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SECTION 1
INTRODUCTION

Bolted joints are a prime means of load transfar betweer
structural parts in aircratt. Compared to other joining methods
(bonding, welding, etc.), mechanical fastening is more reliable,
with a potential for improved structural efficiency,
maintainability and cost effectiveness. However, holted joints are
a sourca of stress concencration and could precipitate structural
failures if they are desligned improparly.

Prior to the initiation of this Northrop/AFWAL program,
no analysis was availahle to be used as an exciusive desigyn tool
for bolted parts, especially if they were laminated composites.
Consequently, their design has hitherto been based on extensive
testing, empirical data and approxizata analyses. The analysis
developed in this Northrop/AFWwAL proaxam eliminates the need for
extensive testing and provides a tecol for the rapid evaluation of a
boltaed joint concept. 1If the structural part is to be fabricated
using a characterized material, it eliminates the need for
axperimental information.

In the following sub-sections, the scope of this design
guide is stated, sample bolted concepts are presented, criteria for
the dusign cof bolted joints in composite structures are discussed,
the proposed design procedura is described, the analytical and
experimental requirenments for the design procedure are outlined,
and its current restrictions are mentioned. 1In Section 2, general
guidelines for tha design of a bolted joint in composi%e structures
are presented, along with summary statement:s on the effects of
critical joint paranmeters. Section 3 p.-nsants the computer codes
developed in this program for the strength analyses of single and
multiple fastener joints in compcasites (SASCT and SAMCT,
respectively). Section 4 demonstrates the use of the developed




analysis in predicting the streng®h of a realistic structural
alemant.,

1. Scope uf tha Dasign Guide

This design gquide summarizes the effects of sritical
parameters on the ctrength and lifetime of bolted joints in
composite structures, and presents general design guidelines. It
also describes a tast-independent analytical procadure for the
atrangth avaluation of a bolted concapt, based on the analyses
devaeloped in this program. The reader ia familarized with the
computer codas (SASCT and SAMCJ) that perform these analyses, and
an application to a realistic structural bolted joint is
demonstrated. This design guide will enable one to parform a rapid
analytical evaluation of many joint configurations, and to select an
efficiant bolting concept. The dascribed computar codes are
currently restricted to uniaxial loading, conventionally used
fastaner spacing and protruding head fasteners.

1.2 Sample Joint configurations

Figure 1 presents six composita=-to-metal tolted joint
configqurations used in the F/A-18A aircraft wing (Reference 1).
Figures 2 and 3 present joint configurations used in a typical
fusalage structure (Reference 2), A skin-to-root fitting bolted
joint in the F-20 horizontal stabilizer is shown in Figurse 4. Many
bolted joint concepts have been studied recently aa potential
alternative joining concepts for the F/A-18A wing root section and o
the F/A~182 vertical tail root section (Figures 3 and 6,
respsctively). The sampla bolted configurations in PFigures 1 to ¢
illuatrate the possible variety in this joining concept.

1.3 OQverview of Design Methodology

There are many variahlas in the design'of a bolted joint
in composite structures. These include the geometry and the
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1. Sample Bolted Joints in the F/A-18A Aircraft Wing (Reference 1).
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material propertiea of the boltad parts. the size and arrangement
of the fastenors, the fastenor material properties and torqua,
applied loading and the load transfer mechanism (single varsus
double shear), etc. The dasion of a bolted joint involves &
parametric study of the effects of the above variables on ths joint
efficiency, for a specified loading condition. A preliminary
analysis of 2 structural component., basad on convantional
assunptions, yields the general biaxial loading tiansferrsd at the
joint lccation (see Figure 7). The dasign procedure recommended in
this guide assumes a predominancly uniaxial loading at the joint
location.

The dosign of 3 uniaxially lcaded joint in composita
structures may be parformad using the analyses davelcped in this
Northrop/AFWAL program. Saction 3 describaes the use of the SASCT
and the SAMCJ computer codes for the strength prediction of singla
and nultiple fastener joints in composites, respectivaly. The
SASCT code predicts the strength of joints when a single fastener
transfers the applied load betwean the bolted plates. This
analysis accounts for material nonlinearity in the bolted platas,
the non-uniform fastener load distribution in tha thickness
direction of the bolted plates, and thz prograssion of ply-laval
failures based on a choice among a faw failure criteria. The SAMCT
cocda predicts the strangth of plates boltad togather by one or many
fasterars. It computas the magnitude and orientation of the lcad
at every fastener location, ths appliad load leval for averaged
stress components to reach critical levels at fastsner and cute-out
locations, the failure value of the appliecd load, the failure
location and the failure mode (nat section, shear~out or bearing).
Failure predictions are made at the laminate level uasing average
stress failure criteria.

The proposed design procedure involves the usa of the
developaed analyses to evaluate the effect of joint variables on
joint efficiency. 1If the bolted plates are rabricated using
characterized materials, the joint dasign is tested-~indepandent.
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Candidate holtad joint concepts are selectad following the general
guid.lines outlined in Section 2. The fastenar size and
arrangemen®t (spacing ratween. faateners), tha geomatry of tha bolted
plates, the load transfer mechanism, etc. ars varied without
violating the constraints imposed by the structural application,
The strength and durability of each bolted joint concept, along
with its impact on manufacturing costs and maintenance, 2re
svaluated to establish joint efficiency. An efficient bolted joint
concept can thus be designed using a purely analytical tool on 2
finite number of concepts that are selacted in accordance with
established quidelines.

1.4 Analytical Requirements

The design cf a bholted joint for composite structures
requiras the analyses devaoloped in this Northrop/AFWAL program
(References 6§ and 7}, Tha analysis of plates bolted togsther by a
single fastener may be performad using the SASCY (Strength Analyais
of 8ingle Fastenar Conposite Joints) or the SAMCT (Strangth
Analysis of Multiple Fastener Composite Joints) computer code.
Plates boltad together by many fasteners are analyzed using SAMCT
computer code. Saection 3 presents a briaf dascription of these
analyses. The reader is referred to Refsrences 6 and 7 for further
details,

1.5 Test Requirements

A test-~independent, purely analytical design tool haa
pesn daveloped to design a bolted jeint for composite structures
that are fabriczted using characterized materials. The engineering
properties (Young's moduli in the filer and tranaverse directions,
major Poisson's ratioc and the shear modulus in the fiber coordinate
system), the strengths or failure strains (under tension,

compression and shear), and the faillure parameters tor the assuned
failure criteria (charactaristic distances for net section, shear-
out and bearing failure predictions using tha average stress




failure criteria, for example) are known for a characterized '
composite material (lamina). Tests required to obtain tha abovae i
material properties must be performed on a new (uncharacterizad)
material system, prior to designing bolted joints for atructural

, parts made frox this material. When previously characterized
materials are used in the bolted platea, the test reguirements are
nil for the design of an efficient bolted joint concept.

1.6 currant Restrictions

The design of bolted joints in composite structures is
influancad by the current reatrictions in the developed analytical
tools. The primavy restrictions are listed below: !

(1) The developed strength analyses (SASCJT and SAMCT Egj
computar codes) do not acccunt for countersunk fastaner g'h
effects, i

(2) SASCT and SAMCT contain a stress analysis that 34§T
approximates the fastener/plate contact problem by an ﬁ&
assuned radial stress distribution. ﬁﬁﬁ'
. :'.*5 '.

{(3) SASCJ AND SAMCJ are restricted to a uniaxial applied O

loading, in tension or in compression.

(4) The prediction eof the durability of a joint is ﬂkﬂ
restricted to the incorporation of the bearing stress at ;
critical fasteoner locai'ons into experimentally obtained ot
curves for joint life.

(5) SAMCJ restricts the user to rectangular element )
geomatries and currently used fastener spacing and “g
arrangement. ?z'

Despite ths above restrictions, the developed analyses B

and the proposed design procedure mark a significant improvement %L‘

13




over the statae-nf-the-art with respect to the design and analysis
of bolted joints in composite structures.




SECTION 2
GENERAL DESIGN GUIDELINES AND JOINT VARIABLES
The design of boted joints in composite structures
involves tha definition of many variables. The major design
considerations are listed below:
(a) Tha loads that must be transferred from cne part to another.
(b) The load transtfer location in the strucrure.
(c) Geomatric constraints, if any, at the lcad transfer location.
(a) Fastener type, aize and arrangemonﬁ.

(@) The environmental range the joint will be exposed to.

(£) The effuct of the joint concapt on structural efficiency and
reliability.

The following sub~sections discuss che primary variables
that influence the design of boc.ted joints in composite structures.
Design guidelines corresponding to the dimcussed joint parameters
are highlighted within the sub-sections.

2.1 Joint Location i

+he Structure

The location of the joint in a structure influences the
selection of the joint variables significantly. Design guidelines
pertaining to selectad joint locations are presented balow:

(a) When aerodynamic surfaces in an aircraft gtructurs are joined

to substructural parts, or segments of a surface ara joined
together, the requirement of a smooth ocuter moldline should not be

AT AL O IV IR L P N S T A A AR
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viclated. The use ol protruding head fasteners on such surfaces, or
the presence of any other geometric discontinuity (step) at the
joint location, will adversely affect the lift distribution on these
surfaces and thelr aerodynamic performance,

On  aercdynamic surfacas, fagstaners mnust be
installed to be flush with the surface, without
exposaed fastener heads, and joined nmembers nust
ratain a smooth outer moldlina, (1)

(b) When structural members are joined together in fuel-
containment areas, measuras must be taken to precluds leakags of the
{vel and serviceerelated hazards, The use of metallic fasteners on
the cuter surface, for instanca, intreduce the threat of arcing
within the fuel cell in the event of a lightning strikae. In
designing joints for these locations, special consideration nust be
given te the nentioned sealing reguirements.

In fual containment areas, Joints nust be sealad
to ba leak=pront. Fasteners must also be sealed
to pravent arcing within the fuel call in the
avent of a lightening strirke. (2)

(c) When bolted joints are designed for structural regions with

Limsted or restricted accaess, special fastener types have to bs
used.

In areas of vrestrictad accessibility, blind
fasteners m:st be used, (3)

(d) Whep a laminated part is bolted to a metallic substructure,
the threat uf joint corrosion must be considered.

In ccrnposite~zo-metal joint locations. corrosion
barriers like filverqglagss layers must be usad, (4)

i6
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2.2 Joint. Confiqurations

Salected joint configuraticns are significantly
influunced by thair structural locations., Figures 1 to 6 present
typical structural joint configurations in current aircraft. Figquca
8 prasents tha localized structural joint configurations along with
their equivalent configurationa that are analyzed. The
configurationa that transfer loads in single shear introduce
localized bending effacuis that could adversely affect the strerngth
and durability of the joint., Stepred lap and scarf confligurations

involve thickness changes that provide an additional deaiyn variable
(layup) in belted laminataes.

2.3 Joint Loading

Structural joints are designed to bes effactive ovar
their design lifetime, when subjernted to the anticipatad dasign
spactrum fatigue loading. The durability considerations for
structural joints are discussaed in Section 4. This design guide
emphasizas the strangth analysis of a bolted joint, and praesents
computar codas that parform it. The reader nust supplement the
joint design based on a strength inalysis with & durability check,
using information similar to that presented in Section 2.9, The
effect of joint loading is discussed further below, at three levels

-=- structural, among fastenar rows, and at an isvlated faatenar
locacion.

2.3.1 Joint Loads at the Structural lLevel

Joint loads at the struccural level fall into two basic
categories -~ inplane loads and cut-of-plana or bending loads.
Flgure 9 presants some possible inplane load conditions in typical
wing skin-te-substructure attachmernts. 'fhe analyses developed in
this Northrop/AFWAL program, and described in ‘Saction 3, assume that
the joint at each location is subjected to a predominant
unidirectional load. Fiqure 9 illustrates that this assumption will
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not be valid at some loacations.

