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PREFACE

The rapidly increasing use of composite structures in NATO aerospace has intensified interest in methods of strength,
and life analysis. At the same time the introduction of new tough resins has increased the static strength of composite joints
with inmplications for the corresponding strength in fatigue. A number of NATO nations have built up data bases and
developed methods for strength and life analysis; in order to take advantage of these resources the Structures and Materials
Panel held a Specialists' Meeting, in conjunction with the 64th Panel Meeting, in Madrid, Spain on 27th-29th April 1987,
under the chairmanship of Professor Vittorio Giavotto, to provide a focus for methods of analysis and the identification of
research needs. Tis vol-ime contains the papers presented at this Specialists' Meeting.

L'emploi de plus en plus ftiquent de mattriawc composites dans le cadre des activites airospatiales de I'OTAN est
* ~l'origine d'un regain O'ntiret dans Ins mithodes d'analyse de Ia risistance et de la durie de vie des composants. Paral1ment,

l'arrivde de nouvelles risines hautement risistantes a eu pour effet d'augmenter Ia risistance statique des joints composites-,
phinomine non sans importance pour la resistance en fatigue correspondante. Un certain nombre de pays meambres de

I I'OTAN ont constitui mdes bases de donne~es et ont ilabord des mdthodes pour l'mnalyse de ]a risistance et de la duree de vie
* des composants. Souhaitant tirer profit de ces moyens, Ie Panel des Materiaux et Structures a organisi une riunion de

spdcialistes It l'occasion du 64ime Reunion du Panel i Madrid en Espagne, Ic 27-29 avnil 1987, prisidde par Ie professeur
* ~Vittorio Giavotto, afin d'orienter les methodes d'analyse et de permettre l'identification des besoins en matiire de recherche.

Le prisent volume presente des prisentation faites lors de cette riunion de spdcialistes.
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LITERATUJA REVIEW ON TI1 DESIGN OF

MECHANICA'.LY FASTEUED COMPOSITE 3OINTS

by

C. Pam

Structures and Materials Laboratory
National Aero••autical Establishment

National Research Council Canada
"Ottawa, Ontario, K iA 0R6

SUMMARY

This report presents a literature review of the state-of-tme-art analytical and experimental methodologies adopted
in the aerosmpace industry for the design of mechanically fastened joints in composite structures. Results and conclusions
obtained from the published literature relating to the effects of critical parameters, which include composite material
system, fastener configuration and joint geometry, on the mechanical behaviour and failure modes of composite
mechanically fastened Joints are discussed. Further research required to improve the design of composite mechanically
fastened joints is identified as a result of this review.

1.0 INTRODUCTION

The purpose of this literature review is to assess the state-of-the-art analytical and experimental methodologies
for the design of composite mechinically fastened joints. This review aits at providing a basis for identifying further
research In these areas.

3oints that require mechanical fasteners such as bolts, rivets or pins to conr A two or more parts In a structure
where the transfer of loads Is provided by the fasteners are generically described as mechanically fastened joints. This is
In contrast to adhesively bonded joints where the connecting and load transfer medlum Is the adhesive layer.
Mechanically fastened joints are required in cases where the need for component disassembly is entailed.

One of the more challenging aspects of composite mechanically fastened joints is that the well-established design
procedures for metal joints, that are based on years of experience with Isotropic and homogeneous materials, have to be
changed in order to accommodate the anisotropic and nonhomogeneous properties of composite materials. Also,
advanced composites have practically none of the forgiving capabilities of metals which yield to redistribute loads and
thus reduce the sensitivity to local stress concentrations. The inherent matrix weaknesses of composites, especially
organic matrix composites, render the jcints susceptible to interlaminar shear failures as a result of matrix stresses.

Analytical procedures fr the prediction of static strength and fatigue life of composite nechanically fAstened
joints are presented In Section 2. The application of finite element and two-dimensional elasticity methods in stress
analyses and the adoption of failure criteria in static strength predictions are discussed. Current methods for fatigue
life prediction are also discussed.

Experiments Investigating the effects of important parameters on the mechanical performance of composite
mechanically fastened joints are presented in Section 3. Of principAl interest in the results discussed are stress
concentrations at the fastener hole as a function of fastener configurations and material parameters, and the
relationship between failure modes and joint configuration, fastener pattern, lay-up, etc. The special topic of
environrnLrtal effects is not included in thJs review.

Further research In Improving the design of composite mechanically fastened joint Is discussed In the last section.
This includes the wtalytical effort required to improve the a._curacy and reliability of both stitic and fatigue strength
prediction methodologies as well as the experimental work required to provide a data base which is essential for the
application of advanced high strain/tough resin composites. Also, the develolpnent of failure models based on physical
damage phenomena is needed for the prediction of delamination and gr*s bearing failure vuodes.

2.0 ANALYTICAL METHODOLOGIES FOR STRENGTH PREDICTIONS

A typical analytical procedure for the evaluation of the static strength of composite mechanically fastened joints
involves four basic steps: first, the load distribution In the vicinity of the fastener holes is determined by an overall
analysis of the structural component; second, the fastener load and the by-pass load at individual fastener holes are
determined; third, the detailed stress distribution in the vicinity of an individual fastener hole is evaluated based on the
fastener load and by-pass load; and fourth, the joint strength is assessed by applying appropriate material failure criteria.
These analytical steps for composite bolted joint strength evaluation are illustrate in Figure 1. Methodologies adopted
in each of the steps are discussed in the following sub-sect:ons.

2.1 Overa•l Structural Analysis

An overall structural analysis to determine tlte internal load distributions Is performed, generally, by finite element
methods. Because of economic limitations, It Is common practice for a component finite elemnent model to consider
overall geometric and material properties to determine stiffness parameters and to exclude fastener flexibility under the
assumption that the contribution of bolts and local joint structures to the overall structural deformation are quite small
(i). When the bolt flexibility is considered to have an effect to the overall response to ioads, the inclusion of fastener
effects In the general model is necessary for accurate analysis (2,3). In Reference 2, the finite element analysis of the
Space Shuttle payload bay doors clearly demonstrated that the analysis of joint behaviour was required to be an Integral
part of the overall structural analysis. Also Reference 3 shows that the flexibl:lty of the fasteners was required In the
local root area of the over&:! finite element model of the B-I horisontal stabilizer. Baumann (4) presented a method
Incorporating the effects of fastener representation. le discussed various modelling techniques for the fastener effect
and demonstrated excellent correlation with test results by allowing the fastener (beam elements) end constraints to be
flexible rather than rigidly fixed against rotation.
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2.2 hAun lof Lead Olkefbimn at Pastener Hlle

The overall structural analysis discussed in the previous sub-section can, in most cases, even tnough fasteners are
not modelled provide an estimation of load& acting on complex Joints. One dimensional analytical meth %ds for redundant
structures (51 ame commonly used to deotermine the load calried by each row of fastnrs In a complex joint. These
methods include analytical closed frm procedures for simple lap-joint configurations, and numerical proceures capable
of handling more complex geometries and joints with rr.ultiile shear fate. Engineering idealizations esployed in one
dimensional analysis are based upon Wos assumptions regarding the plate flexibility between successive fastenm rows,
the bolt flexibility due to shear and bending effects, and the local flexibility associated with the complex stress and
deflection pattern In the Immediate vicinity of the hole (3,•). As Illustrated In Figure 2, rows of fasteners are
repaented by fasten• shear elements in the structural Joint idealization.

In order to determine Individual fastener loads accurately, It is important to account for the contribution of each
fastener to joint flexibility. This contribution is dependent upon fastoner stiffness, joint member stiffness, and load
eccentricity. Ioint fiexibilitles, which ae obtained experimentally from load-deflection tests upon single fastener
specimens, an required for the analysis. in metals, this type of data Is available for a wide variety of fasteners, sheet
materials and thicknesses; (6). in composites, however, this data is not as prevalent and Is usually generated on a need"
basis for specific conditions. When data Is not available, it is common to obtain estimates of composite Joint flexibility
by comparison to existing Isotropic metal data or by calculations using formulae developed for thin sheet metals (3,7.),
An extensive experimental investigation was performed by Huth (Ill) to determine the fastener flexibility for a wide
range of joints of practical interest. A formula for predicting load transfer in multiple-row joints based on fastener
flexibility was derived from test results. It can be used with a variety of fasterm systems and Joint materials which
Include graphite/oepoxy systems to improve 'he prediction of stress and fatigue performance in mechanically fastened
joints.

L.3 Iffect of Friction on Bolted 3oint Load Diserixition

The effect of friction is commonly Ignored in the analytical work published in tne literature. Friction between
plate surfaces can, however, significantly affect joint bolt load distribution. Experimental work by Wittmeyer and
Stmode (8) and the survey report by Munse (9) both indicate that the clamp-up force resulting fro-n bolt tightening
relieves the joint load transmitted by fastener shear. However, In most design situations, this beneficial effect of
friction In relieving fastener load is conservatively ignored because it is felt that the bolt torque cannot be maintained
due to the viscoelastic property of resin-based lainnates which allows bolt clamp-up relaration (108) to occur during the
life of the structure.

In fatigue tests using aluminium single-shear dolg-bone specimens with steel Huck rivets, HIooson and Baker (10)
reported that failures of specimens occurred not at the fastener hole where the stress concentration is hilghest. but
outside the region of peak clamp-up pressure between plates. Significant fretting *as observed in the region of failure.
This observation led to the belief that failure was the result of the propagation of cracks which were initiated by i
fret ting mechanism.

In composites, this contact problem in the faying plate surfaces is further complicated by the fact that the
behaviour of friction and wear Is a function of varying fiber orientations with respect to the sliding direction. Sung and
Suh (11) measured the friction coefficient and wear volume of composites as a function of sliding distance for three
different fiber orientations, perpendicular, transverse and longitudinal to the sliding direction (see Figure 3). As
illustrated in "Igure 4, which presents their results for graphite epoxy composite (Thornel 300/SP-238), both wear and
friction coefficients were a ninimum when the fiber orientation was normal to the sliding surface, and both wear and
friction coefficients were a maximum when the liding was transverse to the fiber axis. l)ifferent failure 'nodes for
different fiber orientations with respect to sliding direction were observed in their experiments (Figure 3).

Sandifer (106) investigited the effect of fretting fatirse on graphiv/epoxy composites and found that fretting has
no significant effect on the fatigue life of graphite/epoxy material when fretted against aluminium, titanium, or
graphite/epoxy of the same type. Fatigue life was actually found to be increased by a factor of four under tension-
tension cyclic loading due to the clamping of the fretting pad in the test section of the unnotched specimen. It was
noted that, during cycling testing, the specimens began to delaminate in the thickness plane between the grips and
clamped pads. However, such delamination never occurred In the clamped regions. This observation led to the
conclusion that the pads act as a stabilixing point holding the plies together and thus a longer fatigue life Is achieved.
Sandifer further mentioned that the application of a common test technique where buckling guldes or stabilizing fixtures
are mounted at specimen mid-point m &y lead to non -conservative fatigue life results.

The effect of friction in the faying plate surfaces can be included in the stress analysis if the tamping is known.
Both finite difference and finite element methods have been a,*lied successfully in calcu!ating the clamnpup pressure for
isotropic platws (12, 13, 14). A typical idealization of a bolted joint used to determine the contact pressure between
plates is illustrated in Figure 3. The effects of clamping pressure and lateral constraint were investigated
experimentally by Stockdale and Matthews (15) on glass/epoxy and by Collings (16) on carbon/epoxy. it was concluded
that incre•ng the bolt torque Increases the bearini strength. Semi-empirical equations, which account for friction
effects and lateral constraints at the bolt hole, were established b- Collings (M7Y to predict bemrlng strength and failure
mode of carbon fiber-reinforced plastics.

The through-thickness effects for a ,nulti-ocientation laminate as a result of fastener/plate Interaction are very
complicated because the coefficient of friction varies through the thickness, from ply to ply, at the edg of the hole.
Aiso, under compressive and frictional loadinl, complicated failure modes, such as fibers debonding fromn matrix and
fiber bucIking, are encountered. To treat these effects analytically, three dimenslonel methods and suitable failure
criteria are required.

2.U Detailed S•t•r Analysis and Static Strngth Prediction

The detailed stress or strain distribttion in the vicinity of the loaded bolt hole in a composite joint Is determined by
means of finite element methods, elastic anisotropic analysis based on complex variable formulation and fracture
mechanics analysis. The prediction of static strength and failure mode Is accomplished by the application of anisotmopic
material failure criteria based on unidirectional laminate properties.
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The failure of a composite laminate Is asassed on a ply-by-ply basis. At the edge o the fastener hole where a hile,
stress concentration Is present, strnpth pr"ctlon Is based on at-eas at a "chircterl itL. di-mension" from the edge 5f
the hole (IS). In this way, the non-linear material behaviour In the region Immodatelv wrrwundin the fastener hale Is
avoided, This " €oacit, as illustrated In Figure 6, ,as been commonly applied in the failure analsis of composite bolted
joints (19,2O). YM establishment of the *characteristic dimension" Is bae on experimentl data obtained by test
procedures dihscse In Refern•cs 19-ll.

Failure modes In composite bolted Joints can be very complex and quite different from thoee of mewtal olnms
because composites exhibit anisotropic propertIes, lack of dut:tlllty and Inherent ýnterlaminar weaknes. Various fallare
,nodes for composite bolted Joints are Illustrated In Figur 7. Many failure criteria have been developed assentially by
modifying Isotropic criteria to allow for anisotropic effects In predicting these failure modes and strangtths of composlte
bolted joints. In developing these failure criteria, sufficient arbitrary parameters are introduced so that various failure
mode cat be Incorporated.

L4.l Stati trqanih fallure crairia

Sandhu (22) published a survey of failure criteria for anlsotropic materials In 1972. He broaody cataorlsed these
criteria according to their capability to accont for failure node Interactlons. Failure criteria that do Aot account for
failure mode Interactions Include maximum stress (23), imaximu,.i strain (24), and maximum shear criteria (23). In
applying thee criteria, failure is precipitated when any one of 1ns longitudinal, transvers, and shear stresses/strains
exceed the material limits determined by tests. In the other caegaory of failure criteria where failure mode Interactions
are accounted for, expressions mainly of a quadratic form that yield a smiooth and continuous qi•adratic failure envelope
in each load quadrant, are included. The expressions are eC'hur anaaiaftlons of Von Mhlles' criterlon, such as those
developed by Hill (26), Tsal (27) end Hoffman (24), or have hAen developed explicitly Li. quadratic form using the stress
tensor approach which satisfies the Invariant requirements for coordinate transformation, sud+, as the Tsal-Wu criterion
(29). Tennyson (30) adopted the cubic form of the strms tensor polynomial criterion to rAedict failure strength of
graphitelepoxy under biaxial loads and obtained more aixtirate predictions than with the qusdratlc form. Experimental
procedures required to obtain thefe parameters for var~ous failure criteria are discussed In V.eference 31.

1.4.2 Static s&urth pridlctl.n based on fracture wrecholdca

EIsenmarnm (32) established a bolted jolr' static strength prediction model based on fracture mtchanics !or
composite materials. The failure criterion lxI

i %

where K, is the Mode I stress intensity factor at location I on the fastener hole boundary and K6 is the corresponding

fracture toughmhes This fracture mechanics concept is similar to the "characteristic dimension" conc*pt of Whitney and
Nuismer (13) except that the characteristic dimension, ai, is taken as the length of a through crack extendinl radially
outward from location I on the hole boundary. The determination of ai is btsed on laminate strength and fracture
toughness obtained by tests discussed In Reference 33. Eight potential crack Initiation positions on the hole boundary
(0.8) are selected based on an examination of many falleJ joint test specimens. Values of lanat• tensile strength and
Mode I fracture toughness at these locations are determined by tests using tensile coupom an edge-notched beam
pc fn fahricated In a manner such that they represent laminate propertivs In the direction tangential to the hole

Once ,he laminate tensile strength and Mode I fracture toughness hae been determined, the characteristic
dimension, al, can be calculated for each of the eight selected locat!ons by the following equationK01

The established dimension, &I, Is then used to calculate the Mode I stress Intensity at each of the etight iocations and for
each of the five specific load cases that consist of the tension loads In the X and Y directions, the bolt bearing loads In
the X and Y directions and the shear loads, as Illustrated In Figure I for location I - 2. The Mode l stress Intensity factor
for the general load case at location I Is obtained by adopting linear superposition of all five Mode I stress intensity
factors for specfic load cases.

The validity of ths fracture mechanics model has been verifled by successful correlation of experimental results.
Expalimental data consisting of measured failure loads and observed failure locations from a series of forty-•lght static
tensile tests w-re used (2). The application of this model, however, is limited by the requirement of an extarslve data
base nd is only valid for tensile strength predictions.

.4.3 Static st-'gtl pr edction using finite element method

The two dimensional finite le-ment model is by far the most common method In composite mechanically feastned
joint atalyals (34-49). The major limitation of two dimensional analyses is that thre) dimensional effects, such as
thickness defnrmation related to bweaing failures, Interlaminer sheer resulting from ply-to-ply .4pkclaement
Incrmipatibilities, through-the-thIckness friction effects between the fastener and the hole, and lateral constraint at the
fastener hole as a result of clamping of washer and nut ftae on the plates that are joined together, are not accounted
for. However, in moat design situations, two-dimensional methods are chosen over threedimansonal ones because of
their relative simplicity and economy.

A two-dimensional finite element method solution predicting bolted joint strength was published by Vasancak and
Cruse (34) in 1971. A coalne-dlslributed radial prw.sumr acting along the semi-circular boundary was used to simulate the
load from a rigid aid frictionlee pin. Orthot•oplc laminates, which were mid-plane symmetric, were considered The
maximum stress criterilon, ma maximum strain criterion and the Tsal-Hilll distortional energy failure criterion were
applied to predict tie laminate failure strength and failure mode. For cases where lay-ups were +431, this analysis
resulted in failure strength predictions which wee aOX conservative.

Chat n at al. (33, 36) investigated the same pr-blem using similar techniques. Improved correlations in failurestrenglth and failure mode with experimental results were obtained by adopting fte Yarnads-Sur showr strenglth fal~ure
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criterion. W(37) An ce~wn'wfmction twithWA a CwoiPtroe failure ~hYPo*thes"3s (34) ttha~t"prmdiWcts~fail*ujre based on stre~as at a
chaactr~sic istnc frm te pn-hle ntrfae I orer o mniisettwe-dmenl falfects. Wang and Matthews

(3)$)used fthe INL code to calculate the strains at the pin-loade holes of mi-ln ymti n aacdlaminates,
The layers of a laminate were treated as being homngeneous and orthowroplc. One half of the Joint was modelled based
on symmetry. The load applied by the pin was represeented by a ainutoidally distributed pressure as well as by a uniform
vertica displacement at the hole boundary an the l oaded side of the hole. Only Insignificarn differece were found
between these two tedu qusa of pin load representation. Experimental correla,'ons of results are Included In the
Investigation.

An~ *aterntlve technique to shwlnuAte the frictionless rigd pin Joint As to appy wom radial displacements along the
semi-circular boundary and to apply fort at the far end (39,4A,42 Agerwal 09P) used this technique and the NAST~hN
cods to determine the strew distribution wound the fastener hole of a doubl-shea bolt bearing specimen. The
composite plate, which was assumned to be orthotrople and mid-plne symmetric, was Ideaised by 234 CfQOMEMI
elements which wea Isaparametrlr. membrane element -;Ado not Include any bending. The plate was asaumes! to be
symmetric about the X axis anct only half of the plate was modelled (see Figure 9)6 The Grimes-WhItney (maximum
strain first ply failure criterIvn (40) was applied to predict the unnotched laminate strength and the Whitney-uismer

average stress criterion USA)M~ was applied to predict the mechanlcalli; fastened joint strength and failure mode. Sant
(41) used the same NASTR'tN code and the boundary conditluns but adopted the Tsal-Wu tensor polynomnIall falIIe
criterion (29) for the strorq~h analysis of pin-loaded plate. The ultimate larnInate failure strength was based or' the last
ply failure stese" The results obtained by both Investigations were consw vatIve by a factor of two for lay-ups which
were predominately *450 when compared with corresponding experimental results.

York et al. (42) 'used fth Structural Analysis Program SAP V and the modified "point strss failure criterion (4)) to
predict the net tensitan strength of composite mechanically fastene Joints. Application of the modified "pc~nt stress"
failure criterion requres the empirical determination af two notch sensitivity parameters, to and c, for a particular
material systemn ond laminate configuration A~ccurate strength predictions were achieved based an exparlmental net
ten~sion strength doit- for Hercules AS/35014 graphite/eopoxy with a laminate configuration of (43/'0/-45/02/-

Crews at &1. (44) presented another technique to simulate frictionless pin !oading In their tweo-dirmensinal finite
element analysis were the pin was also modelled. The pir, was loaded at its center and was connectri to the laminate
by short, stiff apinfg elements which had no transverse itlffness and as a result they transferred o~,ly radial loads and
thereby isoduced the desired frictionless Interface. An Iterative procedure was adopted to Jrtermnsln the contact
boundary between the pin and the hole. When a spinK was computed to have a tensile force, its radial stiffness was set
to se.) and the analysis was repeated until convorgence was reached. S~ress concentration 1:,ctors, based on. nomninal
bearing stress, for finite &sue orthotropic laminates of different lay-mips and geometries v.ere astab'ashed using this
analyticall technique.

The above methods ignore the effects of friction oad the length of contact of the fisteera wit:% the ooundary of the
holle In the laminnate. Oplbnge (45,46) adopted an acrurste treatmnent of boundary ce~lditiorn at the fastenter hole by
modelling fastearm/plate Interactions In his finte element analytses This treatment Involve,% the use. of a displacement
boundary t.,ndtion to represent the effect of the tastenrr moving agairst the hoei boundsuy. The use of displacement
conditions In the contact region leads to successful modelling of changes In contact length with Inc easl..j by-paus load, a
condition which exists In a complex Joint with ul.tiple rows at fasteners. The analvejcal result,. showing the effect of
friction on radial and sheer stress distrIL. tions around the fastener hoe are giver. in Figure F .. A departure frown the
commonly assumned halif-cosine radial stress distribution as a result of friction Is v~oted In Figur.o 10.

WWhiamn at al. (4?) used an Incremental finite element method to drtermlnine *st asses and strains around pin-
loaded holes In orthotropic: plates. The numerical solution provided by the analysis ac.ounts for friction along the
contact surface batween the pin, which Is assumed rigid, and the plate, and dater.minnA the region of slip and nanslip.
This analytical method was later extended to provide nwoericall solimt~ons for multiple-loolted Joints (4U) The effects of
variations In friction, materiall properties, load distribution among the bolts and boltiplato contact were considered. A
condition of nonslip existed at a point an the hole boundary If%

JA0 '

where p.* coefficient of friction, a, - radial stress, and rq tangential shear stress. An Incremental loading with an

Iterative procedure was performed to obtain the results at the final specifiled load level. The affect of friction on the
radial stress betweenm the bolt and the contacting Woe boundary of a wooden Joint obtained from Reference 43 Is
presented in Figure 11. This figure shows thet Pa. total absence of friction (is 0) allows the relatively low modulus
wood to "wrap" around the rigid pin and thurebw distribute the pressure more evenly. For stif fer orthotropic materials.,
such as glass composite,&cang In the contat,: cmreff clent of friction from #9'a 0.7 top#" 0.4 has little offect on the
radial stress on the boundery oftehl (Figure 12). However, this relative Insensitivity of the stress distribution as
shown In Figure 12 to moderate changes In triction is fortuitous since, even at a fixed position around a loaded pin, the
coefficient of friction for a stacked fiber-reInforced laminate could vary from ply to ply dependng on the particular
ply% orientation relative to that of the pin In the contact region. The treatment of the through-the-ehiclmess friction
effect reqluires very complicated three-dimensional an~alyss. No work has beew published In this waes.

The effects of pin elasticity, clearance, and friction on the stre distributions around in hoe In & pin loaded
Lethotropic plate were investigated by Hyer and Kiang (112). Numerical results, computed by using twoý-dlmenslonal

techique fora(~*5kgrhiteep.I laminate, Indicated that pin elasticity does not have a signiiatafeto
streas distribution" pi ole nce Influences the arc of contact and the radial stress. Assa result of a reduced arc of
contact 4am to li-mmesed clearance, the radia street was found to be higher. The effect of friction was found to
decrease fte beaming stress and increas the hoop stress both the no-sli region and the contact angle were found to
Increase With friction.

In a two-dmensional, elasto-plastic finite elament analysis, Tmajmoto and Wilson (1 13) investigated the effect of
Including frictiona forces along the fastener hole Interface on the strength of composite bolted Joints. It was found that
for a conventional graphite/epoxy material, the ret tonllo failure Is relatively Insensitive to friction effects while



bowing end shnarout failure are sensitive. The failure strength for the bewing and the shearout mode was found to
Increase when the coefficient of friction is increased. However, when comparing predicted results with experimental
results, a crAdition of no friction gave the best correlatiln. Therefore this condition was used In subsequent elastj-
Plastic analysis. The special capability of this Incrvmental elastop-pAtic analysis Is that It provides the details of the
damage p o•sian end empys a cumulative dlamae concept to predict failure. Ina separate report, Wilson and
Tsuaimoto (I prs eed study o med by using a laminate deply technique developed by Freeman
(11). After a queal-isotropic laminate was loaded to ultimate tensile strength by a pin in a double lap joint, it wasdeplled wxd fth damage was doc•umented ph~otographically. The damagle ma determined in this way were found to

correlate well In a qualitative e with those predicted using the eito-pltl eanalysis. The development of
quantitative failure criteria basud an damage ieces lit baql pursued by exploiting the present capability of theolasto-plastic model In an extension of the reeac desorihted In Reference 113.,

SIn orader to predict bowing and dollmination lile and to acvount for the affect of clamping pressure created by
bolt torque In composite mechanically faem jtr the distribution of s around the loaded hole in three
directions his to be evalutetd. Matthews et at. (491 performed a thrdimenslenel finite element analysis on a single
composite baited Joint by using; & now e t ' ro a standard 2-noded, isoparametrie 'bricit' element. This
modified alenmt can represent several layers of the c site without sious I of accuracy. The results for three
clamping cum discuss" (I) Pin-loaded hole cae where lateral constraint is excludod; (2) finer-tight washer
cam where lateral constraint is provided; and (3) bolted joint case where a compressive displacement to all the surface4oe under fth washer is Impoend. The affect of friction was Igo In the analysis. It was obseved that when the
laminate Is loaded via a bolt with finger-Ught washer% the most noticeable change from the pin-loaded case is
reduction of the ttwough-the-thickMess tensile stress. This observation was consistent with the Increase in failure load
obtained experimentally. For the bolt leading with a fully damped washer, a significant increase in the direct stress,
az - under the washer and the Intertiamlnr sheer stress, azx , at the edge of the washer In the outer plies, was
notiled. Again this is consistent with experimental results where failure was ftund to occur by delamination at the
washer edge. A suitable ffwlure criterion has not been combined with the stress analysis to predict the actual failure
loads and failure modes.

2.4.4 Stetic st:ength predictionaieaf elastic onia•topic analysis

T!vAs methods are principally formulated from two-dimensional anisotroplc elasticity theory (50). In these
neth.v,A, the stress distributions aound a hole In an infinite orthotropic laminate are determined and vriotss ways of

coroct.ing these str for finite lamamite widths and lengths have been arlled (51,52). Thsre are two common
te.etiniques of modelling fastener radial load distributions: (1) a radial stress boundary condition varying In a cosine
J•strl.butl'an (52.SX3,5) and (2) a radifl displacement boundary condition correspondIRn to rigid displacements of the
fastener coupled with a solution of the associated contact problem (58,39). In most cases, fastener frictional shear
force at the hole boundary have bee Ignored.

Wascask and Cruss (3)) solved the problem of an infinite anisoltropic plate containing a circular cut-out. The
plate was loaded by the bolt load, which was represented by a cosine distribution of normal stross and was subjected to a
uniform stress field caused by tension loads applied at two far ends o& the plate. The method of superposition was used
to generate the solution to the problem of Interest by combining two infinite plate solutions. One case contained the
bolt loading wdy while the other case contained the tension loading only. A series solution based on the theory of
anisotropic elasticity was derived for the bolt loading cose. The solution to the case of a plate with a hole under tension
loading was obtalred from Referenmce 5. Both Infinite plate solutions for the two cases were corrected for the effects
of finite specimen slix using anisotropic correction factot'& ge•erated by Boundary Integral Equation methods (51) prior
to their ,uperpositIon. Pin/plate interaction was assumed to be frictionless. It was note.; that the use of correction
factors to modify the Infinite plate solutions produced a streis field which no longer strictly satisfies overall equilibrium
requirethents.

The maximum stress, the maximum strain and tee Tsal-H1ll criteria were co•siderd for static joint strength
pre licions based on a first ply failure hypothesis. Co-.servative prictions of falltwe loads were obtained. The degree
of conservatilvi was found to be a function of t.pe~imrn lay-uPs varying from 2% for a (06/+345*) boro xy laminate
tj 53% for a lt4$e) boron-epoxy laminate whe.re larle shear deformation occurred. PrdedlcYion of falure locayt1itons was
loutid to be S'titfactory.

De 31inig (52) presented a solution of the stress dlstrlbut•on around a pin loaded hole in an orthotropic plate. The
approach wad by De 3ong was sit illar to that tred by Wasxczal, and Cruse (33) except that the normal stresses carrying
over the fstaner loading force an the boundoey of the hole were reprsented by a sine series where the coefficients of
this sorl.es were calculated from the buundary colditlons for toe dlsplr•cments of the loaded section at the edge of the
hI.le. Wasrciak and Cru.e (53) only ued the first term o, the co.lne serles as a stress boundary condition and the
rpossbility of determining the nworaal odae st':esses M rolation to material properties by means of a displacement
boundary condition was not expl•ioed. A superposltiov. technique was then adopted to estimate the stresses In the plates
of finite widths from Infinite plate results. The predictiln of joint sirength by failure crito',la was not lnv'stlgated. One
of the o Jondslons reached by De Jang was that althovgh the pin hA a neat fit In the hole, there is a clearance, resulting
from elastic deformations of the plat#. mattorial, not only betwoe, the pin and the uni'aded side of the hole, but also
between the pin and a small reglan of the loaded side as well.

Garbo and Oganowski (55,36) devklped a Boited 3oint Stress Field Model (SB3PM) which utUies two-dimensional
elastic anisotropic theory to detrmine laminate stress distrIJutIons around an unloaded or loaded fastener hole in
orthotropic materials. The prinriple of elastic superposl dion was used to obtain laminate stress distributions due to the
combined bearing arnd by-pass loading. Loaded hole analysis was performed by specifying a radial stre,.s boundary
condition varying a a cosine function over half of the hole. The stres solutions obtained are valid for rnmi-plane
symmetric laminates only. Strain disrlibutions are calculated using material comnp•ance constitutive relations.
Laminate comapliance coefficients were derived from classical lamination plate theory (57) with unidirectional material
elastic constants, ply angular orientations, and ply thicknesses Strains for Individual plies along famine principle
material axes were calculated using coordinate transformations. Finite width effects *we accounted for by the
superposition technique aeopted by Do 3ong (52). To minidmi the effect of nonlinear material behaviour at the hole
boundary, the "chasractoristic dimension" hypothesis of Whitney and Nuismer (18) has been adopted In B.SMP. Laminate
failure was predicted by comparing elastic stress distributolns with material failure criteria on a ply-by-ply basis.
Various material failure criteria, such as Tsal-HUI (27), Hoffman (21), Tsal-Wu (29), maximum stress (23), and maximum
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strain (24), were Incorporated in the 833PM. Analytical predictions of joint strengths provided by the B3SFM have been
extensively calibrated against experimental results (3136).

Opinor and GandNi (3) presented the results of stres distributions around a hole In a pin loaded orthotropic plate
by using a two-dimenslonal anlsotropic elastic analysis which employed a least-squares bounda I collocation scheme.
The mode of interaction between the phi and the plate was described by a readial displacement boundary condition
corresponding to a rigid displacement of the pin In the region of contact together with & condition of eot radial pressure
outside the contact region Iteration techniques were used to solve the non-linear contact boundary conditions of this
problem. hs a relateJ Investigation by Oplinger and Gandhi (39), results are presented which describe the effect of
Coulomb friction between the pin and plate on the radial and shear stress distributions around fastenme hole.' These
results are illustrated In Fig"u 10 for friction coefficients ranging from 0 to 0.3. Significant effects of friction on
stres distributions are displayed in Pigsr 10.

2.3 Fatigue Ute PreIctise Methodology

There are basically four methodologies adopted for predicting composite fatigue behaviour. These methodologies
arm (I) empirical correlation, (2) cumulative damage model, (3) residual strength degradation model, and (4) tensor
polynomial failure ,riterlon. The empirical approach has been extensively applied in fatigue life prediction of
mechanically fast~ joints In composite structures. Only limited experImental verifications of the accuracy of fatigue
life prediction for composite mechanically fastened joints have been carried out for the remaining three methodologies.
A review of the four fatigue life prediction methodologies iP presented in the followingt

(I) Empirical rmethods - currmnt state-of-the-art fatigue verification approaches for composite structures employ
spectrum fatigue tests on components/specimens representative of specific design details (60). These empirical methods
are extensively applied due to a lack of confidence in existing analytical composite fatigue life prediction procedures
which still require more experimental calibration. In all modern military aircraft that contain extensive composite
contents in their primary and secondary structural components (&4. 8-1, F-I5, F-16, F-11, AV41), empirical methods
have been used extensively to assess the effects of cyclic loading on composite fat ue life In order to comply with
various military durability specifications such as MIL-A-1366, MIL-A43444 and MIL-STD-1•30A (61-66). It has been
postulated that sufficient fatigue life can be achieved by composite structures designed to satisfy static strength
requirements (63). Por the composite winsp of the F-IS and the advanced Harrier aircraft (AV41F), the maximum design
strain level has boe limited by McDonnell Douglas Aircraft Company In the range of 4000 to 5000 pm/m. These design
strain levels have been developed to acc-mmodate the strew concentration effects of fattener holes and also serve to
provide an Inherent damage tolerant structure (63).

Most research and development programs on composite fatigue have also emphasized experimental Investigations.
Conclusions and recommendations reached in these studies have been based on empirical curves fitted through data.
Generally, physical understanding of the failure mechanism involved Is not Included. This makes the extrapolation of
curves very difficult or even meaningless. Most published fatigue data have been on unnotched lraminates or laminates
with an unloaded hole. Relatively little fatigue data exist on composite mechanically fastened joints. Of the existing
data, results are often for specialized specimen design, lay-up, or test conditions (67,b8).

(2) Cumulat've damage model - Miner's linear cumulative damage rule is the most commonly applied cumulative
method for analyzing composites because of Its relative simplicity. This method requires only constant amplitude
fatigue data (S-N curves) for the applied strews ratios In the spectrum in order to predict fatigue life. A simplitic
spectrum fatigue life prediction procedure for composites using Miner's rule Is illustrated in Figure 13.

There are disagreeme',s reported in the literature regarding the accuracy of the composite fatigue life prediction
using Miner's rule. In some cases, It has beom reported that Minors rule is grossly unconservative In predicting life of
composite materials (0A,70). Others have found It to be an adequate technique for preliminary design studies (71). An
investigation at McDonnell Douglas Aircraft Company (1) has found that Miners rule Is adequate to gauge the severity of
spectra variations.

The large amount of scatter In composite fatigue life may be the main reason for unreliable analytical predictions
that have led to disputable concuslons. One of the major difficulties in developing a composite fatigue life prediction
method Is to provide sufficient replicate testing In order to establish statistical scatter factors to account for the
variability of composite fatigue life.

(3) Resldusi strength degradation model - Yang (72) derived a residusi strength degradation model to predict the
fatigue life of composites. This model was derived based on the assumption that residua; strength is a monotonically
deocrea=lng function of the applied load cycles. Weibull statistical procedures are used In this model to predict residual
strength and fatigue life. Parameters required In the analysis aem derived from static and constant amplitude fatigue (S-
N curves) test data. Once these parameters are derived, probability of survival curves can be generated. The major
limitation of this approach Is In the basic assumption of continuously decreasing residual strength which makes the model
Incapable of accounting for initial strength Increases that have been observed in many investigations on fatigue of
composites (73).

