced by the interfacial friction. Frictional effects are not
accounted for in the analysis and this may be the reason for small
differences in the stresses near the bolt-hole interface.
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Fig. 48 Light-field isochramatic fringe pattern for polycarbonate
specimen (load = 245 N, w/d = 2.75, e/d = 2.5, cy = 2%)
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Fig. 49 Light-field isochramatic fringe pattern for polycarbonate
specimen (load = 800 N, w/d = 2.75, e/d = 2.5, ¢4 = 2%)
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Fig. 50 Light-field isochramatic fringe pattern for polycarbonate
specimen (load = 1134 N, w/d = 2.75, e/d= 2.5, = 2%)
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The photoelastic fringes in Figs. 48, 49 and 50 were also
used for the measurement of contact angles at each load level. The
fringe patterns at the bolt-hole interface exhibit small disturbances
in the region of bolt-hole contact. This was the basis of the “pho-
toelastic technique" for the measurement of contact angles at each
load level. Contact angles were measured at each load level to con-
struct the load-contact curve of Fig. 54. The results from the elec-
trical technique, which was applicable to polycarbonate when the hole
surface was covered with silver paint, are also shown in this figure.
It is seen that the results from the two experimental techniques
agree very well. The analytical load-contact curve for the polycar-
bonate specimen is also shown in the same figure. As shown earlier
in Fig. 40, the experimental curve in Fig. 54 would approach the ana-
lytical curve if the friction at the pin-hole interface were reduced.

The tests on the polycarbonate specimens lead to an
assessment of the influence of interfacial friction. The load-
contact angle variations in Fig. 54 show considerable discrepancy
between the finite element predictions and the measured values. This
discrepancy is attributed, in most part, to friction between the pin
and the hole, which is neglected for convenience in the finite
element analysis. The stress distribution results shown in Figs. 51,
52, 53, however, show that the photoelastic results and the finite
element results do not differ greatly. This appears to indicate that
the interfacial friction influences the contact angle more than the
stresses. Thus the use of the simple finite element analysis (that
dees not account for interfacial friction) in strength predictions is
justified.
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CHAPTER 4
BEARING-BYPASS TESTING

Within a multi-fastener structural joint, fastener holes
may be subjected to the cambined effects of bearing loads and loads
that bypass the hole, as illustrated in Fig. 7. The ratio of bearing
load to bypass load deperds on the joint stiffness and configuration.
As the joint is loaded, this bearing-bypass ratio remains nearly
constant until joint damage develops. Although the combined effects
of bearing and bypass loads can be simulated by testing single-
fastener specimens, such tests are difficult. The various approaches
used for bearing-bypass testing have involved camplex apparatus to
simultaneocusly apply the bearing and bypass loads. As a result, very
little bearing-bypass data have been reported. Virtually nothing has
been reported for bearing-bypass loading in compression.

The test approach presented in this chapter was developed
at the NASA Iangley Research Center and is described in Ref. 52. It
employs two hydraulic servo-control systems synchronized to apply
proportional bearing and bypass loads to a laminate specimen with a
central hole. The laminate tested was T300/5208 graphite/epoxy with
a 16-ply quasi-isotropic layup. The bearing loads were applied
through a 6.35 mm steel bolt with a clearance fit. In the present
study, some tests were stopped when the load displacement record
began to indicate specimen damage. The damage modes were determined
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by radiographing each specimen after testing. Reference 14 showed
that such damage onset could be accurately analyzed using the elastic
stresses at the hole boundary. Specimens were also tested to failure
to determine ultimate failure loads, failure sequences, and failure
modes. The test results were plotted as bearing-bypass strength
diagrams for damage onset and ultimate strength.

4.1 Bearing-Bypass Test Machine

Three approaches to bearing-bypass testing have been used
in the past with simple specimens. The first approach uses levers
and linkages to divide the applied load into two proportiocnal parts
[18]. One part acts on the end of the specimen and the other is
reacted as a bearing load at the specimen hole. The bolt hole is
thereby subjected to proportional bearing and bypass loading. The
lever fulcrum points can be changed to produce different ratios of
bearing to bypass loading. This lever-linkage approach works well
for tension bearing-bypass loading but is difficult to apply in
compression. The second approach to bearing-bypass testing uses a
"scissor" mechanism to apply a bearing load between two holes in the
test specimen [17]. This bearing load is held constant while the
bypass load is increased until the specimen fails. Although this
approach does produce bearing-bypass 1loading in tension or
canpression, it does not maintain the desired constant ratio of
bearing to bypass loads. Furthermore, this approach could alter the
sequence of local damage develcpment. The third approach uses two
servo-control systems; ane controls the bearing load while the other
controls the bypass load [51). The bypass load is applied to the emd
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of the specimen in the conventional manner; however, the bearing load
is applied through linkages with two hydraulic cylinders connected to
the ends of a bearing bar which is bolted to the specimen. Constant
bearing bypass ratios could be maintained by synchronizing the two
control systems. Although this concept works in tension and
canpression, the test apparatus is rather complex and quite different
apparatus arrangements are needed for the two types of loading.