Figure 10 presents sanmple situations where considerable
out-of-»lane (bending) loads are introduced at the joint locatien.
This is inherent in single shear load transfer configurations (sce
Figure 8), and adversely affects joint strength and durability. I
one of the bolted plates is very stiff compared to tha other, the
daleterious effects of load eccentricity in a single shear
sonfiguration are minimized. In double-shear load transfer
configurations (see Figure 8), the out-of-plane loads are raducad to
a negligible level.

Single - shear lcad transfer joint confiqurations
introduce ocut-cf-plane (bendiny) loads that could
significantly raduce the atrength of tha joint.
When one of the bolted members is very stiff, the
«ffeact of ths out-of-plane loads is minimized. (S)

Double - shear load transfer jnint configurations
essantially introduce inplane loads in the bolted
plates. (6)

2.3.2 Load Distribution Ameonq Rows of Fasteners

Assuxing a unidirecticnal applied lcad, the fasteners in
a row are arranjged perpendicular to the load direction. Joint
configurations affect the distribution of the applied load among the
various rows of fastenars in a joint, and the distribution of the
row-wise load fraction among chae fasteners in any row. Hitherto, the
fasteners in a row have been assumed to carry equal lcads, and only
the row-wigse load distribution has been analytically predicted. The
SAMCJ code developed in this Northrop/AFWAL program overcomes this
limitation, and predicts the two-dimensional load distribution
(magnizude and or!entation of fastener loads at all locations) for a
selecte.! fagtener nattarn.




A. QUT-OF~PLANE JOINT LOADING DUE TO INTERNAL PRESSURE
(e.0.. FUEL PRESSURE, FUSELAGE CABIN PRESSURE, ETC.)

8. OUT-OF=PLANE JOINT LOAD DUE TO LOAD PATH ECCENTRICITY

Figure 10. Sampie Joint Configurations that Introduce Significant
Out-of-Plans Loads at the Joint Location.




Figure 11 presents the load distributions for two and
five fastener, doublc shear joint configurations tested in this
program (Refersncea 7 and 8). The bolted plates in Figure 1l were
uniform in thickness. Figura 12 illustrates how the load
distribution amorg four rows of fasteners can be varied by changing
the joint configuration. In the ntrongest configuration (4}, a .
conbination of tapering and rainforciig of the Jplice plates
minimizes the bearing load whera ths by-pass load is the largest
(station 1), and maximizes the bearing load whare thers is no by-
pass load (station 4). The plate widtheto=bolt diameter ratin (W/D)
is 5 at station 1, and 4 at stations 2 and 3. A larger bolt is used
at station 4 (W/D=3), This results in a reduction of the bearing
stregses at stationu 2 to 4, and the strongest configuration (sae
Reforances 9 and 10).

In bolted metallic plates, the fastener load
distribution is similar to those shown in Pigure 11 for low values
of the applied load., But, as the applied joint load increases
toward the fallure valus, yielding will occur at peak fastensr load
locations. This causses the incremental applied load to be carried
by the remaining fasteners, generally resulting in a uniform
tastener load distribution near failure. For the five fastener
configuration in Figure 11, for example, every fastener will carry
ons-fifth of the applied lcad at failure. However, laminated plates
generally exhibit a linear elastic and brittle behavior, with
negligibls ductility or yielding. The non-uniform load distribution
among rows of fasteners in composita laminates, therefore, remains
non~uniform at failure. This reduces the failurs load level if the
peaks in the load distribution are not accompanied by appropriate
thickness tapering and othar changes in the joint configuration,
Joint efficiency is determined by the overall load-carrying
capability of the joint.

The load distribution among rows of fasteners in
a bolted laminate generally remains non-uniform
at the failurea load level, in contrast to what is
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Figure 11. Fastener Load Distribution in the Laminated Plate
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(References 7, 8).
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assumed in bolted ductile metals. This adversely
influencas the failure load for bolted laninates,
unless thickness tapering or other configuration

changes are introduced. (7)
2.3.3 Bearing and By-Pass lLoads at an Isolated .

Fastanar Location

Figqure 13 illustrates the hearing and by-pass loads, and
the interaction batween them, at an iaolated faateneyr location in a
boltad laminate, The failure of the boltad plate is generally
assumad to coincida with the failure at the most critical fastenar
location. The identification of the most critical fastenar location
raquireys 2 knowladge of the load distribution among the fasteners,
and an understanding of the interaction betwesn the bearing and by-
pass loads at a fastener location (Figura 13).

In ductile netals, minimal interaction is assumed
between the bearing load and the by-pass load. Howevar, in
composites, a significant interaction has heen demonstratad betwaen
the two loads under tensile luvading (see Figurs 13). Only a
minimal interaction is observed under compression (mee Figure 13),
The open hole and baaring straengths of laminates (under tension and
compreasion) are dapendent on the laminate layup. The buaring
stress at failure is also dependert on the adge distance (gesometry)
of the bolted laminate when its layup contains more than 40% of 0-
degree plies.

Under tensile loading, an increase in the bearing
atress raduces the bLby-pass stress value at
failure in bolted laminataes. (8)

Under compressive loading, a nminimal or
negligible interaction hetween the blrearing and
by-pass loads is obsarved in bolted laminates (9)
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2.4 Failure Modes in Boltad Laminates

Bolted laminates exhibit one or more among a variety of
failure modes, depending on thair layup and geomatry, tlie fastener
type and the loading configuration. Figure 14 presents tha basic
failure modes observed in bolted laminates and possible fastener or
fastener-induced failures. 1In the design of bolted laninates using
tiie SANMCJ coumputer code, only the net section, shear-out and bearing
nmodas of failures in the laminate are considered, and fastener-
related failures are assumed to ba preclud a priori, Net section
and shear-out failures lead to cacastrophic joint falilures, while
bearing failure is generally non-catastrophic. Critical, highly-
loadad structural joints chould, thorsfore, be designed to fail in a
bearing modae.

Ensuring that fastener-relatad failures are
predicted, highly=-loaded atructural jointa must
be designed to fail in a bearing mode to avoid
the catastrophic failures inducad by net saction

and shear=-cut mdes of failure. (10)
2.5 Fastener Type, Material and Installation Variables

In selacting fastaners for bolted compositae structures,
many variables have to be considerad. These are briefly discussad
below.

2.5.1 Fastener Tyvpe

Fasteners are available in different forms for different
applications, and are broadly classified as protruding head
tasteners or countersunk (flush head) fastaerners. Countarsunk
fasteners generally have a 100 degree head angle, and are referred
to ac tansion head or shear head fastenars based on the countersunk
depth. Special fastener types include hi-lok, big foot, Jo-bolt,
Eddie-bolt, k~lLobe, composite fascencrs, etc. (Reference 1ll).
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The joint location influencas tha selected fastener type
and introduces sealing requirements (sea Sestion 2.1). The three
quidelires corresponding to this are repeated below:

Flush head (countersunk) fasteners should be used
on aerndynamic surfaces o maintain contoux
smoothness, (1)

In fuel containment aruas, the fastenar locations
nust be sealed to ba laeak-proof and to prevent
arcing in the fuel ~all in the evant of a
lightning svrike. (2)

In areas of reastricted acceswibility, blind
fasteners must be used, (3)

Tension head countersunk fasteners have & lavger
countersunX depth than shear head countersunk fasteners. Tension
head fasteners, therefore, rast over a larger area of the bolted
plate, and carry tha load primarily in tension along the fastener
axis. Shear head fastenars have a smaller countersunk depth, and
carry the locad primarily in shea: cver the fastener crous-section.
Censaquently, tension head fasteners are capable of carrying larger
icads than shear head fastenaers. But, when ths countergsunk depth
exceads approximately 70% of the bvlted plate thickness, the
fagstener effectivensss ia reduced dua to the local "knifas edge"
effect, influencing the sslection of the fasteuer types.

Tension hLead fagsteners are preferred over shear
head fasteners when the countersunk depth is
belnw approximately 70% of the bolted plate

thicknass. (%)
2.5.2 Fastener Material
29
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The main considerations in the selection of the fastener
material are its compatibility with the bolted plate matsrial and
its mechanical properties. <Galvanic corrosion is a problem when
steel or aluminum is usad adjacent to graphite/upoxy composites,
espacially in a salt spray atmosphere (see Table 1, Figure 15 and
Reference 12)., Titaniur doss not corrode when it is in contact with
graphite/epoxy composites. The compatibility of other materials
with graphite/epoxy couposites is rated in Table 1. Consaquently,
titanium fasteners are preferred for usa in bolted composite
structures. Also, a corrosion barrier is generally introduced
batwaun bolted composita and metallis parts, if the netal is steel
or aluminum (see Figura 15).

Tiranium fasteners are preferred for usae with
| gqraphite-reinforced composites. Steel and
aluminum fastensers aras not rscommended for use
with <these composites due to their corrosion
susceptibility. (12)

2.5.3 Fastuner Siza

The fastener size is generally selacted to preclude
excessive fastener bending effectas that could reduce its lcad
transfer capability and induce premature fastener failure. As a
genaral rule, the ratio of the fastener diameter (D) to the bolted
plate thickness (t) should be greataer than 1 (see Figure 1l6).

The fastener diameter must be larger than the
thickness of either bolted plate. (13)

2.5.4 Fastener Fit and Hole Quality

Structural parts that are mechanically fastened together
are drilled in accordanca with established process specifications.
fiavertheless. the presence of flaws at fastener locationre is
commonplace. These flaws include improper fastener seating,
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TASLE 1.  CALVANZC COMPATIBILITY OF FASTENER MATERIALS WITH
COMPUSITES (REFERENCE 12).

_ Compat ibility with Graphlite/kpoxy
Fastener daterial

TE vt « ST PTF 2 B

Composites
Titanium and its alloys Very Cood
MP-35N, INCO 600 Good
(Nickel, Cobolz alloys)
] A206, PH13-80 Acceptable

%ﬁ (Molybdenum alloys)

i“

Eb bnel Marginal

J—
= Al

Lew Alloy Steal

»"a

Not Compatible

S{ver Plate, Chrom. Plate Adequate with/Aa286, PHI3 13-8Mu

Cadmiva or Zinc Flate Not Compatible

Aluminum of Magnesium Alloys Not Compatibla
|
ALUMINUM
CCRROSTOW

A A"

GRAPHRITE EPOXY

SEALANTZ  GRAPRITE SKIN

GRAPHITE 1
SUBSTRUCTURE u

Figure 15. Galvanic Coupatibility and Ccrrosion
Prevent ion.
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cratering of the hole boundary, broken and separated fibers at tha
drill exit side, delaminations near the exit surface, and a slight
tilt (<10 degrses) in the hole axis away from the normal to the
bolted rlate (Refasrence 13). IniLuciurenca fit of fastenars will
also affact hole quality and influence the efficiency of the joint.
The effacts of interference fits and faastener hole flaws were
studied in Reference 13 (see Table 2). A summary of the results is
presented below:

b 0
evats & o Sustwbd I/

e N N e

. vVIRES

S e e ® o
DI N N A

" Interferance fastener fits (up to 0.098 inch of
q interterence) induce negligible tensile strangth
- lonseas. Nevarthaless, thay are ganarally not
racomnended due to installation problams and
ﬁ their effact on hole quality. (14)

" I2 the countersunk fastenaer seating (assuming 50%
of the bolted plate thickness to be the nominal
countersunk depth) is increased beyond 80% of the
bolted plate thickness, the joint strength is
decreazed considerably (20 to 50%). (18)

e

w
£

q
If the countersunk hole axis is at leasc 10
degreas away from the normal to the bolted plate,

A 7

e significant Joint strength logses result (over

w2 20% for a 10 degree tilt). (16)
v

E Other flaws (exit sida broken fibars and

o delaminations, 1less than a moderats 1level of

}: porosity in bolted laminates, holes offset by

- less than 0.008%5 inch, etc.) at fastener locations

,.. . introduce negligible Jjoint strength losses

o (<10%). (17)
;; 2.5.5 Factener Torque-Up

Static and fatigue tests on composite-to-metal joints
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wara conductad in Raferenca 13, varyiig tha fagtoner terqua-up value
from C in-1b to 150 in~lbs. Fastansr torqua-up significantly
improvad tha static strength of the joint (15 to 30%), and its
fatigqua 1lifa at a salectod stress level, Similar results were
obsarvad in Referonce l4. Under fatigue loading, the torgua=-up
inhibits tha initial yrowth of local failures in the joint, and the
rasults in a more abrupt fatigue failure due to excaessive hole
elongation than a joint with no applied torque.