(4) Tensor polynomial fllure criterion - Tennyson et Wi. (30) have extended the application of the tensor
polynomial failure criterion from static strength prediction to the fatigue life prediction of composite lanminatesr Unlike
static strength parameters, the fatigue strength parameters are not constants, but rather are functions of the frec ency
of loadin (n), the number of cycles (N) and the stres ratio R a Omln/ amax, I.e. F z P(n,N,R). "Fatigue functIons"
required to predict the fatigue life of a laminate under unlaxIal tenson and compression cyclic loading conditions with
constant frequency and R ratio have been establidsKe for the pone strews condition and Implemented Into a quadratic
formulation of the tonsor polynomial failure criterion (30). These fatlige functions wver established based on results
from tension and compression tests in both the fiber (1) and transverse (2) directions, as well as pure shear In the 1-2
piane. Applications of this model to predict fatigue life of "flawed" &-d "'lnflawed" graphite/epoxy laminates for
unlaxial load cases in hot/wet environments with thermal-spike cycles were attempted and some encouraging results
wr reported (30). Current work lnvolvyti applying this model to predict the fatigue life of lraphit/elpoxy laminates
under random FALSTAFF loading conditions. Some experimental data using a !our point ei.ng specimen have been
generated.
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Rotem (7#) has established a general fatigue failure criterion also based on experimentally determined "fatigue
.unctions" for multidirectloali laminates. "Fatigue functions" that account for delamination have also been developed.
The effect of temperature Is accounted for by experimentally determined "shifting factors" for the "fatigue functions"

Presently, It Is uncertan which methodologies provide the most reliable predictions, and under what conditions
they are reliable. Thus it Is Important for the reliability aspects of the fatigue prediction methodologies discussed
earlier to be evaluated. UntiU this Is complete, it remains a difficult task for designers or researchers to select a
methodology than can provide reliable fatigue life predictions under their specifi : requirements and conditions of
interest.

3.0 EXPERIMENTAL INVESTIGA"IOM S

In the process of preparing this review, It was observed that the majority of the published work on ,omposite
mechanically fastened joints included comparisons of experimental results. This is mainly due to the fact that
experimental Investigations are often required to characterize the complicated behaviour of composite mechanically
fastened joints which cannot be treated solely by the analytical methodologies described In the previous section.

State-of the-art empirical apploadies in composite joint strength analysis represent an alternative, often regarded
as an expensive one, to the detailed stress distribution analysis described in the prevlous section. Through tests on design
oriented composite specimens, the failure strength of a specific mechanically fastened joint as influenced by parameters
such as geometry, lay-up, percent of load transferred In joint through bearing and by-pass etc., Is assessed. However, it
is obvious, In view of the very large number of variables involved, and their effect on each other, that a complete
charecterizatlon of a general joint behaviour is impractical. Rather, the current approach is to determine as thoroughly
as possible the behaviour of a few basic joints in a limited number of material systems and to hopefully infer the
influence of the more important parameters from which the behaviour of other joints and matewials can be predicted by
empirical design methods. Hart-Smith's work Is an example of a comprehensive experimental investigation of some
mechanically fastened joints In graphite/epoxy composites where experimental results were generated to establish
empirical formulae and design-analysis procedures (76).

Experimental res ilts are also generated in order to complement/verify analytical results obtained by methodologies
described in the previous section. The advantage of this is that once an analytical methodology has been wel' calibrated
against experimental results, it can be used to predict composite mechanically fastened joint strengths and thus reduce
the high cost of experlisental assessment in new design applications.

In the following sub-sections, experimental results and conclusions obtained from published literature relating to
the effects of various narameters on composite mechanically fastened joints arc presented and discussed. For
convenience, the parameters are arbitrarily divided into three groups:

(1) Material parameters: fiber type and form (unidirectional, wnven fabric etc.), resin type, fiber orientation and
stacking sequence.

(2) Fastener parameters: fastener type, fastener size, clamping force, washer size, hole size, and tolerance.

(3) Design parameters: joint type, laminate thickness, geometry (pitch, edge distance, hole pattern, etc.) load
direction, load mode (static or cyclic), and failure definition.

3.1 Material Parameters

Fibrous composites, in most secondary and primary aeronautical applications, are gener'.ly manufactured by
stacking layers of prepreg consisting of reinforcing fibers embedded in a resin natrix. Graphite, Keviar or glass fibers
and epoxy resins are common ingredients used in producing laminates. The reinforcing fibers are arranged in either
unidirectional or woven format in a single ply of prepreg where they are saturated with resin material. This resin matrix
serves to bind the fibers together and transfer loads to the fibers.

The mechanical behaviour and failure mode of composite mechanically fastened joints are dependent upon the
orientation and stacking sequence of plies In the laminates. In their work on unloaded holes in laminates, Rybicki and
Schmuerer (79), and Pagano and Pipes (80) demonstrated that the stacking sequence of piles affects the interlamirnar
normal and shear stresses around the unloaded hole and hence, by inference, the strength of a loaded hole in a composite
mechanically fastened joint. In order to reduce these matrix stresses which are responsible for delamination at the
fastener hole or other free edges, it is important to intersperse the ply orientations thoroughly in the laminates such that
the number of parallel adjacent plies are minimized (76).

The effect of stacking sequence on the bearing strength of composite bolted joints was Investigated experimentally
by Garbo and Ogonowski (56) and Ramkumar and Tossavainen (77) by grouping plies with the same fiber orientation
together in the laminates. Both groups of investigators found that the bearing strength decreased when the percentage
of the parallel adjacent plies with the same fiber orientation was Increased. Quinn and Matthews (78) investigated the
effect of stacking sequence in glass fiber-reinforced plastics. They showed that placing 90" plies perpendicular to the
load direction at or near the surface improved the pin bearing strength.

The -ffect of orientation of plies or lay-up on the bearing strength of composite mechanically fastened joints has
been invest gated by several authors. Collins (81), whose work covers bolted joints in graphite/epoxy composites,
concluded inat for optimum bearing properties, more than 35% but less than 80% of 01 plies (i.e. parallel to the load) are
required, the balance being made up of +45" plies to provide transverse integrity to the composite bolted joint. He also
concluded that optimum tensile properties were obtained when the ratio of 0' to 45' plies was 2:1 whilst optimum shear
strengths required a ratio of 1:1. Matthews et a. (83) performed tests on composite riveted joints and concluded that
the bearing strength is significantly higher for the 0"/+43" lay-up than for the 90"/+_45 lay-up.

Ramkumar and Tossavalnen (77) investigated the effect of lay-up on the strength of laminates that were bolted to
metallic plates using a single fastener. They tested laminates that were fabricated using nonwoven ASI/3501-6
graphite/epoxy material with lay-ups that ranged from a fiber-dominated lay-up to a matrix-dominated lay-up. They
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found that, under compression loading, the failure strain incresed with an tncrease In the percentage of +45" plies while
the gross compressive strength and 6earing strength decreased with an Increase of the Percentage +WP plies. Their
compression test results and tension test results are presented in Figure 14 asd 13 respectively. They observed that the
failure mode chi aed from the shear-outt mode to local bearing failure mode when the percentage of +45* piles was
increased from 40% to 60% under tension loading. However, under compression loading, they found that failure mode
was Insensitivo to lay-up and specimens tested always failed in the local bearing mode.

The mode of failure is also influenced by joint geometry. This aspect will be discussed in sub-section 3.3.

it is recognized that a high stress concentration factor exists at the fastener hole of a composite mechanicaliy
fastened joint. Derg (33) emphasized that because most composite materials are Incapable of yitlding, local load
redistribution at 4e fastener hole can only be achieved by fit- fracture. The distribution of stresses at the fastener
hole Is influenced by the lay-up of the laminates. Coilings (8g) suggested the inclusion of +±4 plies In order to reduce
the stress concentration at the fastener hole.

Hybrid laminates can also be used to reduce the sensitivity to stress concentration. Hart-Smith (76) replaced some
of the graphite fibers whial were aligned with the load direction with S-glass fibers. Mechanically fastened joint
specimens fabricated from these glass/graphite hybrid laminates were Lonsistently as strong or stronger than the
equivalent all-graphite specimens when tested under tension loading. However, because of a lower modulus for the glass
fibers with respect to the graphite fibers, the stabilization of compressively loaded joint specimens was found to be a
problem. The failure mode of the glass/graphite was almost exc!usively associated with local bearing failures rather
than the potentially catastrophic tension-through.the-hole failure which was common for many of the all-graphite
specimen

The experimental results discussed here are essentially N-ased on conventional material systems composed of
graphite fibers of moderate modulus and first generation brittle resin materials (The classification of resin materials is
according to 3ohnston (83)). Advanced composite material systems composed of high strain graphite fibers and second
generation tough resin materials are now being manufactured by the composites industry. A survey was conducted by
Canadair Ltd. (96) on the types of advanced material systems which are being examined by the aeronautical Industry for
the next generation of aircraft. As indicated by the survey report of Canadair Ltd., the tensile strengths and the
compressive strengths of the advanced composite materials are significantly higher, by a! much as 37% and 22%
respectively, relative to those of the conventional baseline systems. The most important improvement of the newer
composites over the conventional composites appears to be the post-impact performance. Unfortunately, there is no
mechanically fastened joint data available currently In the published literature for these newer material systems.

3.2 Fastener Parameters

Many types of fastener are used in aerospact manufacturing. Some common types are screws, rivets and bolts.
Each type of fasteners can be offered in a wide variety of dimensions, configurations and materials. The splection of
fasteners depends on the type of applications. In general, screws give the lowest load-carrying capacity and tend to be
of little use In a primary structural role. Both rivets and bolts offer adequate strength In composite joints for medium to
high load transfer applications.

In composite structure, some parameters which affect the selection of fasteners are edge and side distances, hole
diameter, laminate thickness, fiber orleotation, laminate stacking sequence, and the type of materil. systems being used.
For example, composite laminate thickness, material and location in an airframe structure are factors to be considered
in determining whether a blind or two-piece fastener is selected. If the material stack-up has a thin top sheet, the hole
countersink configuration and the head configuration of the fastener become important cor. Iderations.

Composite materials pose special problems for mechanical fastening because of their peculiar properties. In their
survey report on fasteners for composite structures (88), Cole et al. identified four primar/ problems: (1) galvanic
corrosion; (2) galling; (3) installation damage, and (4) low pull-through strength. The nature of these problems and the
design of fasteners to circumvent them are discussed below:

(1) Galvanic corrosion: the basic force of the galvanic corrosion reaction Is the differevce in electrode potential
between the graphite fibers and the metals. The less noble metals may corrode when mechanically fastened to graphite
fiber composites. One solution is to cover the fastener with a protective coating. Prince (87) performed a comparison of
the effectiveness of different coatings to protect against galvanic corrosion. He concluded that, when flawed, coatings
are inadequate to provide protection against corrosion.

A more effective solution to the corrosion problem is to select compatible materials for the fasteners. For this
purpose, a galvanic compatibility chart, shown in Figure 16, is used. This chart ranks nobility, or resistance to galvanic
corrosion of fastener metals In a graphite based composite. Titanium is one of the most noble metals, and so titanium
and titanium alloys offer excellent corrosion resistance when used with graphite composite.

A special composite fastener, made of both graphlte/polyimide and glass/epoxy composites, has been developed to
provide total compatibility, low weight, and low cost (88). The most serious disadvantage of this type of fastener Is the
lack of reliability of the adhesive bond which holds the two-piece fastener together.

(2) Galling - Galling prob.ems are encountered when nuts fabricated with either titanium or A286 CRES steel are
used with titanium bolts, such as the corhmon HI-Lok system (88). A lock-up situation occurs during installation prior to
the development of the desired preload4 McDonnell-Douglas has successfully ellm~nated this problem In the F-18 and
AV .8B programs by applying suitable lubricants (88). Galling problems were also encountered In the Lockheed L10 11
Advanced Composite Vertical Fin program. The solution was to use stainless steel nuts (Type 303) to replace A286 CRES
steel or titanium nuts (88). Other solutions to the galling problem include the use of free running nuts, as In the Eddie
Bolt system, and swaged collar fasteners such as the Groove Proportional Lockbolt (GPL) made by Huck Manufacturing
Company.

(3) Installation damage: the procedure for Installation of fasteners in metallic structures often uses high preload
and interference-fit to obtain strength and durability improvements In the joint. Experience has shown that using the
same fasteners and procedures In composite structures can produce unacceptable damage. Before the installation of



1-9

fasteners, holes must be cleanly drilled through the composite structure. This is not an easy task because composites are

prone to fraying within the hole and to splintering on the exit side of the hole as a result of the drilling operation;
consequently, special drill bits and procedure different from those used In metal drilling, are required In order to avoid
Introducing any local weakening of the composite structure. While the fastener is being Installed into the hole, its
rotation Is not recommended because this would lead to breaking and lifting of fibers from the surface. Also, axial
misalignment of fastener in the hole could lead to damage. For example, misalignment of a blind fastunr during
installation could cause the blind head to dig into the surface of the hidden side, crushing or delaminating the composite
skin.

Several manufacturers have introduced fastener designs which have significantly facilitated their Installation in
composite structures. Figure 17 shows a typical design approach and installation sequence of a blind fastener. Normally,
hydraulic or pneumatic tools are used to install the fastener after it has been inserted Into a prepared hole. An axial
pulling force Is applied to cause a sleeve to form an expanded head on the blind side. This head expansion is
accomplished by buckling the sleeve either against the composite structure or against a shoulder on the fastener shank.
The fastener Is designed to ensure hole fill-in and axial alignment during installation. Mechanical locking is achieved
when the head Is secured against the blind-side surface. A break groove Is normally designed into the stem so that it
fractures after a certain level of clamping force has been reached.

Figure 12 illustrates some unique features of a special blind fastener designed to overcome the problem of crushing
the surface near the edge of the fastener hole as a result of buckling the sleeve directly against the composite structure.
It has a washer element between the coreboit and the sleeve, and it is independent of both. The washer is driven over
the tapered end of the nut and it expands to its final diameter. The formed washer is then seated against the joint
surface by the continued advance of the sleeve and the corebolt. The unsique feature of this fastener is that its blind
head Is formed by expanding its washer element to the desired diameter before engaging the sheet surface; consequently,
there is no surface pressure brought to bear on the composite structure to cause any crushing damage. A straight axial
load is applied to deliver the required clamping force, so there is no spinning action between fastener and structure
which could cause fibers to separate.

Figure 19 illustrates the installation sequence of a two-piece lockbolt fastener for solid composite laminates. The
fastening principle is based on the straight line tension/tension or swaged collar concept which minimizes the tendency
of crushing the surface of the composite laminates. Furthermore, this swaging action fills the annular locking grooves on
the pin with the collar material to form a permanent lock; thus the rotation of the nut is eliminated. This type of
lockbolt fastener Is designed for installation in clearance or interference fit conditions.

The nut tightening, collar swaging or tall forming during the Installation of a fastener exerts a clamping force or
p'eload on the composite sheets being joined. Because of the low through-the-thickness shear and compressive
properties of composltes, high preload may result in composite crushing. In order to achieve higher preloads to improve
joint performance while minimizing the possibility of crushing damage, fasteners are designed with enlarged "footprints,"
which refer to the bearing area of the nut, collar or tail, and enlarged heads (Figure 20). Both serve to provide a larger
area over which the preload can be spread. This increases the performance of the joint by allowing higher preloads to be
achieved which lead to improved shear strengths to resist fastener cocking associated with eccentric loads and Improved
tensile strengths to prevent fastener pull-through. In addition, higher preloads increase the fatigue life of composite
mechanically fastened joints (56).

The low interlaminar strength of composite materials often leads to delamination of the plies on the backside of
the laminate when fasteners are forced into an interference-fit hole. Also, experience with fiberglass has shown that
when rivets are installed to completely fill the hole by shank expansion, ply delamination and buckling occur at the hole
boundary. These difficulties have led to the general requirement for all material systems that only clearance fit (-0.000
to +0.102 mm) fasteners are used In composite structures (8g). However, interference fit is desirable in composite joints.
Sendeckyi and Richardson (89) demonstrated that increasing the level of interference in a graphite/epoxy joint increases
the fatigue life. Interference is also required to increase the load-sharing capability In a joint with multiple rows of
fasteners, to prevent fuel leakage in fuel tank area, and to provide the reactive torque needed for one-sided Installations
of blind fasteners.

Several manufacturers have produced special fasteners for Interference installations. Grumman (88) developed the
stress-wave rivet system for installation of titanium and A-286 CRES steel rivets in composite structure with up to .203
mm interference. The rivet deformation in the system is caused by a stress wave which causes the material to flow
outward In all directions simultaneously. The damage Is limited by this simultaneous tail formatlon and hole filling
action. Huck Manufacturing Company has developed the HUCK-TITE titanium interference fit lockbolt. This fastener
can be Installed conveniently with s-Andard Installation tooling developed by Huck. The installation procedure is
illustrated in Figure 19. The sleeve of this fastener Is expanded into an Interference fit hole during installation;
ronsequently, an Intimate contact is established between the fastener and the hole which forms a water intrusion barrier
to prevent fuel leakage without the application of a sealant and also provides electrical cuntinulty to prevent arcing.

(4) Low pull-through strength: the pull-through strength of a fastener for composite structures is shown to be a
function of the size of the "footprint" and the outside diameter of the head as illustrated in Figure 20. An improvement
in the pull-through strength can be achieved by using fasteners with enlarged "footprints" and enlarged heads. In the
case of blind fasteners, many engineers feel that the blind head should be expanded 1.4 times the shank diameter insteaCd
of the 1.2 times used for typical metal fastening (108). The configuration of the her I also has significant effect on the
pull-through strength. Boeing has found that the 130' shear head can support 30% more load than the 100' shear head
because of the Improved bearing surface area (88). Lockheed-Georgia Company compared the performance of four head
configurations (100' shear, 100' tension, 120' shear and 130' shear) on the basis of pull-through strength and fatigue.
The results of the comparison indicated that, for sufficiently thick composite structure where the thickness is in excess
of the fastener head height, the 100' tension flush head fastener is the best among the four configurations tested (85).

3.3 Design Parameters

In the primary and secondary structures of aircraft components that utilize composite materials, mechanically
fastened joints of various composite-to-composite or composite-to-metal designs can be found (90, 91). Although these
joints may be complex In appearance, each can be generically modelled as simple single or double lap specimen.

• , , .-
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In selecting the type and configuration of a joint specimen, the following design parameters that reflect the
structural Joint requiremnts must e consIdered (1) geometry, (2) hole pattern, (3) hole size, (4) laminate thickness,
(5) load eccoentricIty, (6) ýsutener load direction, and (7) failure definition. The results of the survey with respect to
these design parameters are presented In the following sub-sections.

.3.1 Geometrical Effects

The convention adopted In this review, which Is similar to that suggested as a standard by Kutscha and Hofer (92),
is shown In Figure 21.

The effect of end distance (a) has been Investigated by a number of authors and they all agree that a certain
minimum value of the e/d ratio Is required to develop full bearing strengtn. Ramkumar and Tossavalnen (77) investigated
the strength of bolted lamnnates using A51/301i-6 graphite/epoxy unidirectional prepreg material. They concluded that
the bering strength of all the lay-ups Increases with old ratio to a value of 4 or 3, beyond which the bearing strength is
relatively invariant. The 50/40/10 lay-up, where the number Indicates the percentage of the 0, +451 and 90" fiber
orientation In the lamliate respectively, exhibits a shear-out mode of failure when e/d S 3. For e/d > 3, the
laminate exhibits a local bearing mode of failure. The 70/20/10 lay-up exhibits a total shear-out mode of failure for e/d
values below 3. Collfngs (16) In his work on bolted joints in CFRP showed that for an all ±+50 lay-up, the minimum e/d
ratio required for the development of full bearing strength In the laminate Is 5, whereas for a pseudo-Isotropic lay-up,
the minimum e/d ratio is 3. MIL-HDBK 17A (93) quotes a minimum e/d ratio of 4.5 for O/436 lay-up.

The width effects In single hole joint specimen have also been investigated in conjunction with the end effects.
The results obtained from single hole joints are often used to predict the pitch distance effects in multi-hole
arrangements. This Is done by representing Individual bolts isolated from a single row in a strip of a width equal to the
bolt pitch. Ramkumar and Tosavalnen (77) showed that for w/d > 6, the bearing strength remains relatively constant.
When w/d -r, 4, the failure mode is primarily a net section failure across the hole. For w/d > 4, the failure mode is
primarily a partial or a total shear-out of the 30/40/tO laminate. For the same w/d ratio, the 30/60/10 laminate fails in
a local bearing mode. Coilings (16) suggested minimum w/d of g and 5 for +_3 and pseudo-isotropic lay-ups
respectively, if full bea:ing strength is to be developld. Matthews et ai (92) showed that for 04+_5' lay-ups in CFRP a
minimum w/d of 4 is needed.

3.3.2 Hole Pattern

The preceding sections have dealt with single-bolt joints where failure can be defined uniquely in terms of bolt load
alone. In most practical applications, however, this is not the case because the load is frequently transferred in multi-
row fastener patterns, such as at a chordwise splice in a wing skin, or along a bolt seam aligned with the dominant loal
path, such as at a wing spar cap. In such more complex load situations, it is necessary to characterize both the bolt load
and als the general stress field in which the particular bolt under consideration is located.

Geometrical parameters can influence the amounts of load transfer, as depicted in Figure 22 (110). The secondary
bending Is created by the load transfer !n single shear or otherwise excentric joints even if the external load is free from
bending moment. Also, it Is affected by geometrical changes. For a single shear joint with two rows of fasteners, it has
been demonstrated that by increasing the distance between the rows from 4 cm to 8 cm, the secondary bending was
reduced by 35% (110).

Agarwal (94) investigated the behaviour of multi-fastener bolted joints in AS/3501-5 graphite/epoxy. His
experimental results Indicated that the net tension failure stress of the joint is increased slightly (5 to 10 percent) by
increasing the number of fastener rows. It was also noted that the net tension failure stress was reduced by up to 15
percent as t.ie number of fasteners In a row was increased which was suggested to be caused by the specimen width
effect. Hart-Smith (76), using T300/5208 graphite/epoxy, also demonstrated that for joint geometries producing tension
failures for a single bolt, the addition of further rowvs of bolts generally Increases the joint strength very little. He found
that only when bearing failures occur do multi-row bo!t patterns increase the joint strength significantly above the
strength of a single bolt row. He observed nat the transition between tension and bearing failure modes occurs in the
range of bolt pitches between *,our and six times the diameter of the bolt hole.

Godwin et al (95) presented the experimental results of multi-bolt joints in glass-reinforced plastics. It was shown
that bolts In a row develop full bearing strength at pitches of more than six diameters. At small values of pitch in a wide
panel, it was suggested that the joint strength could be increased by increasing the end distance to suppress shear-out
failure. It was also observed that no substMtial Improvement In strength is gained by using staggered rows of bolts.
They suggested that the joint geometry that optimizes the joint strength is a single row of bolts, at a pitch of 2.5
diameters and an end distanc- of 3 diameters. At these values, joint strength is apprnximately half the gross panel
strength, and the failure mock is in tension at the minimum section. They pointed out that increased safety can be
gained by increasing the pitch to 3 or 6 diameters if there is bearing failure. In this case, the net joint strength is only
about one-third of the gross panel strength. This value of pitrA compares closely with that suggasted by Hart-Smith for
graphite/epoxy.

3.3.3 Hole Size

Garbo and Ogonowskl (36) investigated the effects of hole size on composite bolted joint strength by applying
tension to the two-fastener-in-tandem double shear specimens and loading to failure. It was shown that both bearing
strength and gross joint failure strain decrease. with Increising hole diameter over the range tested. It was observed that
all specimens failed in bearing-shearout, regardless of hole size. Ramkumar and Tossavainen (77) investigated the effect
of fastener diameter on the tensile response of a 20 ply, 0/40/10 lay-up graphite/epoxy laminate in a sinii.. lap
configuration. It was shown that the & oss tensile strength and the bearing strength of the laminate decrease when the
fastener diameter is increased. A similar trend ii also observed under static compression.

3.3.4 Laminate Thicimess

Garbo and Ogonowski (36) also investigated the effects of laminate thickness and fastener countersink on
graphite/epoxy laminate bearing strength. Their Investigation covered a range of laminate thicknesses from 20 ply to 60
ply and three countersink depth-to-laminate thickness ratios (0.77, 0.T3 and 0.26). Their test specimens were of a single
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fastener In double ohear configuration with 30/40/10 lay-up and were loaded t. failure in both tension and compression.
The bearing strength was shown to Increase with increasing laminate thickness from 20 ply to 60 ply. Within data
scatter, It was obeerved that the effects of countersink versus toncounterslnk on strength appear to be insignificant. For
pin-losited holes, Ie. no thrnuglthickrnu cimlnf, COlll• (17) showed that be•a streth reduces as d/t increases.

amkwmar and Tuesvalnen (77) showed that an ncrease in the thickness of a lamnati a sinle lap configuration
Introduces additional load eccentricity and bolt flexibUity effucL. Their experimental results from tests on 20-ply and
40-ply laminates with 30/40/10 lay-ups demonstrated that the thicker laminate strength was approximately 3 percent
lower then that of the 20-ply laminates.

&33. Lead Emrot

In selecting a single lap joint specimen for an experimental program, joint eccentricity effects must be minimized
or accounted for becamuse significant bolt bending can lead to a lower joint strength due to the eccentricity in the load
path. Ramkurnar and Toesavalnen (77) evaluated the load eccentricity effects by comparing single lap test results with
double lap test results. The results of the comparison Indicated as much as 17 percent and 20 percent increase in the
gross tensile and bearing strengths and the gross compressive and boaring strengths of the laminate, respectively, are
obtained by from a single shear to a double shewa configuration. Hart-SmIth (76) compared the experimental
results between e lap and double lap joints and found a 20 percent decrease with rerr-ct to double-shear strengths.

e sugest th dus account should be taken of the differences between siogle and douile shor bolted joints In theanalydi of practical aeroapace structures.

3.3%6 Pestener Lead Direction

Because of the anisotropic nature of composites, the bering strength of composite laminates will vary with load
direction. This effect was investigated by Garbo and Ogonowski (56) and 4y Matthews and Hirst ('6). All material
systems evaluated by these Investigators were sensitive to load direction. Figure 23 illustrates the changes In
circumferential stress distributions around a loaded fastener hole in a laminate with 70/20/10 lay-up as a result of
shifting the direction of load from 0 = 00 to 0 = 430. The peak stresses no longer occur perpendicular to the load
direction and the stress distribution is shifted and changed. The stress distribution for the isotropic case is Included for
comparison.

3.3.7 Failure DefihItion

For composite bolted joints, the determination of bearing strength depends on the definition of failure criterion
which can vary widely from, simply, the maximum load sustained by the joint to a failure criterion based on the
deformation of the hole. 3ohnson and Matthews (97), used typical load/extension plot of a composite bolted joint (see
Figure 24), to suggest the following ways of defining failure loads

(a) The maximum load - Usually considerable damage will have occurred in reaching this load (81).

(b) The first peak in the load/extension plot - Damage sustained up to this load is not insignificant. Almost
certainly cracks will hayw propagated outside of the washers (79).

(c) The load corresponding to a specified amount of hole elongation - There is little agreement as to what value
should be used. Dastin (98), Strauss (99) and Oleesky and Mohr (100) use a value of 4 percent of the hole
diameter, for glass reinforced plastics; Webb (101) uses I percent for bolts and 2 percent for rivets in CFRP;
Aithof and Muller (102) use 0.5 percent for CFRP; and 3ohnson and Matthews (97) use 0.4 percent of the
original diameter for glass fiber-reinforced plastics. They suggested the limit load corresponding to 0.4
percent elongation of hole diameter could be obtained from the maximum load by using a fatzor of safety of
2.

(d) The load at which the load/extension curve first deviates from linearity -The point at wh•ch deviation from
linearity occurs is usually difficult to establish. Also the slope of the load/extension curve may alter at more
than one point (103).

(e) The load at which cracking first becomes audible - 3ohnison and Matthews (97) examined specimens at this

point and found a few visible cracks around the loaded side of the hole.

(1) The load at which cracking Is Initiated - This load is probably quite low and very difficult to determine.

(g) The load at which cracks become visible outside the washers - Only one side of the specimen is accessible for
visual detection.

Some of the loads defined above (d to g) are subject to wide variability or are difficult to determine objectively.
The majority of investigators adopt the first three approaches (a to c) to define failure load.

Hole elongation and overall joint compliance criteria based on data obtained from load-deflection hysteresis curves

are often used In fatigue tests to indicate the amount of cyclic damage accumulation and failure (5* 77).

3.4 Fatilgu Teat Results

Relatively few experimental results relating to fatigue behaviour of composite bolted joints are available In the
eblished literature. A briaf reference to fatigue of Sia- fiber-reinforced plastics joints is available in MIL-HDBK 17A
93). Reliability of composite joints Is discussed by Wolff and Lemon (104) and by Wolff and Wilkins (105). In a special

fastenor development program for composite structures, Cole et al. (8S) obtained test results using a typical tension-
dominated fighter load spectrum for composite laminates mechanically joined by fasteners with four different flush-head
configurations. The 1001 tension head fastener was found to yield significantly Improved fatigue performance over the
100* shear, 120 shoar and 130 shear type fasteners.

Crews (109) investigated the bolt-bearing fatigue strength of graphite/epoxy (T300/5208) laminates. In his study,
fatigue tests were conducted for a wide range of bolt clamp-up torques using single fastener coupons. The specimen
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width, wa% e1d4 di4tance.. wer selected for w/d and old a . These ratios euassud bearing faillre rather then
net-towion or hiaer-out fMlures. During all fatigue tests, the hole elongation due to cyclic loads was monitored until
each uspoimmn failed in the bearing mode. Ultraaonic C-scan methods were used to examine the are wound the bolt
hole far delmination damage due to cyclic loeds. Experimental results indicated that bolt clmp-up had a beneficl
effect an the fatigue limit which was Improved by a much as 100 percent compared to the pin-bearing cue. The
explanation for this Improvement was found to be the through-the-thickness compressive stresse provided by the damp-
up loads. Thes loads also influenced the amount of bolt hole elongatlone. It was found that high clampup torques
virtually eliminated hole elongation during fatigue ioading. C-sean images of specimens war obtained after 20,000
cycles of 600 WeP malmum bearing stress. At this staup, the presence of delamination damage around the hole was
recorded. Also a slight elongation of the hole was measured. This evidence Inicated the Initiation and growth of
delaminations as a result of fatigue. The permanent hole elongation was caused by loI•alaed delaminations which formed
a soft region around the hole. The original stiffness of the laminate in this region was redu significantly. The further
growth of the delamination under cyclic loads led to a berwing failure of the laminates. In his investigatlon, Crews did
not attempt to establish any failure criterion for the 1a'wlng mode. It appears that existing models cannot predict the
initiation, growth and instability as a result of delamination under cyclic loads In composite laminates.

An evaluation of critical joint design variables on fatigue life was carried out by Garbo and Opmowikl (36). Seven
desig parameters which have significant effects on the static strength of composite bolted joints were selected for
evaluation. Tension-tenslon (R a +0.1). tel•on.comnpresslon (R x -1.0) constant amplitude testing and spectrum testing
were performed using a pure bearing doubie-lap test specimen. Hercules AS13501-6 g•aphito/•poxy was used to fabricate
the test specimens A review of the effects of the seven variables on fatigue performance based on the work of Garbo
and Ogonowski Is summarized below:

(1) Lay fup - Three laminate variations were tested to determine the relative fatigue life In terms of the number
of fatigue cycles required to produce a 0.31 mm elongation which is about 3.3 percent of the hole diameter. For tension-
tension cycling, the results indicated similar fatigue life for all lay-ups. For R 2 -1.0, the two matrix-dominant lay-ups
(19/W6/3 and 30/60/10) sustained fewer load cycles prior to developing a 0.31 mm hole elongation, as compared to the
50/40/10 fiber-dominant lay-up (Figure 23). For spectrum fatigue tests, the results showed no measurable hole
elongation for any of the tested lay-ups after testing to an equivalent of 16,000 service hours.

(2) Stacking Sequence - The effects of stacking sequence were found to be insignificant with respect to joint
fatigue life under both constant amplitude and spectrum cycling.

(3) Fastener Preload - Significant Increases In fatigue strength were obtained by increasing the fastener preload
from 0 N.m to I& N.m. Failure modes were observed to be the same for all the fastener torque-up levels.

(4) 3oint Geometry - The effects of specimen geometry on joint life were evaluated for the 50/40/10 and 19/76/3
lay-ups uwing specimens with different edge distances and widths. Fatigue strength was not changed for the 50/40/10
lay-ups. For the matrix-dominant 19/76/5 lay-up, fatigue strength was found to increase when the w/e ratio was
Increased from 3 to 4. Further, a change of failure mode from bearing to net section occurred when w/d ratio was
reduced from 4 to 3.

(3) Interference Fit - Fatigue tests were conducted to evaluate the effect of an Interference fit of 0.127 mm on
the fatigue life of no-torque and torqued joints. For R = +.I, the results indicated that specimens with no prvload and
0.127 mm interference fit failed at a lower fatigue life relative to neat-fit specimet•s with no preload. Associated with
this lower life was a large data scatter. Standard pull-through installation techniques and fastener types were used.
Some joint specimens were sectioned and examined. The presence of delamination at the fastener exit side as well as
through-the-thickness of the hole in the laminate were discovered for joints with interference fits from .102 through .178
trm. Therefc.re, it was suspected that minor installation damage caused by inserting the interference fit fastener
produced the wide scatter in data when no clamping constraint existed due tJ zero fastener preload. Limited fatigue
testing of specimens with IS N.m preload and 0.127 mm interference fit produced higher fatigue lives relative to neat-fit
specimens with the same Installation torque.

(6) Single-Shear Loading - The effect of bending stresses due to the single shear configuration resulted in a
significant reduction In fatigue life. Further fatigue life reductions were exhibited by the countersunk fastener with its
associated loss of direct bearing material and added fastener head flexibility relative to the protruding head fastener.
3oint spring rates for the double-shear, non-countersunk single-shear, and countersunk single-shear specimens were found
to be 09.33 MN/m, 60.77 MN/m, and 43.78 MN/m respectively.

(7) Porosity - Tests of specimens with moderate pxosity resulted in no reduction in either static strength or
joint fatigue life.

4.O CO)NCLUSIONS

Technical observations pertaining to composite mechanically fastened joint technology as a result of this review
are summari.ed in the following:

(1) Similar directions have been followed throughout the technical community in the analysis of composite bolted
joints in aircraft structural components. The analysis proceeds from an overall structural analysis, to localized joint
idealization and bolt-load distribution analysis, and finally to an assessment of the static and/or fatigue strength through
the utilization of joint failure analysis at Individual fastener holes.

(2) Static joint failure analysis for composites, which represents the primary area of research activity in the
literature reviewed, consists of detailed stress analysis performed at Individual fastener holes and associated application
of a failure criterion.

(3) State-of-the-art stress analysis methodologies include finite element, two-dimensional anisotropic elastic
analysis and fracture mechanics. Three-dimensional analysis is needed for determining the through-the-thickness stress
distribution around fastener holes in order to assess the role of bearing and interlaminar shear failures.
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(4) Static strength Is evaluated by applying anlsotti pic material failure criteria after the strusme at a
"characteristic dimenslon" from the edge of the hole are determined. Quadratic failure surfaces, which account for
failure mod. Interaction, have been demonstrated to be capable of predicting both failure load and failse mode
a curately In compoeite bolted joints for most cases. A cubic formulation has bean shown to yield more accurate
predictions in bilxial loading case.

(5) State-of-the-art fatigue life prediction methodologies require an extensive data bese which, except for some
specific cases, Is not well established for composites. Predictions based on Miner's linear cumulative damage model have
been found to be uncmmervative. The assumption of continumoly decreasing residual strength in the residual strlngth
degradation model restricts the model from generai applications. "Fatigue function" models have achieved some
preliminary Success in correlating with experimental results. Them models have hem extended to Include delamination
And temperature effects. Empirical approches emost commn In predicting fatigue life of composites as well as In

demonstrating compliance with military and commercial duriability specifications.

(6) The effects of varicm design parameters on the static and fatigue behaviour of composite bolted Joints have
been examined. For queasi-Isotropic lay-ups, minimum allowed edge distances and fastener spacings ranged respectively
from 3-4 and 4-3 times fasten• diameters In most design practices where full bering strength is required of the joint."In general, the .eanle and bearing strengthe decrease with increasing hole diameter and decreasing laminate thickness.
Load eccentricity in a single Ilp Joint reduces both the static and fatigue strength Significantly. Due to-the anlsotropic
nature of composites, the bearing strength has been shown to vary with fastener load direction.

(7) Galvanic corrosion, Salling, Installation damage and low pull-through strength are recognized as the four
basic problems wher mechanical fastening of composite laminates Is concerned. In general eng•newing practices, only
tension head fasteners made of titanium are used with composites and no Interference fic holes, hole flung fasteners, or
vibration driving of rivets are recomnmaided. Special fastener systems have been developed to allow for interference
Installation using appropriate toolings to minimize Installation damage. It has been demonstrated that Interference fit
increases fatigue strength. The application of bolt torque to the optimum level has ben accomplished by using fasteners
with large "foot-print" or washers. Application of special ;ubricants and proper material selection eliminate galling
problems. In general, high clamping forces increase static and fatigue strength of a composite bolted joint.

(g) There Is currently no bolted joint data readily available for the advanced composite materials.

5.0 RECOMMENDATION - FURTlER RESEARCH

As a result of this review, the -wed for further research in the following areas Is identified%

(1) The accuracy of the analytical prediction of the static strength of mechanically fastened joints depends
strongly on the stress analysis and the failure criterion applied. In order to improve the accuracy of the strength
prediction, further work is required in the three dimensional stress analysis of a joint to account for the through-the-
thickness effects as a result of interference fit and preload. It is also deemed necessary to Incorporate an elastic
contact analysis with stick-slide behaviour in the three dimensional analysis in order to provide more sophisticated
solutions which include frictional effects. Further work in the development of failure criteria bw.-d on physical damage
phenomena to predict delamination and gross bearing failure modes is required.