Although developed independently, the present test
machine[52] has some similarity to that in Ref. 51. As in Ref. 51,
the present system has two servo-control systems. However, the
present dual-control arrangement uses an apparatus that is much
simpler than that in Ref. 51. Figure 55 shows the test specimen and
loading. Figure 56 shows a photograph of the test system and Fig. 57
shows a block diagram of the test system. The center of the specimen
is clamped between two "bearing-reaction" plates that are attached to
the load frame. The two ends of the specimen are then loaded
independently by the two servo-control systems (called upper and
lower in Fig. 57). Any difference between these two loads produces a
bearing load at the central bolt hole. This bearing load is measured
by the two load cells under the bearing-reaction plates. The end
loads are synchronized by a comwon input signal. As a result, a
constant bearing-bypass ratio is maintained throughout each test.

A photograph of the apparatus is shown by Figs. 58 and 59.
Only a small portion of the specimen edge is visible in Fig. S8.
This photograph shows the friction grips that load each end of the
specimen and the head of the 6.35 mm steel bolt that attaches the
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specimen to the bearing-reaction plates. Notice that the bearing-
reaction plates are bolted to the bearing load cells. This allows
either tension or conpression bearing loads to be reacted by these
load cells. During compression loading, the bearing-reaction plates
prevent specimen buckling. Figure 59 shows the apparatus with the
front bearing-reaction plate removed.

" The specimen deformation was measured throughout each test
using displacement transducers. These transducers (DCDT) were
mounted symmetrically on the front and kack of the bearing reaction
plates. (These plates were made with nonmagnetic 347 stainless steel
sotheywmldmtaffectﬂmtzansducerperfomnce). The transducer
rods were cementedtosmallbarsﬂmatwereattadwdtothespecimen
slightly above the gripline as shown in Fig. 58. This arrangement
provided a measurement of the relative displacement between the
bearing-reaction plates and the specimen. These measurements were
used to determine the damage onset, as explained in the next section.

Although not visible in Fig. 58, hardened steel bushings
were used between the bolt and the bearing-reaction plates. These
bushings had a 12.7 mm outside diameter that was machined for a
sliding fit, thus allowing the bolt clampup force to be transmitted
to the local region around the bearing-loaded hole. This arrangement
was equivalent to having a clampup washer directly against each face
of the laminate, as used in Refs. 13 and 14.

4.2 Test Specimens

The test specimens were fabricated from 16-ply quasi-
isotropic graphite/epoxy laminates (T300/5208) with a [0/«‘}5/90/—45]2 s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



122

layup. The specimen configuration is shown in Fig. 55(a). The test
holes were first machined using an ultrasonic drill and then care-
fully hand-reamed by a diamond-coated expansion reamer. The hole
diameter was controlled, by the hand reaming operation, to within
0.008 mm of the required diameter. A nominal hole diameter of 6.396
m was used for a clearance of 0.076 mm with the 6.320 mm steel
bolts. This clearance, used in previous analyses (see Chapter 2),
was 1.2 percent of the hole diameter and is typical of aircraft
joints. The bolts were finger tightened (about 0.2 N.m torque) to
produce a very small clampup force against the specimen.

The loading notation is shown in Fig. 55(b). ‘The test
results are presented in terms of nominal stress rather than load.
The naminal bearing stress S, @and nominal net-section bypass stress

Snp were calculated from the following equations:

sb = Pk/td (4.1)
Spp = By/t(=d) (4.2)
The bearing-bypass ratio g was defined as
B = S]D/Snp (4.3)
4.3 Test Procedure

In each test, the nominal bearing and bypass stresses were
pletted against specimen displacement. The tests were conducted at
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the rather slow rate of 3.75 N/s at constant bearing-bypass load
ratios (8 = 10, #1, #3, and iw). Typical load-displacement curves
are shown in Fig. 60 for a bearing-bypass ratio of -=1. The two
curves have a small initial nonlinearity (dQue to varying contact arc)
but gradually develop a nearly linear response. At higher load
levels, the curves gradually develop a second nonlinearity. This
second nonlinearity indicates damage at the bolt hole, as discussed
in Ref. 14. An offset of 0.001d was selected to define the damage
onset level, as shown in Fig. 60. Soon after the damage-onset level
was reached, same specimens were unloaded. They were then treated
with an X-ray opaque dye-penetrant and radiographed to determine the
damage location along the hole boundary. The damage-onset mode was
deduced from the damage location as discussed in the next section.
Other specimens were loaded to failure. The ultimate strength level
and failure mode were recorded in each case.

4.4 Test Results

Results from the bearing-bypass tests are presented in
Tables 3 and 4 and in Fig. 61l. Symbols in Fig. 61 represent measured
S, and Snp values corresponding to damage onset and ultimate
failure. Each solid symbol represents an average of three tests.
The variability in the data at each test condition is indicated by
short I-symbols around each solid symbol. The right side of Fig. 61
shows tension results for four g values (0, 1, 3, and co). The left
side shows the corresponding compression results. Figure 61 also
indicates the abserved failure mode for each test condition.
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Table 3 Damage-onset test results.