Fastonor torgua=-up incraesses tha atatic strangth
of a Joint and its fatigue life at a selacted
stress lavel, (18)

2.6 Boltad raminate Fropertias

7he basic material and its layup (stacking sequence) in
Solted laminates influancoe the joint performance considerably. when
graphite/epoxy laminates ars bolted to matallic substructures,
‘galvanic corrosion nmust be addressed (seo Figure 15 and Table 1).
For exanmple, a corrosion barrier like a glass/epoxy layer nust be
used betwoen graphite-reinforced compositas and aluminum
substructures.

When graphite-reinforced compositas are bolted to
matallic substructures, corrasion barriers must
be introduced if the metal is not compatible with
the composite material (ses Table 1). (19)

The bolted laminate layup is generally denoted by the
percentages of plies with fiber orientatioi:s of 0, + or ~45 and 90
degrees, with raspect to tha primary loading direction, for most
structural laminates. The envelope within which a bearing failure
mede and the maxinmum bearing strength are realized is shown in
Figure 17. Within this envelope, the strength is indsapendent of the
actual stacking sequence. This assumes a laminate width-to-fastener
diameter ratio (W/D) of at least 4, and an edge distancea (E) of at
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o N CIRECiON. MINIMUM OF 12.3 PERCENT)
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(PERCINT) \J‘\\Ji '~ !\{N //- QUASIKHISOTROPIC PATTERN
40 - .
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0 20 40 0 0 100
+48° PLIES (PERCENT)
Figure 17. The Envalop of Bolted Laminate Layups for Realizing a

Bearing Mode of Failure and the Maximuz Baaring -
Strength (Reference 10).
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least 3ID. When the percentage of 0 dagree plies exceeds 40, a
shoar-out mode of fuilure is introduced, reducing the bsaring stress
value at failure. Section 2,7 prasents the effacts of fastencr
spacing and the geometry of a bolted plate ou its strength.

The bearing strength of a laminate is maximum

when its layup contains less than 0% each of 0,
+ or =45 and 90 degree vlias. The corrusponding
failure occurs in a bearing mode. : (20)

In addition, the individual plies must be arranged such
that adjacant plies have different fibar orientations. If the
stacking sequanca contains groupa of plies with identical fiber
orientations, delaminaticn-raluted failuras will occur and reduce
the joint strength.

Plias with different river orisntations should be
irterspersad within the laminate, to the naxinmum
possible extsnt, to minimize delamination-induced
atrangth losses. Group of identical pljes should

not excoed 0.02 inch in thickness. (21)
2.7 Fastenar Spacing and Arrangement

The geometrical parameters that define the fastener
spacing and the fastener arrangement in a bolted plate are
illustrataed in Figure 18. E is the edge distance, 8; and S; are the
fastener spacings in the loading and transverse directions, »nid W =
5; for a single fastensr joint. The effects of thesa geometrical
parameters were studied in References 8, 13 and 14. The results are
summarized below:

The bearing and net sectl!on strengths decrease
when the fastener size increasaes (see Figure 19). (22)

The bearing stress at failure decreases
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Figure 18, CGceometrical Parameters for a Bolted Plate.
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significantly when E/D is raducad balow 3 (see
Figure 20). A bearing nmode of failura |is
¢bserved only when E/D>4, and tha percsntage of 0
dagrea plies is less than 40. A shear-out mode
of failure results whan E/D<3, or whan the
percantage of 0 degrea plies ia >40, (23)

The bearing stress at failura dacrsases
significantly when 8 /D (W/D for a single-
fastenasr joint) 4ig reduced below 4 (see Figure
2) . When E/D>3, W/D>4, and tha percuntage ot 0

dagree plies (s below 40, a bearing mode of
failure ocours. When W/D<4, a net gection
failuve occurs in the same laminate, (24)

Whan the  fastener spacing in the loading
direction (S /D) is decrasased below 4, the joint
strength decreasas due to streas concantration
interaction (see Figure 22). The same affect is
obsurved with £./D (see Figure 21). (25)

In sunmary, ansure that D/t>»), E/D>3, W/D
(s;/D)>4, S, /D>4, and tha percentage of plies in
any orientation is <40, to achieve a buaring
failure mode and to rmalize the maximum joint
strength. (26)

St

2.8 Joint Tziloring for Maximum Efficiency

The derign of a doiant should achieve the following
nbjectives to be considered efficient: (1) It should be capable of
tranaferring the design ultimate loads without failling any nember:
(2) It should possess the cesign life whan subjactad to tha dasign
spectrum fatigue loadirqg; (2) It should be the least weight design
that meats (1) and (2): and (4) The complexity of the dasign concep:
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tension; S../NeW/Lw6; protruding head stuel faatener;
D=5/16 in.] T=100 in-lhs.

Effect of SL/D on the Strength of Bolted Laminates.
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should be controlled to aida producikility and maintainability of the
structural joeint.

A joint can be tailored to improve ita sfficiency. For
example, whan the number of fastener rews (a row keing psrpendicular
to the primary loading direction) is increased, tha peak load
fraction is gensrally carried by the innermost or outermost fastenar
row (see Figqures 1l and 232). If the failure umode at the cxitical
fastener location is bearing or net section, the thickness and wideh
of tha bolted plate at that lecation will influence the joint
failure lcad. In an efficient dosign, the width and the thickness
of the bolted platas will be tailored such that svery fastener
location is equally critizal (ses Filgurs 5). The peak bearing
stross at the design ultimate load lavel will ba lowersd to a lavel
that ensures a ninizmal bearing/by-pass interaction, if possiblae (see
Figura 13).

ons experimental concepts hava also baen demonstrated
te be efficient jeint tailoring concepts, danpite the aifficulty
they introduce in applying tha concept at the production level. An
example is shown in Filgure 23, where the 0 degree plics in the
bolted skin are replacmd by + und -45 Jdeqgree plies in the joinc
region (Refarence 15). This causes a swmaller fraction of tha
running load to be transferred at the joint location, and alsgo
increasaes the local bearing strength. An alternative, equivalant
concept would be to replace the stilfer naterial by a tougher
material at the joint location. For exanple, graphite/epoxy plies
can be replaced by aramid fiber/apoxy plies at the jeint location.
it is raiterated, thouglk, that thase validizted tailoring concepts
are diffizult to lmplement in a production envircnuent.

The gsonmetry of bkoltad laminates nuat be
tailored, in the width and thickness directions,
to render every fastener location equally
critical. : (27)
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2.9 Durability Considaerationa

The design of a bolted joint is currently based on an
assumad deaisn ultimate lcad lave! and a static strength analysis
(sae Section 3). The assumed design ultimate load laevel should
acrount for durability considerations also. Generally, irrespactive
of the static failure mode, a bolted joint auffers fatigue failure
via excessive hols elcngation (bsaring). This possible change in
the fallure unde from tha static loading case to the fatigue loading

case hag besn obscrved by many in ths literature (see Refarances 13
and 14).

If tha joint stztically fails in a baariny mode, {t
conld suffer premature arcessive hole elongation (fatigyud failure);
whar. subjacted to the spectxum fatigque loading. Figures 24 and 25
pretant sarpla constant omplituds fatigue test results fron
Reference 14 fovr a fully reversed loading case (Rw=1). Simiiar
results should be used %o approximatsly and conassrvatively estimate
the fatigqua life of & joint using a fatigue analysis (Miner's rule,
for uxarple). Based on the fatigue analysis, the beariliy stress at
tha critical fastaner location should be designad to be sufficiently
lower than the static bearing strength, to ensure ths dasign life of
the joint. The final joint dexign, therefore, will be capable of
statically transfarring the design ultimate load, with the peak
baaring stres3a valua ensuiing the dusign fauticue life.
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SECTION 3
STRENGTH ANALYSIS OF BOLTED COMPOSITE STRUCTURES

As mentioned in Section 1.4, two computer codes ware
developed in this Northrop/AFWAL program to predict the strength of
bolced joints containing a single fastener (SASCT and SAMCJ) or
nultipls fasteners (SAMCY). Moat of the structural joints contain
multiple fastaners, and SAMCY is adequate for the design of these
joints., SAMCJ is also capablae of predicting the strength of single
fastenar joints, without accounting for tha nonlinear joint load
versus deflection behavior introduced by ply level failures,
Howaver, if the user wishes to interrogato an isolated fastenar
location, accounting for the nonlinear joint behavior due to
progressive (two-stage) ply failures, tho SASCT code is useful. The
reader is referred to Rafarences 6 and 7 for detailed descriptions
of the SASCJY and SAMCJ analyses, respectively.

In the following sub-sactions, brief descriptions of the
analyses in the SASCT and SAMCJ computer codes are presented, along

with detailed instructions for the use of these analytical design
tools.

3a Description of SASCJ Analysis

A two-dimensional anisotropic plate analysis that accounts
for finita plate dimensions (FIGEOM), and a finite difference
fastener analysis (FDFA), are incorporated into a progressive
failure prncudure to davalop a strength analysis for single
tastener joints in conmposite structures (SASCJT). An isolated
fastener location in a bolted structures (see Figure 7) is primarily
subjected to the loading shown in Figure 26, The general bolt
bearing/by-pass situation can be analyzed as a superposition of an
unloaded hole situation and a fully loaded hole situation (sea
Figure 26). The unloaded hole case is analyzed using the two-
dimensional plate analysis (FIGEOM), and does not involve the
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fastener analysis (FDFA). Tha fully-loaded hole situaticn is
analyzed using a progressive failure procadure that predicts local
ply failures and delaminations unti) the bolted plate cannet carry
any additional applied load. Tha employed ply-failure criteria and
the delamiration crxiterion are discussed in Sections 3.l.J and
3.1.4.

J.1.1 Strength Analysis Procadure for Fully-lLoaded Holass

The strength uvf laminates with fully loaded holes is
predicted using the procedure outlined in Figuve 27. A twoe
dimensional strasas analysis (FIGEOM), accounting for finite
dimensions of the koltad plates, is initially performed on each
bolted plate. Computed plate stresses are used to calculate the
effective moduli of the various ply types in sach bolted plaote (see
Referaenca ¢). The inplane strains computed by the FIGEOM code are
used to obtain the stresa state in each ply. The ply stresses
around the hole boundary are integrated to yield the bearing load in
each ply (sea Reference 6). The inplana stressas iu each ply, per
unit bearing load, are incorporated into sslected failure criteria
to compute the ply (bearing) loads corresponding to the various
inplane failure uodas.

The effuctivs moduli and the ply bearing loads
corresponding to the various faillure modes, for all the plies in
each bolted plata, are incorporated into the fastener analysis. The
initial fastoner analysis on the undamaged platas computes the
distribution of the applied bmaring load among tha various plies.
Comparing these ply loads with the stored failure values for inplane
ply failures, the joint load corresponding tc the earliest ply
failure is obtained. The fastener analysis also computes
approximate shear strain valuas at the interfacial locations batween
adjacent plies. Incorporating these into an interlaminar failure
criterion, the joint load corresponding to the earliest interlaminar
failure (delamination) is obtained. The smaller of the two joint
loads, corresponding to the earliest inplare and interlaminar

- . .
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failures, determines tha first failure in a bolted plata and the
corresponding joint load valua.