(2) Further research Is required in the development of fatigue life prediction methodologies. it appears that
static strength prediction Is sufficient in most cases because of the relative insensitivity of composite materials to
fatigue. However, the initiation and growth of delaminations have been observed to take place under cyclic loading at
free edges, especially at the edge of a fastener hole because of the stress concentration. This delamination creates a
local region near the bolt hole where the original stiffness of the composite laminate has been reduced extensively.
Consequently, the growth of delaminations can cause extensive elongation of the fastener hole. Further damape can be
accumulated rapidly as a result of the pounding of a loose fastener In a hole when the load spectrum Includes reversals
(R<O). This can lead to the ultimate loss of the overall load-carrying capability of the composite component as a result
of an extensive drop in stiffness or static strength. Further research Is deemed necessary since methodologies available
currently cannot predict Initiation, growth and instability as a result of delamination under fatigue loading In composites.

(3) A critical evalt.ation is deemed necessary to compare and assess the reliability aspects of various existing
fatigue life prediction methodologies and establish the specific conditions under which they are reliable. These specific
conditions Includet (a) operating conditions, e.g., temperature, environment, loading; (b) failure modes, e.g.,
delamination, bearingl; (c) material parameters, e.g., ply orlentation; and (d) specific assumptions, e.g., plane stress,
continuw'sly decreasing residual strength. This evaluation may provide a basis for the selection of methodologies to
predict the fatigue life of composite mechanically fastened joints reliably under the conditions of interest.

(t) The application of advanced composite material systems should be Investigated. These systems Include high
strain carbon fibers and tough resin mnatrix such as bismaleimide. Specifically, bearing proper'.'es and stress
concentration sensitivity should be studied. Furthermore, the effects of the Improved interlaminar not nal and shear
properties as a result of the tougher resin matrix on the clamping load and Interference fit provided b% the fastener
systems should be Investigated because, as Indicated by the present literature review, enhanced static and durability
performances of composite mechanically fastened joints could be obtained by Increasing the clamping load and
Interference fit.

(5) No published data was found on the use of mechanical fastener In high strain/tough resin composites. In
order to design mechanically fastened joints using thee high strain/tough resin composites, expeorlmental work should be
undertaken to generate design data similar to those geneated based on conventional graphitetepoxy composites. The
design data generated can be used to verify/establish tht benefits of using these systems. For example, weight savings
are predicted as a result of the Improvement In the allowable design strain levei provided by these advanced composites.
Also, data is required to examine the applicability of the current analysis procedures and failure criteria based on
conventional graphite/epoxy systems to predict the static and fatigue strengthe and failure modes of mechanically
fastened joints fabricated from these advanced composits.
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CIL INSTALLATION PROCEDURE

STEP 1. PLACE ASSEMBLY IN WORK STRUCTURE. INSERT COLLAR OVER
PINTAIL. (GRIPS THRU 2D ONLY. SEE NOTE BELOW)

STEP 2. TOOL PULLS ON PINTAIL AND DRAWS THE CIL PIN INTO THE SLEEVE
WHICH EXPANDS THE SLEEVE TO COMPLETELY SEAL THE FASTENER
IN THE WORK.

STEP 3. AS THE PULL ON THE PIN INCREASES, TOOL ANVIL SWAGES COLLAR
INTO LOCKING GROOVES AND A PERMANENT LOCK IS FORMED.
TOOL CONTINUES TO PULL UNTIL THE PIN BREAKS AT THE BREAK-
NECK GROOVE AND IS EJECTED. TOOL ANVIL DISENGAGES FROM
SWAGED COLLAR.

NOTE: ABOVE 20. IT IS NECESSARY TO PULL THE PIN/SLEEVE ASSEMBLY
INTO THE WORK WITH A SPECIAL PULL IN TOOL WHEN SEATED
PUT THE COLLAR OVER THE PINTAIL AND INSTALL THE FASTENER
USING THE STANDARD INSTALLATION TOOL SEE ABOVE CHART
FOR NOSE INSTALLATION INFORMATION AND PROCEDURES.

FI10.9: INSTALLATION SEQUENCE OF A TWO-PIECE LOCKSOLT
FAESTNER FOR SOLID COMPOSTE LAMINATES

, Increosing polalhthouo $lrtVIh

mw.3

.;:'...y_2-2222÷. •}fr.?~O•(mlch•2'•• • I• n

"Standard Manop.f.
Jo- boll -q

FIG. 2: LARGER FLUS• HEAD DIAMETER AND FOOTPRINT
INCREASE PULL-THROUGH STRENGTH (REF. I)
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COMPARISON OF EXPERIMENTAL RESULTS AND ANALYTICALLY

PREDICTED DATA FOR DOUBLE SHEAR FASTENED JOINTS

J. Bauer, E. IMennle

MESSERSCHB4ITT-BOJLKOW-BWHN WISH
Helicopter and Airplane Division
6000 Munich 60, P.O. Box 601160. V-Germany

SUMMARY

Experimental tests were carried out to investigate the strength of open hole. and
pin loaded hole., as well as the combination of both. The material used was 914C/TSOO.
The tests delivered enough information to represent the basis for the development of
an analytic prediction method.

The prediction method is based on a linear analysis, which provides the stress field
around a hole loaded with any type of loading. To make use of this information, in
order to predict the strength, some empirical influence has to be taken into account to
produce good correlation between experimental and theoretical data. The obtained accuracy
is shown, as wall as diagrams representing theoretically derived notch sensitivity and
the double shear pin peering strength.

INTRODUCTION

In aircraft structure. the areas of local load introduction into CFRP parts require
careful treatment during the design phase. To do good stressing and sising of the load
transferring parts special experience with composite materials is necessary. If an
accurate prediction method for the strength of mechanically fastened joints is ready
for use, there is every possibility to save weight, time and test costs. The problem
of stressing bolted joints and notches in CFRP is much more complicated than with metal
structures. The isason for this is the material non-homogenous nature, its orthotropic
behaviour and its brittleness. Several prediction methods were discussed in the litera-
ture, for example the average stress criterion, the point stress criterion and the
methods using stress concentration factors.

The prediction method discussed here calculates the stress distribution around the
hole and evaluates the stresses point by point around it. This procedure gives the
method its name: Point stress criterion. The input data required area the unidirectional
properties of the single layer and the geometric and loading conditions of the actual

technical problem, as shown in Figure 1.

The overall purpose of the method is to be able to predict the strength of a single
hole in CFRP laminates loaded with any type of loading. This includes for example a
bolt load in any direction acting alone or by-pass stresses around an open hole or the
most common case when both loading possibilities act superimposed together. This last
case presents the biggest problems, but is needed for sising complex aircraft structures
and is therefore of great interest. Figure 2 clarifies the effect of the numerous
different elastic and loading possibilities on the technical problem.

* As a first step we must calculate the stress distributions around an open end pin
loaded holes.

The second step and final challenge in to interpret the resulting stress distribution
in such a manner, that good correlation with test results is obtained. In the following

* chapters an impression is given of the difficulties which arose during the development
of the second step and the accuracy finally obtained.

PRINCIPLE OF THE MATHEMATICAL TREATMENT

The basis of our prediction method is the closed solution for the two-dimensional
stress distributions around holes according to G.N. Savin, published 1966. Based on
the starting point of stress functions, he provided solutions for open and for bolt-
loaded holes, as shown in Figure 3. By superposition of these two solutions it is possible
to obtain the stress distribution for the most general case (Figure 2) and to calculate
the stress vector at any point around the hole independently from the kind of loading.
A failure criterion is needed now to interpret the stresses point by point and to select
the highest loaded one. If its failure load is regarded to be responsible for the
failure of the laminate, then two items of information are received: the location where
first failure occurs and the strength of the CFRP-laminate. In this way the failure
of the hole, under the actual conditions, is analytically derived and the analysis is
ready for verification by test results. Good correlation between theory and practice
is required.

Following the assumption, that good correlation for the open hole problem plus good
correlation for the loaded hole problem results as well in good correlation for the
interaction of both, test series for open holes, double shear bearing strength and
interaction of pin loaded holes with passing stresses are required for the development
of a reliable prediction method.
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TEISTS

To provide a good data base for comparisons with the calculation method, three
different types of specimen configurations ware tested a Open holes, double *hear
bearing and interaction of bearing end passing stresses. Figure 4 shows the cont iqura-
tions of the specimens used.

To avoid undesirable geometric influences of width, edge distance and hole dia-
meter, the dimensions were kept constant for all the three specimens.

* The necessary test parameters are
- the laminate lay-up
- off-axes loading
- RT and h/w conditions.

It is logical, that the accuracy and the reliability of the prediction method in
dependent on number and selection of the available test points. This means a sufficient
number of tests have to be performed to obtain good accuracy.

COMRLATION OF TESTS AND PREDICTED DATA

The results of the experiments are shown on the load deflection curves (Figure 5).
With reference to our linear-elastic analysis, the double shear pin bearing and the
interaction tests show a behaviour, which causes difficulties. In Figure 5 is shown in
principle, that a nonlinear range succeeds a linear one prior to failure. Thn problem
which arises is that it is necessary, for the practical work of a stress office, to pre-
dict tha ultimate failure and not the end of the linear range, which we could easily
obtain with a linear elastic analysis. A second basic difficulty arises, because there

exists no failure criterion, which is able to predict, with overall accuracy, the
numerous failure mechanisms which might occur in CFR-laminates and in the vicinity of
ahole. To overcome these difficulties, there is no other choice, than to use the
linear-elastic analysis, if a nonlinear one is not available and to influence the
analysis semi-empirically, using test results.

The consequence is seen easily, that the test program has to cover a wide range of
all technically practical applications. if the test points of the program are selected

resnby th conditions for the development of a reliable prediction method are
then available. In Figure 6 a summation of the different semi-empirical manipulations
developed is shown.

The most important and generally used are characteristic distances. They result in
the stresses being analysed at a certain distance away from the hole edge. This results
in better correlation with the ultimate test failure loads but also in the disadvantage
that the stress gradients in the vicinity of the hole cause a reduction of the accuracy.

This effect can be reduced if all unidirectional properties are increasod by the same
constant factor. Then the characteristic distances are able to be reduced and the evalu-
ation of the stresses in done more close to the hole edge.

Every fa~ilure criteria has its specific advantages and disadvantages. We tried to
avoid the imperfection of our XTL-failure hypothesis by the advantage of the YANADA
total failure criteria, in other words we used both.

By slightly increasing the unidirectional compression strength in the case of a
'filled hole' even better correlation with the test results is obtained. A good reason
for influencing this is, that the bolt supports the laminate which has the effect of
increasing the compression strength in the vicinity of the bolt.

All these empirical influences have to be co-ordinated with each other and in respect
to the correlation between test results and the analytically predicted data. The achieved
accuracy is represented by the diagrams of Figure 7. On the abscissa the predicted
values are plotted and on the ordinate the test results. Every point on the diagrams
represents a test point of usually six specimens of open hoiae, pin bearing and interaction
touts. If the prediction is optimal, then the associated point lines on the angle bi-
sector of the two lines. We tried to receive a final accuracy for our calculation method
of +/-10 S. An seen in Figure 7 we had to accept less accuracy, but only when the pre-
dicted value was conservative in comparison to the test result. The accuracy shown was
achieved by a lot of compromise& between the three different items. Special attention
was given to the accuracy of the interaction tests.

CONCLUSIONS

The developed analysis is good enough to be used in aircraft design and offers the
possibility to predict the strength of mechanically fastened joints in double shear.

Several possibilities are presented for using the analysis. In Figure 8 the strength
of open holes in tension was calculated for all possible lay-up's and given in an
overview. The same was done for the double shear pin bearing strength and is shown in
the diagram of Figure 9.



Following from the more simple test cases presented to the more sophisticated ones,
the possibility in available to investigate the influences of various loading conditions.This is advantageous, bocause experimental tests with complex loading are expensive and
very difficult to perform.

If the input data of the unidirectional properties are vuriied. it is also possible
to investigate material influences, but quantative uncertainties have to be taken into
account, because the semi-empirical manipulations were developed especially for the
material 914C/T300. If other materials are used cross-checks by tests have to be carried
out and the prediction method has to be modified.
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ilrF h' Fig. 6 Semi-Empirical Influence

EMPIRICAL STEP I REASON

--------------------------------------------------

1.) CHARACTERISTIC DISTANCE I The first failure at the hole-contour
I doesn't represent the ultimate
I failure

2.) UNIDIRECTIONAL STRENGTHS I The stress-gradients in the vicinity
I of the hole contour decrease the
I accuracy of the stress-evaluation
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RECENT STUDIES ON BOLTED JOINTS IN COMPOSITE STRUCTURES

V.B. Venkayya', R.L.Ramkumar", V.A.Tischler',,B.D. Snyder', J.G. Burns*

SUMMARY

A brief review of recent Air Force programs in bolted joints in composite structures was presented in this paper. The
review included analytical methods development and experimental verification. Analytical methods addressed both single
fastener and multifastener joints. A number of joint design variables, such as, finite geometry, fastener arrangement, joint
service environment, and a number of relevant parameters were addressed in these programs, The test programs included
static and fatigue specimens. Single fastener and multifastener joint tests were conducted to correlate the analysis results.
Full scale test specimens were used to verify the overall analysis strategy. A comprehensive design guide was developed for
the design and analysis of bolted joints in composite structures. This design guide is supported by four computer programs.

1. INTRODUCTION

Joints are the key elements in load transfer between aircraft components. They are also the weakest links in the
overall performance of a structure. The major life cycle costs of an aircraft structure can be directly or indirectly traced
to inadequately or improperly designed joints. Joining issues are particularly acute in composite structures because of
the associated problems of delamination, anisotropy, absence of ductility and environmental effects. However, bolted
composite joints, when properly designed, are reliable, structurally efficient and cost effective. The deve!opment of proper
design procedures is the subject of a number of investigations by the Air Force, Navy, Army, NASA and industry. The
purpose of this paper is to review some of the recent Air Force investigations and identify the key joint design issues.

The primary load carrying mechanism in joints is sliding of the joining elements (plates) which is prevented by the
fasteners. In doing so the fastener transmits the load from one plate to the other. There are two elements in the failure of a
joint: the fastener itself and failure of the components joined together by the fastener. The fasteners used in most aircraft
construction are based on national aerospace standards, and the manufacturer is responsible for the design, specification
and validation of their failure loads. Failure prediction of the component parts, however, is the responsibility of the joint
designer. The interest of this paper is the design and failure prediction of component parts.

Joints can be in single shear (single lap) or in double shear (double lap) as shown in Fig. 1. Depending on certain
joint parameters, the behavior of a single shear joint can be significantly different from a joint in double shear. A joint in
double shear can be analyzed quite satisfactorily by a two dimensional analysis based on plane stress assumptions. The
eccentricity in a single shear joint can introduce significant bending in the plates as well as in the fastener and invalidate
the plane stress or two dimensional analysis. At the same time the behavior of a single lap is extremely complex, and an
accurate three dimensional analysis is intractable. Modifications to account for the three dimensional effects are based on
treating the fastener as a short beam, supported on an elastic foundation. Such an analysis with empirical estimates of the
foundation stiffness can give reasonable results for the design.

2V0

20
at1

SINGLE LAP DOUBLE LAP

FIG 1: FASTENERS IN SINGLE AND DOUBLE SHEAR

The general failure modes in mechanically fastened joints are summarized in Fig. 2. There are some similarities in the
failure of metal and composite joints. For instance, the basic failure modes, such as, net tension failure, bearing failure,
shearout failure and cleavage-tension failure are not significantly different in both joints. However, there are many factors
that are peculiar to the behavior of composite joints. The stress distribution around a hole is a function of the laminate
layup and the load orientation. The stress concentrations are different for different layups. Similarly, the stress distribution

Aerospace Engineers, Flight Dynamics Laboratory, AFWAL, WPAFB OH 45433-68553
Northrop Corporation



around a loaded hole is different for different fiber orientations. The ductility of metals significantly reduces the danger of

TensionFailur

ChqssawT~ons Failue 11sr'nFaiu"

FIG 2: MOVES OF FAILURE FOR BOLTED JOINTS
FtEFERENCE I

A number of steps precede a joint des~gn in aircraft structures. The first step is to characterize the joints into simple
load transfer mechanisms. The mechanism assumed in the joint design is not obvious from looking at an aircraft structure
and its joints. The wing skin splices, the wing skin to spar/rib connection, the wing to fuselage connection, and the
horizontal/vertical tail connection to the fuselage are sonic of the typical joints in aircraft construction. Figures 3 and 4
illustrate some of the joint configurations. The next step is the internal loads analysis. This step generally involves a finite
element analysis of the aircraft structure. In this step details of the joints are not modeled, they are assumed to be an
integral part of the structure. These models may be considered global models. The third step involves modeling the joints
and their analysis. The next section presents a review of joint analysis methods.
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PIG 3: BOLTED COMPOSITE JOINTS
REFERENCE 1
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FIG 4: BOLTED COMPOSITE JOINTS

REFERENCEI

2. REVIEW OF JOINT ANALYSIS METHODS

The bolted joint failure load is determined by the stress analysis of single fastener joints. The basis for this analysis
is two dimensional anisotropik plate theory('). This analysis is conducted in two steps(4.3.1). First, an infinite plate with
an unloaded hole is subjected to a uniaxial losad. Then the same plate is analyzed with the loaded hole. Superposition of

* the two analyses gives the combined solution. Both analyses involve the solution of a fourth order differential equation
in which the dependent variable is the Airy stress function, F, and the independent variables are the spatial coordinates
(x,y).

8ZF 0F 84F 84F + l8 4F=0
12!-- 2 An -!t- + (2A 13 + A~sa)~1 - 2A 1 6 + 1 1G (1)-

* The laminate compliance coe~llcientio, A,,, for the given symmetric laminate are given by

~=AN (2)

where the matrices Iand N aore the inplane strains and stress resultants, respectively, in an anisotropic plate. The complex
* stress function F can be. written as

Fzy)= 2Re[IFt(zi) + Fates)] (3)

The complex stress functions F1 (z1 ) and F2(zl) are analytic functions of the complex characteristic coordinates z, and z2
repectively. The coordinates z, and z3 are given by

ZI z +Uj l Z3 X + 11211 (4)
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The streses and the stress function are related by

03F OfF 8F

An infinite plate with an open hole subjected to a unlailal load will have a uniform stress a. everywhere except in the
vicinity of the hole. The second analysis involves a plate with a loaded holc with strew free boundaries at infinity and
an assumed radial stress distribution over half the hole varying as a cosine function. This analysis again gives the stress
distribution around the hole and also aumes that the bolt-specimen interaction is bictionless. Superposition of these two
linear elastic solutions gives the stress distribution In a single fastener joint. A summary of the superposition principle Is
shown In Fig. 5.

y

or=-pCOSo

ASSUMED COSINE BOLT-LOAD DISTRIBUTION

I I ENtt

T" T

pIemse em Isof e ls Uoesdsd Hoe Only Loeedu Hole Only

FIG 5: SUPERPOSITION OF LINEAR-ELASTIC STRESS SOLUTIONS
REFERENCE2

Substitution of Eq. (3) in Eq. (1) gives a characteristic equation in p

AliM 4 
- 2Aispu + (2A 13 + Aw),

2 
- 2ANM + A 22 = 0 (6)

Solution of the characteristic Eq. (6) for 1 represents satisfaction of compatability. The two infinite problems can be solved
by using the complex stress function and an infinite series with unknown coefficients. The unknown coefficients can be
determined approximately by matching the boundary conditions. Such solutions for an infinite plate with an open hole
and a loaded hole are reported in Reference 4, and the results are summkrised here.

For the open hole problem the stresses a., a. and re, at two critical locations 0 = 00 and 90O, are given by

U, Te =0 (7)

The above solution is a consequence of the open hole being stress free. The hoop stress er is given by

All
97S = I• s A2 For = 0',

C.=O.l- i(il + ,)] For =0 (8)=go
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where AI, A,, are the laminate compliance coefficients, and gs1, u2 are the solutions of the characteristic equation that
satisfies compatability. a, is the nominal stress in the absence of the hole. From Eq. (8) the stress concentration factor K.
can be derived as

K.- =A at 9=00

XK :: I- ;(p +M2) at *=gV (0)

For an isotropic material the compliance coefficients are equal (A, ,- = A,,) and ,l = p, = i. Then the stress concentration
factors are given by

SK. =-1.0 at 0 =0*

K. = 3.0 at e = 9O° (10)

Similarly for the loaded hole caue the three stress components are given at the hole boundary by

0 =-p at 0=00

"ar -0 at -=g0 ° (=i)

Tr = 0 all around

The hoop stress around the hole is given by

A,2  + P Re + (p, + ,)] +,-e[ > -(-i)-= 2+,in(;, +u%2)] at 0=0o
A3 4 4 1,-+ , W n . - 4) - P2
A,. ppr .i p [ -. i(2p, +hps+inp,p,)l

o 'e= ?- - Re [pi + up. + ;" + ,,ReL ,,2, + 2P2 +2) at 0 (12)c" Ae4 4 L1,3, -2)t -=0

The stress concentration for the loaded hole case is defined as

K6 90• (13)

where cb is defined as
O',= . (14)

04=

The stress concentration factor versus the percentage of 0' plies in a (00, ±-450) boron epoxy laminate is plotted in figures
6 and 7 for the open hole and loaded hole cases respectively. The following observations can be made from these curves
(Ref. 4):

a The stress concentration in anisotropic materials can be significantly higher than in isotropic materials. It can be as
much as four times in the loaded hole case -nd three times in the open hole case.

a For the case of 40% 0' plies, the stress field is nearly the same as that for an isotropic material in both the loaded and
open hole cases.

a The hoop stress at 9 = 0* and 450 goes through a stress reversal for the loaded hole case. This is not true for the open
hole case. This stress reversal can have a significant impact on the failure mode of the joint.

The infinite plate solutions obtained from two dimensional anisotropic plate theory have to he corrected to account for

a number of relevant design variables in an actual joint. Some of these variables are:

a The effects of finite geometry on the joint.

a Interference from adjacent joints and cutouts.

a Three dimensional effects coming from joint eccentricity.

The first two variables are accounted for in Reference 4 by using empirical correction factors. The corrected stress concen-
tration factor is written as

K = AK( + A4hA., (15)

where Kb and K, are the stress concentration factors derived from infinite plate solutions for the loaded and open hole cases
respectively. The correction factors A6 and A. are to account for finite geometry effects, and A%, is to account for adjacent
fasteners. These correction factors were developed by using the ftoundary 'ntegral Equation (BIE) method. Extensive
correction factor data for both the loaded and open hole cases in boron epoxy lamiuates (0', "45*) is given in Ref. 4. Joint
eccentricity (single lap joints) is not considered in this investigation.

So far only the single fastener analysis has been addressed in this discussion. In multifastener joints the load distribution
among the individual fasteners is determined by an approximate load partitioning analysis(

4
). After determining the
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in d iv id ua l f astener loa ds, th e m u ltif laten ier join t is m odele d as a ser ies of sing le fas tener cou po ns. T he str esses In the

individual fastenerse. determined by the single fTttener analysis outlined earlier. The load partitioning analysis for
multfatener joints lit based on an elongation matching technique. The distribution of fastener loads in a column of N
fs~tefters.is 

written 
an

* x F (1 - 1) equations(1)

hi

where Pj is the Kth fastener load from one end of the Joint, ar.d F in the total load carried by a column of fasteners.
The factors m and a ane integral functions of the modulus and crosas-sectional areas of the main plate and the space platerespectively. 

=* d f+

- f = (17)

By considering equilibrium of the joint at each fastener location, Eq. (16) can be written. The overall equilibrium of the
joint can be exp-essed as

E Pk = F NSA equation (13)

With additional assumptions to evaluate the integrals in Eq. (17), the N equations can be solved for the N unknown
r fastener loads. Once the fastener loads are determined, the single fastener analysis providea stress information around the

holes. Then the application of an appropriate failure criterion gives the fastener design load. The maximum ply stress, the
maximum ply strain or some modification of the Von-Minis (Tsai-Hill) criterion is generally used in such failure analysis.

Following Wassesal's and Cruse's Investigation, Garbo and Ogonowski (McAir) conducted both analytical and experi-
mental investigations on single fastener joints in an Air Force prograrn(-'). The~r analysis is similar in the sense that it was
based on two dimensional anisotropic plate theory with the superposition of results obtained from an infinite plate analysis
with an open hole and a loaded hole. In addition, they have applied the characteristic dimension (RC) failure hypothesis,
Fig. 8. This analysis was implemented in a computer program called BJSFM (aolted joint Strews Field Model). The
failure criterion was applied on a ply-by-ply basis at a characteristic distance away from the hole boundary.

COARA4igmC '

FIG 8: CHARACTERISTIC DIMENSION FAILURE HYPOTHESIS
REFERENCE 2

A number of failure criterion options were provided in the program. The strength envelopes for various failure criteria
for graphite epoxy (AS-3501-6) material, ignoring matrix failure, are showu in Fig. 9.

The stress distributions around the holes for open holes and loaded holes are shown in Figures 10 an 11. Strews
concentrations in composite materials are affected by laminate layup and load orientation. Table I gives values of the
stress concentration factors for some of the graphite epoxy layups.

Empirical estimates of the finite width effects are included in the BJSFM program. This program was used to address
the effects of a number of joint design variables (Ref. 1):

a. Joint anisotropy

b. Hole size

c. Finite width

d. Characteristic dimension sensitivity

e. Biaxisl loading

f. Pure bearing strength

g. Environment

* L . .. .--- --- ---- -_ _ _ _ A
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FIG 10: CIRCUMFERENTIAL STRESS SOLUTIONS AT UNLOADED HOLES
REFERENCE 2
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FIG It: CIRCUIy. •RENTIAL STRESS SOLUTIONS AT LOADED HOLES
REFERENCE 2
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TABLE 1: THEORETICAL STRESS CONCENTRATION FACTOR IS CONSERVATIVE
REFERENCE1

The results of this study were reported in Ref. 2, Other Suite geometry effcts, such an, joint eccentricity, joint torque,

multifutener joints, and interference from neighboring stress raisers (cut-outs) were not addressed in this investigation.

Another important bolted joint analysis program is A4EJ developed by Hut-Smith (Douglas Aircraft Company) for

t lie Air Force
11

, This program is based on a aemiempirkal approach. The load transfer through the mechanical fasteners is

explained in terms of the relative displacement between the members of each fastener station. The assumed mathematical

model for the load transfer is shown in Fig. 12, The relative displacements between the members are explained in Fig. 13.
The load sharing between the multirow fasteners is explained in Fig, 14.

TWANIME

FIG 12: FASTENER LOAD-DEFLECTION CHARACTERISTICS

REFERENCE 6

_ - I,
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FIG 14: LOADS AND DEFORMATIONS ON ELEMENTS OF A BOLTED JOINT
REFERENCE a

A finite element approach to bolted joint analysis was proposed by Chang, Scott and SpringerM,1 I he objective was
to estimate the failure strength and the failure mode of pinloaded holes In composites. Three problems were considered in
this investigation:

a. A single pinloaded hole

b. Two pinloaded holes in series

r. Two pinloaded hole in parallel

A finite element program (BOLT) was developed for the analysis and design or bolted joints in composites. A simple failure
criterion Involving the longitudinal and shear strength of a single ply at a characteristic distance from the bolt hole is
implemented to evaluate the failure load of the joint.

The most reent Air Force program on bolted joints In composites was completed In September of 19I6(',mt4. It is
the most comprehensive bolted joints program to date, and it was directed by RaPnkumar of Northrop Corporation. There
wer four main tasks in the program. The first took consisted of the development of analytical techniques and experimental
verification of single fastener joints. The effects of finite geometry, through the thickness variables (due to joint eccentricity
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in single lap joints), environmental effects and durability aens msom of the Important Issues resolved In this task. The se-nd 'A

tUsk addeesmed the Same enure for multifatener joints and strae concentration Interactions. Both thee task Involved
the development of new computer programs, SASCJ (strength Analysis of Single fastener rompoalte jolnts) and SAMCJ[
(strenth Anatlis of Multifastener Composite 4.oints). Theu programs can be extremely effective tools For joint design.
The detaile of thes programs are provided in Relt. 9,12. Full seale verification of the analytical and experimental methods
developed In the first two task, contlitutes the third tank. At the end of thee three tasks analytical tools were well defined
for the analysi and design of representative bolted composite joints. These analytical methods and experiments addressed

both fiber and matrix dominated casm in bearing and bypass loadings. A comprehensive design guide for bolted joints in
composites was developed In the fourth task. The results of this Investigation are reported In References 5,8144.

The single f0atener analysis Implemented In SASCJ is also based on anisotrople plate theory. It is also a superposition
of loaded and unloaded solutions. However, tnit solution is augmented by a least squares boundary collocation procedure
to account fat finite geometry elects. This procedure is a significant Improvement over empirical estimates. The joint
occentricity problem (single lap joint) is solved by modeling fstaner bending u i beam on an elastic foundation, the
fatener being the beom and the plates on which It bean, acting as the foundation. In computing the three dimensional
stree field at the fastmenr location, plecewise uniform moduli were assumed to represent various plies in a bolted laminate.

The fastener is modeled as a Timoshenko beam to account for bending and shear deformations, To account for the reduced
ply stilffness, after an initial damage, a bilinsar contact load versus deflection curve was used to represent the foundation.
At the head and nut locations of the fastener, rotational constraints were introduced. The applied torque and sine of the
washers affect the boundary conditions. Fastener torque also introduc friction forces on the bolted plates, thus reducing
the load transferred by the fastener. if either of the bolted plates is a laminate, its stacking sequence will influence the
fastener displacement and the load distribution in the thickness direction. The differential equation resulting from the
beam on an elastic foundation analogy is solved by a finite difference approach using a central difference operator.

Using the SASCJ code a number of joint parameters were studied in Reference 5. The finite geometry variables, such
as, width of the plate, edge distance and diameter of the hole affect the failure load, and the infinite plate solutions arm
generally not adequate for evaluating the joint strength, Joint variables, single and double shear load transfer, fastener
eise, fastener material, and the effect of laminate stacking sequence on the through the thickness load distribution are the
parameters studied with reference to the joint eccentricity. They cannot be accounted for in a two dimensional analysis.

Options for a number of failure criteria were provided in the SASCJ program. These are expressed in terms of inplsne
struses and strains: 1) point stress failure criterion, 2) average stress failure criterion, 3) maximum strain (fiber direction)
criterion, 4) Hoffman criterion and 5) Tsai-Hill criterion. The first two criteria predict three modes of failure in each ply:
net section, shear-out and bearing. The maximum strain criterion predicts ply failure based on fiber directional strain.
The Hoffmia end Tsai-Hill criteria predict ply failure accounting for hiaxial strtws interactiott.

The SAMCJ program was developed for determining the fastener load distribution in a multifastener joint. The
analysis is based on special finite elements. Four special finite elements were developed using a fastener analysis and a
stream analysis that accounts for the finite laminate planform dimensions. These elements include a loaded hole element,
an unloaded hole element, a plain element, and an effective fastener element, With the finite element model of the bolted
joint, the fastener load distribution and the average stresses at the fastener and cut-out locations can be computed, The
fastener load distribution, the critical fastener or cut-c A location, the joint failure load and the corresponding failure mode
are predicted by SAMCJ. SASCJ is an Independent program as well as a subset of the SAMCJ program. More details of
the analysis procedures In theme programs are presented in References"'l.

a, REVIEW OF EXPERIMENTAL PROGRAMS

The credibility of an analysis procedure is questionable without some experimental verification. This is particularly
important In the case of nonhomogeneous materials such as laminated composites. The approximate two dimensional
analysis developed in Ref. (4) has addressed little, if any, experimental verification. A few simple coupon tests reported
in References 15 and 16 wor used to compare the analysia results. Theme ae geometrically similar graphite-epoxy bolt
bearing specimens tested to failure. The specimens all failed in net tension, If the material is truly stress critical, it would
be possible to predict the failure loads in all caes by analysis. However, this is not the cue. It is generally believed that
the analysis results exhibit consistent conservatism. This is particularly true in the case of the maximum ply stress failure
criterion. The hole size offsets and characteristic distance hypothesis can explain the conservatism and help in predicting
the joint failure load more accurately.

An extensive experimental program to verify the analysis results was conducted at McAir on an Air Force program( t 'l.
This test program addressed both static strength and fatigue life issues in composites. However, the test program was
limited to coupon tests. The effects of twelve joint design variables on static strength were experimentally evaluated. These
variables are:

1. Fastener Torque

2. Stacking Sequence

3. Single Shear

4. Thickness

S. Countersunk Fasteners
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G. Load Otklatatom.Off.Axis Loads-lBaring sad Bypeas Aligned

7. Hole ias

6. Edge Distance

9. Width

10. Layup

11. Fastener Patiters

12. Load Interaction - Bypass and Bearing Nonaligned

Four specimen configurations were used in this test program:

a. A Single Bolt Pure Besring

b. A Two Bolt In Tandem (Load Sharing)

c. A Four Bolt Fastener Pattern Specimen

d. A Two Bolt Load Interaction Configuration

The analysis verification using the BJSFM program was limited to five of the twelve design variables. The other variables
were beyond the scope of the analytical methods used in BJSFM. The five variables were layupa, load interaction, off-axis
loading, hole sise and width. At nrat, the strength predictions from the analysis were correlated with data obtained from
tests of specimens with unfilled fastener holes. Both tension and compression loading to failure were used in these tests.
The characteristic dimension (kc) of 0.02 inch for tensile strength predictions and 0,024 inch for compressive strength
predictions was empirically determined for a laminate made of Hercules AS/350-6 graphite-epoxy. The analysis results
were correlated with the unloaded hole case for an extensive range of lsyup variations. The predicted results were within

-10% of the experimental reults.

This investigation addressed o the effects of manufacturing anomalies. The results of this study tell into two groups:
1) Porosity around the hole, improper fastener seating depth and tilted countersinks resulted in stength reductions of over
13 percent, 2) Out of round holes, broken fibers on the exit side of the hole, interference fit tolerances and removal and
reinstallation anomalies resulted in less than 13 percent strength reduction.

Seven critical joint design variables on fatigue life were evaluated. Tests were performed to provide data on joint fatigue
life performance, hole elongation and failure mode behavior. Single-fastener pure bearing specimens were cycled under
teneion-tension (R = + 0.1) and tension-eomprsmion (R = -1.0) constant amplitude fatigue loading and under spectrum
fatigue loadings. During fatigne testing, load-deflection data was obtained at specified increments of accumulated hole
elongation. Several tests were performed to determine the effect of environmental conditions. Static and residual strength
tests were performed on selected specimens at each test condition.

Joint fatigue life was defined to occur at specimen failure or when hole elongations of 0.02 inches were measured. Little
difference was noted in relative fatigue life between layrups 50/40/10, 30/60/10 and 19/70/3 (0", 14S,90P respectively)
under tension-tension (R = + 0.1) cycling. Under fully reversed load cycling, (R = -1.0), hole elongations of 0.02 inch
occurred more rapidly in the matrix dominant 19/76/5 lnyup, followed by the 30/60/10 and 50/40/10 layupa. Under
spectrum fatigue tests of all three layups, no hole elongation occurred after 16000 spectrum hours at test limit loads of
89% of static strength values. This agreed with constant amplitude fatigue test results as well. At these load levels 16000
hours of spectrum loading did not produce enough cycles of high loads to produce hole elongation.

Effects of fastener torque-up on joint fatigue life were pronounced. Torque-up generally produced beneficial effects of
increased strength and fatigue life for all layups in both tension-tension (R = + 0.1) and tension-compression (R = -1.0)
loading. However, area of damage were more pronounced for specimens with torque-up, and also failure occurred more
abruptly (rates of hole elongation, o.ace Initiated, were faster).

Effects of joint eccentricity and geometry also influenced joint fatigue life characteristics. Single-shear specimens
exhibited lower fatigue life than the baseline double shear configuration. Further reductions occurred with flush-head
fasteners compared to protuding head fasteners due to increased fastener flexibility and specimen bending. For the 19/76/5
layup, changes in specimen width caused changes in the failure modes and significant changes in strength and fatigue life.
However, for the 50/40/10 layup, variations in width and edge distance did not alter either failure modes or strength and
fatigue life. Effects of the remaining variables on joint fatigue life were minor. The failure modes and durability were
essentially the same as the baseline configurations.

The most comprehensive Air Force program on bolted joints in composite structures was conducted by Northrop
Corporation(j.8 -4). The analytical developments in this progam were outlined earlier. The single fastener analysis results
were verified by extensive testing of single fastener composite-to-metal joint specimens of various configurations. About

I
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480 coupon tests were made to verify the effects of various joint design variables. The results were documented In Ref.
9. Of the 450 tests 318 were static tests, and 132 were fatigue tests. The single lap and double lap configurations
addressed composite-to-metal load transfer by a single fastener, and the bearing/bypass configuration addressed the effect
of fractionally increasing bearing loads on the gross laminate strength and fatigue life. The material for this program
was AS1/3501-6 graphite epoxy imidirectional tape, the prepreg containing approximately 35% resin by weight. The test
variables were: laminate thickness, stacking sequence, fastener diameter (D), specimen width (W), edge distance (E),
fastener material, fastener head type (protruding, tension head countersink and shear head countersink), type of loading,
(tension or compression), bearing to tott.l load ratio, joint configuration (single or double lap), fastener torque and the•'.•ienvironment (RTD-•'ootn temperature, dry; RTW-roomn temperature, wet; 218W-218*F, wet).