Bearing-bypass Damage-cnset strength Damage-onset
i a
ratio, g SpifPa 5 MPa mode
Tension
0 0 304 NT
1 237 237 NT
3 468 156 NT
o0 542 0 TRB
Compression
. =0 o ~422 NC
-1 314 =314 CRB/NC
-3 498 -166 CRB
—oo 528 0 CRB

aNr - net-section tension, TRB - tension-reacted bearing, CRB -
campression-reacted bearing, NC - net-section canpression.
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Table 4 Ultimate failure test results.

Bearing-bypass Ultimate failure strength Ultimate failure

ratio, g Sb,MRd Snp,MPa mode?
Tension
0 0 330 NT
1 263 263 NT
3 648 216 NT
0o 812 0 TRB
Compression
' -0 0 -422 NC
-1 461 -461 OoCcB
-3 759 =253 OCB
-00 853 0 CRB
— BEEESS e —_—_———

aNr - het-section tension, TRB - tension-reacted bearing, CRB -
campression-reacted bearing, NC - net-section campression,
OCB - offset campression-bearing.
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4.4.1 Tension Results

The NI beside same symbols indicates net-section tension
damage. For these cases, radiographs showed damage onset near ¢4 =
90 on the hole boundary, as shown in Fig. 62(a). Continued loading
failed these specimens through the net-section (see Fig. 63). The
TRB in Fig. 61 indicates bearing damage for tension-reacted bearing
loads. This damage developed at the upper edge of the hole, as shown
in Fig. 62(b). On further loading these specimens failed in a
bearing failure mode (see Fig. 64).

The tension cases with NT damage (8 = 0, 1 and 3) could be
represented, in Fig. 61, by a straight line, for both onset and
ultimate failure, and thus show the linear "interaction" discussed by
Hart-Smith in Ref. 12. This 1linearity suggests that the local
stresses, responsible for damage onset and ultimate failure, may be
assumed to consist of a component due to bearing and a second super-
imposed camponent due to bypass loading. This assumption is investi-
gated for damage onset failures in Ref. 52. The “bearing cutoff"
reported by Hart-Smith [12] was represented by a horizontal line
through the g = o data points for damage onset and ultimate fail-
ure. ‘The linear interaction and bearing cutoff lines through the
data represent the damage onset strength and ultimate failure
strength for combinations of bearing-bypass loading in tension.

4.4.2 Compression Results
The left side of Fig. 61 presents data for compression
loading. The CRB indicates bearing damage for campression-reacted
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Fig. 63 Photograph of failed specimen showing net-section tension
failure.
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Fig. 64 Photograph of failed specimen showing bearing failure.
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bearing loads. As shown in Fig. 62(c), CRB damage developed at the
lower edge of the hole. Damage onset for g = -0 ocowrred at a
slightly 1lower strength than for the tension-reacted bearing g = oo,
vhile the opposite was true for ultimate failure. This small
difference may be due to strength variability and is not believed to
be significant. The bearing-cutoff response, assumed for tension
damage onset, does not apply for compression damage onset. However,
as indicated by Hart-Smith [12,53], ultimate CRB failures may exhibit
a bearing cutoff. For the B = -oo case, damage developed in the
bearing failure mode and progressed until the specimen failed in the
CRB mede.

When compression bypass loading was combined with
compression-reacted bearing (8 = -3), CRB damage developed at a
lower load level than for the g = - o0 case. Contimued loading (at
B = =3) caused ultimate failure in a new failure mode. Failed
specimens showed considerable bearing damage at the hole cambined
with failure across the specimen width along a line offset fram the
hole. This "offset compression-bearing" (OCB) mode is shown in Fig.
65. For p = -1, damage-onset occurred mainly in the CRB mode,
although some net-section campression (NC) damage was also present.
Ultimate failure for this case occurred in the offset compression-
bearing mode. Based on the results for the g = -1 and -3 cases, it
may be concluded that CRB damage-anset at the hole (in the form of
delamination) may have weakened the "offset-section" of the specimen
thus leading to the offset campression-bearing failures cbserved.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



133

bearing" failure.

Fig. 65 Photograph of failed specimen showing "offset campression-
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For the remote cawpression case (8 = -0) in Fig. 61, NC
damage-onset occurred at -442 MPa, campared to 304 MPa for the
corresponding S = 0 tension case. The basic laminate strength is
only about 10 percent higher in compression than in tension,
therefore, the higher NC damage-onset strength is believed to be
attributable to the "dual® bolt-hole contact that allows load
transfer across the hole. This load transfer decreases the net-
section stress concentration and thereby increases the damage-onset
strength for the NC mode. The dashed curve in Fig. 61 indicates the
threshold for dual contact and will be discussed in the next section.
The radiographs in Fig. 62 also show a difference between the NT and
NC damage cases. Gray shadows, which indicate delamination, are
evident in the NT radiographs but not in the NC radiographs.
Ultimate failure for the remote compression case (8 = -0) occurred
abruptly after damage-onset in the NC failure mode. Scme bearing
damage was also evident at the hole and is believed to be a result of
the dual bolt-hole contact.