The effective moduli of the damaged plies are reset %o
appropriately represent the predictasd failure modes. The revised
rmoduli ere incofporatnd into the fastensr analysis, and the
procedure is repsated to predict the next failure mode and the
correspondiing joint lead. When any ply is predicted to fail
totally, the analysis cvomputas the redistribution of tha
corruspondirg joint load among the remaininy effective plies, and -4
detarminas if any othex concomitant ply failure is pracipitated. f
This procass is repeated until one of the boltud plates hecomas '
inaffective in transferring the applied load (joint failure). :

e

b et acwn-da S B ik e hait e
Py

-t e

The SASCY computer code is restricted to protruding head
fastaners, and ascuzmes that fastensr failure iz precluded. However,
when a countersuynk fasteier is specified, SASCT assumes an
approosriate boundary condition at the head location, and oxpects tha
user to input an egquivalent (larger) uniform fastener diamater. It
can analyzse any combination of laminatud and metallic plates, bolted
togethexr in a sincla-lap or double-lip contiguration,

sy Taa s T

£

R 3102 Strungth Analysis Procedurs for Partially-loaded loles

a VL s 2 E

A genaral fastunar location in a bolted plate transfers
a fraction (a) of tha total applied load via the fastener, the
remainder (l-a, being by-passed to the naxt fastener location (see
Flgurss 7 and 26). 1In this case, tha stress state at the fastener
location is computed as a superposition of the stress states
corresponding to the unloaded and fully=-loaded hole situatlons.
Figure 28, for example, presents a schematic representation of how
the averaged stressos are obtuined to pradict net section, shear-out
ard bearing failures in the plies using average stress failurs
criteria. For a unit applied load, tha averaged etresses in the
laminate with an unloaded hole, when subjuctaed to a load of (l-a),
and the averaged stresses in the laminate with a fully loaded hole,

- e A
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when suhjected to a load of o, are ccmputed separately and added.
Incorporating the combined averaged stresses into the appropriate
failure criteria, the applied locad corresponding to a ply failure is
computed.

In the case of fully loaded holes, prograessive failure
prediction involves the repetition of the fastener analysis with
revised ply properties after every ply failure. The two-dimensional
analysis (FIGEOM) is only carrisd out once. But, in the case of
partially loaded holes, a ply failure will affect the unloaded and
the fully loaded hole contributions to the local stresses. Henca,
prograessive failure prediction in the partially loaded case involvas
re.aating FIGEOM and FDFA anslyses aftar total ply tailures.

1.1.3 Inplane Failure Criteria

The SASCT code permits the user to salect any of the
following five fallure critaria for the prediction of ply fallures
based on inplane stresses and strains: (1) point stress failure
criterion, (2) average stress failure criterion, (3) maximum (fiber
directional) strain criterion, (4) Hoffman criteron, and (8) Tsai-
Hill criterion. The first two criteria predict three modes of
failure in each ply--net saection, shear-out and bearing. Thae
maximum strain criterion predicts ply failure based on fiber
failure. The Hoffman and Tsa.-Hill criteria predict ply failure
accounting for biaxial stress interaction that is ignored by the
first three criteria.

The point streas failure criterion predicts net section,
shiear-out and bearing failures when the appropriate straess
components at selectad locations attain unnotched specimen failure
values {(see Figura 29). Ans’ doso and ‘ubrg are called characteristic
distances. Whenck (0, D + gma) axceeds the unnotched tensile or
compressive strength of the ply, as appropriate, a net section ply
failure is predicterd. Wwhen 1, (D o+ 8, brg! 0) exceeds the unnotched

compressive strength of the ply, a bearing mode of ply failure is

(€]
[F2}




The cx value at this location determines
net section failure

f—The *xy value at this

Jocation determines shear-
vut failure

> X

“ The ox value at this

qt location determines
e bearing fallure

Figure 9. The Charactaristic Distances used in the Point
Stvess Fallure Criteria
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D/u + dQl’\‘

Gw(o,y) dy determines net section failure
b/2

d

080
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failure

» X
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datercines bearing
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Figure 30. The Characteristic Distances Used in the Averayge Stress
Failure Criterid. .
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predicted. When Tey (a,4, r D/2) exceeds the unnotchad ply shear
strength, a shear-out mode of ply faillure is predicted. The avera
stress fallure criterion predicts these failures based on averaged
values of the mentioned stress components over selected
chacacteristic distancas (dony Aoy and doneg) that are larger in
magnitu 2 compared to those used in conjunction with the point
stress criterion(see Figure 30),

0f the three ply failure modes, only the net saction
mode causes tha ply to bacoma almost ineffective (total failure).
The bearing node of failure causes the ply to suffer a reduction i)
its effective modulus without losing its locad-carrying capacity.
The shear-out mode of failure causes a ply to become ineffective
only whan it is delaminated from the adjacent plies. When a ply
suffers any of the above fajilures, its load ve ‘sus deflection
response is at the knee of the bilinear representation in Figura 3.
The damaged ply can carry additional load until total ply failure :
precipitaztad. The SASCT computar coda automatically sto:res tne
damage state in aevery ply in the bolted plates, and rcassigns valui
for ply modull to appropriately represant predicted ply feilures.
When a ply suffers total failure, its modulus is set equsl te zero,
and the redistribution of the joint load among tha remaining plies
is computed. A typical overall load varsus deflection behavior of

tha doint is shown in Flgure 32, indicating the «ffects of local ar
total ply fallures.

The maximum strain {fiber directional), Hoffman and
Tsai-Hill criteria are srplied along a path that is concentric to
the fastener hole, at a characteristic distance (a,) from the hole
boundery (see Figure 33). The location aloug this path where the
selected critaerion 1s satisfied determines tha failure location,
The maximunr strain criterior predicts fiber failure in a ply (total

ply failure) when its fiber directional strain exceeds the failure

. tu cu
va’ : , .
alues (ell or cll)

The Hoffman failure criterion, bhased on inplane ply
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streasas, statecs that total piy fallure will occur when the failure
index (H) ia thu tollowing equation reaches a valua of unity:

2 , . 2
'cl - °1°2)/xcx: + ol(hc-xt)/xcx‘ + ozchYt + 0, (YC-Y‘)IYth +

°§’52 « N

In tha above cquation.ad ' 0, and ¢, are the ply strucuies in the
fiber conrdinate system, X. and X. are the uniaxial tansile and
conpresaive matarial strengths along tha fiber divection (1), ¥, and
¥. are tha uniaxial tensile and coumpressive material strengths
perpendicular to tha fider direction (2), and S ls the naterial
shear strenqgth in the 1~2 plane.

In the 8ASCJY code, the Hoffman criterion is arplied
along a path that is concartric to the fastener hole, dsfinaed by the
characteristic distance a, (see Figure 33). At 3electod points
along this path, the following expressions for the failure values of
the ply load (Pf) are computed:

Pew (b s vhidac)/la
whare
2 2, 2 z] 2
- [(ol-olozwxcxt + 03N ¥, + 0p/S" |2y

b e [(xc-xt)cl/xcxt + 0y, -Yt)czchY:] A

e~ ~], and

I’i = ply load at which 01. 02 and C, are computed

L0
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The location where ths¢ smallest non-negative value for Pf is
computed identifies the failure initiation point.

The Hoffman critarion predicts total ply failure and the
failure location, but dces not identify the mode of failure. The
failure location, though, generally indicateus the possible failure
mode. Referring to Figure 13, if faillure is predicted near 9=0°, a
bearing mode of failure is suspected., 1If the failure location is
near #=90°, a nat section mode of failures is suspected. And,
intermediate values of 0 i.dicate a shear-out mode of tailure. The
Tsai=-Hill sriterion can bs obtained from the Hoffman criterion by
setting X = X, and ¥, = ¥, . This criterion, therefore, dces not
account for diffarent strengths under tension and compression. The
ply failure load (P,) in this case is computed to be 1/Va.

3.1.4 Interlaninar Failure Criterion

Dslamination batween plies is predicted by incorporating
computed shear strains at the interfacial locations into a maximum
shaear strain criterion. At tha interface between plies i and j, for
example, the shear strain is computed to be:

-}

7)(2

- "ui - UJ) /hQ

where hy is the ply thickness in the plate containing plies i and 3.
This expression for the shaar strain is approximate. Plies { and j
are assumed to delaminate when Y;;J exceeds a failure value. The
failure value for Y,, ls determined by correlating predictions with
oﬁservations for a sample test casae,

3.2 SASCJT Input Description

SASCJ assumes a uniaxial tonsile or compressive load to
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be applied to a single fastener bolted joint, in a single or a
double shear configuration (see Figures 34 and 35). The code
requests information for a general bearing/by-pass situation. If
the joint is a symmetric double shear configuration, only half the
joint is analyzed (see Figure 35). For example, if plate 2 in
Figure 35 is metallic, the input thickness should be half the actual
valua, and if plate 2 is a laminate, only the layup from the surface
to its midplane should be input. The analysis accounts for the
joint symmetry through appropriatea symmetry conditions at the
midplane lccation (see Figure 315).

A sanple SASCJ problem is now presented to describe the
input requiremants for the coda. It addresses a steel-to-~composite
jeint in a single shear configuration (see Figure 34). The input is
requested by SASCY in an interactive modse. Figure 36 presents the
coda requests and the user replies for the sample joint. Though the
information in Figura 36 is self-explanatory, a description of the
input guantitas is presantad below.

The first input quantity specifies that the problen
addresses a baaring/by-pass situation with a by-pass ratio of 9.99
--nearly an open hole situation. The second and third input
quantities specify that a static tensile load is applied in a single
shear configuration. Subsequently, the two bolted plates are
specified to be either a composite laminate or a matal. I the
bolted plate {s a laminate, SASCJ requests the user to specify the
number of plies in that plate (29). Note agaln that, for a double
shear configuration, only half the thickness of the second plate
should be defined (see Figure 35). SASCJ then reguests the user to
specify the thickness of the metallic plate (0.25). For the
laminated plate, SASCJ requests, in sequenca, the average cured ply
thickness (0.006), the number of distinect ply orientations (4),
definition of the four orientations (0.0, +45.0, -45.0 and 90.0),
and the laminate stacking sequence =-- ((45/0/-45/0),/0,/90] . SASC]
automatically assumes a metallic plate to be divided into thirty
identical layers. The number of layers in a laminate is controlled




-

v,

LIRS A T

1

Plate
(Steel)

LR

20-Ply
50/40/10

Plata (12
AS1/3501-6

/ graphite/cpoxy
%

-
. .

-
\

Ve=o

P Ry
P / Plate 1
- 7
R

PN '.L.J S

\V =y
Mw Mo

b,

BRI = Il

[} wo
M= No
" ~7 Ay e_p

o oo

;é Plate "2 é?fi;é; ‘g""m

i -

Ve

RIS W L\
L =3

e
..

Lt NE T

Figure 34, SASCJ Analysis of a Joint in Singlv Shear.

- oo e
SR |

-:l-:b

63




B A MNER Y IS I SRR L NI

LI
o et a

Bone s 0 047078 P S0 T rTTR L

Ve p

Me

Ve vy

hH -
Ve,
MaM
[+]
V map

Place |

Plate 2

Flgure 25. SASCJ Analysis ol a Joint

[

i—-

Line of
Svmmetry

Ve
e R

[ ]

V= C (Y=o due to
symmetry)

in Double Shear.