The fatigue tests covered all the joint variables in the static test cases. Additional fatigue test variables were: type of
loading (constant amplitude fatigue or blocks of constant amplitude fatigue loading at different mean intervals) and the
minimum to maximum cyclic load ratio (R). Fatigue loads were imposed at a 10 Hertz frequency.

In addition to the single fastener joints, 160 composite-to-metal multifastener joints were tested to verify the multifas-
tener joint analysis results from SAMCJ. A number of fastener arrangements were considered: two fasteners in tandem, two
at an angle to the load direction, three fasteners in two arrangements, four fasteners in a rectangular pattern, five fasteners
in tandem, three fasteners in each of two rows with an adjacent cut-out, and four fasteners in each of two rows with a
cut-out either between or adjacent to the rows. A unique fastener load measurement technique, using strain-gaged bolts,
was applied to every test case to compute the fractional fastener loads corresponding to the various test conditions. This
information, in conjunction with photographic records of failed test specimens, was very useful in validating the strength
of multifastener joints.

The final tests in this program consisted of representative full scale test specimens. The vertical tail root section of
an aircraf, was seledted for full scale testing to verify the design and analysis programs developed. The test element was
analyzed using the analytical methods developed in this program. Theoretical predictions correlated well with experimental
results.

The Northrop program was concluded with the development of a comprehensive design guide(
1

3). Some details of this
total program will be presented this afternoon by Dr Ramkumar(' 4

).

4. CONCLUSIONS

The analysis and experimental verification programs rev;ewed in this paper are eomprehensivw and suitable for practical
applications. Due to the empirical nature of some of the prucedures, additional experimental programs are necessary to cover
new material systems. Metal matrix composites and the materials coming out of the new powder metallurgy technology
require augmentation to analysis and design procedures developed so far in these programs. This augmentation must be
imased on extensive experimental verification. Future high temperature joint applications require new investigations for
analysis verifications. However, the progranm developed so far will form a solid technology base for future investigations.

There are a number of industry and other government p.ogra;.-s which could not be reviewed in this paper due to time
limitations. Both the NAVY and NAFA have bolted joint programs with industry (McAir, Northrop). Grumman, General
Dynamics and Boeing have in-house projects in this area. A future review should consolidate the results of these programs.
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DAMAGE GROWT`H IN COMPOSITE BOLTED JOINTS

by

V.Giavotto, C.Caprile & G.Ssal
Dipartimento di Ingegneria Acrospaziale

Politecnico di Mflano
Itaiv

Abstract

Static and fatigue failures of composite joints are dominated by the growth and
propagation of typical damages, up to soime catastrophic condition.

Starting from experimental observations some typical damage propagation patterns are
identified and anlysed with simple models and finite element schemes.

This extension of the fracture mechanics approach, to a broader class of damages
allows some insight into the intricate behaviour of FRP joints, and gives some
suggestion for interpreting and correlating experimental data.

1. INTRODUCTION

Fatigue and failure of composite materials are still a difficult and intriguing
problem, despite the large research effort devoted to them in the last years.

This apply even more strongly to bolted joints, where fatigue damage and static
failure are likely to occur at lower load levels and with more comolicated patterns.

There are several different reasons for this fact, the first being the real
intricacy of the complex phenomena involved in composite failure, expecially at a
microscopic level. But definitely, another reason has been the insuccessful attempt to
transfer too literally the Fatigue and Fracture Mechanics approach, that was
successful for metals.

In fact, in the early literature, composites were considered just as homogeneons (or
homogeneized) anisotropic media, prone to the macroscopic fatigue and fracture
phenomena typical of metals.

So the 3tudy was dedicated to the stress concentration factors around a hole, and
to the stress intensity factor at the tip of a through-the-thickness crack in
anysotropic elastic solids.

On the other hand early fatigue tests were only in tension, with the main aim of
measuring the number of load cycles to failure; this now is considered to be scarcely
significant.

Nevertheless, even if not so quickly as it was expected, a large amount of
experimental observation was carried on, which, produced and consolidated a
substantial knowledge on the strength and fatigue of composite and czmposite joints.

Among the facts that are now clear, even if not all satisfactorily explatned, the
most significant are:
a) the typical damage extending under fatigue loading is not a localized crack, but a

system of intralaminar and interlaminar fractures (delaminations) distributed in a
certain area or volume;

b) The most significant damage parameter to be recorded in fatigue testing is the
specimen stiffness (or elastic modulus) decrease;

c) compression is generally producing higher damage extension rates through the
mechanisms of microbuckling (buckling of single fibers) or minibuckling (buckling
of relatively thin layers);

d) in a bolted joint a positive clamp-up is essential for a good duration.
As it will be shown later point a) is essentially due to the fact that clamp-up

prevents micro and minibuckling, even in areas of extended delamination.
Then, in composite fatigue, it is sensible to consider an extending damaged area,

containing several fractures of different types, more than a single extending crack.
With this in mind the extension of the Fracture Mechanics approach to composites and

composite joints can be very useful [I, 121.
Beside the concept of an extending damaged area, the single damage mechanisms should

be investigated deeply to obtain a better undestanding; this can be helped by the
analysis of simple models, and may require well focused experiments.

This paper is dedicated to the study of simple models, with the aim of explaining
some damage mechanics, and possibly to find some applicable results.
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2. DELAMINATION MECHANICS

As it has been already suggested, the more suitable Delamination Mechanics parameter
is the Energy Release Rate G, which can be defined as the decrease in the strain
energy V for unit increase in the delamination area A, in a "Fixed Grio" condition,
i.e.

Let, v(

Let us consider a symmetrical delamination of tne outer layers, at the 4 free edges

of a prismatic coupon, as in figure 1, and call A and B the configurations
corresponding to complete delamination and to null delamination, respectively (figure
2).

For a given strain 6, and coupon length 1, if configuration A and B are both
orthotropic respect to xy, the strain energies can be put as

and, in the configuration of figure 1:

V VA -B 14 Vv(3)
\/ being the strain energy associated with the stress diffusion field near each of
the 4 crack tips.

If diffusion length is small enough compared to crack length, an increase in a will
only ccuse a displacement of each stress diffusion field without distation, so it can
be assumed that L 0 , and then

the delaminated surface being A=4al.

If the outer delaminating layers are thin compared to the core of the laminate, the
energy release rate (4) takes the simple form:

where F,4, '0 relate to the outer layers and ý. to the core.
It can be useful to define a non-dimensional energy release rate g, so that

t E E ; (6)

in this case the non-dimensional energy release rate for the free edge delamination of
an outer thin layer is:

2.

Let us now consider a thin outer layer delamxnated from a ticker laminate, in a spot
of length 2a in x direction. If the laminate has a contraction , the thin layer
can undergo compression buckling, its critical strain being:

With reference to figure 3, since the normal displacement of the buckled layer is
, it is easy to demonstrate that

where b and L are a given width and length, respectively.
Since in this case the delaminated area to be considered is A=2ab, considering (1)

and (6):

It must be observed that the non-dimensional energy release rate (9) is the sum of a
mode I and a mode II term, i.e.

g= ~ .(10)
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3. THE DtMDALZ NODEL

The Dugdale's "yield strip" model can be useful to separate the energy release rates
of the 2 modes 3 , 4 . It assumes for the interlaminar layer a rigid-plastic
behaviour, i.e. a constant tension stress ey in mode I opening (figure 4 and 5) and
a constant shear stress V in mode II opijning (figure 6).

Calling u and w, respectively, the longitudinal and normal displacements, the Crack
Opening Displacements are defined ai , , and the energy

release rates:

are independent from the vAlues of 
6
Sy nd ",. , which therefore can be assumed

arbitrarily.
The differential equations of the Dugdale model, in this case, are:

for mode I I -• - *and
120-Y, 1)

for mode 11 • uf -- • ; (12)

Applying the proper boundary conditions, considering Ix and L1j among the
unknowns, and using the definition (6) of the non-dimensional energy release rate,
from equations (12) and (11) it can be easily shown that

4 4a ) and, (13)

e92 (14)

and then ,as was found in (9) with an entirely
different approach.

Figure 7 shows diagrams of g and g versus e , computed with (9) and (14), for
different values of a/t.

It must be observed that when buckling is well developed the tital non-dimensional
energy release rate g changes very little with a,t and f - all the curves remaining
in the neighborhood of the maximun (4/3).

At low compression strain g1 can be much higher than g 1 ' while at higher strains
this difference is much smaller. In any case both g and g are much higher than the
Free Edge delamination gE (7).

This is a simple but rational model that can explain, and possibly could be used to
evaluate, the tendency of delamination to extend quite rapidly in compression buckled
spots.

4. INSUFFICIENT CLAMP-UP

Around a bolt in a joint, in the side where bearing pressure is exerted, high
compressive strains are likely to develop, and then a high damage propagation rate is
likely to occur.

So a positive clamp-up, with a relatively lange washer, is very beneficial,
preventing buckling, and leaving possible delamination extension only to mode II.

But, if the bolt is not tight enough, some wear may occur due to the sliding of the
joined parts, and then some small play may develop, then allowing for a certain amount
of buckling.

In this case, if 2h is a small normal gap between the delaminated layer and an
ideally rigid wall (representing the washer), the buckling phases shown in figure 8
are occurring, in succession with increasing compressive strain ; in the even
phases all the wave crests are against the rigid wall, while in the odd ones there is
at least one wave crest which is lower than the wall, and then which can still grow in
the gap.

Following this model, in an odd phase with n waves, the wavel'ngth is Aa/t/, and
the critical strain

S12 (-. (15)

The amplitude C of the wave that is not touching the wall is given by the equation:

2. 2.A ý
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The strain energy is

V.,&~){L2)* ~+4 n rift- C I(ftj

and then:

to 3bu (17)
while g. is still given by (14). It is worth noting that (17) is formally identical
to but ee has a different value.

The phase 2n-1 changes into the following even phase 2n when C.• , i.e. when

After this point A has the decreasing value

• II

B a g 2t { . 31 4 t ~ e i (19)

and W~1-fjf.48~)~ 1 (20)

where - ` A7 -TL), (21)

ii

and r t -t-

The mode II energy release rate is still given by (14).

The phase 2n ends into a new odd 2n+l phase, when a new wave can develop, i.e. when

A c-, . (22)

Figure 9 and 10 show the trend of g and g11 versus e , for 3 values of a/t and 2

values of h/a.
It must be noted that g jumps passing from an odd to an even phase and viceversa,

the even phases having much lower values. In the even phases (i.e. when all waves are

against the wall) g I is higher than g, and therefore g is negative. This means that

delamination can still propagate by mode II while mode I is closing, as it can be

easily seen in figure 8.
In this case the total energy release rate g is not adeguate to correlate damage

propagation, and the separation into its components g and g1  is essential.

Comparison of figure 9 and 10 shows that a reduction in -the play h is beneficial

because it reduces g I and the amplitude of the strain Intervals of even phases: but

the peak values of g are only sligthly modified.
So in an alternating load condition, going through all the values of the strain £

some of the peaks of g will be encountered at every cycle.

that means that even a very small amount of play can be detrimental, and that a good

fatigue duration demands a high clamp-up.

5. A GLOBAL DAMAGE CONCEPT

In the previous analyses the mechanics of different delaminations was considered,
through the evaluation of the rate of strain energy release for unit extension of tne
damage considered. There the measure of the damage was definod as the area of the
delamination spot.

But experimentally this damage can be rather difficult to measure.
Figure 11 shows opaque penetrant enhanced radiography of damage extension in

fatigue; the specimen is a coupon of quasi-isotropic (0/90/45/-45)s CFRP laminate in

fatigue. The lamination at different levels are developing together with intralaminar
cracking; experimentally it is quite difficult to separate such different damages, and

it could be more sensible to evaluate the extension of a damaged area (or volume).

But with a bolted joint even this latter measure could be very uneasy.

In a specimen having a volume D the strain energy can be generally written as

V= DE
having defined a certain measure I of the damage, the energy release rate, or damage
driving force, is consequently
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,' .(23)

Then a damage is such if it produces an appreciable change in the average modulus E,
and it is sensible to adopt the following global damage definition:

g ° "(24)

where P e I is the ratio of a typical damage area dimension and the corresponding
specimen dimension, and E is the original value of E. For instance, in a specimen
containing a single hole. can be the ratio of hole diameter to specimen width.

In the case of point 2, since the free edge delamination may cover all the useful
length of the specimen, r=l, and it is easily shown that the global damage measure

is proportional to the previously assumed damage width , being:

Definition (24) in equation (23) gives the following global expression for the
energy release rate

D o.(25)

With this definitions the most essential measure to be taken in specimen tests is
the trend of the modulus E versus the number N of strain cycles of amplitude

Having recorded this measures it will be easy to evaluate le with (24) and

;(26)

then correlation between G(25) and . (26) could he investigated.
In any case the measurement of specimen stiffness (or compliance) changes, as a

measure of damage evolution appears to be mandatory.

6. FINITE ELEMENT ANALYSIS

The damage growth in figure 11 has been investigated with the Finite Element model
in figure 12. Due to simmetry the model represents only half the thickness of the
actual laminate, therefore only 4 layers, each layer containing 1 element and 3 nodes
in the thickness.

Damage was assumed to be delamination of the 00 layer; the damage growth pattern has
been taken from experimental evidence (shaded areas in figure 12).

Figure 13 shows the computed values of the global damage T (24) versus the total
delaminated area A.

Since the 900 layer in the damaged area has a relatively high compressive stress, it
may undergo buckling and possibly more severe conditions. This latter phenomenon can
be important, if the clamp-up is insufficient, but it has not been yet investigated;
it will be considered in the future.

"7. CONCLUDING REMARKS

The extension of Fracture Mechanics approach to composite joint fatigue can be
fruitful, but the damage concept must be broadened and detailed, to cope with the
complex composite damage phenomenology.

On the other hand in specimen fatigue testing the most significant measurenents are
the applied strain history and the elastic modulus evolution.
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Figure 1: Free edge delamination.

A

Figure 2: A: complete delamination
B: null delamination.
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Figure 3: Buckling of a delamineted layer.

2a

Figure 4: Dugdale's yeld strip model for mode 1.

Figure 5: Dugdale's model: Crack Tip Opening
Displacement.

Figure 6: Dugdale's model: mode 11.
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SUMMARY

A method Is presented fot the calculation of stresses in an antsotropic plate with a row of equally
spaced, pin-loaded holes. The pin-plate configuration represents a practical joint in a composite laminate
where load is transferred from a row of mechanical f.,st.ners Into the laminate. The pins fit without
clearance in the holes and they are supposed to be infinitely rigid. Numerical results are presented
showing various effects of geometrical and material parameters on the stress distribution.

The problem of a row of pin-loaded holes in an anisotropic plate is a complicated one of the mixed-
boundary type. Several solutions can be found in literature based on simplifying assumptions regarding
symmetry and geometry of the problem. The present solution is more general in those respects. It can be
considered to be an application of Lekhnitskii's theory on stress distributions in anisotropic plates with
holes. With this theory the determination of the stresses is reduced to the determination of two complex
functions whics Must satisfy the specified boundary conditions of the problem.

1. INTRODUCTION

A major problem related to the use of composite materials in engineering is the design of reliable joints
between composite parts and the remainder of a structure. Adhesive bonding has always been very popular
for conventional composites and the advantages of continuous load transfer, fluid tightness and smoothness
of the joint surface are well known. However, since the development of the so-called advanced composites
there has beLn a growing interest in meonanically fastened joints. Advanced composites have potentially
important applications in heavily loaded, primary structures and although mechanical joints have a rela-
tively low structural efliciency they dill most likely be preferred to adhesively bonded joints for use in
those structures. An important reason is that high forces at the juncture of a bonded joint in composites
may affect the structural integrity of the composite material itself because of its low interlaminar
strength, a problem dhich does not occur in bonued joints between metal parts. Hence the load carrying
capacity of bonded joints in composites is limitp,. Another, more general reason for application of
mechanical joints is that bonded joints are often Liupracticable in view of disassembly and fabrioational
simplicity.

Due to the interest for ma'y engineering areas the pin-plate configuration received considerable attention
up till now. Unlike ismtropic materials the pin bearing capacity of composites is strongly dependent on
the design of the mater.. 1 itself and therefore joint optimisation in composite plates requires knowledge
of the local stresses around the faateneru. Two aspects of the theoretical work on pin-plate
configurations are of spUcial Interest:
- tne modelling of ýhe joint as a pin-loaded antsotropic plate and the accurate analysis of the stresses;
- the )rediction of failure in terms of the resulting stresses.

In the present work we emphasize on the first aspect. A solution is presented for the problem of an
anisotrople plate with a row of equally spaced and equally loaded hol(3. It is based on Lekhnitskii's (1]
continuum method of complex functions. The boundary conditions are fulfilled in the approximate sense
using a numerical method of boundary collocation. Hence the solution is neither purely analytical, nor
purely numerical.

The analysis of an anisotropic plate with a row of pin-loaded holes can be simplified considerably by
assuming symmetry of the problem. It is then possible to model the plate as a finite width strip with a
single pin and with known boundary conditions at the edges. Finite element methods are very appropriate
for such problems. In real joints, however, the requirements regarding symmetry are not always met and we
therefore will not assume it in advance. Hence modelling of the plate as a strip is not possible since the
boundary conditions at the edges cannot be defined. Consequently we treat the problem as a plate problem
with a periodic set of loaded holes.

11 published analytical solutions for pin-loaded composite laminates contain the determination of
.ekhnitskii's complex functions. A precondition for the application of Lekhnitskii's method is that thi

laminates are idealized to homogeneous, two-dimensional shiats with aniaotropic elastic properties. Hence
the laminate lay-up and related through thickness effects must be Ignored. The pin-plate interaction is
essentially different for different laminates and therefore the contact stresses between the pin and the
plate are not known a priori. The evaluation of these stresses as part of the analysis requires the
solution of a complicated mixed boundary value problem since at the contour of the hole restrictions are
imposed to both the displacement and the forces. This aspect of the solution has been emphasized in the
majority of the published work [2-16]. In most solutions the analysis is reduced to a boundary value
problem involving a single body, namely the plate, only. Kiang [10 and Hyer and Klang [11,12,13) were the
first who explicitely modeled the pin and itP interaction with the hole by inuluding pin-elasticity. They

showed that pin-elasticity is rather unimportant in stress predictions compared to clearance, friction and
elastic properties of the plate material.

Published numerical results cover almost the whole field of parameters which are of Interest for
mechanical joints. The only exception is non-symmetry of finite-geometry problems. In the present work the
theory of pin-loaded plates is therefore generalized to the problem of a row of pin loadad holes in a
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composite plate where the centerline of the holes and the direction of the pin-.loads are not necessarily
coinciding with one of the msterial symmetry axes. As referred to before a purely numerical method of
solution of this more general problem is difficult because of considerable problems In formulating the
boundary conditions at the outer contour of the considered domain.

The solution of the problem is based on the consideration that in a practical joint the load transferconsists of two basic load systems, see Figure It
-a plate with a row of open, unloaded holes with a self-equilibrating load system at the outer contour;
- a plate with a row of pin-loaded holes, transferring the load from the pins into the plate. The load

applied at the pins is reacted at the outer contour of the plate.

Lekhnitskii's complex functions corresponding to these two basic systems are derived separately and in a
following step of the solution the functions together are made to satisfy the boundary conditions of the
problem, using a simple collocation technique. This results in a set of linear equations in terms of the
unknown coefficients of Lekhnitskii's functions for the pin-loaded plate. Finally the coefficients are
evaluated and the stresses are calculated from the differentiated functions.

2. ELASTICITY SOLUTION

The boundary conditions for the pin-late interfaces

Figure 2 shows the different regions of the pin-plate interface. The contour of the hole is divided into:
- the region of separation, called the no-contact area, where the edge of the hole is free of tractions;
- the regions of slip, which are parts of the contact area between pin and plate. The difference in radial

displacements of these parts of the edge of the hole with respect to the edge of the pin must be zero.
In addition the friction force must obey a friction law;

- the region of no-slip, which is the rest of the contact area. Here the displacements of the edge of the
hole are equal to the displacements of the corresponding part of the pin.

The extent of each of the regions of the interface between pin and plate depends on a number of
parameters:
- the elastic properties of the pin and the plate, including the angle between principal material axes and

load direction;
- the clearance between the pin and the edge of the hole;
- the pin displacement (the pin-loaded hole problem with clearance Is non-linear);
- the coefficient of friction;
- the loading situation (there is an essential difference between loading, unloading and possibly static

loading).

The actual extent of the regions must be determined Iteratively by the requirement that tensile tractions
are physically excluded and by the requirement that the friction force never can exceed the value dictated
by a friction law.

The first detailed work discussing the effects of pin-flexibility, clearance and friction simultaneously
was presented in [10]. The variation of these parameters was studied for a single, pin-loaded hole in an
infinite plate. As already referred to in the Introduction the results showed neglectible differences
between steel, aluminium and infinitely rigid pins. Since pin-flexibility complicates the solution of the
stress problem greatly and since the present study emphasizes on finite geometry effects we will consider
infinitely rigid pins only.

In (10] clearance between pin and plate was shown to be very important. Clearance introduces non-linearity
since the contact area will grow with the load. As a result the stress distribution is load-dependent. In
the no-clearance or push-fit situation as it was also studied in (10) the contact area appeared to be
load-independent which resulted in a linear relation between the load and the pin-displacement. This was
confirmed experimentally in [17,18). Lekhnltskii's complex functions of the present study can be used for
the calculation of stresses in the non-linear clearance cases as well, utilizing Nangalgirt's [15) method
of inverse formulation. Mangalgiri treats the non-linear problem by applying successively an essentially
linear analysis to various configurations of contact and separation, in this way simulating the growing
contact area during loading. We will restrict the calculations to no-clearance cases only; for more
details on the effects of clearance the reader is referred to the work of Hyer and Klang, Mangalgiri and
Naidu et al. [16).

Because of the presence of friction between the pin and the edge of the hole a distinction must be made
between the solutions for
- the loading situation; the load increases,
- the unloading situation; the load decreases with reversed friction forces,
- tne static situation so it may occur at the end of the loading situation.

In the static situation the points of the edge of the hole do not displace with respect to the pin.
Nevertheless friction forces will be present between the pin and the edge. The magnitude and the direction
of these forces are unknown and therefore the boundary conditions cannot simply be defined. For that
reason the static case will be excluded, It is noticed, however, that experimental values of stresses,
which are measured during static situations, cannot agree exactly with theoretical stresses in the loading
or unloading situation.

The basic load systems

An important feature of the solution is the superposition of an infinite plate with a row of unloaded,
open holes and an infinite plate with a row of pin-loaded holes. Figure 1 shows the supergosition. With a
suitable choice of the loads on the plate with the open holes the result of the superposition is a joint
with a row of pins reacted at one side and with no by-pass of the load past the pins. Obviously the loads
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on the plate with the open holes can also be chosen so that the result of the superposition is a joint
where the load is partly by-passed, a situation which occurs in a multiple-row joint.

The method of solving Leknitskii's complex functions for a plate with a row of unloaded, open holes has
been adopted from Ref. [19]. In this reference the elementary functions corresponding to an arbitrary,
open hole at distance pa from the central hole are presented in the form

•P)(_a (k) P,-n) • " E gn (k-P) 1
(zka n-1,3

z k - x + NkY k - 1,2

11 "k is a complex p = -- . +

material parameter p a 0 excluded

In the neighbourhood of the central hole these functions are expanded in power series of Mk' The complex

functions for the complete array of hopen holes then become

mzkn " k "(k). .- n-m
((k) -n ÷ (k) z+ 2 Z s z (-n)(-n-1) ... (-n-m+1) gn _p) (2)

° n-1,3 p-1,2 m-1,3 n-1,3 n

where the first series represents the influence of the central hole and the linear term corresponds with a
homogeneous stress field.

By satisfying the boundary condition of zero tractions at the edge of the central hole a system of linear
equations is obtained for the unknown coefficients of the complex functions. Solving a finite number of
those equations results in an approximate solution. For a comprehensive treatment of this solution is
referred to [19) where the convergency of the series nxpansions is discussed and numerical results are
presented. It is emphasized that the expansions of the elementary functions of the individual holes have
limited areas of convergence around the central hole. Therefore the solution for a plate with a row of
unloaded, open holes Is strictly limited to the edge of the central hole and Its direct surrounding.
Obviously the solution for the joint with a row of pin-loaded holes Is confined to the same area.

The complex functions #*(z ) for a plate with a row of pin-loaded holes are adopted from Reg. [19) as

well. The elementary functions #P()(z-ps) (k-1,2) for an arbitrary, pin-loaded hole at distai.oe Pu from

the central hole are corresponding with a radial load distribution on the edge of that hole

N(s)-- p z a sin no + 1 E- 2n n (3a)

n-1,2 ,3 m,n

and a friction force distribution

I1 b 2n cosme
T(s) - ;PLc b sin w n. ni- E (3b)

0 n-1,2 n-1,3 u n

where the dash indicates that in the double-series I only odd combinations of m and n have to he taken.
m,n

The elementary functions of the individual, pin-loaded holes are therefore completely defined in terms of
the unknown load-coefficients an and bn of (3a) and ý3b) respectively. Expressions (3) yield loads on the
upper part of the hole edge only. This implies that the elementary functions P)k(Zk-P oa n l

k s of an individual,

pin-loaded hole guarantee a traction free lower half of the hole to which they corresponds for every,
arbitrary set of the coefficients an and bn.

Thefelementary functions *P(Zk-p ) of the individual, pin-loaded holes will interfere and

cannot represent the complex functions #*(zk) for a plate with a row of pin-loaded holes. Nevertheless the

elementary functions of the individual holes are simply superimposed:

k _(zk) - .. *(4¼z-P)

As a result +k(zk) yield, physically impossible, normal and tangential shear stresses on the edge of the

lower half of each hole. The elimination of these stresses requires the solution of an extra set of
periodic functions *k(zk) of the type (2) from the load boundary conditions of the lower half of one of

the holes.

The complex functions representing a joint as outlined In Figure I ar. now composed by superimposing the
various functions as they are discussed in the previous paragraphs:

fJ
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c(zk) - *Z(k) + * k(zk) + Sk(k) H - 1,2 (5)

- *k(Zk) correspond to a plate with a row of unloaded, open holes. They contain linear terms yielding

homogeneous stresses which are used to modify the stresses in the far field in a plate with a row of
pin-loaded holes. In this way realistic loading conditions can be simulated.

- #q(x) are the summed elamentary functions corresponding to the individual pin-loaded holes. They

contain the unknown load coefficients an and bn.
- Sk(zk) are periodic functions which eliminate the tractions on the lower half of the holes resulting

from #*(zk). They disappear in the far field and therefore do not Influence the equilibrium of the Joint

as It is shown in Figure 1.

The complex functions *k(Zk) fulfil the load boundary conditions on all contours of the joint, independent

of the values of an and bn, Arbitrary coefficients, however, may not yield realistic displacements at the

upper half of the holes. Therefore an and bn are evaluated numerically from the displacement boundary

conditions of the contact regions between pine and plate in connection with a friction law which couples
the radial load (3a) and the friction force (3b) . The displacements (also in terms of the unknown
coefficients an and bn) can be found with the well-known expressions

u - 2Re [u 1 *1 (zI) + u2 02(z2)] (6a)

v - 2Re Cv1 *1 (Z1 ) + v2 *2(%2)J (6b)

where uk and vk (k-1,2) are complex material parameters.

The evaluation of the load coefficients an and bn

The pins are given a displacement in a direction perpendicular to the centre line of the pi:.-loaded holes.
This implies that in the general case of non-coinciding material axes and coordinate axes the direction of
the resultant pin-load is not known and must follow from the calculations. The displacement of an
arbitrary point of the contact area consst'q Ir two parts:
- a part equal to the displacement of thc pin as a rigid body, say the displacement v, of the point (0.1)

in Y-direction;
- a tangential displacement relative to the pin with components ur and vr. The radial displacement of the

points of the plate with respect to the pin mist be zero for the contact area. For the no-slip region
the relative tangential displacement is zero as well.

The displacement boundary condition for the slip regions is for small deformations

ur

v -tg
r

or, with u - ur and v - vr v,

u cos 5 + (v - vi) sin a - 0 (7)

The additional condition for the slip-regions is the requirement concerning the value of the friction
force. Although a more general friction model could be used the simple Coulomb-law has been chosen. With a
as the friction coefficient it is written as

T(s) - 1 0 H(s) (8)

where the choice of the - or - sign depends on the direction of the relative tangential displacement of
the plate material, see Figure 2.

The relative displacements of the no-slip region both are zero, hence the conditions are for thin area:

u - 0 and v - vi - 0 (9)

The displacement conditions and additional condition (8) are imposed on a finite number of points of the
contact area, resulting in a homogeneous set of linear equations for the constants an and bn . An extra

non-homogeneous equation is added by giving the component y /po of the pin-load a specified value. Having

solved the constants an and bn the load distributions on the edge of the hole as well as the complex

functions are completely known. After differentiation of the complex functions with respect to zk the

stresses are calculated with

ox 2Re Ed #*(z 1 ) + 1 #k(z2)] (0a)
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y- 2e C *;(21) " *(s2)) (10b)

T - -2Re [$1 #031) + "2 #2(z2)] (100)

3. NUNERICAL EVALUATION

Choice of the parameters

The following variables were chosen in the calculation presented In this section:
- the plate material (Sij)

4P
- the spacing of the holes (s/D)
- the angle between the principal material axes and the coordinate axes (V)
- the mode of loading (loading or unloading)
- the coefficient of friction (0)
- by-pasn of the load

The choice of the numerical values of the various parameters will shortly be discussed in the subsequent
paragraphs.

The plate material
Four carbon fiber epoxy laminates with principal stacking sequences [04/t #53,, [o31/ 451 a. o021/ /t5) and

Ca 45)a are chosen because of their practical applicability. The index s refers to a symmetrin stacking

order. The sticking order Itself, how important in practice it may be, is not relevant for this
investigation. It Is noted that generally the 0-direction of a laminate has the highest Young's-modulus.
In the calculations this direction coincides with the Y-axis or makes an angle ( with that axis. The
engineering constants of the plate materials are listed in Table 1. The properties of the carbon fiber
reinforced plastic (CFRP) laminates are measured values. They are taken from various publications for
reference purposes. Henca there is no mutual relation between their properties in the sense of the
classical laminate theory.

Table 1: The engineering constants used In the calculations.

Material Ell 22K v12 012

CPa Gca GPa

CFRP [04/t 45)3 20,43 111,70 0.12 16,95

t031± 4518 18,00 92,00 0,12 14.00

C02 /± 4s5 17,44 63,17 0.20 17.37

Ct 45)3 20,33 20.33 0,73 27.74

'lum. 7075-T6

plane stress 71,72 71,69 0.33 26.89

"plain strain (80,69) (80,65) (0,50) (26,89)

The spacing of the holes s/D
The calculations have been made for the following s/D-ratios:

s/D - 1,5 the minimum ratio for which the solution still gives acceptably accurate stress values
s/D - 3 generally accepted as the minimum ratio from a technical point of view
s/D - - whi:h can be used for comparison with one-hole solutions

In some cases other values have been used for reference purposes.

The angle 0 between the princioal material axes and the coordinate axes
From simple tensile tests on uni-direotional composites it Is known, that even a small angle of 5* between
the direction of the load and the fiber direction decreases the strength considerably. It is therefore
necessary to include this angle In the stress calculations for pin-loaded holes. To show the effect of (
the calculations have been made for 0 - 00 and 0 - 304.

The mode of loading and coefficient of frictionsp-
In the unloading mode the friction forces are reversed compared with tke loading mode and hence the
stresses in the unloading case can be calculated by giving the friction coefficient the opposite sign. The
value p - .4 Is generally accepted as a good value for the friction between steel and carbon fiber epoxy.
To show the effects of p on the stress distritutions the friction coefficients I - 0 and ) - .2 were
chosen as well.

Clamping
An Important effect may be due to the friction between the surfaces of the Joined plates resulting from a
possible clamping force of the fastener. In [20] It Is shown that the Joint strength depends strongly on
that force. In certain cases the strength can be increased by a factor 2 to 3 by a proper tightening of
the bolt. Composite laminates, however, behave visco-elastically in the direction of the clamping force.
This visco-elastioity may relieve the clamping force and it is therefore questionable whether strength

.1 !
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predictions may include olamping. A finger-tightened bolt will not clamp the joined plates. Neverthelesa
It constrains the lateral expansion in thickness direction at the top of the hole and therefore Influences
the stress distribution and probably changes the failure mode. Hence the plane strain situation Is sup-
posed to represent the joint with finger-tightened bolts better than the plane stress situation for cases
where the top of the hole is critical for failure. A complicating fact is that In plane strain calcula-
tions'reduced material compliances are needed. These are difficult to calculate since the material
properties In the thickness direction of a laminate are generally unknown. The reduced properties of
Isotropic materials, however, are easy to establish; hence the plane strain situation Is considered for
the aluminium only.

The load by-pasa
As already discussed in Section 2 the homogeneous stresses loading the plate with a row of unloaded, open
holes are used to modify the reaction of the pin-loads in the far field. In Figure 1 a situation Is shown
with no by-pass of the load on the joint past the pins. This situation represents a single row joint or
the last row In a joint with two or more rows of pins. If the homogeneous stresses are multiplied by a
factor 3 a situation Is obtained where half of the load on the joint Is by-passed. This situation repre-
sents the first row of a joint with two rows of equally loaded pins. Both situations are chosen because of
their technical relevance. The method presented here does not Include mutual interference of rows of pins.
Therefore the numerical results in the cases with rows of pins are valid only for joints with sufficiently
large spacing between the rows.

Numerical results

The stresses as presented In the various figures are made dimensionless with the classical bearing stress.
With pin-loads P and the hole radii and plate thickness taken unity it is

PPb (11)

The isotropic case
The maximum tangential stress as function of 3/D is shown in Figure 3 for two values of the friction
coefficient p. It is noticed that this stress does not always occur in the net area between the holes. Its
location Is sometimes shifted to a higher position on the contour of the holes. In the figure the results
of the work of Frocht and Hill [21) and of the theoretical work of Schulz [22] are also shown. The
measured stress concentrations refer to a single, closely fitting pin loading the specimen. The friction
coefficient for the tests was unknown. It is obvious that the boundary conditions at the lateral edges of
a single pin specimen are not identical to the conditions at the symmetry lines between the holes in the
multiple hole analysis. The lateral edges are allowed to contract and prevention of the contraction in
order to make the situation comparable with the multiple hole analysis needs extra normal tractions. These
tractions would reduoe the tangential stress in the net area slightly. Therefore a single pin test or
analysis with finite dimensions will always yield somewhat higher stresses In the net area than the
comparable multiple hole case. Nevertheless the results of Frocht and Hill are in fairly good agreement
with the present results for p - .4. Frocht and Hill also showed that lubrication of the pin in order to
decrease the friction induced small decreases In the maximum tangential stress. This is also in agreement
with the present results.

Schulz [22) calculated the stress distribution around a row of pin-load holes In an Infinite plate and
superimposed the stresses in an infinite plate with a row of unloaded, open holes In order to balance the
pin-loads at one side of the row. In (6] is shown that the sinusoidal radial stress distribution which he
used as pin-load yields lower maximum values of the tangential strais than a distribution which is
evaluated from the displacement boundary conditions of the loaded part of the hole contour. In addition
Schulz neglected friction between the pin and the plate material which also decreases the maximum value of
the tangential stress. Schulz's results as shown in Figure 3 indeed are appreciable lower than the results
of Frocht and Hill. Qualitatively, however, they are in rather good agreement with the present results for
the frictionless case.

Nisida and Saito [23] investigated the stresses in a photo-elastic plate with a single, pin-loaded hole
and s/D - 10. The friction coefficient in their test was unknown. They emphasized on the effects of the
edge distance on the stress distribution around the fastener hole. Nisida and Saito compared their results
with results of Frocht [24] for a large edge distance and found considerable differences. These dif-
rareness were explained with a slight clearance between hole and pin in the tests of Frocht. In Figure 4
the stresses obtained by Nisida and Saito and by ,'rooht are compared with present results for friction
coefficients U - 0 and y - .2. As can be concluded from the figure our results compare better with the
results of Nisida and Saito than with those of Frocht. Nisida and Saito lubricated the pin And worked with
very low load levels. The stresses as shown in Figure 4 suggest that the friction coefficient of their
test had the low value of about .1.

One of the apeutmene which Hyer and Liu [25,26) used for their photo-elastic measurements on a connector
with a single, pin-loaded hole was made from a laminate with a quasi-isotropic lay-up. For purposes of
comparison Hyer and Liu [26,27] tested also a homogeneous, isotropic plate. Figure 5 shows the stresses as
they were evaluated from the tests, together with stresses caloulated with the present method for the same
ratio s/D - 4 as Hyer and Liu used for the tests. The teat results inoicated very low friction coeffi-
oents. Therefore the calculations were done with p - 0 and u - .2. Figure 5 shows a fairly well agreement
between the various stress distributions, although discrepancies exist. Especially the sign of the fric-
tion shear stress In the quasi-isotropic plate opposite to the sign of the shear stresses in the other
cases is striking.