Finally, the results in Fig. 61 can also be used to study
failure sequences. For the tension cases (8 = 0, 1 and 3), the onset
of damage occurred in the NT failure mode and the specimens
ultimately failed in the NT mode. For the § = oo and -~ cases da-
mage developed in the bearing failure mcde and resulted in ultimate
bearing failures. The § = -1 and -3 cases showed an interaction of
failure modes. Damage that initiated in the CRB mode may have caused
a weakening of the offset-section resulting in the offset
conpression-bearing failure mode. NC damage-onset, for the 8 = =0
case, resulted in a NC ultimate failure mode.
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CHAPTER 5
STRENGTH PREDICTIONS

Predicting the strength for a laminate subjected to
bearing-bypass 1loads involves two basic steps. First, the local
stresses near the fastener hole must be accurately calculated.
Second, the local stresses are then used in an appropriate failure
criterion to predict a 1local failure mode and strength. A major
problem associated with the use of fibrous camposites in loaded hole
applications is the selection of a suitable failure criterion.
Typically, several failure modes are possible and a different failure
criterion may be needed for each failure mode. In general, a
governing stress (or combination of stresses) must be calculated for
each failure mode and then compared with a corresponding failure
criterion to determine the strength for each mode. The lowest such
calculated strength is taken as the strength prediction for the
laminate, Because the finite element stress calculations are
acceptably accurate, the deficiencies in most strength predictions
can be traced to the failure criterion or the associated procedures
that were used.

In the present study, laminate stresses were calculated
using the stress analysis procedures described in Chapter 2. A two-
dimensional linear-elastic analysis was used. Any three-dimensional
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effects that may be present were assumed to be small [36]. Damage-
onset predictions were based cn the elastic peak stresses at the hole
boundary. It was assumed that the material response up to damage-
onset is linear-elastic [14]. Predictions for ultimate failure were
based on Whitney-Nuismer's [28] characteristic distance concept .
(Section 1.4) and the maximum stress criterion.

5.1 Damage-Onset Predictions

Damage-onset was assumed to be governed by the peak
stresses at the hole boundary. The hole-boundary stresses
corresponding to the measured damage onset strengths were calculated
using the finite-element procedure described in Sections 2.2 and 2.3.
The material properties (see Table 1) used in the analysis
represented the quasi-isotropic T300/5208 graphite/epoxy specimens
that were tested. The analysis model (see Fig. 23) represented a
bolt-hole clearance of 1.2 percent of hole diameter. This
corresponded to the naminal bolt-hole clearance used during testing.
A finite element analysis was conducted for each test conditicn that
corresponded to damage-onset. These stress analyses provided the
basis for discussing the various bolt-hole contact conditions that
developed during bearing-bypass testing. Furthermore, these stresses
allowed the evaluation of the local interactions between bearing

and bypass loads for both tension and campression.
5.1.1 Tension Stress Results

This section presents stresses for tension bearing-bypass
loading corresponding to the measured damage-onset strengths. As
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previously mentioned, these local stresses are then used to analyze
the measured strength levels and failure modes.

Figure 66 shows 0 and 9. Stress distributions
calculated along the hole boundary for four different cases. The g =

0 curve shows a familiar distribution of o for the case of remote

66
tension loading using the measured strength of Snp=304 MPa. As
previcusly mentioned in Section 4.4.1, the damage for this test case
was found to develop in the NT mode and, therefore, was governed by
the % stress near 0=90°. The § = 0 curve has a peak value of:
about 812 MPa near § = 90 . This computed peak value grossly
exceeds the unnotched laminate tensile strength of 414 MPa (see Table
1). Part of this discrepancy can be explained by the fact that the
peak local stress acts over a very small volume of material subjected
to a high stress gradient. The peak local strength should be higher
than the unnotched tensile strength cbtained using a relatively large
tensile coupon under uniform stress. Also the NT damage onset
reduced the stress concentration for the region of peak o4 Stress.
Because the stress analysis did not account for this reduction, the
camputed peak 04y Was somewhat overpredicted. However, Ref. 14
showed thatmisomnputedaw peak correspanding to NT damage should
agree with similar peak values calculated for the other cases with NT
damage.