- - - e e ———— e = m e———

1. ——— e - - — it S i s

<anduy rJsVs 3jdwes

3
g»ﬂ&sbﬂtbgh‘.m

o..,t._o:tttcs.!—
!»t!.»tht:i
!»ﬂ!.»tbtt:(.m
.c;t::.,tbut.:.‘.m

é
o AW 80J &4 2 Jars a0
¢
OF AW 403 Ale 40 3dAL 2NSIT
1]
i
B 514 904 424 20 3ans snail

&
9.»:!.-.,‘&09;’;“

- ~ "™ L 4 ] - ~ ] ]

[
Ok A N04 ATd 40 34Al ANl

° 1
MOTiviN3IN0 3l AW
#01194 a4

oDy 0¥s 2 04 31914 N Ale 40 3dal JNN]

[ 3
L 4 Oul JghL Ald 5O NOLIWILT)HO ”_.Nun

4
€ M JdAL AN SC NOLLVLMNIT NG h...r.bm.“

[]
2 On JdrL Ald S0 )13¥IM3 90 Er.!u

4

] ON 3JAL ATd 0 NOTAWINIINO (N]
12 BN LV 808

»

<

2 v vl ¥f

SNMOTECINIIN) Ale 2 N1LSIO $) S8 1Nau]

%00°0

4

2 I Javle NI SN, e then]
s2°®

¢

‘9g ~andry

1 gsbnmguxhhb‘h

[}
(B = a0 C )
2 0 Juvl¢ M1 $31d S0 EIEIWN NAS

3 0M » vi¢ NOLIOS
TOMNe- 32UV a02

e Slivié
DU 309 SOLINOISIE NOIERSN 1 BL0M

$I1U04084 WINLW

JONi08] HAIN S31T4 IWMOIE 0 MO LI
Ald 6L ¢ v ETLICM 31 LV DTV

@ $3504f¢ MMDIIVINAKD W04 108

(38920 N-70-5)) S-10%/19
9- 105C ¥ 13
UV ST 20 W16 Wiviw Ew

1314 16814 DU NI & W0 O DL

h!!t'ggdw—agﬁw
9- 19SE/vIw 31X3

244 STHL 90 WIS Wiruw .Slsw

61114 15813 s N1 M O D ¥Mlimi
¢ Wi ¥ 30 1UIS04M00 ¥ LUVid JOL DU SI

§

¢
(S & NEN0G) S X041 2
(DS ) TTIS) SIS W04 1
-I.E.lw

¢

NDISS38a02 J1iVLS 03 2
WOISMIL 31iw1S W04 @
sy3m)

685°0

e
SSNAS PAIID 301 WIS
FIOM 630 804 Lowid W
Ml 1IN4 W3 SN

1OV DIlvy SSwdrl ¥UNI

“154 M1 83553wd4)

Juv SHOMILS Ow TINGO B SPONT N1
1191 3w SHITEIT - SLiTHN MSITOND o]

3% SeliRwavd (Nidi] 1WU SHINSSY WEI0Ed
“SANIOF S 1 J18N0G ¥ TNWNIS
"W 21ISOMOD “CINI.S¥s ATIWOLaw
2D QW01 3WTIIvS $131038e (D505 EI0dd

£35v5 YuSled

AN J0U30 S¥ QINS5Y tedull 1948955 sl

65



: K “a Wa W71 W N R DO U N o TR of )
B MR IATNE N S AN GART B AV NS TAR AV JIABY R LT IR VIR IR L) rile PR
- - —— W - i ToAe W8 WM M At . - o,

- (panul Juc))
Induy [agys apdmes

WCIid7y 1M
g O 3i¥1¢ W1 5770 BUTIIVS Al
gy it R X
IDIOAR MITA EBWE0D Cry €1 YW Jgv S3°5 18
LN EFO K i518 JLSIYLIVTRD DY §I OV

MOLERLIND SSALE TINURW
4

4
NO1w311Y) $S3918 T uvw ¥OI T ¥I1Qd
SOTAAIND S$IUS In10d WS B RIUG

140TALTINI INTYS 1IN

SLES P- 9K

(3

* N 2D SUNIAN0A) AKX XYM
Sus-e ..HM

€ 0 0 SRNITGE0N A°E TIVG
Suece o.m

T 2 5 SUWMICEOD) 2°T PPI
Setgce- o.m

T A 0 SIEUNICE00S A°X B3O
12 W UV ¥y
SLEB° - 0°€-

. ¢

O 20 SUWICHLLD A°Y »31a)
SLE8°9 9°C-

[

€ N 40 SItwIAN00Y AN AN
NEL9 4T

¢

@ N S0 SWNICHCOT A ¥N)
SIE6°0- 8°C

T N 20 SIIANCO3 2°x uu»..w
t 3 YIS Awie M3

Zn 8w 1n sd3M

03130V v HIVOT TR0 (1110F3 2 Th 3ivie 803
*a Gub TN N33

03130w 30w STWOT WLt~ ca3kr T IN Jiwls uls
o lan Il v §3 e

n [ 2{]
L L ILTR b

‘9f 3InS13

n

o
n

ATMIINITIN STUWIGWOND LN ¢ WNDD
AWV L 4w S1 WIDINO Bl 13i08 “§-L(3 i
PG DU 49 S2:M1184000 Des DMILINSI]

sjice

4
DAV DU 40 SAINIE L 1Nas]

c'e ’.ah
DAY U

¥04 OLIVE SHOSSIO G SNUWN SN0+ LTusé]

tooye

AWLUSYS 80F MOLLIINOSIC WIKUW iNd]

L' w580

&
OLIvN ROSSI0Y MurW ON SITINGON WIS U 101

w61 ‘m.-su-
23 L "3 “1UWON STWI0A LNV

3 08 11¥1e 40 SINUNGINS NTGIING Pt LANT

2°8 Wt
[

OlLvi SHOSSIOS B SNOON STMICA LNGNT
t 08 V4 0 SILLOIONE MNITATMING P Liegi]

e
¢

83 ON AWM 304 AN 20 AL Uil

a3

81

[ ]

S7

[ 3

€1

21

]
&
Q)dtaur.rhughim

[
Qubtsk)ﬂlag»gm
¢
i».—tSuh.—tagt‘.M
3
ON Al 804 AN 20 AL LN

I
[
OV A H0S Ald 10 3gAl LNl

4
[ 3
0w Ald 801 Ale 90 IgAL ..P!“
<
OM Al 803 Ala 30 3dAL ..?!«

<
06 Al 804 214 0 3dAi 104
’

<
0% AdS W0Y 270 20 JdAL LNgme]

66



CIRPNMC 300 N Y TN PR WS TN TR YT EWE I YN WY € £V PN TR 0 TTVER

i

1

5

Sug

iy

5.9

¥e 2

Gy

§ 3

2
b
Yze ¥ 5

O:EE 4 E§53§
hsm?w 2 !ang.
§K§w§ 2e gg §
g pme . s
s e uE
Bitgi E2M9
Euggr Sopaty EEEg 2
AT AR K gg° a b
Ya3ls 7 533 & o28g &
acafp G4eE¥G g noEED :
fgss 52 o b Eat
eEviiefe  £.7 afEi £

250.04) 300.04) 200.003
FOR PLATE MO 2 ENTER FIER WLTIMRTE
STRRIN UALLES
EPSILON WY In
EPSILONe ALY IN TENSION
AR T I SEMR

67

LINITIAL Y
N ULTTRATE
ULTTRATE
ARCUT ULTIMATE
e
TLUE
cowuTER

SOWIoR,
CORPUTED

NITINL &

SLPVA UnLLES FOR

| {

v
NarImg IS

L4
FoR
on

1 INPUT ALPHA UMLES FOR
SHEAROUT AID BESRING FRIUAE
OR & ULTIMATE
T P(ULT)IoBETASP:

CAMLOEATION SUCH THR!
I PuT BETAL FOR WET

2 T
SHEAROUY a0z DEMRING FAZLUNE

SECTL

scmout
Y NE FORMAA X2
FOR PLATE mSRER
WET SECTION,

’

SLINEAR
*ALPHASKS .

]
&,

ASSUMES A SILDEAR
(] &
BETAZ FOR BEMRING
ETA) FOmt B
L]
IMITIAL AODWRLS,

1WPUT SCALE FACTORS FOR P ULTIRMaTE
CALCULATION SUCH THAT PCLAT 1=3E TASPCINITIALS

INPUT SUALE FACTORS
MET SECTION,

0.014 6.011 9.012
SASCS

FOR PLATE aOER
MET SECTION,

?

81 0.3 o.¢
$.02 £.6 §.18
SA6C) MRIES
0.1 8.2 0.3

L 4

Figure 36. Sample SASCJ Input
(Conciuded).




a-a & .8 » l"f’-’v’fl‘d‘-ﬂi‘\F\F'nﬁl\f\l\#‘f\ﬁfIfw"»l\f.‘\d\-f-

by the user. In Figure 36, each physical ply is modeled aa cne
layer, For this sample problem, for example,K the user could also
specify each phyaical ply to be divided into two idantical plies, by
setting the number of plies in the laminata to be 40, the curud ply
thickness to bu 0,003 inch, and repaating each ply orientation ia
the stacking segquence twice.

Subgsequant to the above information, SASCJ requests the
material propertias for plates 1 and 2 (Young's modulus and
Poisson's ratio for a metal, and Young's modulus, shear mcdulus and
the major Poisson's ratic foxr each laminz, in the fiber coordinata
syasten). The fastenor modulus, Poisson's ratio, diameter and head
type (protruding head or countersunk) ara requaated next. Following
that, tha geometry of tha bolted plates is dafined by specitying the
coordinates for the plate cornars, assuming that the origin ia
located at the canter of the fastener hole.

The last block of data addresses the salactad failure
criterion and the corresponding failure parameters. In the sample
problam in Figure 36, the average stress fallure criteria are
selacted for failure prediction (4). The characteristic distances
for net section, bearing and shear-out modas of lailure are then
specified for tha two plates. This is followad by the unnotchad
strengths for the two plates under tension, compreasion and inplane
shear. Next, SASCJ reguests the parameters that dafine the bilinear
material behavicr. These are the factors that define the modulus
changa atter initial failure, and the ratio of the ultimate ply
failure load to the initial ply failurae load. Different facters may
be specified for the three failure modes, Finally, the approximate
ultimate shear strain value is requested for delanination
prediction. A large value is generally specified for a metallic
plate, to pracludc the prediction of delaminations that are nct
applicabla to these materials.

3.3 SASCJ OQutput Description

6h
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For the sample problem defined in Figure 36, SASCT
provides the output show:u in Figure 37. The input data for the
bolted plates is initially'reproduced for user verification.
Subsequently, the sequence of failures in the bolted laminate and
the corresponding joint load lavels ara printed. Notas that the
ultimate failure of a ply (shear-out of the 45 degree plies) dces
not nacessarily imply joint failure. In the considered sample
problenm, shear-out of the 0 degrca plies limits the load-carrying
capacity of the joint. Every ply suffers a two-stage fallure as
described before (Figure 31).

When executed in some systems, SASCJ could yield
underflow messages aftar many plles have suffared total failure,
This may occur whan the double praecision format is not followed in
entering inpvt data. Neverthelass, the user is advised to ignore
thesa mesgsages.

3.4 Description of SAMCI Analysis

This section presents an overview of the straength
analysis in the SAMCJ computer code, a description of the developed
special finite elements, and the analytical procedure used in SAMCY
to predict fastenar loads, tha critical fastener or cute-out
lecation, the corrasponding joint strength and the failure mode.