Referring to tests on pin-loaded isotropic material it Is noticed that the stresses In different materials
are comparable only if those materials have Identical Poisson's ratios. NISIda and Saito reported a value
v - .41 and Hyer and L[u mentioned v - .4 for the Isotropic material and p - .328 for the quasi-laotropic
laminate. In the analytical solution a ratio v - .33 was used. The different values of v may be a reason
for the discrepancies between the various stress distributions in Figures 4 and 5. A second possible

p - .-- *--_________ .i
.. .. ..
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reason is that the described tests were obviously static tests where the friction forces between the pins
and the surrounding plates certainly did not obey the simple friction-law of the theoretical analysis.
This problem Is discussed in Section 2. In the case of laminates with a quasi-isotropic lay-up a third
possible reason for discrepancies Is that the engineering constants of such laminates often do not yield
values of Young's modulus B and the modulus of rigidity 0 which fulfil the typical Isotropic relation S -
0/2 (0+0). In other wordat those laminates are often not Isotropic at all although they have a quasi
Isotropic lay-up. The laminate of Hytr and Liu, however, yielded values of K and 0 which spproximatb the
isotropic relation very closely and hence comparison of the laminate with other Isotropic materials is
legitimate in this respect.

Figure 6 and 7 represent graphs of the stresses ar and o along the entire contour of the hole In the

plane stress and the plane strain situation respectively. The friction shear stress t
rt and the stress in

thickness direction In the plate in plane strain have not been plotted. The effects of load by-pass are
shown In Figure 8 for two values of the ratio s/D.

Sciaula [22) calculated the stress distribution around two rows of equally loaded holes in a staggered and
In an In-line configuration for three values of s/D and friction coefficient U - 0. As In the case of a
single row of pin-loaded holes the radial stress distribution along the contour of the hole was assumed to
be sinusoidal. The maximum value of the tangential stress at the contour of the holes nearest to the
applied load are compared with the present results in Figure 9. Hyer and Liu E28] tested relatively wide
photo-elastic models of isotropic, double-lap connectors with two pins in tandem parallel to the load
direction. The spacing of the holes was 6 D. In the Isotropic case this seem to be sufficient to prevent
interaction between the pin-loaded holes. In all tested models each pin reacted one half of the load as
the load level increased. Although the friction coefficient of the tests was unknown the stresses at the
edge of the hole nearest to the applied load are comparable with the calculated stresses of the present
work. The maximum value of the measured tangential stress is shown in Figure 9 as well. As can be con-
cluded from the figure the results are generally in agreement.

The orthotropi oases

The influence of the ratio s/D on the stress distribution in the CD4/+±45)-laminate Is shown in Figure 10

for p - .4 and coinciding principal material axes and coordinate axes. The [04/1 45]s-laminate represents

* the highest degree of orthotropy of the considered plates and it has the largest maximum tangential stress
at the contour of the holes compared with corresponding cases in the other laminates. In Figure 11 the
Influence of the friction coefficient Is shown for s/D - 3. Figure 12 and 13 show the stresses In the same
laminate for an angle V - 30' between the material and coordinate axes.
Figure 14 and 15 show the influence of the friction coefficient on the stresses in the [0 3/ 45)s-laminate
for s/D - 3 and tp - 0 and 30' respectively. The stresses in the [02/1 455]-laminate for various s/D ratios
and p - .2 are shown in Figure 16. Figure 17 refers to the [( 45) -laminate with po 0 and 30'

respectively and friction coefficient p - .4. It shows that the radial stress and the friction shear
stress at the contour of a single pin-loaded hole In an infinite plate are independent of the angle tp if
the plate material has identical Young's moduli in the principal material directions. This phenomenon is
explained mathematically in (19). It is, however, by no means obvious physically. Figure 18 shows the
stresses in the same laminate with a row of pin-loaded holes with s/D r 3.

There have been several theoretical studies which aimed at the determination of the stresses in
mechanically fastened joints in orthotropio materials as a basis for strength prediction. We will discuss
here a few only. The first analytical investigation into the effects of joint geometry was presented by
Oplinger and Gandhi [2,33. The results of their study of a periodic array of pin-loaded holes should be
comparable with the results of the present analysis. We therefore calculated the stresses in a laminate
having the same engineering constants as Oplinger and Gandhi assumed for their calculations. The constants
represent a [02/± 45]s-laminate of high modulus carbon fiber reinforced epoxy. In agreement with Oplinger

and Gandhi a pitch to hole diameter ratio s/D - 2 and a friction coefficient P - .25 were chosen. The
results as shown in Figure 19 do not agree very well. Klang [10) and Hyar and Kiang [11,12,13) used for
their numerical evaluation a laminate with complex material parameters which were almost equal to the
parameters of the 0 2/± 45) -laminate of the present work. Hyer and Klang studied infinitely large plates

with a single, pin-loaded hole only. The stresses In the laminate of Hyer and Klang in the case of a rigid
pin without clearance are therefore comparable with the present results for the (02/1 45]a-laminate with

s/D - -. Figure20 shows the results of both studies for U - .2 and It is concluded that the agreeme.,i is
very good.
The majority of published work on mechanically fastened joints in composite materials is related to the
experimental Investigation of the several parameters affecting the joint strength. Godwin and Matthews
(29) gave an extended review of that work. Published work on the experimental determination of stress
distributions are scarce. Based on their full field experiments on wood and glass fiber reinforced epoxies
Wilkinson and Rowlands (30) and Rowlands et al. [31) gave general conclusions regarding the effects of the
variation of friction coefficient, material properties, loading and geometry. Pabhakaran (32] tested
birefringent glass-epoxy models which simulated bolted joints and presentel the resulting fringe patterns
in order to show the capability of the method. The patterns were not evaluated into stress distributions,
however. Hyer and Liu [25,26,27] tested similar materials and did calculate the stress distributions from
the fringe patterns. The technique utilized by Prabhakaran and Hyer and Liu requires the plate material to
be transparant and therefore can be applied to glass reinforced epoxies only. The stresses in glass fiber
laminates are obviously not representative for the stresses in pin-loaded plates composed or other
materials.
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7-. DISCUSSION OF REULTS

Se es Ineral remarks
The results of the Investigation of several authors as they are presented in the previous section point
out that the maxieum values of the ;Angential stress genarally egree very well. This may be Important for
Isotropic materials since the maximum tangential stress is an essential indication for the fatigue
strength of a mechanical Joint in metal sheets. Nevertheless the numerical values of the maximum tangen-
tial stress are not necessarily representative for realistic situations, as will be Indicated In the
following paragraph. Here it Is emphasized that for the prediction of the strength ot a Joint in a
laminated material the whole stress distribution is of Interest. The maximum tangential stress has no
special significance there. Classical failure predictions in laminates are always made by combining stress
predictions with one of the various failure rules. These are applied on a layer-by-layer basis to a great
number of points In order to cover the whole stress field. Crack growth and resulting change of the stress
distribution is not accounted for, neither for crack stopping effects because of adjacent layers bridging
the crack. Therefore classical methods are only used for the prediction of crack Initiation or the so-
called first significant damage. The results Indicate that failure of the laminate often initiates at
places with large shear or transverse stress values In one of the layers. In laminates with loaded or
unloaded holes these places are not associated primarily with the highest tangential stress concentrations
at the hole boundary.

In Figures 3. 4 and 5 experimentally determined stresses are presented which agree well with theoretically
determined stresses for very low values of the friction coefficient. These figures therefore may suggest
that In real joints the friction forces between pin and plate generally are small. Some of the
Investigators indeed decreased the friction by lubricating the pin or by using specially treated, very
smooth pins. Others did not and nevertheless got results corresponding with low friction forces as well.
As shown in Figure 5 Hyer and Liu [26] even measured friction shear stresses in a quasi-isotropic laminate
with signs opposite to the expected ones. A possible reason for the low friction stresses is already given
in Sections 2. It is discu:sed there that statically measured stresses generally are not representative
for dynamic situations with slip at the interface between pin and plate. Statically measured stress
concentrations therefore may have limited significance with regard to dynamic loads.

In simple failure predictions of mechanical joints In metal plates the concept of bearing strength as
material property is used. It is related to a specific type of failure, called the 'bearing failure', or
to a certain degree of hole ovalization. The stresses and stress distributions presented in the previous
chapter have been made dimensionless with a reference stress which is called the 'bearing stress'
according to definiLion (11). If the pin-load P reaches a value at which the laminate fails the
corresponding value of pb is easy to calculate. Since it is the maximum value of pb it is often referred

to as the bearing strength of a laminate. The maximum value, however, will not only depend on the strength
characteristics of the composite material but also on the whole set of parameters described in Section 3.
Hence a concept of bearing strength as a material property related to mechanical joints Is not justified
for composite laminates. Composite materials exhibit several failure modes and the maximum value of the
bearing stress is not necessarily associated with a specific one.

The plate material
As illustrated by several figures the radial stress distributions do not differ substantially for the
various materials. They however differ essentially from the sinusoidal distribution as it Is often assumed
In literature. The tangential stress distributions show considerable differences. As expected the peak
stresses Increase with Increasing degree of anisotropy. In the isotropic aluminium the stress distribu-
tions In the plane stress and the plaine strain situation are almost similar, as Figures 6 and 7 show.
Nevertheless they will result in different yield values of the bearing stress Pb" Although the present

work does not emphasize on yielding or fracture the Von Mises yield value of pb has been calculated in

order to show that effect. The calculations were done with a0.2 = 503 MPa as the yield stress value of the

aluminium. The results are given in Table 2, together with the place at the edge of the holes where first
yielding is predicted.

Table 2: Yield values of the bearing stress Pb and places where first

yielding occurs in the plane stress and in the plane strain
situation. The material is Aluminium 7075-T6.

s/D- 1.5 a/D -3 3/D-"

Pb Be Pb Pb
MPa MPa MPa

plane stress 154 5 308 7 406 55

plane strain 181 7 320 12 424 60

.2A

-. ~....
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- The asacing of the holes

LA expected the tnigential stress concentration t /Pb In the net-sections increase with desoreasinI B/D-

ratio. At the top or the holes, however, they remain almost constant. At these tops the values of at/Pb

are very low or even slightly negative in all loading oases. The values of at/pb at I * 2700 is also

slightly negative In most considered oases. A less expected effect of the spacing of the holes is that
the radial stresses decrease at the upper part of the contact area with decreasing s/lD-ratio. As a
consequence they Increase at the flanks of the hole. From the effects of the S/l-ratio on both the
tangential stresses and the radial stresses It can be concluded that small pitch values are favourable
for the stress situation at the top of the holes.

- The angle 4) between principal material axes and coordlnate axes
Figures 12. 13 and 15 show effects of the angle ip on the stress distributions. In general peak values of
the tangential stress are generated In the vicinity of the points on the edge of a hole where the
direction of the highest Young's modulus of the laminate Is parallel to the hole boundary. Hence the

maximum tangential stress does not necessarily occur in the plate net areas. An example of this
phenomenon 1i shown in Figures 17 and 18 where the stress distributions are given In a non-rotated and a
rotated Et 1l5]-laminate.

- The loading mode and the coefficient of friction i
Figures 11 and 13 give the stress distributions In the cot0/* 

1
5]s-laminate for p - .2 In the loading and

the unloading situation. The zero friction case is shown as well. The figures exhibit a predominant
influence of the loading mode on the stress distribution near the point on the edge of a hole where the
direction of the highest Young's modulus of the plate material is perpendicular to the hole boundary.
Both the tangential stresses and the radial stresses at this place show a peak in the unloading
situation. The peaks result from the reversed friction forces on the flanks of the hole. Apparently the
unloading mode is very unfavourable for the top of the hole. It is remarked that the tangential stresses
in the unloading and frictionless cases are positive for the whole contact area. The saximum tangential
stresses ste affected only marginally by the mode of loading.

The unloading mode has been simulated by giving the friction coefficient an opposite sign compared to
the loading mode. This implies that there is no fundamental difference between the influence of the
loading mode on the stress distributions and that of the friction coefficient. Figures I4 and 15 show
that the stresses near the top of a hole decrease with increasing friction coefficient. In all
considered loading cases the tangential stress at the top or near the top in the rotated laminates is
negative for positive values of U. This was also noticed by Wilkinson and Rowlands [(2] and several
other investigators. Hence positive values of p relieve the top of the hole compared to the unloading
and frictionless situation.

- The load by-pass
Load by-pass calculations are done for the lsostropic aluminium only, Figure 8 shows the Influence of
load by-pass on the stress distributions for two values of s/D and P - .4. The joint consists of two
rows of pins in line which are supposed to be equally loaded. The by-pass distributions in Figure 8
refer to the row on the stretched side of the joint. The no by-pass distributions represent the second
row or a joint with a single row. From the figure it is clear that the influence of load by-pass on the
tangential stress near the net areas Is predominant. Figure 21 gives the maximum value of the gross
stress agr In the far field on the stretched side of the joint as function of D/s. It is calculated with

Pb 0/s in the case of a single row and with 
2

pb D/s in the case of two rows of pins. pb is the Von Mises

yield value of the bearing stress. As in the plane stress and plane strain calculations It is the value
of the bearing str.mss at which somewhere on the edge of the holes first yielding of the plate material
occurs. Hence agr is a measure for the static loading capacity of the joint In terms of first yielding

of the plate material around the fastener holes. The theoretical stress concentration factor Kt Is

presented in Figure 22 as function off D/s. Kt is defined here as the ratio of the maximum tangential

stress at the hole boundary and the gross stress ogr in the far field. Figures 21 and 22 both show an

optimum value of the ratio D.Ws. This value Is .44 for the two rows of pins and .5 for the single row.
Schulz [4] calculated almost the saw values for the corresponding cases with a - 0. He also notified
that in the limiting cases D/s - 0 and D/s - 1 the stress concentration factor Kt tends to infinity.

This corresponds with zero values of ar in Figure 21.

5. CONCLUDING REMARKS

In the present work an elasticity solution in combination with a numerical method has been used in order
to study the stresses in an anisotropli plate with an infinite row of equally spaced and equally loaded
pins. The loads are applied by giving the pins a displacement in a direction perpendicular to the center
line of the holes. The center line does not necessarily coincide with One of the principal material axes.
This implies that the direction of the pin-loads is not known a priori. The loads are balanced in the far
field by uniform stresses, either on one side of the joint or on both sides. The last case represents by-
pass of the 1.,ad on the Joint past the pins.

In the solution series expansions have been used with limited areas of convergency. Therefore the solution
is confined to the edge of a hole and Its direct vicinity. The solution represents a real joint with a
sufficiently large number of pin-loaded holes and does not apply to a joint with only a few pins or to the
end pins of a row.

_ I _ _ i
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In particular the effects of joint geometry, material parameters, load by-pass and friction at the
interfaces between pins and plate have been studied. Pin elasticity and clearance were not considered. In
the calculationa a aimple friction model with a constant friction coefficient was used.

The results ot the calculations show predominant influenoe of friction and pitch to hole disaster ratio.
In specifio araes the results were compared with results from literature. From this Comparison the
oonclusion seem to be justified that the present study provides an accurate description of the stresses
in a pin-loaded, anisetropic plate.
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ABSTRACT

The analysis of bolted joints in composite structure requires, like structural analysis In genater,
methods for determining the stress distributions and relevant failure criteria. The stress analysis
procedure discussed in this paper starts by addressing the joints as an integreted pert of the overall
structure. The stresses in the vicinity of the hole boundary are obtained trough a series of finite
element analyses, which starts with an overall load distribution analysis and ends with a 2-dimensional
detailed contact stress analysis of the mast highly stressed region in the joint. Strength is predicted
for two basic failure modes occuring in a joint, net-tension and bearing failure. The failure
hypotheses for these failure modes are described. Both the stress analysis and and failure hypotheses
are performed and established, respectivly under certain idealisations. The conditions in a real joint
in an aircraft may differ from these idealizations. Hence, further work is required and is also
proposed in this paper. The analysis procedure described in this paper is based on today'r powerful
computer facilities and offer great advantages compared with more empirical procedures. The procedure
is presently used at Saab Aircraft Division.
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1 INTRODUCTION

Most published work on the strength of bolted joints in composite structures deal with joints of simple
geometry, which are subjected to uniazial loads in double shear. The problem of predicting the strength
of such joints is by no means a simple problem. On the contrary, it is well known that the
characterisation of the strength is complicated by the very large number of parameters involved, such as
laminate leyup (fibre pattern), stacking sequence, geometry, bolt torque, etc.

In spite of the amount of published work on the subject, the mechanical behaviour of sut.% relatively
'weil defined joints is yet not fully understood. In primary aircraft structures, the joints :iay be
far more complicated. The loading conditions are generally complicated and usually it is a matter of
,ultirow joints. The problem of determining the load distribution in general is statically
undetermined. Seacause of the lack of appropriate analytical/ numericsl methods, empirical methods,
which require large amount of data, have been used for analysis and design of joints. For several
reasons, there are urgent needs for improved methods, which are based on today's powerful comsuter
facilitiest

1) The generating of such data bases has proved te be both costly and time-consuming.

2) Now and improved materials are appearing on the merket continuously, which means that the data bas 5

must be regenerated.

3) An improved computational procedure will lead to a better understanding of the mechanical behaviour,
which in its turn will lead to better designed structures as well as more efficiently designed test
programs.
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4) With an efficient computational procedure, design charts for desirable load cases are easily
computed.

5) Last but not least, such a procedure would prevent the results of the analysis, to a higher extent,
to be dependent on the judgeennts made by the individual analysts.

On the other hand such an Improved computational procedure must not be so sofisticated and full of
detaila that It becomes too time-consuming and expensive to use in the daily analysis work. The finite
element method, FEN, has proved to be a powerful tool In order to determine load and stress
distributions in structures. The disadvantage with PFN Is that the modeling work has a tendency to be
time-consuming. The execution time may also be long and costly. If FPE is adopted for the
determination of load and stress distributions, it Is essential to support such a procedure with
efficient pro- and post-processors. If the analysis procedure is used frequently, it is necessary to
have powerful computer facilities In order to reduce the execution time. Figure 1 shows the different
stages In such an analysis procedure based on FEN.

First, the internal load distribution In the joint is calculated, see figure l(b). The structural
behaviour is for critical joints mechanically simulated by connecting the members with finite beam or
spring elements, which are given a representative stiffness. Due to economic limitations, the fastener
stiffness (flexibilit!) Is, for ordinary joints, excluded at this stage. In that case it may be
necessary to perform another analysis, before the final detailed stress analysis, figure 1(c), where the
internal load distribution in the joint is determined.

Then, the stress*e in the vicinity of the most highly stressed holes are computed by performzing a
detailed analysis, see figure 1(c). The procedure is supported by the two Saab-Scania developed
computer programs GENCUT and COSOJ. GENCUT is a comend-controlled program for transferring loads from
a cut in one finite element model to the boundary of another. This is a time-saving processor, when a
more detailed FE-analysis of a part of the structure is required.
The program COBOJ generates a complete detailed FE-model and writes all necessary command files needed
for control of the ASKA (1) analysis. COBOJ also evaluates the analysis according to selected failure
criteria, described in later sections. The flowchart in figure 2 illustrates the complete bolted joint

lysis procedure.

2 STRESS ANALYSIS

2.1 Load distribution analysis

The purpose of the discussion below is to point out soat of the problems occuring in conjunction with
such an analysis, rather than presenting obtained research rc-ults.
The analysis can, as mentioned, be~an integrated part of the overall structural load distribution
analysis, as outlined in figure l(b), or be performed separately. A too detailed FE-model should be
avoided for economic reasons, but must at the same time not be too coarse, making the results
unreliable. Usually the contact between the joined members is ignored. Another :'proximation often
used in the FE-model is to degenerate the hole to a point (node) and represent the fastener by either a
beam or a spring element, see figure 3. For a correct prediction of the bolt load distribution, the
finite fastener element must be given a representative stiffness (flexibility). It is desirable that
the experimentally obtained displacement, 65xp, is correctly predicted by the load diatribution model,
see figure 4. This displacement consists partly of the fastener deformation, 8 2X(.PAIT, partly of the
contribution from the local deformations at the hole edges, 85XPMoLE, that is

6EXP, 6 EXP.FAST + 5 EXP, HOLE (1)

In equation (1) 68 xP.IwLE represent the total contribution from each member. (Practically, 61XP is
unseparable). The equivalent displacement obtained in the FE-analysis, 5 P5M, consists in the same way
partly of the deforsation in the finite fastener element, 6 PeM. PAST and partly of the local deformations
of the including mashes in the vicinity of the fastener, 8 FPM.M5SH, that is

SFEM- .FEM, FAST+ 5 FEM. MESH (2)

In equation (2) 8 FIMM55M represent the total contribution from each mesh. In order to obtain a correct

prediction of the bolt load distribution, the finite fastener should be given a flexibility so that,

8 EXP . 6 FEM (3)

When determining this flexibility some difficulties occur. Usually, 6sxr, is unknown. An estimation
based on empirically or semi-empirically determined formulas is another possibility, which is perhaps
sufficient with access to a large empirical data base. Unfortunately, this estimated flexibility cannot
represent the fastener flexibility in the finite element model. Because of the simulation of the
connection in the model, the obtained displacement, 6P5M- M5H, is not equal to the experimentally
obtained displacement, 6EXPo HOL5. A refined model is more flexible, which luads to a large displacement
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contribution from the mashes. Hence, a stiffer fastener is required. Further, a mash refinement is not
n :ecessarily leading to better predictions. On the contrary, a very fine mesh may lead to very large
local deformations, which Is schematiclly shown in figure 5. It is possible , with such a fine mash,
that even if the fasteners are modelled completely rigid, the calculated displacement will come out too
large

Of course it Is not completely satisfactory to use a model showing such qualities. Extensive
Ivsiain need tob are u norder toobtainl method•s fo dutetof the finite fastener

flexibility with respect to the displacement contribution from the mush. It would be desirable to use a
model, which is much less sensitive to the size of the mash and which has the quality that a refined
mesh automatically would lead to improved results. One way to obtain such results is to take into
account the holes in tia model, a.g. as made by Edlund (2), see figure 6. The advantages with such a
model is that the problem of adjusting the finite fastener flexibility with respect to displacement
contribution from the mesh is significantly reduced. In addition, according to Edlund (2), the
secondary bending of the laminate Is much better predicted. (Secondary bending is currently neglected
in the present method, but may be considered in the future). Approximative account could be taken to
the through-thickness stress concentration caused by bolt tilting end deformation. It would even be
possible to predict failure approximately if the holes are considered in the model without making the
final detailed analyasi (figure 1(c)). The disadvantage Is of course that such an improved load
distribution model is more expensive in terms of modelling costs and computer costs. The modelling
cost, however, may be reduced to a minimre by developing an efficient pre-processor for generating such
a model. Perhaps it is a much better idea to develop such a pre-processor compared with developing
methods for the adjustment of the finite fastener flexibilty so that acceptable results are obtained
with a coarser model, which doe not account for the holes.

2.2 Detailed stress analysis

In order to determine the stress distribution In the vicinity of the hole boundary, a detailed stress
analysis Is carried out with a refined model (see figure l(c)) of the most highly stressed region.
Loads acting on the edges of that model are transferred by GENCUT from the previous load distribution
analysis, see figure l(b). It was shown by Edlund (3) that the stress/strain state close to the
fastener. in such a load distribution analysis, where no account Is taken to the holes In the model, Is
arroneusly aredicted. This locally erroneous prediction of the stress/strain state close to the
fastener, however, does not necessarily mean that the approach should be avoided. The loads transferred
by GENCUT are obtained soma distance away from the load transmission point. It Is possible, In spite of
the quite rough approximantion@ which are made, that the load distribution at this distance away from the
transmission point Is acceptably predicted by the model.

There are several possible ways of treating the bolt/hole interaction problem in such a detailed
analysis. Numerous studies have been made on this topic (4-17). 'oat analyses usually ignore the
bolt/hole Interaction and assuea rcther than evaluate a certain stress distribution on the boundary of
loaded holes, e.g a cosine distribution. In (17) the author used the FE-program ASIA to carry out a
detailed parametric study of the stress distribution around a single hole loaded by a bolt. A membrane
contact analysis was used, i.e. trough-thickness variations in properties were ignored. The laminate
elastic properties, bolt clearance, bolt stiffness and friction were varied. All of these parameters
were found to affect the results, the bolt stiffness heving only a small effect. For both economic and
technical reasons, however, it is questionable if friction should be included in practical design cases.
The frictional properties are also difficult to determine.
The effects of laminate elastic properties were in (17) investigated by computing stresses on the hole
boundary and in the vicinity of the hole boundary for three different laminates, defined in tigure 7 and
table 1. Here the frictionless contact problem was solved with a perfect fit between the bolt and the
hole. The bolt used in the analysis is representative of a titanium bolt with Young's modulus 3-110 CPa
and Poisson's ratio A-0.29. Also a cosine distribution was applied to laminate C. Since a membrane
analysis is performed, the stacking sequence is unimportant. The stresses in figure 8 were normalized
by the average bearing stress.

S-P/d.t (4)

Figures 8(a) and (b) show the radial stress, as a function of the angle 0, along the hole boundary and
a distance (o0-1.26 me) away from the hole boundary. The figures show that the radial stress

*• strongly depends on the laminate properties. The peak stress moves off the center line for laminates
with high stiffness In the y-direction. Of the contact distributions which were calculated, the one
obtained far laminate B shows good agreement with the cosine distribution. The others differ
considerably. The results presented in Figure 8 (a) are in general agreement with those presented by
Hyar and Ilang (15).

I-
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3.1 Net-teas.om failure

Introduction

Collings (18) conducted an experimental progrm with single hole, loaded bolt specimenas and found that
the ultimate tensile strength was strongly dependent on the layup, hole dlameter and specitn width.
The best results were obtained for a (C %-leainate. It was assumed that the including of $35"pliea in
the &-laminate will introduce a degree of softening to the joint, i.e decrease the stress concentration
end Increase the strength.

Wquite a number of papers have besn published on methods for predicting net tension failure in bolted
joints, (4,5,7,9,19-23). In general, these methods include severe approximation* and/or limitations.
Usually, the contact problem between the bolt and the hole is ignored which may lead to significant
errors in calculeted stresses and strains. These erroneus results are then used in a failure criterion,
which usually operates at a characteristic itetance away from the stress concentration. (The
characteristic distance, in its turn, may have been determined by the use of erronnus stresses). Under
such circumstances it is very difficult to have a general opinion about the failure criteria which at*
proposed. Secondly, the experlmental date which are published in conjunction with most of the studies
are often very limited en far as the layup and loading conditions are concerned.

The point stress criterion, PSC, proposed by Whitney and Nuismer (24) is used here to predict tensile
strangth. The PSC requires knowledge of the stress distribution in the vicinity of the notch and
assumes failure to occur when ow at some fixed distance, do, ahead of the hole first reaches the
unnotched tensile strength, 0o , of the material, see figure 9.

Kxperimautal

The two fundumental parameters used in the criterion, the unnotched tensile strength, 00 , and the
characteristic dimtance, do, are deterlued from experiments. Laminates of different layups ware
processed according to table 2. (Only laminates with fibres in the basic directions ((f/90'/±45") are
considered In this paper). Specimens with holes of different radii and widths were manufactured, see
figure 10 and table 3 where also the test results are presented. All laminates were ultrasonically
inspect-d to detect processing-related flays. The laminates with holes were Inspected With X-ray to
detect any delaminations caused by drilling. All tests were performed in 'hot-wet' conditions (l0(t and
IX moisture content by weight).

Nummerical results

The FP-system ABA(Zus' (25) was used to Investigate the effects of layup, hole diameter and specimen width
on do. The experimentally determoned failure load was applied to the Fl-model of the specimen. The
cosplete contact problem, which includes both friction and clearance, was taken into account. As well
known, the characteriscic distance do taken different values for different layups. This also appears
from figure 11 where the effect of layup on the variation of normal stress is plotted. (do Is
approximately 1.2 ma for laminate B and C and 3 ma for laminate A). In figure 12 the tangential stress
concentration factor, KT, derivied for sn infinitely large orthotropic plate with a hole is used for
norualiling do with respect to layup.

The effects of hole diameter and specimen width were, for the specimens included in this study, found to
be of much less Importance (52).

In a general loading case it is assumed thet failure Initiation occurs at points on the hole boundary
where fibres are either tangential or normal to the boundary, see figure 13. Net-tension failure is
evaluated in each of these points at a radial distance, do, away from the boundary. The characteristic
distance, do, Is assumed to vary with the location around the hole according to figure 12.

Net-compression failure is predicted in a similar way, but no details are given in this paper.

3.2 Bearing failure

Introduction

Bearing failure is another basic failure mode in bolted joints, which together with net-tension failure
is the most important mode. It was experimentally shown by Collings (18) that the hearing strength is
dependent on four main variables: degree of lateral constraint around the hole, layup, stacking
sequence and laminate thickness. Largs improvements in strength were observed by applying higher
constraint. This phenomenon is also discussed by Hart-Smith (26) and Stockdale (27). Hart.-Smith (26)
presented the diagram shown in figure 14. HIe raised the question whether it is adequate or not to rely
on the benefits of torquing beyond fingsr tightness. The drawback, he says, in taking advantage of the
strength associated with the extra clampup is that It would take only ome under-torqued bolt to impose a
significant lose of static strength.



- - . - . .. . . . . . . . . . *.. _ . . . _ . • • • • . . ..

6-5

The effect of layup is clearly shown by Collings (18) and Hart-Smith (26). Collings (18) investigated
the effect by Introducing O plies into a ±45" laminate. (d? is the loading axis). The bearing strength
was significantly Increased. The effect of stacking sequence was shown (18) to have a significant
influence on the magnitude of the ultimate bearing strength. The more homoeneous stacked laminate (a)
was shown to have about 16% higher bearing strength compared with the le'a homogeneous laminate (b),

to) ( Q/ +4.5 /02 /-45 /02 /-.45 J021/ .46 /0

Wh Oll,.l -41 /041/-415 /.+41021

For the adequately cleaped laminates investigated by Collings (18) the effect of thickness on the
bearing strength was reported smell.

Indeed thene are other Important paramaters which affect the bearing strength as well. The choice of
fastener, tolerance and washer are all important parameters. In the case of sinple shear Joints, the
effects introduced by bolt tilting and bending, which cause a trough-thickness stress concentration may
be severe. It is beyond the scope of thi6 paper, however, to discuss the influence on the bearing
strength from these parameters in detail. Many of them have, to the knowledge of the author, not been
Investigated to their full extents In this paper, the objective has been to develop a failure
hypothesis for finger-tight torqued Joints in homogeneusly stacked leminates of the (0/90'/±45) lsyup
family loaded in double shear. Only one type of fastener Installation has been considered.

Various failure hypotheses and failure criteria are investigated in the literature (4-7,19,23). Most of
them adopt a well known criterion (Tsai-Hill, Tsai-Wu, Yameda-Sun, max-stress....) at a characteristic
diamnslon away from the hele boundary. Here a concept proposed by Chang et al. (5) was chosen. They
proposed that failure occur#, when, in any of the plies, the combined stresses satisfy the Ysmada-Sun
failure criterion at eny point on a characteristic curve. The Yamada-Sun criterion states that failure
occurs when the following requirements are met in any one of the plies:

~~!i >1g~Y1 . 5  {
2
a failure (5)

-'Xe , f 12 <.I no failure

In equation (5), am sod a,, represent the longitudinal and shear stresses In a ply, respectively (x
and y bein3 the coordinates parallel and normal to the fibres in a ply). S is in this paper the shear
strength obtained from a tension loaded (+rI-4kýs laminate. X is either the longitudinal tensile
strength or the longitudinal compressive strength of a aingle ply. The tensile strength (X-Xt) is used
when the stress ax is tensile. Consequently, the eospreasive strength (X-X0 ) is used when oX is
compressive. The characteristic curve (Figure 15) is specified by Chang at al. (5) by the expression:

r- 0/2 +R- R.-) - N

Rt and Rc are referred to as the characteristic lengths for tension and compression. These parameters
are determined experimentally. Bearing failure is in (5) assumed to occur when the parameter a is equal
to or larger than the unity at any point, in any of the plies, on the characteristic curve in the range
oat

-1° < 9< 150 (7)

Experimsental procedure for determining the characteristic curve

Erikeson and Ireman (28) introduced some important differencezi compared with the approach proposed by
Chang at al. (5). No restrictions are put on the shape of the curve. It is only assumed (in analogy
with the assumptions in the PSC about the characteristic length, do) that failure occurs when the
parameter a is equal to, or larger than unity at some distance, r0 , from of the hole boundary. Further,
it is assumed that re varies with layup, hole diameter and location along the hole boundary.

re f( yp,d, I) () _--

Collings (18) stated that the lsyup has a definite influence on the position around the hole
circumference (a) at which failure is initiated (d-450to the loading axis). Therefore, in this study,
bearing failure is assumed to initiate in the interval defined by the relation:

-460 8C4450(9)

"Specimens of different layup and geometry were manufactured according to table 4 and figure 16 and were
tested in 'hot-wet' conditions (10dt and 11 moisture content by weight) The characteristic curvu rc is
determined by the following procedure: The failure load obtained in the experiments were applied to the
corresponding FE-models of the speciment. A typical ASKA FE-model is shown in figure 17. The
frictionless contact problem was solved. Lamina stresses where obtained trough the use of laminated
plate theory and the characteristic curve where a is equal to unity for each of the specimens could be
determined. Failure date to be used in the Yameda-Sun failure criterion are shown below
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'Numerical results

In figure 18 the characteristic curves obtained for specimens no. (1-4) are plotted. An can be
observed the shape of the characteristic curve is strongly dependent on iayup. For practical reasons it
would be desirable to replace all these aurves with ON equivalent charecteristic curve, which ahould
have such qualities that it could be used to predict the failure loads of all theme specimens correctly.
The requirement on such an equivalent curve is that it should at least in one point be tangent to each
one of the original curves without croasing any of them. If such a curve exists, the failure load for
all specimens Investigated here would have been exactly predicted. The dotted curve in figure 18 almost
fulfils these requirements.

quasi-isotropie specimens were analysed in order to determine the effect of the hole size on re, sge
figure 19. As can be observed, the radial position of rg is significantly influenced by the hole
diameter. Even the shape is slightly changed. In figure 20 the parameter,

K" re(/e d ) (11)

has been plotted as a function of the hole diameter, d, with the angle 0o as parameter. It can be
observed that the diameter influence upon K is strongly dominating over the angle influence. From here
on the angle dependency Is therefore disconeidered. The amean curve' to the curves in figure 20 is
designed In figure 21 and denotes the radial translation of the characteristic curve for d06 m.
Further on it is assumed that this translation is independent of the layup.

In a general loading case, the principal direction of the bolt load is determined. The characteristic
curve, re, (the dotted curve in figure 18) is symmetrically located with respect to that direction, see
figure 22. If the hole diameter is larger than 6 mn, rg is radially translated according to the curve
in figure 21.

4 MISCELLANEOUS ONSIDERATIONS

Here it may be suitable to point out some important issues considering the analysis of bolted joints in
real aircraft structures. Both the stress analysis and the failure hypotheses described In this study
are performed and edtablished, respectively, under certain idealizations. A membrane stress state Is
assumed in the stress analysis and the failure hypothesis for net-tension and bearing-failure are
established by use of simple. 'well-defined' joints. Certain conditions are prescribed In advance. In
a real joint in an aircraft several differences to that 'well-defined' joint say occur: The loading
conditions are generally complex. trough-thickness effects exist, the fasteners are torqued, somew--toad
Vill be v•s,.id h.* friction between the plates etc etc. Some of these effects will act to our
advantage, whereas others will have the opposite effect. It is of course essential to improve both the
strems analysis and th, failure hypothesis so that the influence on the stroenth from these effects
could be accounted for properly.

One obivous advantage with adopting Ff1 for the determination of stresses is that complex loading
conditions can be accounted for properly. Complex loading conditions are difficult to handle with an
analyticea method.
Ceneral.y. the poorer theory used in an analysis procedure, the more test results are required to obtain
sufficient design data. Another great advantage with the computational analysis procedure described in
this paper is that such design data for desirable load cases easily can be computed. Such an example is
the combined bearing typers loading diagram shown in figure 23. The diagram was determined by Iromen
(29) with the computational procedure described in figure 2. The ri/jht side of figure 23 shove tension
results and the left side shows the corresponding compression results. Figure 23 also indicates the
computed failure mode for each loading condition. The symbol NT indicates nat-tension failure. The TRB
and CRA indicates bearies failure for tension- and compression reacted bearing loada, respectively.
Flnally, NC indicates net-compression failure. A similar diagram was experimentally determined in (30).
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TAUB I

Laminate 8tiffnesse. of T3OO/914C Graphlte/lpoxy System

Percentage of plies in Ky CRy VXyIn directions

(/�U�I 1(GP) (OPt ) (CPa)

At 23/25/50 51.4 51.4 19.3 0.33
It 48/6/23 102 24.2 11.1 0.44
Cz 6/69/23 24.2 102 11.2 0.10

TABU. 2

Laminate configuration (T300/914C Grapbite/epoxy system)

No. of plies in directions
Laminate Stacking sequence (0/9d1j4f)

At I o/%/o %to /% (12/4/4)

8: 4 /2/0M2/10/9/02)s (4/12/4)

C: (It1/0 /00 )3S/00 •45 )3 (8/8/16)

TAUSE 3

Test results of T300/914C filled hole specimens

v v/d tmo ON KXP aO Cv No Batch
Laminate (M) (am) 2 off

A 36 6 2.54 0.82 1.0 5 1

A 36 6 2.34 0.78 4.7 5 2

U 36 6 2.54 0.63 4.6 7 2

C 36 6 4.06 0.57 1.9 1 2

C 48 6 4.06 0.55 2.3 6 2

C 60 6 4.06 0.53 1.8 7 2

C 36 3.6 4.06 0.49 0.8 4 1

Where Cv is the coefficient of veriation.