All four sets of curves in Fig. 66 correspand to the
measured load levels for damage onset. For g =0, 1 and 3, the %0
curves havepeakvaluesnear9=90°, all within about 13 percent of
812 MPa, the peak value for § = 0. This is consistent with the
earlier cbservation (see Section 4.4.1) that all three of these cases
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developed damage in the NT mode. The average peak stress, o, = 869

MPa, for these three cases will be used later in the damage-cnset
predictions for NT damage. The two solid curves in Fig. 66 represent
the tension-reacted bearing test case, § = oc. The loading for this
case corresponded to S = 542 MPa, the cbserved bearing damage-cnset
strength in tension. The peakan_value of about ~760 MPa exceeded
the unnotched laminate campressive strength of 455 MPa (see Table 1),

as expected. This peak value (abt;) of =760 MPa will be used later
to indicate critical hole-boundary corditions for bearing damage
onset in tension. For this bearing critical case, note that the %

peak of about 688 MPa is well below the critical (0 = 869 MPa)

level for NT damage. Conversely, the O peaks for =1 and 3

are well below the critical =760 MPa level for bearing damage.

5.1.2 Compression Stress Results

Figure 67 campares the hole-boundary stress distributions
for the four campression test cases (8 = -0, -1, -3, and —©). 2As
expected, the % andon_ curves for B = -0 are quite similar to
those for g =o. The %
than the 688 MPa peak for 8 = oo and much lower than the critical 869

peak of about 556 MPa is samewhat lower

MPa level for NT damage. The %y peak of about -800 MPa for CRB
damage is slightly larger than the =760 MPa level determined from the
TRB B = oo case. This higher - peak for compression loading
caused a lower damage-onset strength, compared to the corresponding
tension case (see Fig. 61 ard Table 3).

Recall that the CRB damage-onset strength decreased as the

bypass load was increased, see the § = -0, =3, and -1 cases in
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Fig. 61. This interaction was unexpected because the damage
developed in the CRB mode and the campressive bypass locads were not
believed to contribute to the O stresses that cause CRB damage.
The interaction for CRB cases can be explained using Fig. 67. The
peak 0. Stresses for g = -, -3, and -1 in Fig. 67 are nearly
equal and are all within 9 percent of -808 MPa, the average peak
stress for these three cases. Figure 67 also shows, that for these
three cases, the 1lower the bearing 1load the smaller the contact
angle. The smaller contact angles campensate for the smaller bearing
loads. The compressive bypass loads decrease contact angle and allow
the bearing loads to be more damaging. Therefore, the effect of the
conpressive bypass loads on the contact angle is responsible for the
cbserved decrease in strength for CRB damage-onset. This discussion
of cantact angle suggests that a similar interaction probably exists
in tension. The horizontal bearing-cutoff line, discussed in Section
4.4.1, prabably underestimates the actual strength for small Sp
levels. The average peak stress of -808 MPa will be used later as
the critical stress, Ope for CRB damage-onset predictions.

As previously mentioned, in Section 4.4.2, the campressive
B = -0 case in Fig. 67 involves dual contact. For this case, the
hole deforms enough to contact the bolt, starting at ¢ = 0 and 180 .
The dashed curve in Fig. 68 (and Fig. 61) represents the calculated
threshold for dual contact with a 0.076 mm initial bolt clearance
(see Section 2.3.2 and Fig. 31). This dashed curve shows that
contact started near Snp=-220MPaforﬁ=-o. The § = -0 curve
in Fig. 67, for Spp = ~422 MPa, shows that the cantact extended by

about i-20°around0=0 and180°. The o caxve for g = -0 has

66
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a compressive peak of about =940 MPa. This peak caused the net-
section compression (NC) damage observed for this case. As discussed
earlier (see Section 4.4.2), the dual contact in this case elevated
the specimen strength by allowing load transfer across the hole. The
B = =1 case showed same NC damage (see Fig. 61). The L peak for
this case, which may have caused the NC damage, was -694 MPa.
Damage-onset predictions for NC damage will be based on the average
oftheaoo peak stresses for the g = -0 and -1 cases. This critical
(average) stress for NC damage-onset was O = ~817 MPa.

The results in this and the previous section demonstrate
that local hole-boundary stresses can be campared with critical

stress levels to predict damage modes and damage-onset strengths.

5.1.3 Prediction Procedure

Damage initiation was assumed to be governed by the peak
stresses at the hole boundary. Critical stress levels for each
failure mode were determined, in the previous sections, from the
appropriate peak stresses for the test cases that exhibited that
failure mode. The critical stress levels calculated in Sections

5.1.1 and 5.1.2 were as follows:

Ot = 869 MPa -_ NT damage-onset

e = =760 MPa — TRB damage-onset
O = -808 MPa — CRB damage-onset
0o =-817MPa —— NC damage-onset.
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Net-tension damage-onset was predicted by setting the NT
critical stress at the hole equal to the ultimate tensile strength,
Xeo for the laminate. This produced the following equation:

Cot Ont = %¢ (5.1)

The C.. coefficient was introduced to account for the local stress
gradient near the hole. Whereas the xtvaluewasdstainedfran
coupons where a relatively large volume of material was subjected to
a uniform stress, the material near the hole is subjected to a stress
gradient and the peak stress exists only over a small volume. As a
result, the hole boundary strength exceeds Xt . 'The coefficient cnt
attempts to account for this stress gradient effect and was camputed
by solving eguation (5.1) for St using the critical stress, Ont v
for NT damage-onset. This resulted in a C,t Value of 0.48. To
predict NT damage-onset, equation (5.1) was rewritten using this Crt

value as,

> 1 ; C =0.48 (5.2)

This empirical relationship is similar to that proposed in Ref. 14 to
predict the damage-onset strength for bearing-loaded holes.