A flow chart of SAMCT operations is presented in Figure
38. As lnput, SAMCJ requires the user to specify how the bolted
plates are divided into plain elements and elements with loaded or
unloaded holes., The bultad platas are currently assumed by SAMCI to
ba subjacted to uniaxial tenasile or comvressive locading, in a single
or double shnar configuraticen. Additional input requirements for
the SAMCJ code include the material proparties of the bolted plates
and fasteners, and the fastener size, location and torque. The
material properties of the bolted laminates include the tensile and
compressive failure strains in the fiber direction of the lamina,
and the charactaristic distances over whicihh stresses are averageda to
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. GEOMETRY AND TYPE OF INDIVIDUAL ELEMENTS
o (PLAIN ELEMENT, ELEMENT WITH LOADED OR
o UNLOADED HOLE) IN THE BOLTED PLATES
:Ingel

SEMCT ~——.] MATERIAL PROPERTIES CF BOLTED PLATES AND
INPUT +~ASTENERS (INCLUDING FAILURE PARAMETERS)

l \\\\\\\\\\ LOAD CONFIGURATION (SINGLE OR DOUBLE

S{EAR. TENSION OR COMPRESSION)

ik
L -s?:jﬁ

\\
\Fas'rzm:n SIZ2E, LOCATION AND TORQUE

'-.°~:”—-. '?-. .{_ g ;-=
TS 4
P
e

S ke

l ,ISTIFFNESS MATRICES FOR PLAIN ELEMENTS, ELEMENTS
WITH LOADED OR UNLOADED HOLES, AND FASTENERS

4
SAMCT ASSEMBLED GIOBAL STIFFNESS MATRIX FOR THE
COMPUTATIONS MULTIFASTENER BOLTED JOINT

\\\‘ FASTENER LOAD DISTRIBUTION FOR A 1 KIP JOINT LOAD

AVERAGZ STRESSES CORRESPCONDING TO NET SECTION,
SHEAR-OUT AND BEARING FAILURES AT EACH FASTENER
AND CUT=-QUT LOCATION, FCR A 1 KIP JOINT LOAD

JOINT FAILURE LOAD, CRITICAL FASTENER OR
CUT-OUT LOCATION, FAILURE MODE

Figure 38. Filow Chart of SAMCJ Operations,
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~red.ct nat scctior, snear-out and bearing failures at the fastener
or cut-sut location.

With the above inpat, SAMCJT performs the following
computations. It initially generates stiffness matrices for all th
spacial finite elements, namely, plain elements, elements with
loaded or unloaded holes, and effective fastener elements (see
Ruference 7). The individual stiffness matrices are subsequently
assembleu to obtain the globul stiffness matrix for the boltaed
joint. A 1 kip uniaxial tensiln or compressive joint lcad is
imposed on tha left end of the top platae, in accordance with the
input instructions (see Figure 3)). The nodes at the right end of
the bottom plate are constrained from translating in the load
direction, and ona of these nodes is also constrained in the
transverse direction, to preclude all rigid kody translations. The
solution to this finite element formulation of the bolted joint
provides the axial and transverse components of the load at evary
fastener location, corresponding to a 1 kip joint load. Also
computed are the average net sect:on, shear-cut and bearing strasse:

at avary fastener and cut-cut locztion, corresponding to a 1l kip
joint load.

SAMCJ provides, as output, the failuras value of tha
uniaxial joint load, the critical fastener or cut-out location, and
the joint failure mode. These are obtalned as follows. Tha
tensile, compressive and shear strengths of the plain laminates are
computed based on thn input tensile and compressive failure strains
in the fiber direction of the lamina. The ratios of the averaged
stresses tou the corraesponding unnotched laminate strengths, at
salected locations around each fastener and cut-out boundary, are
compared to preodict the failure mode, the critical fastener or cut-
out location and the joint failure load. SAMCJ predicts net
section, shear-out and bearing modes of failure at the laminate
level., 1In the SASCT code, similar failura'predictions for single
lartener joints in composites ara made at the lamina level.
consequently, the failura parameters (characteristic distances for
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Application of Load and Displacement Boundary Conditions
in the SAMCJ Code. '

Figuse 39.




‘ the three failure modes) used with SAMCJ are diffarent from those
used with SASCT.

‘The incorporation of the transverse aeffective fastener
stiffness valuas provides SAMCT the capability to account for
fastener flexibility, torque, and load accentricity (single versus
double shear load transfer). The FDFA code, developed in Referencs
6, 1s used to compute the effasctive fastesner transverse si:iffnesses,
along and parpendicular to the load dirsction (see Refersnce 7).
The effect of the laminate stacking sequencs is also accounted for
in this analysis. SAMCI executes FDFA twice to account for tha
layup variation (by 90 degrees) from the loading direction teo the
puerpendicular direction,

e am—
¥ {. i -

SAMCJ accounts for stress concentration interaccion
affects introduced by neighboring cut-outs, free edges and proximate
fastaner locatiors. This is made possibles by the use of the FIGEOM
stress analysis, developed in Referenca 6, to generatsc slement
stiffness matricess (see Raferanca 7). FIGEOM accounts for finite
planform plate dimensions through a boundary collocation solution
procedure (see Referance 6).

SAMCJ computes the magnitudeo and the orientation of the
load at each fastener location. It is a two-dimensional load
distribution analysis that does not rely on an experimental
measurement of "Joint stiffness." In a design asituation, many
fastaner arrangements can be analytically and economically evaluated
by SAMCJT to arrive at the best fastener pattern for the assured
loading conditions.

When the bolted plates are tapered, the SAMCJ ugser can
input equivalent uniform thickness elements to approximate the
tapering effect (cee Figure 40). Adjacent elements in the tapered
plate will have different thickness valu2s. This feature ias
essentia) in the analysis of practical structural joints.,




‘e or pa3fog pr1adey aydwes © Jo [IpON IUIWI AJujl  Qy 3indry

S34Vid d43iL108 3HL 410
T3G0H 1N3IW3T3 ILINLY

O

o« = - . . .y PP - -y e e et e o TN %", %" « LN N

rEE - . cn.n..‘lnl;‘l‘.-nf Dy N 9 A /’ ﬁf.)\- LR AN J .r\\-\d\.\ .-..oq-‘. PLAR ..I N ..-o \c\..\ N e

,....m..vu__w DR A XX ety RIS WM. AL Rl T e D e
e v . =t = =t aa T .




O S

LN R ARBOBOC
IS
Sl -

<L

<
- .
..

SCCCY
- “ _‘ K

- -
»
.

a0

YWY TE VTV,
[y, LA

X frldnn

e Tee

N .

I

k

3
b

\.. ..

SAMCJ has bean daeveloped for the strength prediction of
bolted laminated structural parts. It currently assumes that the
salacted fasteners praclude fastaner failure. Also, it applies the
same failure procedurs to both the bolted plataes, accounting for net
saction, shear-out and baaring fallures via the averaged stress
failure criteria applied at the laminate level. Joint failure is
assumed to ba a ona-step (catastrophic) process. The strength of a
belted plate corrasponds to tha initial failure at a fastaener or a
cut-out location, in the bearing, shear-out cr net section failure.

The unnotchad laminate strengths, under tension,
comprassion and inplane shear, are computed by SAMCJ based on input
fibar~-directional failure strain values (tensile and compcessive).
Laminate strengths undar Ny and N,, loadings (inplane normal and
shear st:rass vasultants, raspectively) are assumed to correspond to
first fiber failure in a ply. This simplistic strength prediction
procedure introducas inaccuracies that have been acknowlaedged and
discussed in the litarature. Nevertheless, SAMCY adopts this
procedura for lack of a validatad alternative.

Despite its versatility, SAMCJT has limitations that the
user should be aware of. Referencs 7 discusses the limitations of
the five-noded (10 degres of freedom) loaded hole elament and the
four-noded (8 degrees of freedom) unlonaded hole element. In
addition, when dividing a bolted plate into many elements (loade< or
unloaded hole elements, as wall as plain elements), it is advisable
to maintain element geometries that do not render the generated
stiffness matrices inaccurate. Figure 41 presents results from a
study conducted on a singly-fastened matallic plate. P, is the
recovered load that is obtained by integrating the stresses alonag a
lire transverse to the load direction as shown in Figure 41. P is
the applied load or the sum of the nodal loads (especially in the
interior elemants in a -general multifasterned plate). The recovercd
load (P,.) approaches the applied load value (P) when the plate
aspect ratio (a/b) increases bevond unity, and when a/D and b/D have
a minimum value of approximately three. 1In predicting failure in
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the net section, bearing and shear=-out modas, the computed average
stress values are mulﬁipliad by P/P,, to reamove geometry (modeling)
effaects from the computed stresses,

3.5 SAMCJY Input Daescription

To familiarize the user with SAMCI input requirements, a
sample problem is prasented here (see Figura 42). The samrle
problen considers a six fastener composita-to-metal joint, with a
one inch diameter circular cut-out adjacent to the first row of
fasteners. Figure 42 presents tha assumed nine elament model of
each of the two bolted plates, analyzed by SAMCJ. Figure 43
presents SAMCJ raequests and user input in responsa to these
requests, for the sample problem in Figure 42.

Though self-explanatory, the interactivaly enteraed
SAMCY input in Figure 43, for the sample problem in Figurs 42, is
described here for completeness. The first entry (l) identifias the
loading contiguration to be a single shear configuration. The
second entry (1) identifies the load to be in static tensicn., The
next twe entries say that the top plate iz a metal (M), identified
as "Aluminum." The two entries following these say that the bottem
plate is a composite laminate (¢), identified as follows:
"(45/0/=-45/0)2/0/90)2s." Subsaquently, the Young's modulus
(10.0D6) and Poisson's ratio (0.3) for aluminum, and the fiber-
directiuvinal, transverss and shear moduli and Puisson's ratio
(18.5D6, 0.85D6 and 0.3, respectively) for the compcrsite lamina are
input. The next five entries spacify that four (4) different fiber
orientations arae praesent in the laminate (0, 45, -45 and 90 degrees
with respect to the loading direction). The following three entries
say that the elements in the bottom plata contain one (1) layup of
forty (40) plies, of 0.006175 inch thickness each. The stacking
sequence for this layup is input next, where 1, 2, 3 and 4 refer to
0, 45, =45 and 90 degree fiber orientations, respactively.
Subsequently, the fastener is identified as "Steel," and its Young's
modulus, Polsson's ratio, and head type (30.0D6, 0.3, 0.3125 and

"9
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grotruding head) are input.

Twenty=-two (22) grid points each are specified in the
top and bottom plates (101 to 122 and 201 to 222, respectively),
along with their x and y coordinates (see Figure 42). PFollowing
this, nine (9) elements are specified in each plate, along with
their nodal connectivity and element type information. Nodal
connectivity is specilied starting from the bottom left node, going
clockwise around the element boundary, and ending at the fastener
(interral) node. Element 10i in the tep plate, for example, has
101, 102, 109 and 108 as its corner nodes, and 105 as its fastener
nocda. The fifth node will be entered as 0 for plain and unloaded
hole elements. The element type information follows the fifth node
identification. It is 1, 2 and 3 for plain, loaded hole and
unloaded hole elements, respactively. The element definitions are
succeedad by the definition of six (6) effective fasteners (101 to
106) . Fastenar 101, for example, is identified as a fagtener that
connects node 105 in the top plate to node 205 in the bottom plate.

Following the above input, additional element data are
specified for the two plates. Thess include the element thickresses
(fcr metallic plates) or layup identification number (for laminated
plates), for plain and loaded hole elements, with additional
information (x and y coordinates of the hole center and the hole
radius) for unloaded hole slements. For the sample problem in
Figure 42, all the elements in the top plate (metal) ars specified
to be 0.50 inch thick, and all the aelements in the botton plate
(composite) are specified to contain the stacking saquance
identified as one (1l). Elements 108 and 208 spacify tha cut-out
size and location. The one (1) following this states that groups of
identical elements will be specified in the two plates. If two (2)
is entered here, all elements will be assumed tv be different from
one another, resulting in larger computational costs. The entry
"1 6 11" refers to the number of groups of effactive fasteners,
loaded hole, unluaded hole and plain elements, respectively, in the
top plate. A zero (0) specifies the absence of an element type.
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The number of aelements in each group, and the corresponding element
nunbers, are input sRubsaquantly. Following this, the number of
groups of loaded hole, unloaded hole and plain eslements in the
bottom plate (€, 1 and 1, respectively) ias enterad.