Cv-S/S

S in egustion 12 is the standard deviation and I Is the meanvalue

oo is determined from batch 1

TAB3U3 4

Reearin failure specimens of T300/914C Graphite/Epoxy System

Type No. of plies in d v a Load
direction, (0'/90j/41) (m) (-) (me)

1 (4/12/4) 6 48 36 Pt
2 (8/8/16) 6 36 36 PC
3 (4/12/4) 6 36 36 PC
4 (12/4/4) 6 36 36 PC
5 (8/8/16) 8 48 36 P5
6 (8/8/16) 10 60 36 P,

& ----- ----
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(b) Load dhulblmftn analysi

Figuua 1.
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It. L. Rookuwamr. 3. 0. Soother and It. Appe

NotrpCorporationl, Aizrcrft Division
I Vatn vm Newthetne, Ch 14294, U.S.A.

and

V. a. Vankayya

APMW&WFZRA& Flight Dy~anice Laboratory

fright-Pottereon Air Force Sees, Dayton, Ohio 43433, U.S.A.

Ananalysis is presented for the strength prediction of bolted composite
sntructures, based an the average stress failure criterion, The analysis.
Incorporates analytically derived OPeai41 finite elements (loaded boile * unloaded
hole. plain and effective fastener elements) into the OARC~ (Strength Analysis
of daultfastener Compoite Joints) computer code. The loaded hole, unloaded
hole and plain elements are derived from a doubly-connected laminate analysis
that accounts for the effects of finite plate dimensions via a least squares
boundary collocation solution procedre. The effective fastener element is
derived free a fastarner analysis that accounts for fastener shear and bending
effects And throupi-the-tbiokneas ef fects in the bolted laminate.. The special
finite elements In the B31S code are developed using Argyrial natural made
nothod. The bolted plates are mcodled using the"e elements, a conventional
solution procedure yields the fastener lead@ and the stress state in each plate,
and averaeq stress failure criteria are used for strength prediction. The
characteristic distance* for net section, shear-cut and bearing failures are
assumed to be material constants obtatines through limited testing. SAHCj
Pr~iatione account for the effects of fastener spacing. adjacent cut-outs,
trmough--ichasesa effects at the fastener location, and taper in the bolted

plate thickness. SAM@ Predictions of fastener loads, joint failure load% and
fGil'Ae MIdSS demonstrate emoellent Correlation vith available test results from
single and double Shear tasts On graPbie/ej0oxy-tO-aluf~inU0 Joints.

I. ntraouctie

An analysis wee deselaoed in Reference I to predict the strength of bolted
composite structure&. This r rsnsdetails of thea developed analysis,sample predictions, and a dicuson on its validity and Its application to
structural design.

Prior tO the intiation of the program In Reference 1. the strength of a
bolted )Memiatib was analytically predicted using approximate analyses and
experimental results (References 2 to 4).* The distribution of the applied load
anmon tbhe fastenoer was initially obtained, and the most critical fastener
location was subsequently analysed to predict the joint strength. The fastener
load distribution analysis was essentially one-dimemional, assuming that all the
fastenrsm In a raw (perpendicular to the load direction) carried equalI
loads. The load distribution among the various rows was predicted bared on
eaprloetally obtained *joint stiffneses values. The subeequent strength

alyis at a fastener location was based on an Infinite plate stress analysis
and was Incapable of accounting for neighboring srs ocnrtr lk
free edge, a cut-out or a neighboring fastener location).

The strength analysis developed in Reference 1 overcomes the major
deficiencies that existed at program Inception. The analysis incorporates
special finite elements into a failur analysis procedure that predicts the
fastenor less distribution, the critical fastener location, the joint strength
and Its failure mode. Four special finite element. were develoe using a
fasener ana toi end a stress analysis that accounts for finit laminate
planftsm di ensios (References S and 6). * Thee elements inolt.de a loaded hole
eleoment en Unleaded hole cleet, a plain elemet, and an effective fastener
elImet. A finite element Model Of the bolted Joint Comutes the fastener load
distribution and averaged stresses at each fastener and out-cut location. The
critical fasetner or out-out location, the joint failure load and the

corresponding failure mode are predicted based on these computations.
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noe developed anlysis bas been pregramsed to be the AAWIJ
(Itrengt nalins :t"F!itastemer Repoite 5 Jont coputer code. 8ANCJ

ilto an fastenr asip th. rsne of any out-out is included in the
i"Lute element model so an ounlooade hoT element linked to adjaý"snt "loaded

holes and plain el0Mets. Me Input material Properties Of the bolted laminates
* ~Include parameters that are required by the averag stress failure criteria.

Themee ane distanome trom the fastener or out-out bole boundaries, at selected
leestioems over which mtreseme anreaveraed end compared to aplain laminate
etragthe. to predict failure (ase Deferenee 1). eamospute the join~t loed
Iwoue tot net seotiem. beanq and shear-mut modes at failure at each fastener

end out-out locatien. Inoafemtien .errspening to the least Val"e provide. the
luint tailure load, the critical fastener or cut-out location, and the failure
made.

In eamPetift the fastener Lead distribution and the aritioal average stress
"vmele at MveY t&etener/eut-euSt location, SeNMY also accounts for fastener
flexibility effects. The fastener analysis In Reference 9 (Fork computer code)
is used to Oste the effective foatena- stiffness, eococuntir4 for belt torque
and lead easentrieity (single Versus double shear transfer of the applied load).
IOWA is QMQeyed twiee te o0191to the effective transverse stiffnewsss of the
teetenrM, aleng eO perpendiouar to the load direction. The effective fastener
stitfmse matrix esm00ete the bolted platem at the fastener locations,
a0ooetingr for all aigntifideft joint paermatebs.

A two-dauiieal analysis of a finite bolted laminate Is a primary
COVIý inotIn the deVeoIPmEnt of a strength analysis for belted laminates. A
brief deesnip0tie of the analysis (PIGS=N compute.? code) developed in Reference
I Is presented below.

The two-iMWsionel strees field In a finite belted p late is expressed in
terms of the airy straws function P (2, Y) that automatically satisfies
equilibrium equations everywhere in the plate domtain (Figure 1). The

corrsponingdisplacement solution satisfies compatibility requirements when

34~au onle.ay + (U 12 )a.2a977 ~16 F.yyy

Where a~ are laminate Comliancem as defined In Rsference 9. equation 1 in the
goverialk equation for the problem of Intereet.

A coWple variables approach. described In Fteference 10. to undertaken to
obtain the solution to Uquoation 1. this approach boas been pursued by other
Investigators to solve similar problems (sfatrencee 11 to 14) * The solution to
equation 1 Is dependent on the roots of the following characteristic
equation:

oi 4- U 16U + U& 12a + 666)u2  11262 a~ 0 (2)

For physially ameningful values of the constants a *two solution types
are poWeeile

Ma TMe roote of Nquation 2 are two pairs of complex conlugates,

1u -G+8 141, -48 *+6 6A3 1 and W4.U

where a her denote a complex conjugate, and F and 0 .
(b) Mhe roots of Uquation 2 are pairwise equals

For em iestrapio plateA U 1. u, I

mecogmising that the stroee function is a seal function of x and y. the general
solution for F mey then be written as&



I s 236 (t(e 1 ) 4 F2(81 wm Us rots are d ifferent, (I)

- !+ s(li) k when the roots are equal. (6)

where at X #ly. a, * 061 * YXa 0 l a "÷P2Y . (7)

and i tant L are arbitrary tunotiom of ej and 8trespectivly.

In the comuter oode devloped to do this analysis (FIGIfO), the properties
of an isetropic plete are perturberdery slightly so that only the solution case
with unequal rooto have to be considered. For this oase, the following now
oomplex functions are introduced for conveniencet

Thee provide the following expressionas tor stresses and displacements in the
platet

0 29.6 (w4!1(21) 4 Le*2 (82 )] (5)

o, • 3 (U. [, a.•) 4•. (11)

v 2te P ~• a+ t)* J (12t)

a - 2re [al'l(al) +q 2t*2(tt)J (la)

where Pl. P2. "I &X4 re the CoegOlea C€ostaftts defined below:

al " ll 12 F -l ' I + 112 - a1602

41 11204 e+22 /m, " a26, q4 112I"1 * a22 t/1 2 , 126 (14)

Any exPression for F. in terms of the arbitrarily assumed runotio.%s in
Equation 4, It e solution to the tWo-4ttinsionel problem. provided these
expressions satisty the appropriate utundary conditions. Recall that these
functions automatically satieta the governing equation. The problem of intoren
involves a finite anA.otr:pic plate with a loaded or unloaded circular rr
elliptical hole (see figure 1). In general, for arbitr fry oecms.ry and boundary
conditions one cannot deterain-% closed torm solutions for ;,and *Y. One method
of obtainig app~ruimate solutions is to consider Series expansions of the
functions with UIUM " coefficients. The" unknown coefficients are then
determined by satistying the boundary codition approximately. In contrast to
serieo esxupwlons In a. and a, & fester 0onvergnoe is obtained If series
exnsiOmN ar aumed in coordinates , sAd C1. obtained by using the
tol •ing mapping functionst

*i (a• . .' /(b8-1tb) *1

In a laminate with a circular or elliptical hole, the internal
boundary gets transfer*md to an alli•e in the %L -ot plane (see Equation 7).
The functions in quation 15 sap the interel bou-dary to a unit circle in the i-t
plert, a•d the Pysloal rgion of the laminate to the exterior of the unit
circle. Ihe sl•" Of the Squa•e root torn in qusatic 15 are chosen such
that the Internal boundary Is mapped on to the unit circle. •ote t.t theve
mapping functions are am•alytic functions, and hence the mapping is coforea.

Ii



In the •t " C2 plan*& 1 and $2 are assumed to be the
following (truncated) modified Laurent series expansionst

9 (0.tj sat16

In the above expressions, flad Ikare complex coefficients which are determined
so as to satisfy the boundary anhtione. The logaerithaic terms drop out it the
internal boundary is stavesf-ree (see Ftferende 14). for infinite plates, the
positive exponent terms drop out as the stresses are bounded at infinity.

In the general case of a finite animaotropic plate Vith a loaded or unloaded
holo, the coefficients can be numerioally
calculated to satisfy the boundary oneditione. The finite number of unknown
coefficients may be determined by selecting the same total number of points on
the inner and outer boundaries, and by computing the unknown coefficients by
satisfying the boundary conditions exactly at these points. However, In this
case, the calculated selutions at other boundary points are significently
different from the Imposed boundary condition. (see Reference 11). A more
desirable approach Is to choqae a large nunber of boundary points than the

number of unknow coefficients, and to satisfy the boundary conditions at these
point* in a least squares sense. This solution procedure ham been adopted for
this analysis. Prior to applying the least squares boundary c.llation
procedure, the single-veluedness of the displacements and the rigid body
rotational constraint are Imposed (see References 5, 8).

Once the complex coefficients in lquation 16 are determined, the stresses
and the displacements are calculated using Xquations 9 to 13. The accuracy
of the solution is determined by recalculati.w the stresses at the boundaries
and compering them to the imposed values. As discussed in References 5 and 6,
an N value of I aid approximately 100 pointc on the boundary are sufficient to
recoveoer the imposed boundary conditions within ,t

If the anisotropic plate in Figure I has a loaded hole, the assumptions
made in Reference a are retained. The fastener is assumed to be frictionless
and is assumed to bear over halt the hole boundary. The fastener/laminate
contsct problem is by-passed, and the contact solution is assumed to be a
consinuso aal distribution of the radial stress around the hole (sa* Figure 1).
The tangential stress is sero around the frictionless hole boundary. Results
from rescnt investigations (References 12 and 13) indicate that the contact
problem coul4 affect the local stresses significantly. Nevertheless, the
simplified contact stress expressions are assumed in this analysis.

Examples are presented in Reference 5 %nd I to demonstrate the capability
of the FI1BM computer code In computing the effect Of plate 0,3oaetry on the
stress concentration at the boundary of the loaded or unloaded holes, Computed
solutions are copperd with infinite plate solutions to demonstrate the
significant increase An the stress concentration when the outer plate boundaries
are moved closer to the hole.

3. PoFstener Analysis

In the computation of the two dimensional streams state in a bolted plate,
it is generally assumed that the fastener is rigid and the fastener/plate
displacement due to inplane ldad does not vary in the plate thickness
direction. In most of the practical situations, this assumption is not valid,
end the stress field at the fastener location is complex and three dimensional
in natual, (see Reference 15 to 15). The three dimensional stress field at the
fastener location in a bolted plate Is influenced by many factors2 fastener
eise, ftat,-ner stiffness, fastener end constraints, fastener torqoe, hole
clearance, properties of the bolted plates, stacking sequence of the bolted
laminate, load eccentricity induced by joint configuration, e*t.

A single lap joint configuration, due to the eccentricity in the load path,
will affect the local stress field more significantly than a double lap
configuratior. If the fastener modulus is large compared to the bolted plate
modulus, and the fastener diameter is large compared to the plate thickness, the
fastener bending and sheer stiffness** will be large enough to cause it to act
like a rigid fastener. Othervise, fastener bending and shear deformation will
influence the local stress field significantly.

Fastoner end constraints also have a significant effect in the local stress
state. a protruding head fastener with a large applied torque value creates a
nearly-f•ied end boundary condition, a prin permits free rotation at the
boundary, and a highly torqued countersunk fastener creates nearly-tixod and
nearly-free constraints at the nut and head lovitions, respectively.
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Intermediate torque values are represented by elastic constraint equations that
quantify constraints betweeen fixed and free conditions.

A brief summary of the fastener analysis approach is presented with the
aid of Figure 2. For a single lap joint configuration subjected to a tensile
load (Figure 2a), a typical fastener/bolted plate displacement variation is
shown in Figure 2b. The distribution of the contact force is influenced by the
many factors mentioned earlier and is not a continuous function in the plate
thicknse direction. Figure 2b shows a typical contact forac distribution in
bolted metallic plates. The resultant of the contact force distribution will be
equal to the applied load (P) in magnitude, but will not, in general, lie along
the line of action P. This is because its line of action is determined based on
moment equilibrium considerations. A free body diagram of the fastener will
include contact forces that are opposite in sense to those shown in Figure 2c.
The spr.ng constants represent the resistance offered by the bolted plate to
fastener displacement. In a laminated plate, spring constants vary from ply to
ply, and are dependent on ply fiber orientations. In a metallic plate, the
spring constant will be invariant in the thickness direction. The various
springs, with appropriate constants assigned to each, mathematically replace the
bolted plates by an elastic foundation whose modulus is piecewise uniform in
general.

The fastener is modeled as a Timoshenko beam to account for shear
deformation effects. Figure 3 shows the deformed state of an infinitesimal
regment of the fastener, and Figure 4 presents the assumed sign convencions for
transverse shear (V) and bending moment (N) in the fastener. The coordinates
along the fastener axis and the loading direction (in the plane of the bolted
plate) are labeled a and x, respectively. Under load, a plane section undergoes
a translational displacement u(3) in the x direction, a bending rotation ? (z),
and shear deformation. While %V is not a function of x, the shear strain due
to V is, due to the variation ot the transverse shear stress (,t ,,) in the x
direction. This results in the curved shape for the deformed cross-section.

Representing the average cross-sectional shear distortion (rotation) by the
symbol *, the following relationship is assumed (Timoshcnko beam theory):

v - f dA -= GA# (17)

where A is the fastener cross-sectional area, G is its shear
modulus, and X is a shear correction factor accounting for
nonlinear t. distribution in the x direction. The total rotation of the
section AS is denoted by u', where the prima denotes differentiation with
respect to z. From Figure 3, it follows that:

U, -#- (18)

The bending moment at any z location is expressed as follows:

N- I o xdA- I(Ecz) xdA- fE(xt') xdA - Etlý' (19)

where CrL is the fastener bending stress, CL is the axial strain
in the fastener due to bending, E is the fastener Young's
modulus, and I is the moment of inertia of ths fastener cross-
section about the y axis (normal to the xz plane).

If the fastener is subjected to a distributed transverse
load q(s), force and moment equilibrium considerations yield the
following relationships (see Figure 4):

(20)V' -

' . V (21)

Again, primes denote differentiation with respect to X. Equations 17 to 21
yiold the following relationships for N, V and ; 1:

M - -A1 [u" + q/(ACA)] (22)

V - -31 Iu"' + q'/(AGA)] (23)

*- -(lI)XGA) [u"+q'/(XGJ] -u' (24)

Equations 20 and 21 may be combined to yield tbh following
equilibrim equation:
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N "-q (25)

Substituting equation 22 into the above equation, the following
govterning equation is obtained:

u " + q"/ (CA) - ql(EI) - 0 (26)

This equation, where q - q(s), governs the displacement of the
fastener.

The effect of the bolted plate (metallic or laminated) on *he fastener
displacement is represented by the transverse loading term q(s) in the governing
equation. The q(a) term is, in turn, linearly related to the fastener
displacement u(x) through the foundation modulus k(a). For the more general
laminated foundation, the foundation modulus varies from ply to ply, and is
uniform within a ply. k(s) is, therefore, piecewise uniform.

I Zn the developed analysis, every ply is also assumed to be a bilinear
elastic (Hencky) material (see Figure 5). This representation of the ply
behavior permits the prediction of a local damage in the ply (when u = u. )
that is not catastrophic. The ply modulus is 14 for O<u <u. Depending on
the type of damage predicted in the ply, .ta modulus (k,,) beyond u - u. is
set to be greater than, equal to or lass than zero. If k%>0,
the ply exhibits a hardening behavior; if kx&O, it exhibits a softening
behavior; and if k%-0, the ply is an elastic-perfectly plastic material. When u
takes the value of u* (Figure 5), the ply loses its load-carrying capability.
At this load level, the ply is assumed to have failed totally and its modulus
and load are reset to zero. Adjacent unfailed plies share the load that is
released by the totally failed ply.

The general ply load versus displacement behavior is expressed
mathematically as:

q(a) - -u where (27)
k - kI for an undamaged ply
k - k2 - ak1 for a partically damaged ply

k - 0 for a totally damaged ply
k - k2 ' (1-0i)k 1 for a partically damaged ply (28)

k 0 for a totally damaged ply

u - 0 for an undamaged ply

U - u. for a partially or totally damaged ply

k1 , U0 . k2 and u* or putaIeto/pnitU.al fully define the general

ply behavior. Us and u* are dependent on the failure criteria used to predict
partial and total ply damage. kL - kok is established by assigning o.values for the various partial damage types. If the ply behavior can be
adequately represented by a liqear elastic approximation, a simplified forptof
Equation 27 may be used.

The intial foundation modulus (kL) for the j th ply type is computed using
the following relationship:

0 " px/(h doff) (29)
1 X

where 8eff and PxJ are computed using FIGEON results and the principle of work
(Reference 5), and 41 is the thickness of the I th ply type.

The boundary and continuity conditions on a fastener that bolts two plates
in a single lap configuration are shown in Figure 6. The portion of the
fastener in each plate is shown separately. The load (P) in each plate is
enforced an a shear boundary condition at the interfacial location, to satisfyforce equilibrium requirement. The shear force values at the outer boudaries
(the head and nut locations of the fastener) are set equal to zero, since the
load trarafer is affected between these locations. At the interface between the
bolted plates, continuity of the bending slope and the bending moment are
enforced. Continuity of displacement is not enforced at this location. This is because u (s)
represents the fastener/plate displacement, and undergoes a finite discontinuity across this
interiacial location In the joint.
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At the fastener head location, the head type and the presence of washers,
if any, influence the constraint against free rotation. A washer and a nut
offer a similar comstraint at the other boundary. The constraints at the
fastener head and nut locatlons can be generaliaed as shown in Figure 6, where R1
and RS. quantify the elastic restraint. For a pin-connected joint, for
example, Rf. and 

3
L are met equal to zero.

Load transfer in a symmetric double lap configuration yields the boundary,
symmetry and continuity conditions shown in Figure 17. The boundary condition
at the fastener head looation, and the shear and continuity conditions at the
interface between adjacent plates, are identical to those discussed earlier (see
Figure 6). Symmetry introduces a zero shear and a zero bending slope condition
at the midplane of plate 2. It is noted that only half the fastener is analyzed
for a symmetric double shear situation. A total of B
boundary/continuity/symmetry conditions are identified for each joint
configuration.

Incorporation of Equation 27 into Equation 26 will result in a fourth
order, ordinary differential equation for u(i) with variable coefficients
(because k is a function of a). A finite (central) difference approximation of
the governing equation, and the boundary and continuity conditions, is adopted

t to obtain the fastener/plate displacement and the corresponding fastener load
distribution in the thickness direction of the bolted plates. This provides a
rapidly executable solution scheme that can be economically executed many times
to predict progressive failures in bolted joints.

Figure 8 describes how the continuous fastener is discretined into a finite
number of nodal points. In the chosen example, plates I and 2 are assumed to be
5-ply and 4-ply laminates, respectively, bolted together in a single lap
configuration. The portion of the fastener in each plate is represented by
equally-spaced nodes located at the ply midplanes. If either plate is metallic,
it is divided into m or n number of plies of the same properties. To enable the
use of a central difference scheme for the governing equation an* the boundary
conditions, two 'false' nodes are assumed to be present on either side of a
plate.

The governing equation is enforced at the n + m 'physical' nodes, and the
boundary/corntinuity/symmetry conditions are enforced at the boundary nodes
(identified in Figure 9 as nodes 3 and n+2 in plate 1, and nodes n+7 and a+n+6
in plate 2). This provides a system of m+n+S equations that are solved for the
nodal displacements by using a standard matrix decomposition or a matrix
inversion routine. The coefficient matrix to be inverted is banded in nature,
and a special purpose Gaussian triangularization computer code was developed to
solve for the nodal displacements. When the coefficient matrix size is large,
this provides an economical means of obtaining solutions.

The number of actual plies in a bolted laminate determines the number of
nodes in the portion of the fastener within that laminate. A physical ply can
also be divided equally into two or more plies of smaller thicknesses, to
improve the accuracy of the solution. Referring to Figure 9, if plate 1 is a
laminate with n plies, the portion of the fastener within plate 1 can be divided
into k x n segments that are tL/(kxn) in thickness, where k is any integer
. 1.

The effect of the number of nodes per bolted plate on the
convergence of the displacesenta solution was studied in Reference 5. It is
necessary to divide a metallic plate into at least 20 identical "plies" to
obtain a converged displacement solution, which ensures an accurate prediction
of the load distribution in the thickness direction. In laminated (non-
metallic) plates, a minimum of 30 nodes per plate is required to obtain accurate
solutions.

The finite difference formulation of the fastener anala'is has been
programmed to be the FDFA computer code. Convergence studies on the analysis,
correlation of FDFA predictions with available analytical solutions, and sample
predictions using FAFA are presented in Reference 5.

4. Effective Fastener Element

Reforrng to Figure 10, the relative displacement between two bolted plates
is computed using the fastener analysis described in section 3 (FDFA computer
code). This enables the oamputation of the effectirsa fastener stiffness value
as follows:

K P/(U -u) (30)
K T US
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bottowhere S Ls are the average relative displacements (between the top and
bota~t surf os) i• the top and ,bottol plates, respectively. P I. the load
applied along the x direction in the xy plane of the bolted plates. When both
the bolted plates a" isotropic, the effective transverse fastener stiffnesoes
in the x and y directions are identicall i.e., ky-kx. If either plate i: a
laminated composite, this analysis Is performed for each fastener. The
layup used to compute kx is rotated by 90 degrees to obtain ky.

!~a showmben in Figure 10, the two-nod* effectivo fastener element allows twodearee of •reedom (007) at each node, pertpendiculr to the axis of the element.

tThrough FDF ompnutation of Xx and ky, a 4 x 4 effective fastener stiffness
:: intrin is generated. Nlitherte, theme stiffnesses, referred to as joint

stiffnesses, have been experimentally measured quantities.

5. Loaded Hole, Unloaded Role Ind Plain elements

an a general multiply-fastened panel, significant moments and out-of-plane
forces can be generated by the applied loading, particularly in a single shear

load transfer configuration. The present analysis assumes that the loaded hole,
unloaded hole and plain elements behave essentially as membranes under plane
stress conditions.

The characteristic feature of the loaded and unloaded hole elements is the
presence of a stress concentrator (the hole) which complicates the process of
determining stiffness coefficients. The PIGEON code, described in Reference 5,
is capable of computing the state of stress within a doubly-connected region of
finite dimensions, undar arbitrary inplane biaxial loading. The availability of
PIGEON activated the adoption of a flexibility approach to computing the element
stif.aess matrix. The natural mode method, originally proposed by Argyris, is
employad for this purpose (Reference 19).

The natural node method was originally developed as a simpler alternative
to the sometimes tedious matrix displncement method of determining element
stiffness relationships. The natural node method recognizes that the total
number of kinematic degree@ of freedom in an element can be separated into
straining and rl-id body modes. only the straining uodes give rise to
stiffnessme that are referred to as natural or invariant etiffnesses. The
natural stiffness matrix is of a lower order than the global stiffness matrix.
The natural node technique proceeds from a flexibility standpoint in which
natural load cases are initially imposed to compute the natural flexibilities.
The natural flexibility matrix is subsequently inverted to yield the natural
stiffness matrix. The natural stiffness matrix is then expanded to yield the
global stiffness matrix using relationships between the natural modes and the
nodal displacements.

The natural flexibility coefficients are computed based on the principle of
virtual work. When stresses are varied while strains are held constant, a
calculus of variations definition of the virtual work is:

6C .- ff (C IT a {o) dV (31)
c v

where V is the volume of the domain of interest. The stresses
and strains introduced by the naturea loads are defined as:

(T) [ ] y T
T -(] p) (32)

() - [Ca c 7XY]T . h[A]"l [-) (P) (33)

where the states of stress and strain are at a point in thel plate of thickness
h, I U

1 
is a vector of natural or generalized loads, h Ar" is the inplane

flexibility matrix for a laminated or metallic plate, and 1.a contains the
contribution of each natural load case to the total stress state in the plate.
Equation 31 may than be written an:

-Pc" T I ( j. T hA]-' [1) dV 6{IpN1 (34)

The natural flexibility matrix may then be defined aet



SF
[F.] - i h [ AjT b(A]-i ] dV (35)

' V

Integrating in the thickness direction,

(Nh]'- h if [•f [A]- ['5) dS (36)
S

where 2 is the area of te domain of interest. If ( Pl is the natural
displacement vector, the flexibility relationship is expressed as:

N IFNI (?N) (37)

or

(P ) IFNI- ' (C) - [%] (c) (38)

where , t0 in the natural stiffness matrix.

To relate the displacoeents in the nalural and global coordinate systems, the global
displacement rector can be represented as a combinstion of elalstic and rigid body components.
Aseuming n noes in the plate lemere. and tw degrees of freedom ( u and v in +.he x and y
directions, respectively) at each node,

(Q).1 1 V 1 'a v* T 39)
I''2'2 n n]T) {Pe)+ (%)

The elastic global displacement, at the n nodes are related to the natural loads
an follows:

toa).- [AS] (%)] (40)

where Lkil is a transformation matrix. Substituting Equation 38
into Equation 40, one obtain&%

(41)

The rigid body components qf the global displacements are expressed as:

(00) - (D. -) (42)

where (.e' contains the rigid body translations in the x and y directions (u and
v), anJ the rigid body rotation about the a direction ( *L ). The "A k
matriu is solely dependent on the element geometry, and an example for a five-
node element is presented in Figure 11.

The relationships in Equations 41 and 42 are adjoined to yield the
following expression for the global dieplacemants (see Equation 39):

I0) - [,CA) (K..A ]J (A.J (o9,- (43)

The inverse of Equation 43 yields a relationship betveen the displacements in
the natural and global coordinate systens:
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N I NJ (0a.] ]'* ,,
(45)

a. ((4) - (P

Inomatin uqiuation 45 into the principle of virtual work, the f,,lloving
relationslhip between nodal (global) loads and the natural loads is obtained:

*se T ON,) (46)

The global stiffness matrix is then related to the natural
stiffness matrix tXk1 through the transformation matrix t0L,
aS followas

C%) " C°.]T (3 C*(47)

The order of the natural flex!Dility matrix is less than the
total number of degrees of freedom (DOF) in the element by three. The
B-node, 10-DOW loaded hole element, therefore, requires seven natural
load camse that Form an uncoupled, orthogonal set. These load came.
fully interrogate nodal interactions, and represent the basic element
deformation modes, including membrane ,st.tching, @hoer and banding
(see Figure 12). In computing the natural flexibility matrix,
Xquation 36 is evaluated numerically using a standard Gaussian
integration scheme to approximate the surface integral.

The Integration (summation) is performed by dividing the element
into four regions. TMe stresses for each load case are computed in
each region, at locations that correspond to fifth order Gaussian
quedrature points, scaled to the geometry of the element. The computed
stresses are summed and weighted to yield the natural flexibility
coefficients.

In the loaded hole eleament, the first four load cases, in
which the externally applied load is reacted at the boundary,
cause a significant non-unitorm distortion of the element edges
(see Roferince 6). These straining modes are not adequately
represented by storing only the nodal displacements in the EA.
matrix. To correct this problem, the average edge normal
displacements are assigned to the nodes.

The generation of global stiffness matrices for the unloaded (open) hole
and plain elements follows the procedure outlined above. These elements contain
only four nodes (I DOF) each. Therefore, only five natural load casos are
required to generate their natural flexibility matrices. The transformation of
the 5 x 5 natural flexibility matrices to the a x a global stiffness matrices
for the two elements follows Equations 31 to 47. Since FIGEON was developed to
analyse doubly-connected planforn regions, the plain element stiffnesses are
obtained using the open hole element algorithm, Setting the hole radius to a
very small value. This also provides the added benefit of using the same set
of subroutines to generate the stiffness matrices for all the plate e*ements
(loaded hole, unloaded hole and plain elements).

6. Load Distribution among Fasteners

A typical bolted joint is represented by interconnected special finite
elements. The stiffness of each element is initially computed and stored. The
global joint stiffness matrix is then formed by assembling the individual
stiffness matrices for the loaded hole, unloaded hole, plain and effective
fastener elements. The SANC. user only defines the type, geometry and
Iroperties of the individual elements. 8ANC internally processes this
nfolat~ion to generate the global joint stiffness matrix.

The assembled, global joint stiffness matrix is related to the nodal
displacements and loads as follows:

(P) - K80 (46)
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Bahc bolted plate contains n odes, which include the fastener nodes. Each node
has two degrees of freedc- (u and v displacements). Therefote, the global joint

tstiffness matrix Is 41 x 41 in msie. The imposed boundary constraints reduce
the mime of the stiffness matrix that is eventually used to compute the nodal
diarlaksmente and boundary constraint forem. Incorporation of the nodal
displacements into element equilibrium equations yield the nodal forces in theIndividual slementh. The loads at node 5 In each loaded hole elmnent providethe x and y components of the fastener load in that element.

7. tress State in the Bolted Plate

The stress state at any internal point in an element is computed using a
procedure similar to the computation of the natural flexibility matrix (see

Reference 6). Dering t�a generation of element natural flexibility matrices,
the stress states at location within the element are computed and stored forunit values of ever natural lead aase. Desired stress recovery locations are
pre-selacted for this purpose.

4. at Failure Node Prediction

SAW%7 predicts the strength of a bolted plate using average stress failure
criteria at the laminate level (see Figure 13). in Reference 5, the same
orfteria were applied at the lamina le•l to predict progressive ply failures in
a singly-fastened laminate. The characteristic distanoes over which the
stresss are averaged In 8A30 are different from those used in Reference 5.
Also, failure is assumed to be a one-at, (oatestrephic) process. The strength
of a bolted plate corresponds to the initial failure at a fastener or cut-out
location, in a bearing, shear-out or net section failure mode.

Appropriate failure sites are Identified by aAMCW in every element. These
sites vary with the applied loading. The characteristic distances for the net
section, shear-out and bearing nodes of failure are divided into a finite number
of regions. The appropriate stress components corresponding to a 1-kip joint
load are cmputed in these regions, and their average values over the respective
characteristic distances are stored. The ratios of these average stresses to
the corresponding unnotched strengths are subsequently computed and relatively
evaluated to predict the strength of the bolted plate, the failure site and the
failure mode. Under tensile loading, the average Wi value over A." is divided
by the unnotched tensile strength to predict net section tensile failure.
Under compressive loading, the average CA value over ot is divided by the
unnotched compressive strength to predict nyt section compressive failure. The
average CA value over eL. is divided by the unnotched
compressive strength to predict bearing failure. The average %av value over
066 is divided by the unnotched shear strength to predict shear-cut failure.

The unnotohed laminate strengths, under tension and under compression, are
computed by sAiso based on input fiber-directional failure strain values
(tensile and compressive). Laminate strengths under NI and N. loadings
(inplane normal and shear stress resultants, respectively) are assumed to
correspond to first fiber failure in a ply. This simplistic stre.gth prediction
procedure introduces Inaccuracies that have been acknowledged and discussed in
the literature. Nevertheless, SAXC7 adopts this procedure for lack of a
validated alternative.

SANCM assumes that a net section, shear-out or bearing failure of any
element results in joint failure. This assumption results in a one-step
strength, failure site and failure mode prediction for a multiply-fastened
plate. A 1-kip tensile or compressive load is applied, and fastener loads and
normalised averaged stresses corrpponding to not section, shear-out and bearing
failure modes are omputed. The fallute value of the applied load corresponds
to & untt value of the maximum normalized average stress. An identification of
the maximm normalised average stress, and its location, provides the J.iint
failure mode and the critical fastener or uut-out location.

9. Sample SANs3 Predictions

In the experimental part of Reference 1. over 160 composite-to-alunnus
multifastener joints were tested under static loading. Reference 20 contains
results from these tests, including fastener load distribution measurements
using strain-gaged bolts, failure loads, failure locations and failure modes.
Sample test cases from Reference 20 are analyzed below using the SANCJ computer
code. Analytical predictions are compared with test results to estahlish the
validity of the developed analysis.

o•lted laminates wore fabricated using A81/3501-S graphite/epoxy
unidirectional prepreg material containing approximately 35% resin by weight.
These included 20 - and 40,- ply laminates with 50/40/10, 70/20/10, 30/60/10 and

* 25/60/15 (percentages of 0 , +-45 and 90* plies, respectively) layups. The 20-
ply, 50/40/10, 70/20/10 and 30/60/10 layUps had [(45/0/-45/0)2/90]s, (45/0/-
45/03/90/0310 and [45/0/-45/0/45/90/-45/0/+-45]O stacking sequences,
respectively. The 40-ply, 50/40/10 and 70/20/10 layups had [(45/0/-

A
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45/0)2/0/90138 and (45/0/-45/03/90/0334 staki.4 * a or.... , respeotively.

SAlmimam plate* wer bolted to laminates to - .1..load transfer in singleand 6ouble-oeher oonfigpuration, the netpllio plates yore machine from
7075-T? •VO stOkt, And oo0tained fastener bole arra~ments that were compatible
with tboas in the I ninated selcimens. The tllickneis t t h metal pleate& in the

isection is donated :y t•,.

mast of the tests use 5/1-inch diameter, protruding head steel fasteners.
Selected tests used 5/16-inch diameter, 100 degree countersunk (tension head)
steel fasteners. The fasteners were torqued to 100 in-lb, prior to testing,
unless otherwies specified.

9. I COoeite-to-MUL .lJoift with oM Paptene in I Rhctlngulsr Pattern

Test cases 235, 229 and 230 in Reference 20 consider compoeite-to-etal
joint, in a single-shear configuration, with four fasteners in a rectangular
patter,.. The finite element model for each of the bolted plates contains four
plain and four loaded hole elements.

Fo igure 14 compare SAI Ipredictions with test results from Reference 20
for' bolted 50/40/10 laminates. The predicted fastener load distribution is
nearly eqoal, with the inner fasteners carrying a slightly larger fraction of
the load (S0). This agrees with the test results in Reference 20. SAJUC
predicts a shearout failure at the inner fastener location. The predicted
shearout load levels corresponding to the two inner fasteners were 18. 1 and 18.9
kips. In Reference 20, the same failure location (inner fasteners) and failure
mode wore observed in two out of three replicates. in the remaining replicate,
though, a net section failure occurred across the inner fasteners. The shearout
failures in two specimens were accoapanied by delamination in the laminate. The
failure load predicted by SAMWC (16.1 kips) is only 6% larger than the measured
average value (17.1 kips).