A similar expression was found for TRB damage-cnsst using
the critical bearing stress o
strength; X ,

bt and the 1laminate campressive
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cbtJr 2 1 i Gy =0.60 (5.3)

The value of Cot was calculated as 9.60 by a procedure similar to
that used for determining Cat *

For a given tension bearing-bypass case (8 » 0), equations
(5.2) and (5.3) can now be used to predict the damage-onset strength
and the onset failure mode. The first load level at which either %%
or o.. around the hole boundary satisfies either equation (5.2) or
(5.3) will be the predicted load at which damage initiates. A NT
damage mode would be predicted if T4 satisfies equation (5.2). TRB
damage would occur if equation (5.3) is satisfied. The damage
location would be predicted as the location of the appropriate peak
stress arourd the hole boundary.

Damage-onset for campression bearing-bypass can be
predicted by a procedure similar to that described above for tension
bearing-bypass. CRB damage-onset can be predicted by,

o
s « o . =
Cc %, > 1 ; ¢ =0.56 (5.4)
and NC damage-onset will occur when,
C.—<* 2 1 ; C_. =0.56. (5.5)

Figure 68 shows predictions for damage-onset, cbtained by
using the procedures described above. The laminate strengths used in
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these predictions were 414 MPa and 455 MPa for the tension and
compression, respectively (see Table 1). Tension damage predictions
agreed reasonably well with the test data shown by open synbols. For
B = 0, 1 and 3, the tension-damage curve lies below the bearing
curve, indicating tension as the predicted damage-onset mode. For 8
= oo bearing is the predicted mode. These trends agree with the
cbserved failure modes discussed earlier in Section 4.4.1. The
location of damage-onset can be predicted by looking at the stress
distributions in Fig. 66. For the g = 0 case, for example, the peak
%6 stress occurs at § = 90 . Damage-onset is most likely to start
at this location. This agrees with Fig, 62(a) which shows damage in
the vicinity of 90 .

The predicted curves for CRB and NC damage-onset, in Fig.
68, were constructed using eguations (5.4) and (5.5). Again, the
predictions agree reasonably well with the test data shown by open
symbols. CRB damage-onset is predicted for g = -1, -3 and -». For
the g = -1 case the CRB-damage curve lies below the NC-damage curve
(along the g = -1 line), indicating bearing is the predicted mode.
An explanation for the presence of some NC damage for the § = -1 case

(see Table 3) can be fourd in Fig. 67. The o, stress for g = -1 has

9
a peak of about -694MPaatamtmd90°. This peak stress, which may
have caused the NC damage, is only 15 percent below the critical

stress, Tre for NC damage-onset.
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5.2 Ultimate Strength Predictions

To predict the load at which a joint fails and the mode of
failure, the conditions for failure must be established. In this
investigation the Jjoint is taken to have failed when the computed
laminate stress (or stresses) has exceeded a prescribed limit at a
"characteristic distance" from the hole boundary. The stress limit
was evaluated using the maximum stress failure criterion. The char-
acteristic distance was established by using Whitney and Nuismer's
point-stress failure hypothesis [28] which assumes that failure (for
open, unloaded holes) will occur when the computed stress at a
characteristic distance from the hole exceeds the ultimate material
strength (see Section 1.4). The characteristic distances Fep v
r, . and Yoch for net-tension, net-campression and offset campression-
bearing failures, respectively, were determined using camputed L.
stresses and appropriate laminate strengths.

5.2.1 Tension

Figure 69 shows the 9 Stress distributions along the net-
section for all the tension bearing-bypass test cases (8 = 0, 1,3
and o0). iheseo;‘x stresses along the net~section were used to pre-
dict net-tension failures. The horizontal dashed-dot line corres-
ponds to the laminate tensile strength, xt , of 414 MPa (Table 1).
The % stresses for the § = 0, 1 and 3 cases, which involved net~
tension failures (Sec. 4.4.1), and the laminate tensile strength, X
were used to determine the characteristic distance, Yot o for net-
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tension failures. The value of (Yo/9) , shown in Fig. 69, was cal-
culated as the average of the (y/d) values for the § =0, 1 and 3
cases at which the stress distributions intersected the horizoental
dashed-dot 1line (corresponding to Xt ). This resulted in a (yot/d)
value of 0.884. For a hole diameter, d, of 6.35 mm, this corresponds
to a r

ot
I Value was used along with the 04 Stresses across the net-section

value (measured from the hole boundary) of 2.44 mm. This

to predict net-tension failure. The cordition for failure was,
Ixx
xt 2 1 ; at o = 2.44 mn. (5.6)

Figure 70 shows ultimate strength predictions for tension
and conpression bearing-bypass loads. The solid symbols represent
test data (see Table 4) and the I-symbols around each solid symbol
represent variability in the test data. The net-tension predictions
were based on the procedure described above. The linear interaction
trend (see Section 4.4.1) exhibited by the net-tension failure data
is very well predicted by the above prediction procedure. Net-
tension failures are predicted for the § = 0, 1 ard 3 cases.