The last four lines of input introduce the failure
parameters for the materials in the two plates. For metallic
plates, the tensile, compressive and shear strengths (250.003 each),
and the averaging distances for the net section, bearing and shear-
out medes of failure (0.5 each) are input. Sincs the joints wera
dasignaed to fail the laminated plates, and SAMCI waa develcoped
primarily for the prediction of the strength of bolted laminates,
the failure parameters for the metallic plates were irnput to be
arbitrairly high. 7This information is followed by the failure
paramaters for the bottom (composite) platea. The first line
spacifies the fiber directional failure strains for ths miterial
undar tension (0.012) and compression (72.,0175). These values are
usad by SAMCY to compute tha unnotched laminate tensile, ccmpressive
and shear strengths, based on laminated plats theory and the
assumption of laminate failure corvesponding to the first fibar
tailures in any of its plies. The last line in Figure 43 spacifies
the distance over which the longitudinal (0.10 and 0.25) and shear
(0.25) stress components are averaged, to praedict net section,
bearing and shear-out modes cf failure, respectively.

3.6 SAMCJ Output Cescription

For the sample problem introduced in Section 3.5, the
SAMCT code yields the output presented in Figure 44. The initial
part of the output raeprints critical user-supplied information for
verification purposes. Subsequently, SAMCJ prints the x and y
components of the element nodal forces for all the elements in the
bolted plates. This is followved by 1 list ¢f the computed joint
load levels that correspond to the three railure modes (net saction,
shear-out and bearing) at every loaded and unloaded hcle element
location. The smallest among these loads yields the joint fajilure

as
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load, the failure location and the failure mode. For the considered
sample problen, a net section failure is predicted across the one
inch diameter cut-out (element 208) in the graphitae/epoxy plate, at
a joint load level of 37.3 kipas. Figure 4% compares SAMCT
predictions with test results from Reference 8.
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Test Casc 243, Static Tension, Single lap
40-Ply, 50/40/10 Laminate, t=0,247 1n., tAL®0.50 in.
D=53/16 in., HD-l in., SL/D-ST/D-I., W/Dml4.4, E/D=3,2

11.0 . |
.3125 .75
.3165 \\é" é’
1.50
7 l ; Iz
1.50
Y o — o
' 7S
{
L [ I _|
P00 1o 3.75 2.0 1.25 1.0
Pe,5.4  TP3,2,1 l“
c — canliio ]
SAMCJ TEST RESULTS
PREDICTION (Ret. 2)
I
P, /P 0.1865 0.1682
P, /P 0.1981 0.150
Py /P 0.185 0.188
Po/P 0.167 0.177
Py /P 0.178 0.181
Pg /P 0.188 0.168
. [
Praliure (KiPW) 37.3 (82.7) 42.0
FAILURE LOCATION 7 (8) 7T and 4, 5, &
FAILURE MODE(S) NET SECTION NET SECTION
(NET SECTION)

* Next posnible failure mode and location at a higher load level

Figure 45. Conmparison of SAMCJ Predictions for the Sample Problem with
Test Results from Reference 8.
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SECTION 4

DESIGN VERIFICATION OF A BOLTED STRUCTURAL ELEMENT

T SO vy

The design of a highly-loaded structural bolted joint is
verified in this section using the analytical tool (SAMCY computer
code) proposaed for the recommended dasign methodology (Saction 1.3).

- €.

4.1 Dascription of the Bolted Structural Element

In Refarence 5, a boltad joint conccpt was studied as an
alternative to a highly loaded composita-to-titanium, step lap
bonded joint. The vertical tail structure of the F/A-18A was used
an the baseline for this study. A preliminary design of thao bolted
structural element, representative of the critical F/A-18A vertical
tail rcot section, was psrformad based on approximate analyses and
available test results. The test element was designed to transfer a
dosign ultimate load of 70.2 kips (obtained from the F/A=18A
enpennage stross analysis report), and to survive two lifetimes of a
representative design spectrum fatigue loading.

The design of the bolted structural element studied in
Reference 5 differs from the existing F/A-18A vertical tail root
joint significantly. It eliminates the graphite/epoxy skin-to-
titanium bonded joint, and directly attaches thae skins to the
fuselage frame. In doing so, it also uses a light root rib, in
contrast to the highly~loadaed attachment root rib used in Reference
4. The AS4/3501~6 graphite/epoxy skins of the element have a 4l-ply
layup away from the attachment location. The skins increase in
thickness to a 60-ply layup near the tad ragior that bolts the
vertical tail skin to the fuselage frame. The graphite/epoxy tabs
are machined, prior to assembly, to introduce a taper at the joint
location. 1In Reference 5, the fuselage attachment fitting was nmade \
out of steal, and the skins wera bolted to it using 3/8 inch ﬁ%
diameter, countarsunk high strength steel bolts. Figure 46 shows a : %

-







photograph of an assembled test elerent. The elemant spar and the - e
root rib were fabricated using an aluminum alley. . o

4.2 Test Raesults

Elements fabricataed biiaed on this praliminary design
were subjected to static and fatigua loada in Reference 5. They
survived two lifetimes of a spectrum fatigue load that was
significantly moras severe than the actual F/A-18A vertical tail
design spectrum load, and their static strengths were approximately
30% larger than the design ultimate lead. During the static test,
failure cccuvred in the graphita/epoxy skin tad in a combined mode

{saa Tigure 7). The obsarvad faillure mocdes were significantly
intluenced r/ the tilting or "diggiaqg int of tha countersunk
fasteners - a phenomenon that cannot ba accountad for by the

fastaener 2r .lysis in the SAMCT cuuputer code.
4.3 Desiyn Verifir:tion o the Element Using SAMCI

The critical vertical tail skin-to-fuselage joint regien
ig unalyzed below using thae SAMCY code that is recommended as an
analytical design tool. Though the analysis vwas parformed

retrospect vely, the assumaed matcrial and failure parameters are
identicil *r those used in Refarence 7.

Figure 48 presents the dimensions of the anzlyzed
graphite/eproxy skin tabs and the fuselage attachment frame. Tha
tapered skin has a (0,5/+=45,,/90,]. layup at the top of the tabl
region., Across the top row of fasteners, it has an average of S8
plies, and across the hottom row of fasteners, it has an average of
52 plies. For analytical purposes, the tapered tab ragion is
modeled as two unifzrm regions of diffarent thicknassaes. The top
region is modeled to contain a (0,4 /+-45,,/90,]. layup, and the
bottom region is assumed to be a [026/+-45]0/9061Claminate. The
average thickness of a ply in the skin was measured to be (.0049
ineh. The fuselage attachment. frame is, likewise, divided into a
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Fuselage
Attachment
Frame

ef thy vertica.

Stabiiiger Say- H

(Limgant & ‘ | Average of 3B Plies
@ Aversge af 32 Plies

L
|

Dimensions of the Critical Skin Tab and the Fuselage

Attachment Frame.

Figure 48,




0.41 inch thick region and a 0.46 inch thick region (see Figure 48).

Thae modeled joint segment is half of the symmetric skin
tab=-to-fuselage attachment. The total joint failure load is,
therefore, twica the pradictad load. A single shiar load transfer
between tha AS4/3501-6 graphite/epoxy skin tab and the stael
attachment frame is analyzed. The graphite/epoxy tab and the steesl
plate are divided in%o four elements each. The average width of the
slightly tapered tab is used in the analytical model (3.57 in.).

The fiber~directional tensile and compressive failure strains for
A34/3501-6 graphita/epoxy are assumed to be 0.012 and 0.0178,
respactively (Raeferences 7, 13). Tha characteristic diatances for
nat saction, bearing and shear-out failure modes are assumad to ba
0.10, 0.25 anc 0.25 inch, respectively (Reference 7). The basic
AS4/3501-6 lamina properties are assumed to be 18.5 Msi, 1.9 Msi and
0.85 Msi for E,,, E,), and Gy respectivaly, and 0.3 for the major
Poisson's ratio.

The skins are attached to tlie fuselage frame by 3/8 inch
diamster, countersunk fasteners (100 degrea tension head). The
fastenaer analysis in SAMCJ cannot accurately account for the effacts
of the countersunk head gaometry. However, it approximates the
actual effects by assuning free rotation at the fastener head
location, and requires the user to input an sguivalent protruding
head fastener diameter. 1In the discussed element analysis, the
average fastener diameter is agssumed to ba 0.438 inch, to account
for the 100 degree tension head geomstry.

Analyticully predicted load distribution among the
fasteners in each tab is presented in Figure 49. The symmetry in
tha fastener arrangement results in low values for the transverse
components of fastenar loads (perpendicular tc the load direction).
Also, the loads in the top row of fazteners are approximately 14%
larger than those in the bottom row of fastenars. This leads to a
prediction of failure initiation from the top row of fasteners (see
Figure 49). The predicted failure situ (critical location) is in




> P =1 (inone tay)

: »
w
[V ]

|}

o

[V

Fastenar Load Distribution

4

Shear-Out ~
Failure '

Failure .ocation and Failure lMode

Figure 49. Load Distribution Among Fasteners, Failure Location

and Fallure Mode in the Graphite/Epoxy Tabs,
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agreement with experimental observation.

Figure 50 presents the analytically pradicted element
load lavals to pracipitate net section, bearing and shear-out modes
of failure at the various fastener locations. The lowest anong
these provides tha element failure load, the failure location and
the failure mode. SAMCT predicts element failure to be caused by a
shear-out mode of failure at the top left fastener location in
Figure 50. The failure mode observed in Reference 5, however, was
severe damagae around the fastaner hole, introduced by the tilting of
the countarsunk fasteners (see Figure 47). This included aseme
amount of shear-out and local bearing, and severe delaminations
around tha fasternaer hole boundaries. Since SAMCI cannot account for
the sovere local thrae-dimenaional stress state introduced by the
countersunk fasteners, the predicted failure mode (shear-out) does
not correlate wall with the observed combined failure mode (partial
shear=-cut, local buaring, and severe delaminations).

Despite the approximate failura mode prediction,
howevar, SAMCJ correctly predicts the failure location, and the
failure load predictad by SAMCY (96.0 kips) is only 7% larger than
the measured value (91.8 kips). The approximation of the
countersunk fasteners by equivalent protruding head fastenaru
(larger dianeter, unconstrainad at the head location), therefors,
predicts tha element failure load with adequate accuracy. The SAMCY
analysis and tha test results in Reference 5 indepenently verify the
30% margin of safety in the atatic strongth ol the test element, due
to the approximate analyses used in its preliminary design.
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~ SECTION §
CONGLUSIONS

A design guide was developed to enabla the user in
designing efficient bolted joints in composite structures. The
guide highlights general design guidelines for the varicus
paramatars that ara to be considered in selacting a bslted joint
concept. A purely analytical design methodeology is presented. It
is devoid of complementary test reguirements when a previously
characterized material is used to fabricats the bolted structurs.
The design guide also illustrates the use of two computar codes
(SASCJ and SAMCT) that were developed in this Northrop/AFWAL program
and are required for design purposes. A listing of these computar
codes is appsnded to this report.
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G0 T0 301

15 CONTINUE

IFCNSDLS.EQ.