SAMC predictions for bolted 70/20/10 laminates are presented in Figure is.
The fastener load distribution is identical to that predicted for the 50/40/10
laminate, and agrees with the teat results from Reference 20. The predicted
failure location (inner fasteners) and failure mode (shearout) correlate well
with the obs•rvations in Reference 20. As before, shearout is accompanied ky
delarinations in the failed laminate. The failure load predicted by SAXcJ (11.8
kips) is 21% lower than the measured average value (14.9 kips).

5AMCJ predictions for bolted 30/60/10 laminates are presented ir Figure 16.
In this case, the predicted loads in the inner fasteners (3, 4) are 17% larger
than those in the outer fasteners (1, 2). 8AR03 predicts a net section failure
across the inner fastener holeu (3, 4) at a load level of 12.4 kips. In
Reference 20, the predicted net section failure was observed at the predicted
site, accompanied by delaminations. The failure load prodicted by SANCJ (12.4
kips) is 24% lower than the measured average value (16.4 hips).

9 g 2 ou te-to-Iotal Joints with six Fasteners and an

Test cases 243 and 246 in Reference 20 address a single-shear load
transfer between 0.5-inch-thick aluminum plates (without a cutout) and 40-ply
laminates of 50/40/10 and 70/20/10 layups, with a one inch diameter circular
cut-out adjacent to the fasteners.

SAMXC predictions for the 40ply, 50/40/10 laminate are presented in Figure
17. Aas predicts the applied load to be divided nearly equally among the six
fasteners, with fasteners at locations 2 and 5 carrying the largest fraction.
This correlates fairly well With the strain-gaged bolt measurements in Reference
20. SANCJ predicts failure to occur in a not section mode, across the 1-inch
diameter circular cut-out. Two out of three test replicates failed in the
predicted manner. One replicate, however, failed in a not section mode, across
the inner fasteners (4, 5, 6). The failure load predicted by SANCJ (38.3 kips)
is 9% lower than the measured average value ;42.0 kips). SANJC predicts a
higher load level (53.7 kips) for a net section failure across the inner
fastener holes, observed in one out of three replicates.

SANc• predictions for the 40-ply, 70/20/10 laminato are presented in Figure
I. Predicted load distribution among the six fasteners is similar to that
predicted for the 50/40/10 laminate, and is in fair agreement with test
measurements. SMC predicts a shearout mode of failure at an inner fastener
loaction (5), and tests revealed shoearout failures at all the fastener
locations (1 to 6), accompanied by delaminations. The failure load predicted by
SANCJ (27.9 kips) is 12% lower than the measured avere7s value (42.9 kips). It
is also noted that 5A1S03 predicts a net section failure acreoe the 1-inch-
diameter circular cut-out at a slightly higher load level (36.6 kips).



fest came 2ss In Maferenc 20 conmeder lead transfer between &an almainum
p late and a 40-ply, 50/40/10 laminate In a double shear confi~guration. sAMCJ
prediction. tor this test case are presented In Figr?. 1, . The predicted load
distribution miigthe fastenere qualitatively followa the trend indicated by
the .train-geged bolt mesaurements In Reference 20. The predicted peak fastener
lead treetitn (0.293), howeever, Is loeve then the measured v~bue (0-345). The
Innermest fastener (5) is predicted to carry this peak tractional load. in
agreement with test results. IAS7 rdit the laninat, to tail in a not
section med" across the irumermmet fastener otle (5).* This prediction is also in
agreemenlt with the observations in Reference 20. The analytically predicted
faiure lead (12.4 kips) Is 240 lower than the measured average value (17.7
kips).-
Ia1. gWAM Amallosti

"0h design of a bolted joint in composite structures involves tle selection
of the fastener type, site and arrangemsent (spacing between adjacent fasteners),
and geometry caesIn the bolted plates (layup channe and change in the
planfers dimsnsions). 32NW can quickly interrogate the effects ofl all these
parameters on the joint strength, independent of teat measurements like "Joint
stiffnesseee. and is1, therefore. a rapidly usable analytical design tool. *if
the bolted laminate is to be fabricated using a new materiel, only the basic
lemmna properties and the characteristic distances for the average stress
failure criteria have to be determined prior to performing the analysis.

11. Cocuions

"me significant improvements offered by 5AE0W ever the state-of-the-art at
the Inception of the program in Reference 1 ares

(1) 5MS0W perform a one-step analysis that computes the fastener load
distribution, critical fastener location, joint failure load, and the
corresponding failure mode. Hitherto, speprate fastener load distribution and
failure analyses were performed, requiring a two-step analytical procedure.

(2) 52M03 only requires the geometric and material propertion of the
bolted plates and fasteners as input. 5AISC internally computes the effective
transverse fastener stiffness values that account for fastener size, fastener
and bolted plate material properties, bolt torque, load eccentricity (single
versus double shear load transfer), and the local three dimensional stress state
at the fastener lý4&tion. Hitherto, these effects could only be accounted for
via experimentally measured "Joint stiffnesses." 5A53C eliminates the need for
theme experimental measurements, and is, therefore, the first multifastener
bolted 'Oint strength analysis that is devoid of dependence on test results.

(3i 521S0 performe a two-dimensional load distribution analysis, and
predicts the magnitude and orientation of the load at each fastener location via
comonent* of the fastener load along and perpendicular to the load direction.
Hitherto. analyses only addressed the row-to-rev load variation, or the axial
components of the fastener loads, resorting to a one-dimensional analysis.

(4) SAMC. accounts for stress concentration interaction effects that
hitherto could not be accounted for. This includes the effects of adjacent free
edges, cut-outs and proximate fastener locations.

(9) SJ%03 accounts for tapered bolted plate geometries that are
oommonplace in practical situations.

?be primary limitations of the developed analysis include its inability to
account for the effect of countersunk fasteners, its inability to predict tha
precipitation of dolaminstiona, and the inaccuracies introduced by the five-node
representation oil a complex problem (a laminate with finite planforn dimensions,
a fastener hole, and a fastener load distribution around the hole boundary).
The fastener analysis segment of 5ANCJ cv, be modified to overcome the first
limitation. The failure procedure can bz, modified to predict delamination.
through approximate estimations of interlaninar stresses and an appropriate
failure criteri~n. Thiis task will be similar to that perform-ed in Reference 5.
The last limitation (inaccuracies introduced by the five-node element) can be
overccome by developing a higher crder element (nine- ncod element).

Thie presented (BMICJ) analysis is a significant a-intribution to the design
and analysis of bolted structural parts. It Is, for moat of the practical joint
configurations, moderately conservative, and provides the user with a fairly
accurate prediction of the failure location and the overall failure mode. As
such, it will be vary useful in zapidly snd analytically evaluating many bolted
joint concepts, and to identify the moat efficient concept for a Selected
application.
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Test Case 225, Static Tension, Single-Shear20-Ply, 50/40/10 Laminate
D,5/16 in. t-0.117 in., tAL-0.

31

SL/D
-

ST/D-4. W/D-l0, £/D-3

SAMCJ TEST RESULTS
PREDICTION

-~--- P11 /P 0.34 0.36

P3tP 0.34 0.36

'.1PS, 0p .3, 0.3,
Y P, 1P 0.36 0.311

Pres.ur (Mips) 18.1 (16.0) 17.1

r FAILURE LOCATION 4 (3) 3. 4

I - FAILURE MODE(S) SMEAR-OUT SMEAR-OUT,S~NET SECTION,
E0I 9 DELAMINATION

Figure 1Li. SAMCJ Predictions and Test Results for Test Case 225 ( Ref.6 ).

Test Case 229, Static Tension, Single-Sheer

20-Ply, 70/20/10 Laminate
D-5/16 in., t-0.105 in., tA1-0.31 in.
SL IDOST/D

- 4
. W/D-10. E/D-3

EAMCJT I TEST RESULTS

' F ,, 0.34 0.,,

TP 3 1P 0.34 0.34

-! I 1 i' o., o.
L 04 1P 0.20 0.22

Pfallvre (kips) t1I.& (12.3*1 14.0

pl', P4 F1 1l P2 FAILU Nff LOCATION 4 (3) 4. ,2

I ± FAILURE MODS(S) SGHAR-OUT SHMEAR-OUT,
L ---- DELAMINATION

Fig-ire IS. SV•ICJ Predictions and Test RL'uIlts [or Tnst(:dse 229 ( Ref,6 ).
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Test Case 230, Static Tension. Single-Shear

20-Ply, 30/60/10 Laminate, t-0.106 in., tAL-
0

.
3 1 

in.D)-5/16 In., SL /D-S T.4, WID-10, E]D-3

OAMCJ TEsa RESULTS

SL 9PEMDICTION

CD P2 7j 0.23 0.24
T aI 0.23 0.26

F 7 j- P3 0P 0.2? 0.26

L ---- - •- P
4
1P 0.37 0.24

P l ille I p | kils) 12 .4 41 11. ) 16 .4

3' ?•, P2 FAILURE LOCATION 4 (31 3, 4

I i J FAILURE MOD1(S) NET SECTION "IET SiCTION.
L -------- DLAMINAT'ONJ

Figure |•6 SAHCJ Predictions and Test Results for Test Case 320 ( Ref.6 ).

Ttst Case 243, Static Tension, Single-Lap
i
t
t-Ply, 50/40/10 Laminate, t-0.247 in., tAl0.50 in.

;).5/1O in., It 1 in., SrL./DIST/D-/4. 4/0.14.., E/I0-3.2

1.0 SAMCJ TEST RESULTS

.316- P IF 0.104 0.102T 5- -I -I 0141 0.160
4 1, I.5 IR I. 0.I I.'0

--( >) \ - " I~ -RE ICTIoN,[ __ .,___

I 175 P d4/P 0.150 0,177

pi6IF 0.174 0.161

PoIP 0.167 0.165' 2. o . 2.s - . 0 ' .2 5 - 1 .o - .
. . 35Ioro (kip1) 30.3 (63.?)* 412,0

P6,5.4 p3,2,1- FAILURE LOCATION ? (a) 7 and 4. S, S
rI I FAILURE MODE(8) NET SECTION NET SECTION

,T NiET SECTION)

Neal possible failure imods and Iocillon al a higher load level

Figure 0'1. SAMCJ Predictiun, and Test Results far Test Case 43 ( Ref.6 ),

i -1
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Test Case 246, Static Tension, Single-Lap

40-Ply. 70/20/10 Laminate, t-0.236 in.. tat-0.50 in.
D-,5/16 in., 1trip- n., SL/ DST/I),4. W/0)-14.4. E/D-3.2

SAMCJ TEST RESULTST , •-s4'- I .t ,ICTION

2 9 l -P 0.14.

P 1 0.1 6 0.165

0 0 1 10 PsIP 0.141 0.100
S' I -G - - Pam o.16 0.172

'~~ 0 • , .177 0.14 1

r . '.' i -I2.0 i.0Z " "Z0

"Pfallsrs (kips) 87.6 (,1.8)* 430.

t FAILURE LOCATION S (7) 1 1*eE

VAILUREA MODE(S) SHEAR-OUT SHEAR-OUT.
I(IT SECTION) DELAMINATION

"Nest possible failure mode and lseallon at a hisher load level

Figure %19 SA.ICJ Predictions and Test Results for Test Case 246 ( Ref.6 )

Test Case 250, Static Tensiun, Double-Shear
40-P'y, 50/10/10 Laminate t-0.241 in., tat-0.38 in.,
:3-5/16 in., SL /L-

4 , W/ 4.8, L/D-3.2

-- T PREOCTI TEST RESULTS

- - 01 mG -) 0~TP* .171 0.1*4
PI/P 0.166 0.124

11?0.167 0.134

I-1L SL 9I. SL aL 1 P 4 1P 0.111 0.07

P5 /IP 0.563 0.346
I' l 1 ,•Pt l, (kips) 13.4 1.,7

'-- -,.. FAILURE LOCATION

FAIL.URE #1001(G) MET SECTION NET SECTION

Figure %4. SA*ICJ Predictions and Test Results for Test Case 250 ( Ref.6 ).
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¶
kw the develaipmnt of tht. Alpha-Jet CFRP wing typical connections between different components were examined both theoretically
and expemlmentally; By doing this environmental conditions - component humidity and temperature - were considered mainly within the
experimental work which was performed by the DFVLR.Stuttgart.

This paper covers typical joints such as:

0 single-shear connection between skins and spars with low load transfer
* joints between skins and ribs due to interior tank pressure;

* multi bolt joint between the CFRP skins and the fuselage attachment fittings with reference to

-bolt strength distribution

-bearing stressee

In a reseerch contract. which was sponsored by the German Ministry of Defense Domler developed and built a CFRP wing for the ver-
sion ' Close Air Support - of the Alpha-Jet for ground testing.

While the surrounding parts - leading edge, wing tip, trailing edge sections - and the mobile parts - flap, aileron - were taken from the
series, the components of the torque box exceot for the metal ribs are fir•m first generation composite materials Code $0ST30O with Fibs-
rite IS7JTS3O as baciup-system. The CFRP ,wnonenta are the stringertlfened upper and ler shells as well as the integrally stiffe-
ned front, middle and rear spare; all components were manufactured in-eal In monolthic construction method (11f. 1).
The whi Aialoge connection Is made by a metallic muit-bolt joint ('PianoJoint). The attachment fittings am connected with the strin-
gers and the skin with doubie-shear bols.

The torque box comprizes an Integral tank, whoee filling pressure amounts to 2.0 bar and its supply pressure to 0,S3 bar, to the latter the
liquid pressure from rail manoeuvers I' to be overlaid, so that in the area of the tank endrib a resulting pressure of 2.24 bar Is to be ta-
ken cam of Mor the structure.

The requlree,"ts for the wing result fom the requirements fr the aimlane. Envlronmnental conditions result from the aircrafi require-
ments which art to be considered

* Seryhe- temperature -S5 <T MI) < 70

* Component humidity: saturized humidity resulting from 85% relative humidity (conditioned state)

As critical were consirered

e Joint between skim and spar with high by-pass or law load ,rans•fer ratio

"e Joint between skin ard ribs subject to interor tank pressure

"e Joint between sien and fuselage attachment flitting

These were examined primary experimentally In close cillaboratIon with the DFVLR Stuttgart (fig. 2). All tests were performed with
Zwick universal test equipment which Is equipped with Insertable climate chambers.

Joint between Skin and Spem with Low Load Treanftr

Ifirkduedw

This joint combines sains and sub-etructure to a compound section. it prevents relative moments between the elements to be connec-
trd and thus entorc-s that the spars carry parts of the banding moments. A shear flow In the joint relieves the skin and loads the spar
(fig. 3)

Fulfilling the equilibrium and deformaion cov ditlons for the skins and the wing sub-structum loads to the shear fow which Is to be trans-
fermd by the joiniag elements. This shear flow and the normal force low in the skins define the by-pass- or the lead transfer ratios; the
wing structural analysis performed by the FEM-method yields

e the by-pass-ratio to 10%

e the load transfer ratio to 20%

A_5



8-2 Tho hemuisoion behaviour of thie single-shear joint for tension and compression loading was to be detennlned by a me of sample"

adapted to he designed *11mew0" and tested under different test conditions; Hee- teat conditions were drive from tie environmental
conrditons:

e temperatueeM 45): -55: W:, M0. 110; M

* component humidity, unconditioned eate (normal humidity),
conditioned state.

Derivatnd w the Tedt Upedimw

As laminate eYNP and thicknees for skin and spar fange are given as well as bolt types the sample could be defined by its width and
by It. length only, The requirements for compabilliy for the fore equilibrium and the deformattons load to the nsmple presented In fig. 3.
The realistic assembly conditions are represented by the Instellation of a shim-layer and a surface sealing In the joint ares. The joint
was accomplished by a titanium countersunk bolt with defined torque and a fit H?/1? representing a play fit. For the check of the load
distribution the sample was equipped with a sufficient number of strain gages.

Tesd Perfomance

In compression as well as In tension tests a strain gradient In the sample thickness which is due to the assymmetic structure of the sam-
ple, was observed. This Indicates an Inadvertent bending moment, caused by the eccentricity of the neutral axis in the sample. it could
not even be prevented by the introduction of en antibuckling device /1l.

The Influence of eccentricity and bending also expresse itself in a movement of the bolts. This is demonstrated by a pointer which Is
connected to the bolt In an extension of its axie (see fig. 4), This unexpected defoamation was not taken Into acount in the design of thI
sample geometry. The additional flexibility of the joint leads to a reduction of load transfer.

Teat Resuits

Specimen under Compmeaon

The direct consequence of this sample insufficiency was an early failure of the samples subject to compression due to the bending load
at the transition to the thickening of the skin laminate. Therelore no statement for load transmission under compression Is psble (see
fig. 5).

Specimen under Tonalw"

The evaluation of the tension samples does not permit a statement with refrence to the bearing failure, since all samples failed In the
bonded ares of the skin (sat fig. 5). This result corresponds to the new conditions. The reduced rigidity of the joint causes a reduction
of the load transfer of approximately S0% based on the eveluation of the strain measurements. Thus the bearing loads am reduced by
also 50%. the by-bass-loads however Increase by approximately 11% (see fig. 8). Therefore the bearing stresses reach an uncritical le-
vel, while the notch stresses rise to a critical level.

The obtained test data confirm the experiences, which were obtained from standard notched test specimen, showing that the rupture
ioads increase with Increasing test temperature. The worst case proved to be at -55 C teat temperature. It Is notable that the failure load
at high temperatures and with conditiopld specimen does not decrease more clearly despite the proximity to the glass transitkim tempe-
rature T-6 - 135C (fig. 7).

Joint betWeen Skin and Ribs under Tank Premmre Load

Introducion

The torque box is loaded by tank pressuor (fig. 6). Due to the smael airfil curvature the tank pressunm has to be transferred primarily by
bending and shear from the skins to the ribs; the ribs balance the ioads from the upper and lower shells. For stringer stiffened shells a
girder grid can be used as a model for tho load transmission behavior (f9i. 8).This means that a vftlnuous strip of the skin transfers the
tank pressure to the stringer profiles which on their own are continuous bending members and transfer the proportional load to the ribs.
Depending on the field between two neighbouring ribs and frames the oonnection forces of a stringer very between 250 and 750 daN.

These loads must be transferred through the joint between skin and rib by riveting. On the one huiad the bolts are subject to tension, on
the other hand the laminate must have sufficient strength to prevent the pulling-through of the bolt.

Teot Performance

An extensive test programme was performed for relevant combinations of bolt and laminate types (fig. 10) with the goals to determine

"5 influence of fiber material and bolt type

"• temperature and ageing influence

"5 typical failure modes

"5 manufacturing influence

"5 design recommendations

"* design allowables

For the basic Investigations which were Intendcd only to derive tendencies the number of samples was held deliberately small. On tie
other hand the design allowables were determined from the hardest test conditions from 6 samples each of 2 batches with a statistic
security sufficient for this research programme.

A2• " ' • I'
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Ted Fadfty and Yrd Specmen

The tests we e carried ov with impe flat test specimen for three different bolt types.- scrw bolt, sealing screw, lock bal rivet. TheSPqmni• sin depends onft haft diameter, on the rivet pattern as wail as an rthe Range width of the ribs; the sample thickness *a-
plnds ofthe bolt diameter, inasior as a minimum on the bolt shank should lie in the laminate (fIt, 11"M.
wedt ROWAN

Pelfarringo to soitari• a m nlne abafe the results are commented In the following,

Inlken.e o M.e promq g ayabma and Mae envwomnwent condllens

in fig.1 the resuft of three difleaint samples agalnst the environmental conditions are presented. These samples are manufactured
fam Coe4 9 with 40 % pW rei ontn and Fiberite 27 with 40% or 34% pmprg min c lonten.

i'he comparison beftwe samples ifom the resin system Fiberlte 97s with the two prepreg resin contents sham practically no C'hrence
In the results; bleeding off excessive reein at the 40%qyetai yields a rosin content in the cured laminate which Is similar to the one In
t 34%-prpreg. A oamparison beaweme the resin systems Code 09 mod Mlbarkt shom slight advantages for Code U with the excop-On of the teds tempeanture .M*C. The most critcl condition in the service spectrum proved to be the test temperature ?ft' with ondil-
loned samples: this can be explained with the larger flexibility and the reduced shear strength at high temperatures and with conditio-
ned samples.

Influonce of boe te and Iaminteo Mta ones

The influence of the bolt type. screwed rivet, sealing screw is not very marked despita the clear differences in the shaping of the rivet
heads (f1i. 13): in tendency the screwed rivet appears to be more favorable.

Pa//u. Mode.

A compariaon 0 the east results for screwed rivets of the 4 and $ mm diameter in different laminate thicknesses (110g.4) shows some chs-
rederlatic dierencet,

The failure teaks plece by delaminathons between the individual plies, starting at the walIs of the bolt holes, comparable to the shear fai-
lure of short cantilver beam. Often the delaminatioe start at the transition ham the cone-shaped to the cylindrical part of the drilling.
Comparing the test results o0 specimens with the same diameter the laminate thickness is of major influence, especially the thickness In
the cylindrical part of the drilling. The loadbearing capacity decreases with decreasing laminate thickness. This Is in particular true for
the thinnes 2.125 mm sample where after the first crack a pull-through of the bolt could be observed, After that the load could stilt be
Increased but to an Insufficient level. With this sample practically no influence from environment conditions is recognizable due to the
failure moId.

amdbe.w*o iesvenm
The features mentioned here are enhanced by the results of samples with defective drillings on the one hand and with drillings after se-
cond tetme on the other hand, In each case compared with Intact drilltings (fig.s). The pull-through strength is reduced substantially
with defective drillings due to the roughness or the oversize in the countersink: additionally treated drillings do not reach puii-throuogh
strength of Intact samples.

Dealsn r•comnondaiebna and dealn allowmbis

In principal there are the three failure modes

-iminste shear failure

-rive head pull-in

-bolt shear-off
Bolt shear.off never occured and is thus uncritical. The first two failure modes have to be taken care of by suitable choice of rivet dia-
materand laminate thickness.

The failure lo for shear failure can fairly reliably be determined by the formula

) F - nx3/2xTILSxAxt

Pull-In of the bolt can be prevented by a sufficient thickness of the cylindrical part of the drilling. Following the experience of this pro-
gramme this can be achieved by fulfilling the following relation:

1 < d/t < 1.50.2 < 0t- B)/t with t 1 0.6 mm

Fig lista the design allowables for the bolt types and laminates used for the CFRP wing. Finally it should be mentioned that for alumi-
num alloys with comparable dimensions the bolt pull-through values are much higher - up to factor 2 - than the values found here.
This design phllonophy was realized and proved In a larger tank box which was tested t the DFVLR under tank pressure and compres-
son and tension aitemativetv /3/

Joint betoWo CFRP-SMIN and Al-FIrtng
asc invetigo ham been performed in order ho evaluate experimentally and thoo, etically the distribution of shear forces of multi

row bolted Joints/A#. Figure 17 shows the connection between the rei panel fitting-joint and the test specimen.

Three types of specimens of a double lap joint have been defined:

Typ Lminate Ah-rTsbipa

I constant constant
11 w•a• nt conical-

III topical conical
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The 1161lowl11g IWO laIG~~t a We wer taken Into account:

ILoIshwlmm I f itea n s io
l~of~d4S'I9O m 1Typofse

aiod e "1" 96S2 .0 I l

ft bit =figuatOffil wer vloab:e with at least three specimens In each case. For each specimenfi ve bolts maximum were provied.
uig.1hwste ye or pcmn and the arraongement of strain gouges- The bolt diameter and the distance betweentwo neighboring
bolts were equal In 4111 case. With that the remaining parameters wefe:

bolt number
bolt fIt
bolt preetreaainu
Ism'nate leyup

First of all two specimens of type 1.1 and 1.2 reap. were tested In order to study the Influences of fit and prestressing. Finally some speci-
meos were loaded ilt Iffnalor up to failure.
All teats wefe Performed at normal humidity end room temperature.
The experimental results were competed with theoretical distributions of shear force, evaluated by finitis element method and a rodmo-
del as well.

Tedt Wmormanc
Exept for the rupture tests, the load was limited to 30 KN in order to avoid premature damage. The tests warn alwasy &tart~d with five
bolts and repeated with four and three bolts respectively. The normal forces In the Al-strips between every two bolts were evaluated by
integrating the strains measured in the upper Al-strip:

Fil - poay)t dy - fx Et (bill1) lei
The factor f has been defined as
e~.g f -(ego + aee)12'n (a.1g. 10) o~t.c.

to correct any un'avoidable bending effects. The shear forces result from the differences of the normal forces In the Al-strips on both %I-
des of each bolt. These values were related to the Ovrall tenslion load lor better comparison of the results.

111ud teft on two specifmens
Two specimens of type 1.1 and 1.2 respectively were tested first in order to study the Influence of fi and prestressing of the bolts. At the
beginning the fit which had been chosen was

11111? Le. t13J1llpi tolerance
and the titanium bolts were not prestressed.

Vallation or fit

The first results dil not indicate any parabolic distribution of the shear forces as they had been expected to be. So ali holes were mea-
sured and steel bolts (11 Cr V3) were manufactured in such a manner that the fit*

H&/f iLe.. 13 J1. 5011 tolerance
llHIM i.e.. 0 J1. 2411 tolerance

could he realized. Fig.20 shows that the Influence of the fit is smell (the change of bolt material proved to ý#e without any important Influ-
ence too).

IInflsmruo. Of pWoatire"efh

Thereupon the bolts were prestressed by a torque of 12 Nm. and the tests were repeated. Fig.21 shows the results with and without pre
stressing for the same specimen: There can be seen clearly a parabolic shear force distribution.

Inlfteecei of Ut. haitnate IAYUP
Fig.22 shows the shear for%:e distribution at several specimens of type 1,1 and 1,2 respectively (mean values). The fit and the tightening
torque were the same In ail cases. The influence of the laminate iayup prome to be small.

Tombs on all specidons
The further teoat on ol specimens were perforned under the same conditions with regard to fit andJ prestressing. FIg.23 shows the mean
values at all measuremenhi at 3D KM and the curves enveloping all these distributions as well. The bandwidth Including the specimen
geometry as well as the two laminates Is betireen 3% and 9% of the relative shear forcms.

Comalwrison of theoy wit siexmerft
Besides the Inveatigation of shear bmce distribution by tests, comparisons with theoretical predictions have been dons, that Is prediction
by means of
"5 finlte element model
"a rod-model



MOMb eoenmet mome

A finite elment model was built up for the type 1i specimen. The first calculations wee canted out with the assumption of rigid bolts.
Subsequently the bolls were modelled€ by membrane elements wit diffarendtiatobewe n th baId carrying and th no loa carving
side of the boit.l This moriel was applied to a specimen wit five boils. Them were only small diavl~%oa ~omnpared with the astumpltm
0f "Olod bafits, The rasuftl amreh In~a Fig-114

This one-dimenslonal model dscihes the ncomptlbllty betwan the debormed members of a Joint within the diatance of evary two bolts
/St. In the cae of n bolts this leads to n-1 compatibility equatlons and one equlllblum equation. For a double Isp bolled Joint this can toe
written as

with
Cm,n -compliances at the members of the joInt
CL -compliances of the laminate only
"Im Inormal Vorces In eac of the two Al-stripe
F applied total Voice

Th1i system of equations can be solved or the unknown Voce Nm' The bolt Vc will be received out of the dlllaranco of the o ices
Nm.

Because of the difficulty to estimate the bolt cW1p04ance1 C%, the well-own compllances Of the Al•-rIps and of the laminate w Intro-
duced Into the equations for a thrse-bol-Kjnt of typve I, as altl as the Measured i s In th Ai-ltil-p. Them equations wern solved for
the unknown values CBn (n - 1.2,3). The mean value wes

CS - 9.1 x 10-6 mm/N (steel botas)

This value was kept constant fbr all the bolts in re-calculating all teat specimens. For comparleon a the FEM calculation the results be
type L.i specimen are figured In F4g.24 too This figure also contains the bandwidth of the st results out of fig.l3. The correspondence is
satisfactory.

Rupur ted.
Some specimens were loaded up to rupture, which always occurld in the laminate, that is in the plane of the first bolt. The remaining
parts were Joined once more by two bolts (holes 4 and 5 of the laminate to holes m and 2 of te Al-sripe). These additional specimens
were also tested at 30 KN and at about 30 KN before being loaded up to rupture. The relative shear foice are listed In fig.il.

When the load increases, the sheer Voice distribution becomes mor wellbalanc: the iorce tranaferied by the first bolt decreases wile
the share orfthe last one.'reases. in the case of two bolt only, the last bolt eve trdaes the higher load,

FigureS sheo the ultimate loafs o all the rupture tests. The tri concentration bators ilwwte being Included in this figure group
around two mean values; the larger one (o - 1.13) ct3 -hscterla the orthotropic le.inetfe while the smeller value (a - 1.9) belongs to
the quasi-lIoroplc Isminate.

Conduiaon

In the beginning the teats led to sheer Voice distributions whih were insatisfactory and In part hardly interpretable. Only the prestressing
of the bols led to the parabolic distribution that had been expected. All tests unter the condition of a tightening torque of 12 Nm and the
coltf It 137 provided the Vollowing results:

0 The Influence of specimen gseotry as well as of the iaminate lsyup Is smail
* WIfh Increasingi number of balls the shear force transferred by each of the mkiddle boils decreases. At the some ltime there Isl a bad

reduction of the two outer bolts.

9 At a moderate load level (I.e. linear sfrains) there Is a satisfactory correspondence between tests and theory, At this level it Is al-
ways the first bolt that tranvsers the highest load.

Number Shear bt (%)I Number
All types of of bolls 1.bolt last bolt of tuet

specimen 2 42-M I
3 45-45 21-n1 10

moderate 4 41-47 13s22 11
load level (30M) 5 40.44 S-15 12

a In approaching the ultimate loed the shear 0oice distribution becomes mor balanced a decreasing load transfer of the first bolt
Sand Increasing load trenalar of the tlst one. In the case of two bosil nlty, the last bolt even tranaflers the higher load

Number Shearomca (%)I Number
All types of of bole i.boo last bolt of teats

n I4:I:
Ultimate load 4 33 i13 I

S 30-3 113.2112
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Al-Fitting

Flg.17 Panel-Fitting-Joint
Skin to Fitting Attachment (Schematic)
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Influence of Fit
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-Torque o
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MISR AU POINT D'ELMUENTS DE

FIXATION SPECIFIQUES POUR ASSEMBLAGES DES

STRUCTURES COMPOSITES

par Monsieur LOUIS Raymond - SERVICE TECHNIQUE DES PROGRAMMES

AERONAUTIQUES

4. Avenue do la Porte d'Issy - 75015 PARIS - FRANCE

RESUME

La r6alisation des assemblages en mat6riaux composites doit tenir

compte des singularit6s inh6rentes i la nature des mat6riaux

utilis6s, par exemple, le d6laminage, l'endommagement par choc

et/ou gonflement. la corrosion galvanique etc...

Plusieurs actions ont 6t6 entreprises pour mettre au point des

416ments de fixation sp6cifiques susceptibles de limiter certains

des problimes rencontr6s dans ces assemblages. Elles concernent

- Is d6veloppement d'un rivet semi-tubulaire "anti-peeling" en

titans T.40 pour structures "non travaillantes". Sa g6om6trie et

ses caract6ristiques permettent une pose facile tout en m6nageant

oan mat6riaux assembl6s.

.



isl r~alisation d1'4orous on cage intercheangeables fix6s par

collage par Vinterm~diaire d'une bande en fibre do verre. Les

avantagem sont d'6viter le pergage multiple et le rivetage, comae

pour lem band.. d'&crous prisonniers classiques, de s'adapter A

des prof ila complexes et de permettre le remplacement ais6 des

* hcrous.

-la modification de fixation existantes (via et rivets

structuraux) af in d'amfiliorer lea caract6ristiques m6caniques des

assemblages. En particulier la variation de Vangle de tfite de

1000 1 130 Opermet un gain sur la tenue en~ cisaillement et en

fatigue des asseimblages.

L'utilisation d'616ments de fixation classiques pour

Vassemblage des C.F.R.C. a r~v&16, dane les conditions

habituellea de fabrication un certain nombre de difficulths li~es

A la sp6cificit6 des mat6riaux composites.

- d~laminage des fibres, limitant lea montages serr~s

- endommagement dO au choc eit/ou au gonflement, ce qui

rend d6licat l'utilisation de rivets

- corrosion galvanique, ce qui implique un choix de

mat6riaux non corrodabl~es par le composite carbons

(titane ou aciers inoxydables)
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-conductivit& 6lectrique et dilatation thermique

diff6rentiolle.

Af in do r~soudre certain. do ces probl~mes, 1e Service Technique

don Programmes A6ronautiques a pilot6 plusiours 6tudon

ponctuellos destin~es A mettre au point des 6l&.ents do fixation

ap~cifiques pour liassemblago des composites carbone-r6sine

susceptibles do rem6dier, dana certain. cam, aux difficult~s

rencontr~es.

Parmi ces 6tudes, nous citerons

-Is d~veloppement d'un rivet semi-tubulaire

"anti-peeling" en titans T-40 pour structures non

travaillantes

-la r6alisation d'6crous en cage interchangeable.

fix~a par collage par l'interm6diaire d'une bande en

fibre de verre

-la modification do fixations existantes (via et

rivets structuraux).

1. -RIVET SEMI TUBULAIRE "ANTI-PEELING"

f ~ 1 Ii agiasait do d~finir un rivet utilis6 au niveau des

j ~assemblages consid6r~s cosine non-travaillants at ayant pour r~lej ~ essential un of fet anti-peeling (figure 1).
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FIG. 1 1 Examples d'utilisatiori

Le rivet devait r~pondre an particulier aux impipratifs

suivants

- no pas d4t~riorer Is composite aui coura de I& pose du

rivet,

- avoir tine bonne teriue on corrosion galvanique,

et sit 96om~tri. devait permettr.

- une afime forme d'usinage de chaque c8t& des 616%ents

A assembler (fraisure),

- tine piage do serrage do I mm environ,

- une r~mistance m6canique muff isante,

- une pose sane gonflement du rivet.

D~firxition

.40 10ý au choimi en fonction de ma bonne tenue en

corrosion galvanique par rapport aux composites carbone-rfisine

set le titane T-40, mat6riaia d~formable & froid.



La 96om&trie du rivet avant pox*. eat donri4. par la figure 2.

FIG.2 :G~om~t~rie du rivet

I C'est uxn rivet tbte frais~e 1000, hauteur r~duite, qui

pr~tsente deux particularithe

-un trou borgne conique, W'angle au sommet 200, situ6

c~t6 t~to A former,

-une gorge p~riph~rique sur la surface ext~rieure de

la tige au niveau de la partie tubulaire.

L'6videment,c8t6 t&te A former, permet do diminuer Veffort

d. pose.

La gorge circulaire a deux fonctions

-prot6ger L'angle de raccordement entre ia fraisure et

Vl'a6sage du trou do rivet,

-determiner ia plage do seirrage du rivet.

vi
Do plus la presence simultan~ode La gorge et du pergage



conique a pour &vantage d. cr6er une toils do moiradro 6paissour

pormettant do localiser le pliaeg lore do Is formation do ia

seconds t~te.

Caract~riatigues

Los caract~riatiques priuent6es ci-apr4be concernent les

* ~r~rnultats dleerais effectu~s our don rivets do diamitre nominal

4 an.

Caract~ristigues do pose, du rivet

La poseo du rivet eat facilit~e par a

- la grand* tolerance do la plago do aerrago (lam),

- la gr.pnd* plage do preasion do pose (± 100 dalI)

- Ia g~om~trie particuli~r. do la bouterolle (figure 3)

adapt&* & cells du rivet ot qui permet la pose sans

pratiquomont aucun gonflement du rivet.

FIG.3 i Prof il d. Is boutorolle



A noter quo pout aider A Ia formation do Is seconds t~t* d

rivet 11 oet recommend& do reoouvrir lea rivets d'un lubrifiant

(alcool c~thylique ou bioulfuro do molybd~ne).

Pression do 2050 - Lea essais do pose ont At& of fectu~s suivant

un. gamme do pression allant do 700 A 1100 daN.

on constato uno bonne pose dos rivets sane d~t~rioratiora don

mat~riaux coaposites. comme leo montrent our coupes microgra-

phiques lea figures 4-5-6 et 7 (souls don dMauts d'usinage du

composite avant pose mont visibles).

FIG.4 SFIG.5

- pression - 700 daN - pression a 700 daN
- 4paissour - 5.1 m- fipaisseur - 6.1 an



- rsin a 1000 da1M reasion *1000 daN
-oaisour a 5,1mam -gssu a 61 mn

Suite A coin eamaim. la pression do pose retenue *at do

900 daN + 100 daN.

Plage do merrage - La determination do Ia plage do merrage

r~sulto d'emmain do pose of feotu6s, mourn unt premmion do 900 daN.

our dea assemblages dont l'&puiaseur variait do 5.3 1 6.6 am soit

une, plage do serrage do 1.3 mm (figure. 8-9-10 et 11).