The B = oo test case was the only tension bearing-bypass
case that exhibited a bearing failure mode. A horizontal bearing
cutoff line was drawn through this data point. This was not a
prediction but was based on earlier investigations by Hart~Smith
[12]. A similar bearing cutoff line was also constructed through the
B = -oo data point for campression bearing loading.
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5.2.2 Compression

Figwre 71 shows the o stress distributions along the

XX
loading axis (the x-axis) for the g = -1 and =3 cases which involved
offset compression-bearing (0CB) failures. These axxstresss were
used to predict OCB failures. The horizontal dashed-dot line in Fig.
71 corresponds to the laminate compressive strength, Xc , of 455 Mpa
(see Table 1). The characteristic distance, Tocp ¢ for OCB failures
was determined, by a procedure similar to that used for NT failures,
as 8.89 mm., tlhisrocbvaluewasusedmgetherwiﬂmttmomstress&
along the loadiny axis to predict OCB failure. The condition for

failure was,

X > 1 H at owp = 8.89 mm. (5.7)

Figure 70 shows predictions for OCB failures based on the
above procedure. OCB failures are predicted for compression bearing-
bypass cases with values of g between -1 and -3.

Figure 72 shows the 0, Stress distributions along the net-
section for the § = -0 and -1 cases. The £ = ~0 case involved net-
campression  (NC) failure and was thus used to determine the
characteristic distance, Yo
was used together with the o, stresses along the net-section to
predict NC failure. The condition for failure was,

, for NC failures. This Yoo (= 2.54 mm)

!
I
v
[
~

at e = 2.54 mm. (5.8)
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Figure 70 shows predictions for NC failures based on the
above procedure. For the § = -1 case OCB failure is predicted at a
lower load than NC failure. Therfore, the predicted failure mode, in
this case, would be offset campression-bearing.

Equations (5.6), (5.7) and (5.8) can be used to predict NT,
0cB and NC failures, respectively, by using the appropriate stresses
at the appropriate characteristic distances. The predictions in Fig.
70 define a failure envelope over the entire range of bearing and
bypass 1load combinations for the graphite/epoxy laminates. For any
given cambination of bearing and bypass loads, the designer could use
Fig. 70 to predict the failure modes and strengths. Similar failure
envelopes could be constructed for a different bolt-hole cleararce by
using equations (5.6-5.8) along with the stress analysis procedures
described in Chapter 2.

The strength prediction procedures, described above, were
also used with several failure criteria in addition to the maximm
stress criterion. ‘These other criteria were the Tsai-Hill [22],
Tsai-Wu [26], Hoffman [24), Yamada-Sun [37], and the maximm strain
criterion. However, none of the other criteria produced satisfactory
predictions. Note that all of these cother criteria involve multi-
axial stress components. This suggests that the failures were
governed primarily by the maximum stress, which in all cases was the

x-axis stress component.
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CHAPTER 6
SUMMARY AND CONCIUSIONS

This study addresses the need for an improved basic
understanding of mechanically fastened joints in composites. The
state-of-art of the research in camposite bolted joints was reviewed
and two important parameters that needed further investigation were
identified. ‘These were bolt-hole clearance effects and cambined
bearing and bypass load effects. First, a detailed analytical and
experimental study was made of the effects of bolt-hole clearance an
the contact and stresses around a fastener hole. Second, an
extensive analytical and experimental study was made of the effects
of combined bearing-bypass loading on the contact, stresses, failure
modes and failure strengths of laminate fastener holes.

The effects of bolt-hole clearance on the contact and
stresses around the fastener were studied both analytically and
experimentally. A new finite element analysis technique was
developed to analyze clearance-fit fastener holes. This method used
an inverse formulation and conditions along the bolt-hole interface
were specified by displacement constraint equations. After the
method was verified, by camparison with previous work, it was then
applied to the analysis of a sinmple joint with a smooth, rigid,
Clearance~fit bolt. For values of diametrical clearance, Cq +
typically used in camposite joints, the effect of clearance on the
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contact angle, the local stresses, and joint stiffness were
investigated.