932 FORMATL(/, Y I
#'°A COMPOSIY

— o o

NN NI N > 0t 00 pe

K.EQ.1) WRITE(S,932)

FOR THE DOUBLE LAP SHEAR CASE HAVING *,7,
LATE NUMBER 2, ENTER ONLY HALF',/,
- IE)HALF THE NUMBER OF ACTUAL',/,

»
-
[=]
n
—
x
(1]
[ad
n P
-

(6,933) ‘
NEAR CASE HAVING',/,
ENTER HALF THE ',/,

[=¥ =Y =)

5
)
E
TE NUMBER

BNOUVMHOUNOIB TR AND LN~ O SO0

P - - - - X-2-T-X-X-X-J-T-J-F-X-R= Q=L

25 CONT
260 FORM
302 CONTI

00000000 CO000000D0000008000000
SN —- OO

000000000 ODOD000000000000000G

L Y

G 0t Bt D [ & P oo Pt St Bt Pt Pt P s Pt Pt B Pt Pt P Jo P Pt P B P Bt G P

BPDDDELH DN NURULehrNNN

45 CONTINUE
WRITE(S,207) K
207 FORMAT(' INPUT NUMBFR OF DISTINCT PLY ORIENTATIONS',/,
¥t TN PLATE HO',I5)
READ(S5. %) NUMPLY(K)
303 CONTINUE
DO 209 K=1,HLIM
IFCCM(X) . EQ.CMC) GO TO 55
ANG:1,K)30,
Go TO 209
55 CONTINUE
FRITE(6.,487) K
%87 FORMAT(/,' FOR PLATE MUMBER',I%,' :',/)
HEUMPLY(K)
D0 709 L=]l,N )
WRITE(6.,206) 1
208 FORMAT(' INPUT ORIENTATION OF PLY TYPE NO',15)
READ(S, ¥) ANG(L.K)
209 CONTINUE

CO0000OOCROOORTOROCOODOC0000000AD

CcCoOCO0000
[-T-X-Y-R_-Y-X_J-X_J

D
75 IPLY(IJa
65 CONTINgE

00020 OCCAOOONOO000OD000O0CO000
N IO OANPAVD AN O OB NP RHUHUN=CO O NN

Ly

OOOOQDQOOOOOOOOOOOQOOOOQOQQOQOOOOOOOOOOOOOOO°°°5°°°°°°°°°°°°

0000 OoODOONOO00O0O00OLDOODOO00O
O0COO00DOOMNO000000CO000D

[ d ok g o Xl ol et Gt Pt Pt Pl Pd Pt Pt Pt G Ps fs Pl Pt P Pt Dt Gt i P
NN NN NSO AMUNUBUBIAULBINILIBR S D
wH

[-F-3
O0COO0ODLOOOOODODOOODOODOD
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210 FORMAT(* .uPUT TYPE OF PLY IN PLATE NO',15,' FROM TOP',’/, 00001760
%' TO DOTTIM Y, 27, 00001770
x5X, *PLY TYPE', .0X, 'ORIENTATION®) 000017480

N=NUMI'LY F) 00001790

DO 212 L=i,N 00001800

WRITEC6,713) L,ANGIL,K) 00001810

213 FORMAT(S5X,15,10X,F7.2," DEGREES') 00001820

212 CONTINUE 00001830

WIRTTE(6,711) 00001340

711 FORMAT(/» 00001850

N=NPLY(K) 00001850

DO 215 I=1.,N Q00018740

WRITE(6,214) 1 00001330

' 214 FORMAT(' INPUT TYPZ OF PLY FOR PLY NO'.IS) 000u1890

READ(S,?») IPLY(1,K) 00001900

215 CONTINUE 00001910

305 CONTINUE 00001920

DO 306 K=1,NLIM 00001930

HRITE(S,216) K 00001940

216 FORMAT(' [HPUT THE ECHGINEERING PROPERTIES OF PLATE NO*,IS5) 00001950

[F(CM(K).EQ.CMC) GO TO 35 00001950

WRITE(6,38) 00001370

95 FCRMAT(' IHPUT YOUNGS MODULUS AND POISSONS RATIO') 00001980

READ(S, a; EL(K),VI12(K) 30001990

E2(K)ZEL(K) 00002000

VLK) =\ 12(K)INE(N)-EL(KD 00002010

Gla{k)=rl(K)rC¢2. 001 ¢VI1ZiK))) 00002020

GO TO 3ub 00002030

85 CONTIHU - 00002040

HRITE(6.,217) 00002050

217 FORMATC(' 1HPUY YOUN.S MODULI, El 'AND €2') 00002050

READ(S,») ELl(R),EQ(«? 00002070

HRIYE(6.218" 00002080

218 FORMAT(' IHPUT THE S+HEAR MODULUS AND MAJOR POISSONS RATIO') 00002090

REAC(S,#) Gl2(K),V12(K) 00002100

Val(X)=v12(K)IXEQ(K)IZEL(K) 00002110

306 CCHNTINLE 00002120

IF(8PR._HE.1.0) GO 'o 930 00602130

WRITE(A,844) 60002140

866 FCFMAT{' JNPUT HOLF LUAMETER') 00002150

REAG(S, <) FASD 00002160

GO T9 360 00002170

930 CONTIHUE 00002180

WRITEL6,250) 00002190

250 FORMAT(' IHPUT MAILRIAL UESCRIPTION FOR FASTENER') 00002200

READ(Y,251) (HMTLC), 1).121,1%) 00002210

251 FORMAT({13A4%) 00002220
WETTES,252) 000022350 .

252 FORMAT(* IHPUT YOUNG. 1.0DULUS AND POISSONS RATIO FOR',”/, 00002240

' THE FASTENER') 06002250
READ(>,%) FASE,FASV 00002260
HWRITE(6.253) 00002270

253 FURMAT(' INPUT THE DIAMETER OF THE FASTENER') 00002280

READ(S, %) FASD 00002290
WRITE(6,888) 00002300

888 FURMAT(/,' FASTENER TYPE t,7, 00002310
xr ENTER: 1 FOR PROTRUDING MEAD ',/, 00002%20
L 2 FOR CQUNTERSUNK HEAD ') 00002330

READ(S5, %) NFTYP 00202340
R:1)=1.001 00002350
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. R(2)%1.0ub.J 00002360
I IF(NFTYP.EQ.1) GO TO 360 00002370
| HRITE(6,889) . 00002380
! 889 FORMAT(7,' ENTER PLATE WHICH CONTAINS THE couutensuux'./. 01002390
, X' HEAD COPPOSITE PLATE ASSUMES THE NUT HEAD) 1,07, 00002400
| " ENTER! 1 FOR TOP PLATE ./. 00002410
XY 2 FOR BOTTCM PLATE ') me. 00002420

aer(s.u) N 00002430

n R(N).0,0DO 00002640
b 360 courxNue 00002650
: ¢ . R 00002460
X ¢ READ IN GEOMETRY AND DOUNDARY DATA 00002470
. ¢ 00002480
. AX2FA3D/2.0D0 00002690
BXxAX —— .. 00002500

WRITE(6,856) 00002510

X 856 FORMAT(' PLATE GFOMETRIES ARE SPECIFIED BY *,/, 00002520
. x! INPUTTING THE COORDINATES OF THE CORNER*,/, 00002530
: VCRTICIES. NOTE: THE ORIGIN IS AT THE FASTENER',7, __.. 00002540
; X CENTER ; INPUT COORDINATES ACCNO®DINGLY®,/, 00002550
: 'L v, 00002560
N 'L Vs v2 "/ 00002570
e HOLE V.7, 00002580

| e CENTROID vy 00002590
; e va V1 //. 00002600
' X' APPLIED LOAD CONVENTIO - 00002610
. %' FOR PLATE NO 1 CTOP) NORHAL LOADS ARE APPLIED ', _ . 00002620
' X' BETWEEN V3 AND V4 00002630
, %' FOR PLATE NO 2 (BOTTOM) NORMAL LOADS ARE APPLIED ', 00002640
) %' BETWEEN V1 AND V2 /) 00002650
DO 680 K=}, NLIM . _..00002660

WRITE(6,734) K 00002670

. 736 FORMAT(' FOR PLATE NUMBER ',15,' :,/) 00002680
4 DO 110 I1=1,4 00002690
‘ WRITE(6,290) I e _.00002700
. 290 FORMAT(' ENTER X,Y COORDINATES OF V',14) 00002710
» READ(5,%) XC(K,IY,YC( 00002720
4 110 CONTINUE 00002730
IF(K.EQ.2) GO TO 84l ) 00002740

| AlaxC(1,1) 00002750
. Bl=vcel,1) 00002760
. A22XC(1,2) 00002770
. B23YC(1,2) ~ _ 00002780
“ XC(1,1)3XC(1,64) 00002790
. YC(1,1)2YC(1,6) 00002800
. XCt1,2)=XC(1,3) 0000281
L YC(1,2)2YC(1,3) 00002820
i XCC1,4)=Al 00002830
. YC(1,4)sB1 00002840
. XC(1,3)2A2 00002850
S YC(1,3):82 00002860
. 861 CONTINUE 00002870
WTH=YC(K,2)-YC(K,1) 00002880

¢80 CONTINUE 00002890
IF(BPR.EQ.0.0.0R.3PR.EQ.1.0) GO TO 567 00002900

HRITE(6,761) 00002910

' 761 FORMAT(' SELECT FATLURE CRITERION: 1,00, 00002920

®'  ENTER I FOR POINT STRESS CRITERTION ~ 1,7, 00002930

X' ENTER 2 FOR AVERAGE STRESS CRITCAION ') 00002940

READ(S,%) HPT 00002950

VAR ULNY Doy st ABR Y 70
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[FCNPT EW.1) NOPT4:=¢
[FC(NPT.EQ.2) NOPTG:4
G0 T0 601
$67 CONTINUE
WRITE(6,220)
220 FORMAT(' SELECT FAILURE CRITERION 1,27,
%! ENTER 1 FOR HOFFMAN/TSAL~-HILL CRITERION ¢./,
ne ENTER 2 FOR POINT SARESS CRITERION ',7,
L] ENTER 3 FOR MAXIMUM STRAIN CRITERION Y07,
L) ENTER 4 FOR AVERAGE STRESS CRITERION')
READ(S,¥) NOPT4 -
601 CONTINVE
IF(NOPT4 . EQ.2,.0R.NOPT4,EQ.4) GO TO 221
D0 412 X2l,NLIM
HRITE(6,222) K e
222 FORMAT(' FOR PLATE NUMBER ',1%,' ENTER RADIUS OF Y97
X' CHARACTERISTIC CIRCLE AT WHIZH STRESSESG ARE',/,
%' 10 BE COMPUTED TO PREDICT FAILURE')
READ(S, #) RCA(K)
RCB(K)=RCA(K)
HRCOUT(K =50
IF(NOPT4.EQ.3) GO 1U 5%1
WRITE(G,834)
836 FORMAT(' ENTER THE FAILURE INDEXES FOR THE ',/,
W' HOFFMAN/TSAI-HILL CRITERIA Y, 07,
M' NOTE: FOR USING TLAL-HILL SET EQUAL THE COMPRESSION °*,/,
n AND TENSION ULTIMATES IN SICNMA X AND ¢ ‘',v//
% ENTER: SIGMA %« ULTIMATE-COMPRESSION Y47,
L 3 SIGMA X ULTIMATE-TENSION Y/
u! SIGCMA Y ULTIMATE-COMPRESSION Y2/
L SIGMA Y ULTIMATE-TENSION Y47,
X! SIGMA % ULTIMATE ")
READ(S, # ) (HFMC(L.K) . [=1,5)
GO TO 4l2
591 CONTINUE
WRITECS,393) X
3193 FURMAT(' CNTER MAXIM.!M STRAIN ALLCHWABLE FOR',~,
' PLATE NUMBER ',I7.°' CUNITS: INZINDY)

READ(S, #) SALOW(K)

12 CONTINVE
IF(HOPTG .EQ.3) GO 10 %91
IF{NOPT4.EQ.1) GO 10 391

GO 7O 262
221 CONTINUE
IF(NOPT4 . EQ.2. WRIIF(6,555)
JE(HOPTGL.EQ.4) WRITL(A,556)
$55 FORMAT(~/,' POINT STRESS CRITERION ',/)
5§56 FORMAT(/,' AVERAGE STRESS CRITERIGCN *,7/,
#' AD I3 THE CHARACTERISTIC DISTuNCE OVER WHICH'./,

¥' STRESS5ES ARE AVERAGED AWD COMPALED WITH UNNOTCHED',/,
W' STRENGTHS TO PREDICT FAILURE')
DO 226 K=1,NLIM
IF(BPR.NE.N.0.AND.BPR.NE.1.0) GO TO 531
WRITE(6,223) K
¢25 FORMAT(* TNPUT AD FOR EACH CF THE THREE PLY FAILURE',/,
4' MODES OF PLATE HO'.I5./,

ue ADNT NET SECTION v,
n? AOBR = BEARING Vil
L A0SO = GHEAR OUT ')

N=NUMPLY(K)
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