The contact angle was found to be highly sensitive to
changes in the clearance. Also the peak stresses and their locations
were considerably influenced by the clearance. For example, when
results for the g = 1.6 percent clearance case with a 475 MPa
bearing stress were compared with the snug-fit reference case, the
peak tangential stress was 16 percent higher, the peak radial stress
was 36 percent higher, and the contact angle was 30 percent smaller
than for this reference case. After a slight initial nonlinearity,
the peak stresses, the hole elongation, and the overall plate
deformation in a clearance-fit joint increased 1linearly with
increasing stress level. At a bearing stress level of 1000 MPa for
Cq = 1.6 percent, the hole elongation was 16 percent, greater than
for the ¢ 4= 0 reference case, whereas, the overall plate deformation
was only 7 percent greater than thecd=0case. These results
suggest that the clearance in a mechanically fastened joint should be
considered in stress and strength analyses but may have little
influence on joint stiffness.

The finite element results for the load-contact angle
variations and the 1local stresses were verified experimentally,
especially, to assess the influence of bolt-hole friction which was
neglected in the analysis. Various simple experimental techniques,
using instrumented pins, werc developed for the measurement of the
nonlinear load-contact variation in a clearance-fit, pin-loaded hole.
An instrumented pin, that activated a make-or-break electrical

circuit in the pin-hole contact region, was found to be a simple and
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effective technique. Because of the limitations of this technique
another technique using an optical fiber sensing system was also
developed and found to be very accurate. A layout fluid technique
was more conveniently used for measuring contact angles in smaller
diamatzr holes. ILoad~contact variations in photoelastic specimens
were measured by observing the isochramatic fringe patterns around
the bolt-hole interface. Photoelasticity was also used to obtain
local stresses at clearance-fit fastener holes in order to verify the
finite element stress results.

The test results for the load-contact variations ard the
local stresses lead to an assessment of the influence of interfacial
friction. Whereas the load-contact angle variations for polycarbo-
nate showed a discrepancy between the finite element results and the
measured values, the stress distribution results did not differ
greatly. This indicated that the interfacial friction influenced the
contact angles more than the stresses. Thus, the sinple finite
element analysis, which did not account for interfacial friction,
could be used to calculate reasonably accurate stresses around the
hole.

The effects of combined bearing and bypass loading on
laminate fastener holes were examined by testing graphite/epoxy
specimens. Specimens were 16-ply, quasi-isctropic, T300/5208
graphite/epoxy laminates with a [()/45/90/-45]2 s layup and were
subjected to various bearing-bypass load ratios. Same specimens were
tested upto damage-onset and unloaded to study damage-onset modes
while other specimens were tested to failure. A finite element
analysis was conducted for each test comdition to determine how the
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bearing-bypass loading influenced the interfacial contact and the
local stresses near the fastener. The camputed stresses were then
used in a failure prediction procedure to analyze the test results.

Combination bearing and bypass loading was found to
influence both the contact angles and the stresses around the hole.
For tension bearing-bypass loading, an increase in bearing-bypass
ratio decreased the interfacial contact angle. The opposite was true
for campression bearing-bypass loading where an increase in bearing-
bypass ratio increased contact angle. Some campression bearing-
bypass ratios led to dual contact resulting in load transfer across
the bkolt. This 1led to lower stress concentrations at the hole and
therefore higher strengths.

The effect of combined bearing and bypass loads on the
failure modes and strengths was studied over the entire range of
bearing-bypass ratios. Tension data showed a linear interaction for
combined bearing-bypass loading with damage developing in the net-
tension mode and growing to failure in the same mode. ‘The
campression bearing-bypass strengths for damage-onset showed an
unexpected interaction involving the bearing mode. Compressive
bypass loads reduced the bearing onset strength. This effect was
analyzed and explained using the hole-boundary stresses. The
campressive bypass loads were shown to decrease the bolt-hole contact
arc and, thus, increase the severity of the bearing loads.
Campression data for ultimate strength exbibited a failure mode
called offset compressicon-bearing for cambined bearing-bypass loading
with damage developing in the bearing mode and causing a weakening of
the offset-section leading to ultimate failure in the offset
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canpression-bearing mode. Damage-cnset was predicted reasonably well
using the peak stresses at the hole. Strength predictions indicated
that damage corresponding to ultimate strength was governed by the
maximum stress near the hole.

Furthermore, the present investigation predicted a failure
envelope over the entire range of bearing and bypass load
conbinations for the graphite/epoxy laminates. For any given
cambination of bearing and bypass loads, the designer could use this
failure envelope to predict the failure modes and strengths. Similar
failure envelopes could be constructed for different bolt-hole
clearances by using the stress analysis ard strength prediction
procedures developed in this study. Finally, the present study
should help improve the basic mderstaxﬂmg of camposite bolted
joints ard lead to better structural design procedures.

The present investigation has also shown that further
research is needed to investigate bearing damage-onset under tension
bearing-bypass 1loading, especially, to verify the predicted trend
(from the present analysis) for bearing damage-onset. More testing
is required to investigate the effect of bearing-bypass lcading on
the net-campression damage-onset strength in the dual contact region.
Also, an assessment of the effect of combined bearing-bypass loading
on the onset and growth of interlaminar damage needs to be under-
taken. Finally, laminate response under cyclic bearing-bypass
loading needs to be explored.
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