Lea r6oultata mont satimfaimanta pour lea quatre 6paisseurs,

tant aur he plan do Vaccoatago quo our celui de 1'endommagement

du aat6rinu composite.
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FIGS8 a 4painsowur u5.3mm F10.9 i 6paisseur *5.5 mm

FIG.1O i 6paisseur -6 mm FIG.11 z 6paisseur a 6.6 mm

Af in d'assurer dana tous lea can une pose corrects du rivet,

la plage do aerrage a 6t fix~. & 1 mm.

Coci permet an outre de d~finir don rivets dont 1'6painseur

standard do pose eat en millim&tres (par exemple 4 - 5 ou 6 mim).

Caract6riatiques a6canigues

Don essais de traction et de cisaillement ont 6t6 r~alis~s

our des plaquettes assemblses d'6paiessur dike faible. moyenne et

forte, correspondant dano le can pr~sent. A une 6paisseur total.

do.5,3-6 at 6,6mm.j



L'&Pcouvette do traction eat W~inie figure 12. L,&prouvette

do CiSAIllegent oat une 6prouvette do cisaillement simple A 2

rivets.

flIG.12 a Sprouvette do traction

Lee caract~rlutiques propres du rivet mont d~teruinesa our

don &prouvettes co*nstitu~es de deux t~les en 2017 A.

Los r6sultats obtepus sont donn6s dans le tableau I.

---------
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CHARGE DE RUPTURE (daN)

TRACTION CISAILEMENT

*: EISEPIUR DES
. •: ~Mod A MN MAXI

SEPROUVETTES

.•.FABLE , S, mm 260 2S 8 940

• ~MOYIHENN 6ram 23 4M S

FOT3j]ikn 192 1L0 J3Z, -.. ,.j_ !

TABLEAU I

De ces r~sultats on peut assurer comme caract6ristiques du

rivet les valeurs suivantes z

- charge de rupture en traction - 150 daN,

- charge de rupture en cisaillement = 350 daN.

Lea caract6ristiques de l'assemblage composite sont

d6termin6es our des 6prouvettes en composite carbone T300-414

d'6paisseur 2,4 mm.

Les r6sultats obtenus sont donn6s dans le tableau II.

L
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CHARGE DE RUPTURE (&aN)

EPROUVMT S MA

FAME 5,202

TABLEAU II

Les valeurs d'essais d~pendent dans ce cas de la tenue du

composite et non des rivets et on peut assurer comme valeurs

limites

- charge de rupture en traction -=110 daN

- charge de rupture en cisaillement - 260 daN.

A noter que le cisaillement dans Vassemblage nWest pas un

cisaillement pur mais un compromis entre cisaillement et

dhboutonnage.

Parall~lement A l'6tude du rivet, les outillages de pose ont

6t6 dfifinis afin de vfirifier la faisibilit6 des aiisemblages.

L'op6ration la plus importante est le centrage de la bouterolle

de faqon A 6viter que celle-ci endommage le mat6riau composite.
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La pose peut as faire soitt

-au C6 avec un v~rin A double of fot

-avance sous faible pression pour centrago,,

-d~clenchement de la pression de pose lora du

contact.

-avec un v~rin A simple off et et uno piAco d~sattel~e

pormottant un contrage manuel avant la miss en

press ion.

Lea rivets pr6sentent d'autre part une trAs grands facilit6

de d~pose A condition d'6viter la rotation du rivet. A cot of fet

un outillage sp~cifique a 6t6 conqu.

La gamme do rivets propos6e comprend

- lea diam~tres 3,2 - 4 - 4,6 et 5,6 mm, pour des

longueure do serrage comprises entre 4 et 25 mm,

- 108 diamqbtros 4/32 - 5/32 - 6/32 - 7/32 dinch pour

des longuours de serrage comprises ontro 5/32 et 1

inch

L'ftudo a permis la miss au point d'un rivet qui convient

bion A l'assomblago dos composites. Los caract~ristiques

m~caniquos obtenues montrent quo coust be composite qui

dimensionno cos derni~res.
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La pose du rivet eat extr~mement aish. et surtout celui-ci

remplit parfaitement son r8le en mhnageant lea mathriaux dana

Lesquela ii. eat posh.

2. -ECROUS EN CAGE INTERCHANGEABLES FIXES PAR COLLAGE PAR

LINTERMEDIAIRE D'UNE BANDE EN FIBRE DE VERRE

L'utilisation aur structures composites des 6crous "non

dhmontablea" classiques (bandes i 6crous prisonniers et 6crous A

river) se heurte, compte tenu des spficificitha des mathr5 ýux

composites, aux risque. suivants

- endommagement des composites, lora de la mise en place des

fixations (perqages multiples pour lea trous de rivet et

pose des rivets),

- tenue en corrosion galvanique entre lea 6crous et lea

composites carbone.

Pour y remhdier ii fallait dhfinir une ghomhtrie de pi~ces

permettaat des reprises d'efforts adapthes aux composites

carbone-rhalne et prhvoyant un diapositif dh6crous d6montablea

dont l'asaemblage sur lea structures soit diffhrent d'un montage

par rivetage. La solution adopt~e eat Ia mis. au point dh4crous

en cage interchangeable. maintenus dans une bands en fibre de

verre. Cette possibilit6 concerns aussi lee 6crous isolhs
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correspondent aux 6crous river classiquem.

Le nouveau systbme do fixation set constitu6 de plumisurs

616monts, (voir figure 13).

-un support en fibre de verre ins~rant la partie cage de

l'&crou. Cette bande de fibre de verre, tout en maintenant

Ion cages, r6alise en mfine temps V isolation galvanique do

l'&crou par rapport aux composites carbone A assembler.

-un 6crou, soit A freinage interne par d6formation

elliptique, soit 6lastique. Dana ce dernier cas le

freinage as fait par un fromn plastique, type ESLOK par

example (d6p8t do polyamide).

-un clip d~inontable permettant le maintien do 1'6crou dana

la cage.

SAM~ A lCftOW A FwEImW VJTeoi BANDE A ECROW ELA3704QVES

FIG.13 :Bandes A 6crous



Lassemblage, our lea structures, dos bandem A 6crous ou dos

6crous isol6o so fait par collage du support on fibre do verre

sur le composite.

Le collage doit asulement pouvoir ripondre aux sollicita-

tions au montage ou au dhmontage des via dana lea 6crous. Par

contre il ne subit pratiquement aucune contrainte en fonctionnement.

Le syst~mo do fixation d~velopp6 pr~sente lea avantages suivants

- possibilit6, A partir d'un Mmne produit do base, de

disposer do bandes A 6crous multiples ou bien, aprc.s

d~coupe ad~quate do la bande, d'Acrous isol~s

- la bande 6tant fix6e par collage, los op~rations do
pergage et do rivetage sont supprim~es, 6vitant ainsi

Vendommmagement 6ventuel des composites ;

- la souplesse do la bande lui permet do s'adapter&

des profile complexes. Elle pout 6galenont our un m~me

plan suivre,par d~coupe appropri~e, un prof il quelconque

le1 maintien des 6crous par clips facilite le

reaplacement d'6crous endommaghs, mais of fre en plus

la possibilit6 do monter flimporto quel type d'6crou.

Plusieurs types d'6crou sont d'ailleurs pr~vus pour 6quipor

lea bandes

6 crous 61aatiquesaen alliage d'aluminiun 6082 anodisA,



6orous ayant la particularit6 do asadapter at'x variations

6vontuelleu do prAtension dana lea assemblages. Los vie

106ntesm avec ces 6croum sont 6galement en alliage

d'aluminium (7075) prot~g~os par vernis 6poxy

- crou8 i froinage interne par d~formation elliptique, A

d~coupe all~gA.

-soit on acier inoxydable Z-6NC'125 (A286) avec des

via en T-A6V ou en aciers inoxydaU..s,

-soit en acier faiblement alli6 25CD4, lea via

utilis6es devant dana ce cas 6tre elles-m~mes

prot6gfies par vernis.

Tous ces dcrous mont A chazubrage profond af in de faciliter

en particulier l'usage de via protdgdes par vernis (sauf le file-

tage).

A noter quo, loreque des surfaces non planes mont &

assembler, ou pour dviter llutilisation do fixations A river ii

eat possible d'utiliser lea bandes ou lea 6crous isolds pour des

assemblages mixtes ou entibremont mdtalliques.

Lea bandes peuvent Stro dquip~es d~dcrous do

-diambtrea 4-5-6 et 8 mm en filetage MJ;

-diambtres 10/320 1/4" -5/16" en filetage UNJF' 32.
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La bonne tenue & la corrosion des divers type. de fixation

a 4t4 vdrifide par des essais do 750 heures au brouillard salin.

Aucune corrosion galvanique n'a Atd observes. De mame lea dcrous

satisfont aux sp6cifications techniques frangaise (NFL 22500) ou

internationale (ISO DIS 5858).

Les dcrous A cage interchangeables doivent aussi r6pondre h

des conditions de tenue en expulsion et & l'arrachement en

torsion.

Toutefois, & cause de Iopdration collage des bandes sur

lea structures composites, ces caractdristiques d6pendent et de

la fixation elle-mdme et de son implantation sur lea structures

(nature du collage, etc ... ). Ces caract6ristiques ne peuvent

donc 8tre d6finies qu'en fonction de l'utilisation.

3 - MODIFICATION DE FIXATIONS EXISTANTES - VIS ET RIVETS
STRUCTURAUX

LWexpdrience acquise avec l'utilisation d'4ldments de

fixation structuraux "classiques" dans lea assemblages composites

carbone-r6sine a mis en 6vidence la ndcessitd de modifier la

gdom~trie de ces fixations pour lea adapter au comportement des

matdriaux composites.

Ces modifications ont port6 principalement sur l'amdliora-

tion des surfaces d'appui, l'objectif dtant de diminuer lea pres-

F&
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sions do matage an :

- faisant varier l'angle des t4tes fralsdes, passage de 1000

gdn6ralement utilis6 & 120Oet 130", sur lee via et rivets

type SL (lock-bolt);

- augmentant le diam&tre de l'embase sur lea bagues de rivet

SL.

Sur lea via et rivets SL eux-mimes, 1'4volution de l1angle

do fraisure, de 100 & 130', augmente tras aensiblement lea

surfaces de matage. Cette augmentation eat dgalement importante en

faisant varier lea diambtres d'embase des bagues de rivets SL.

Les tableaux III et IV donnent quelque8 valeurs relevdes sur

pi~cea.

IMiMER ANL.E SURFACE[

NOUNAL OR TETE DR MATAGE %j I
(WAR) (LaL•!L I EJ"Z 2 I E i l

4 120" 43 .65

130 64 .120

m8 41 Z
j 5j12i6' 67 .63

30 0 .120iI] 53 z
EI3I02 III 110 .124

1TABLEAU III - Via et rivet SL

,I. -_-.=- ,.='-,,ma li-m "oae N]la
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$38 +80

8,1 32

TABLEAU IV t Bague de rivet SL

L'dv&luation des modifications a dtd vdrifide sur la tenue

des assemblages au niveau des caractdristiques *

- d'endommagement au montage,

- de ddboutonnage,

- de cisaillement simple en traction,

- de fatigue.

Compte tenu des dpaisseurs des matdriaux composites utilisda

m
- plaque carbone T 300 - rdsine 5208 - dpaisseur:3,83 & 4,05m

- 28 plis,

m
- plaque carbons T 300 - rdsine 914 - dpaisseur:3,74 & 3,84m

- 30 plis,

les dldments de fixation avaient une capacitd de serrage de 7,5

8 um.



an-dopMamwnt au montaft

a
Sur coupes micrographiques an constate qulau montage il nly

pratiqiasment pan do ruptures ou de d~coh4sions dangerauses de pli~s

(figures 14-15-16-17 at 18).

Frainure 1000 Fraisure 130*

FIG a14 st 15 -VIS HIM 5am ot tcrou.

Couple do astray. 3.5 N.&
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Fraisure 100* Fraistare 130*

Bague

FIG 16-17 et 18 -Rivets SL 5 anu
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Le dispositif d'esaal eat lssu du test n8 de 1a Norm*

NIL SDT 1312. Il I'agit d'un eusal de traction irndlrcte par

compresslon (volt dprouvette fig. 19). Le composite 1stills4 eat le

T 300-5208.

e t r atd Dnon

sS -eul da

L:: t~ble Fux . 19;- prouavette de d~boutonna::Desa

LeIalaxVs Idnetqeqe ~utt 'sal asc
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TALBLAU V i USSAIS DR DEDOUTOWNAGR

Systbme via - crou

-- ~N tlGM 6 AU

SyatMiae rie SLL : --au ari

(1) ~ ~ W Itro itinso014 ro ouabaedureoneedei-

metre 12 m puer12- findpo VoiPeee acag

dbte ruptmr dacseptepr 1,2 modificin de pouvangrlederl chate.
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D'une fagon g6ndrale lea charges de rupture supportdea sont

supdrieures pour lea fraisurea 120 et 1300. L'augmentation des
a

pbrtdes sousn t~te rx~ceasite de modifier dans le mime aens celle de

dcroua et des bagues, car leur dimensionnement eat inauffisant.

Cisaillement uLS21e en traction

L'!prouvette d'easai (figure 20) est issue du test n04 de la

Norme MIL -SDT 1312.

4i

FIG. 20 -Eprouvette de cisaillement

Outre la charge de rupture il a dtd dgalement relevd la

pdndtration de la t~te de 1'dl6ment de fixation dana le composite

au fur et A mesure de la montde en charge.

Les tableaux VII et VIII donnent quelquea valeurs de charges

de rupture obtenues ainsi que lea contraintes ramendes & la section
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de rupture du composite 52. et A celia des fixations S2. Ces

I ~ tableaux et les courbas effort-pdndtratiofl (figures 21 et 22)

L montrent qua la r6sistance de l1assemblage est amdliorde par l'uti-

lisation de fixations A fraisure 130*ou 120*.

EI 5. i ] F26.1 127611 F5315]~

LizW] 42N1~ J~.

L-.1 I. I E REl l

TABLEAUI VII - Essai de cisaillement

Systbme vis-6crou
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if1r = IRIF -I
WaT ~ $LSir F-3 1 FKEmVTR 94 2

INf

TABLEAU VIII - Essai de cisaillement

Systbme rivets SL -bague sertie

NOTA N R - Courbe non relevde

* t~pt.l'e
40-- / 'l

2)0.

10-

FIG. 21. Courbes effort-p~n4trationi
Systbme vis-dcrou



40
0 1 X I

FIG 22 - Courbes effort - pdndtration

Systbme rivet SL-bague sertie

II apparatt, aux essais de cisaillement en traction, des gains sur

la tenue en charge de rupture allant de 9 & 13%.

FIG 23 - Eprouvette de fatigue

Des rdsultats d'essais sont consignds dans lee tableaux IX et X. I



Fatigue 92

L'4prouvette d'essai eat d~finie par la figure 23 et los

essais ont dtd effectuds dans les conditions suivantes

-charge en traction onduldo P - 0,1 P,

-charge dynamique P u65% do la charge do rupture maximale

relevde & l'essai de cisaillement simple,

-section travaillante du composite S 1 -(L -2 DWo.

L'essai eat consid~rd comme terznind lorsque la charge dynami-

que P chute A 950 de sa valeur initials ou loraque la dur6e de vie

atteint 500 000 cycles.

ItAB V-TA I 11 t

_LEE_

TABLEAU IX -Essais de fatigue

-Systbme vis-dcrou

-Eprouvettes en composite T 300-914
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MW, ShOPWdk nW

TO- TAB3A00. sai d1ftiu

SysMm rieTL-au sri

Prtqumn totsla4po06e ~rsetpr drto

Come purl'esa deciAiBLEmA n en traci on de tatique l

p P~ration (p)de toutes lmes rurveten findressa)eat plus fdtatibe

avec lea fraisures 1200et 1300(p 5. 0,25 mm) qulavec la fraisure &

1000 (0,35 mmn 5. p 5. 0,7 mm).

Les dur~es de vie comparatives montrent nettement l'intdr~t

d'augmenter lea angles des t~tes fraisdes. Suivant lea types de

fixation essayds lee gains obtenus varient de 40% &10 fois.
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L'intdr~t, en particulier, de la modification de l'angle de

fraisure des fixations sur la tenue des assemblages eat ddinontr~e.

Il apparaft d~j& aux essais de d6boutonnage et plus nettement aux

essais de cisaillement, mais la s~lection eat indiscutable avec leq

* essaia de fatigue.

5 -CONCLUSIONS

* La rdalisation d'6l6ments de fixation spdcifiques pour

l1assemblage des structures composites permet de remddier d'une

fagon plus ou momns satisfaisante aux problbmes rencontrds avec lea

matdriaux composites carbone-rdsine.

Les amdliorations sont sensibles mais la mise au point de

produits m~me simples n~cessite souvent une 6tude appropride aux

divers types de fixation et aux cas d'utilisation.

Une concertation 6troite entre fabricants d'6l6ments de

fixation et utilisateurs potentiels eat d'autant plus n~cessaire

af in que les produits d~finis correspondent le mieux aux possibi-

litds de fabrication des uns et aux besoins des autres.
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A STUDY TO OPTIMIZE THE CFRP-Al MECHANICAL JOINT IN ORDER
TO REDUCE ELECTRICAL RESISTANCE

by

F. Cipri, M. Pelosi

Combat Aircraft Group
PXRITALIA

C.so Marche 41, 10100 Turin
ITALYS~ SUMMARY

S The aim of this paper is to show what could be the kind of joints L.at would reduce

the electrical resistance when a carbon fiber reinforced structure has to be jointed with
S* an aluminum part.

Assembly of specimens has been considered ii fixed and removable configurations.
The materials used to prepare the specimens to be jointed were:
- Carbon fiber reinforced plastic F253-T300 Fabric 3K7OPW1< - Aluminum alloy 2024 - T3

1 INTRODUCTION

New difficulties are arising during thr, design of CFRP parts in comparison with a-

luminum ones. The main problem will be to verify the composite structure behaviour from
the electrical point of view. It will be necessary to consider how the environment will
affect the structures made of composite material.
Events such as lightning strike can have more dangerous effects on CFRP than on metallic
parts.
The metallic structure itself is used as A.C. or D.C. systems return path with currents
of hundreds of amperes, as a ground plane for antennas, and as shielding element for the
external electromagnetic fields. A CFRP part can be used as an antennas ground plane and
shielding element only if the frequencies involved are high; in this case the electroma-
gnetic behaviour of the CFRP is similar to the aluminum one. Different solutions will be
required on CFRP parts for low frequencies.
Moreover the structure has to be able to dissipate without problems the electrostatic char-
gee. These charges could arise inside the aircraft for the movement of fluids (i.e. fuel)
and outside for the motion of the aircraft in the atmosphere, therefore it is essential
that all the parts of the aircraft and the aircraft itself should have the lowest electri-
cal resistance. Particular attention has to be given to the increase of the structural
weight and on the joints CFRP - Al.
A part with low resistivity for the presence of a metallized carbon ply and a bad electri-
cal connection with other metallic elements will not solve the overall conductivity of the
aircraft. Moreover the CFRP part with low resistivity will attract the lightning strike
and will not be able to dissipate high currents. In this case the protected structure will
be damaged more seriously than an unprotected one.

2 LIGHTNING STRIKE

The tips of the aircraft have high probability to be struck by lightning. The cur-
rent will follow preferential paths as front fuselage-rear fus.3lage and half left wing -
half right wing.
The current need a low resistivity and a sufficient cross section between all the extre-
mities of the airframe (Fig.l).
The aircraft is subdivided in areas according the probability to be struck by lightning
(Fig.2). A subdivision exists also in single parts like vertical fin (Fig.3).
Some CFRP structures have to be protected indipendently from the zone of the aircraft if
there are inside devices susceptable to external currents and electromagnetic fields.
Particular attention has to be paied on the fuel area (wet wing). The sparking between
the bolts insidethewingisaproblem when metallic structures are used; new different solu-
tions will be required if the wing is manufactured with CFRP. The currents generated du-
ring lightning strike may reach values up to 200 kA in the most exposed aircraft structu-
res; they can reduce the structural integrity of the hit part and can have consequences
on the equipment.
Some phenomena can occur:
- shock waves that can produce delaminations;
- local increase of the temperature favoured by the low thermal conductivity of CFRP;
- hot spuLb in Lhe attachment point of the lightning strike and in the junctions if they

have high resistivity;
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- erosions particularly dangerous in the fuel area;
- delaminationa produced by a fast evaporation of the water usually inside CFRP;
- Interference on the harnesses with troubles on transmitting systems, controlling instru-

ments and equipment of the aircraft.

Several solutions as metallic meshes, metallized carbon fibers and plasma spray can
be adopted to minimize the damage caused during lightning strike.

* Usually the protections adopted for the lightning strike are not useful for the shielding
of eleotromagnetic fields; in any case the shielding problem needs a solution expecIally
on new generation aircrafts with "fly by wire" systems.
The potential differences have to be considered carefully when metallic materials have to
be jointed with CFRP. If the materials are not compatible from a galvanic corrosion point
of view, a fiberglass ply has to be used between the metallic protection and the carbon
underlayer. In any case meshes will increase the weight of a CFRP part because they are
added plies and are not structural materials.
Metallized carbon fiber ply should be more useful; it is a structural material and could
be used instead of the last ply of the laminate. In this case only the metal of the ply will
slightly increase the weight of the part.
The choice of a metallic protection has to be made taking into account thermo-mechanical
distortion problems during cure cycle; metallic meshes on fabric carbon underlayer don't
give particular problems while If unidirectional carbon fibers are used distortion pro-
blems can arise. The main factors are the lay up and the thickness of CFRP part, the cure
cycle maximum temperature and the difference between thermal expansion coefficients of the
metallic mesh and the carbon fibers used.
These protections can be a problem during repairs because a good electrical continuity be-
tween the damaged area and the part is not easy to obtain.

3 JOINTS

Metal metal joints that fulfil mechanical requirements will be satisfactory also
from the electrical point of view if a dry assembly is used.
CFRP - CFRP and CFRP - Al joints will give particular problems also if the joint does ful-
fil mechanical requirements.
CFRP - CFRP joints have to be avoided and if it is possible a cocuring kind of structure
has to be choosen.
When CFRP components have to be bonded (cobonding or secondary bonding) the low conducti-
vity of the adhesive has to be considered. Sometimes the adhesives are filled with alumi-
num powder to improve mechanical properties but this is usually detrimental from the elec-
trical point of view.

Bolts are widely used for the assembly of components because they can substain high
mechanical loads. Moreover a bonded joint between CFRP and metal is not mechanically relia-
ble if the adhesive choosen needs a cure cycle; in this case the materials will be pre-
stressed for the different coefficients of thermal expansion. Among the bolted joints the-
re are fixed configurations with Hi - Loks and removable ones with nut plates.
Fixed configurations are used mainly for the joining between primary structural parts (i.e.
fin box - rear fuselage fittings). Removable configurations are used to join secondary
structural parts (i.e. fin leading edge - fin box) that have to be removed for servicing.
The bolt material has to be compatible with both parts to be assembled. A titanium bolt
will be used for CFRP - Al joints in order to reduce the galvanic corrosion even if Ti re-
sistivity is higher than aluminum one.
Several solutions can be adopted to minimize the resistivity of a CFRP part; an electrical
connection of the heads of the bolts with a metallic strip will be very useful. The total
resistivity will be reduced and the current will have a new preferential path.
If aerodynamic requirements don't permit to use metallic strips, plasma spray can be used
for the electrical connection of the screws heads.

The current path in the bolt has to be considered carefully in order to improve the
joint conductivity. The shank of the bolt does not play a large part in making contact be-
tween CFRP and Al. Several others factors contribute:
- incorrect drilling can produce over size holes;
- presence of non conductive sealant during a wet assembly will increase the resistivity;

- wrong speed drilling or feed rate can smear the resin over the ends of the fibers insu-
lating them;

- a tenacious non conducting oxide film that the titanium bolts tend to have could also
increase the resistivity.

The curr,"it will flow under the head of the pin and will reach the metallic part through
the shank of the bolt.
The use of washers or metallic strips connecting more HI Loks will improve the conducti-

I . . ... ... . ... . ...... . ...... ... .. . .... ... ...
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vity by increasing the electrical cross section. If a Ti bolt in used, the higher resisti-
vity of this material in comparison with the Al ha. to be taken into account for the croso
section calculation.
Also the metal surface has to be unpainted and abraded in order to improve the conductivi-
ty but only in the bolt area. Nut plates not floating will also minimize the resistivity.
The use of washers or metallic strips will improve the stresses around the hole but also
the conductivity because the resistance decreases when the pressure of the bolt increases.

4 EXPERI1ENTAL WORK

Electrical conductivity tests have been performed In order to optimise the configu-
ration fin box - fuselage fitting ribs for the ANX aircraft.
Fin box Is a cocured carbon fiber reinforced plastic structure. External skins and spars[ are cocured simultansosly. The part does not need secondary bonding after the cure cycle.
Only trimming, drilling and assembly with other parts are necessary (Fig.4).
The material used to manufacture the fin box is a prepreg with a 3K7OPW fabric of Toray
T300 fibers and an epoxy resin, F263 from Hexcel, with 177 C curing temperature.
The specimens for the conductivity tests simulate the fin box lay up and the aluminum al-
loy of the metallic parts.
Typical specimens configuration have been choosen in order to verify each bolt conducti-
vity. The percentage of non conducting bolts has been calculated for each kind of asset-

V bly (Fig.5).

Two kinds of assembly have been considered. The first one is used in fixed confieu-
rations and it is as follows:
Hi Lok pin with countersunk head in titanium and an aluminum collar (Fig.6). The second
one is used in removable configurations and it is as follows:
Titanium screw with a stainless steel washer on CFRP side and aluminum not floiating nut
plate with two lugs rivetted on the Al side (Fig.7).
First of all the electrical conductivity of CFRP specimen without Al parts has been eva-
luated. The lay up was 50% at 0/90 and 50% at 4/-45. The holes of the specimens have been
metallized with a nickel flash and a copper electrogalvanic deposition. Copper wires have
been welded in the holes using a silver - tin alloy in order to connect the specimen
with the measurement equipment.
In Tab.1 are the results of D.C. and A.C. measurements and in Fig.$ are the R and Z cur-
ves against the frequency between 10 kHz and 10 MHz.
The resistivity of a CFRP specimen is affected by the lay up, the kind of fibers and, for
the same fibers, if they are a fabric or a tape.
The ratio between the resistivity in 0 and 90 direction seems to be about 1:600 using
600x300 mm specimens with the same kind of unidirectional fibers and the same resin sy-
stem between 0-50 kHz (Figg.9-10).
Tests performed on 3K7OPW fabric and unidirectionals ((0,+45,-45,90)s lay up) specimens
with the same dimensions have shown almost the same resistivity that is 57 mohm between
0-50 kHz.
The resistivity of the carbon yarn changes also with the graphitizing percentage. This
percentage is in correlation with the heat treatment of the PAN fibers. Our tests have
been performed on high strength fibers.
Assembly of specimens have been carried out on several kinds of protections and bolting
types.
The metallic part of the specimens have been made according the following flow:

2024 T3 Aluminum sheet

Sulphocromic pickling

Chemical conversion coating
Alodyne 1200

Epoxy primer

Epoxy topcoat

Non conductive sealant (PR 14360 B 1/2), epoxy adhesives filled with silver (Ecoobond 56C
and Scotchcast 105) and conductive paint (Eccoshield 341) have been used during the as-
sembly.

Al - CFRP specimens results

The use oh Hi Lok bolts is associated with a very high junction uncertainty; bad contact can
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:achieve a resistivity of 2ohm (Tab.I1). The conductivity and uncertainty of the Joint
will slightly improve only if a conductive paint (filled with silver) wan used. Anyway
the problem will not be solved because the conductivity Improvements are too low. No im-
provement is achieved if the hole drilling tolerance decrease from HIl to HS.
The only possible solution to minimize the resistivity is to use a removable configura-
tion. Stainless steel washer will be bonded on the CPRP with conductive adhesive and nut
plates will be rivetted on the aluminum. The Ti screw will join the CFRP and Al parts.
This kind of solution cannot always be used. Different solutions have been considered in
order to minimize the uncertainty of Hi Lok - Collar junctions.

Al - CFRP plus Al mesh specimens results

These specimens have been made using the same prepreg underlayer as above and adding a
fiberglass ply, aluminum mesh and an adhesive ply. The mesh had 180 yarns/am with a yarn

diameter of 0.05 mm. This part has been cured simultaneosly with a 177 C cure cycle.
The fiberglass ply is necessary because the potential difference between 2024 Al alloy
and CFRP is 0.9 V; this value is higher than +/- 0.25 V maximum allowable for galvanic
compatibility.
Results of D.C. measurements on fixed and removable configurations are in Tab.III. The
resistivity of fixed configurations is about 7 mhom. slightly improved than before. The
percentage of efficient junctions has been bettered; the uncertainty was about 36% and
with the Al mesh is decreased to16%. This solution probably is not the best but an impro-

vement on fixed configurations has been achieved.
Removable configuration resistivity is higher than before; but this is understandable be-
cause now there is no conductive adhesive under the washer of the screw. The use of con-
ductive adhesive with this configuration will give the possibility to obtain values as
before if not better. The Al mesh will partially solve the conductivity problem but will
increase the weight of the protected part.

Al - CFRP plus Ni coated graphite fibers specimens results

Tape and fabric carbon fibers metallized with Ni have been added to a carbon underlayer
as before.
In this case also Hi Lok and nut plates assemblies have been considered. Results of mea-
surements are in Tab.IV.
The joints resistivity is about 2 mohm for both configurations and the uncertainty per-
centage is very low. This kind of solution seems to be promising; the resistivity and the
uncertainty factors are very low and also the structural weight can be minimized. Metal-
lized carbon ply is a structural material and it could be used instead of the last ply of
carbon underlayer. Weight increase will be only due to the metallization of the last car-
bon ply.
Preliminar tensile mechanical tests performed on CFRP and CFRP plus Ni coated fabric spe-
cimens show that the failure stresses are very close; in particular the failure stresses
variation is lower than the coefficient of variation.

Fin measurements results

A study on the best electrical configuration for the ANX fin has been performed following
the indications on specimens results. ANX fin box has to be protected because its typical
thickness is lower than 5 mm.
CFRP parts thicker than 5 mm do not require particular protections against lightning stri-
kes. The carbon, also if not a good conductor, will be able to dissipate high currents if
the cross section is sufficient. Obviously the joints have to work correctly. Some CFRP
parts thicker than 5 mm will be protected if shielding requirements exist.
The original configuration of the vertical fin is as follows:
the Al mesh is 2/3 of the fin height and it works like an antenna ground plane; the lea-
ding edge is made of kevlar and it is fitted on the fin box with Ti screws and nut plates.
The fin box is fitted on the upper and lower metallic ribs with Ti Hi Lake and Al collars.
D.C. resistivity between the upper and lower ribs was 11 mohm. Some variations have been
proposed in order to improve electrical conductivity as follows:
- change the kevlar leading edge with an Al one. This can be useful to have a preferen-

tial path from the fuselage to the rear extremity of the upper rib;
- occurs the Al mesh for all the fin box length. In this way the upper and lower Hi Loks

rows will be connected;
- connect the bolts heads of each row with a thin stainless steel strip. The metallic

strip will be drawn in order to have the bests coupling with the hole countersunks.
* Conductive adhesive will be used only in the hole countersink area; none conductive sea-

lant will be used between metallic strip and CFRP far from holes.
A second vertical fin made with these new suggestions has had a resistivity of 2.5 mohm
with the same measurement conditions of the first one. The current cross section with

;j
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these improvements is about 25 mmV2 (Fig.ll).
N1 coated carbon fibers gave the beet results on coupons but they have not yet been used
"as structural material. A study of their applicability is a subject of further investiga-
tion. Neverthless mechanical performances have to be tested after the tearing of a Ni co-
ated area struck by lightning.

Changes proposed for the fin configuration will partially solve the conductivity problem,
but this will be only the first step to improte the performances of the vertical fin.
Lightning strike tests on the ANX fin will be necessary to verify the new solutions. Ul-
trasonic inspection, static and fatigue tests will be also helpful.

Lightning strike tests have been performed on 550x280 mm panels according NIL STD
1757. Unprotected and protected laminates have been considered.
The materials uwed for protection were Thorstrand TEF 5 and Ni boated graphite fibers fa-
bric. The impendance values and maximum pulse currents are in Tab.V.
The Ni coated graphite panels give, also in this case, the minimum of impendance.
The unprotected CFRP fabric panel dissipated the higest current. Damage was rather seri-
ous because three plies have been damaged in the attach zone.
Thorstrand TEF 5 ply tore with 110 kA current while an unprotected panel made of unidi-
rectional fibers dissipated a 132 kA current with the tearing of the first ply.
Ni coated graphite panel showed only suriace burning with 184 kA current. The Ni coated
CFRP seems to be able to discharge high currents, also if it is an attraction element forr lightning strike.

5 CONCLUDING REMARKS

CR Several suggestions can be proposed in order to minimize the resistivity betweenSCFRP and light alloys.

They are:
- verify if the structure has preferencial paths with enough cross section for the cur-

rents;
- foresee the drawing at design stage to obtain preferential paths;
- adopt metallic protections on CFRP parts; structural soulutions will be more helpful

for weight savings;
- pay particular attention to mechanical joints in order to minimize galvanic corrosion

and in order to have the eloctrical continuity for each fastener;
- make an electrical connection between more fasteners in order to minimize total rese-

stivity;
- consider carefully the sparking problem in the fuel area.
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Fig. 5

CFRP specimen for cocnicuctivity testing
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TEST SPECIMENS FOR BEARING AND BY-PASS STRESS INTERACTION
IN CARBON FIBRE REINFORCED PLASTIC LAMINATES
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SUMMARY

Compact test specimens for measuring the strength interaction behaviour of bolted
joints subject to combined bearing and by-pass stresses have been studied. Multi-bolt
specimens which have been successfully used to study these effects in aluminium alloy
were found to be unsatisfactory because of the uncertainty in load transfer, and a new
specimen based on parallel plates was developed. Bearing load at the holes is achieved

* through load transfer from the central CFRP coupon to the parallel plates. The maximum
ratio of bearing to bypass loads is limited by the initial fit of the bolt and by
subsequ,.nt bolt/hole deformation under load. However the specimens recommended are
capable of applying a wide range of bearing/bypass load ratios.

E Sample strength interaction envelopei were produced for a Hercules IM6 fibre and
Ciba-Geigy Fibredux 6376 resin laminate oi lypical wing skin lay-up, 5.5 mm thick. Both

* tension and compression quadrants were studied, with two hole sizes, in both double
shear and single shear. The interection behaviour was similar in both tension and
compression for 6.35 mm holes in double shear, but in the case of 9.5 mm bolts there
"was less interaction in compression than in tension. Countersunk fasteners in tension
appeared to suffer little reduction in net strength due to bearing stresses.
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1 INTRODUCTION

Mechanical joints in carbon fibre plate structures are widely used since they offer
a reliable means of load transfer; bolts bearing against the supported axial fibres in
multidirectional laminates have been shown to achieve bearing strengths close to the
laminate compression strength (1). The efficiency of CFRP joints In bearing is well
understood but, apart from a minority of jointing cases such as single hole joints at wing
attachment fittings, bearing stress alone is a rare occurrence.

The general case found in mechanical joints is the transfer of load by bolt bearingSinto a stressed sheet. Examples abound, such as in aircraft wings where a combiutstion
of membrane stress due to bending and bearing stress due to transfer of shear load at
the akin/substructure interface occurs. The ratio of bearing stress to membrane stress
varies widely across the wing but will generally be low for the skin/subutructure joints

and high for the multi-hole joints at wing attachment fittings. Both membrane and
bearing stresses will give rise to stress concentrations at the edge of the hole which
may initiate failure and it is to be expa..ted that some interaction of the stress con-
centrations will occur, leading to a reduction in strength.

The strength values used in aerospace structural design are the filled-hole notched
strength and the bearing strength, both of which vary with lay-up and fibre/resin system.
They are generally measured using separate coupon specimens designed to give representa-
tive failure modes and strengths. The interaction problem is often treated using assumed
(conservative) factors to reduce the notched strength to account for additional bearing

stress. In consequence a method is sought to obtain accurate design values for strength
of notched laminates under combined membrane and bearing stress. The problem has been
studied by othersincluding Hart-Smith (2) who developed a semi-empirical design method.
Strength measurements under combined stress have been carried out by Crews (3), who
developed a servo-hydraulic test frame capable of applying membrane and bearing loads
independently. This method shows great potential but requii~es complex testing equipment.

The aim of the present work is to develop a simple method for strength interaction
measurement using coupon specimens in ordinary test machines. Two main types of speci-
men were investigated. One specimen depends on load sharing between the bolts of a
multi-bolt joint and the other, more successful, specimen depends on load sharing
between the CFRP coupon and parallel steel side plates which are loaded only via the
bolts. This parallel plate method is applicable to double shear and single shear joints
with plain or countersunk bolts. The bearing load achieved is dependent on the relative
stiffness of the members and the initial bolt fit. These parameters can be controlled
to give a wide range of bearing/membrane stress. The spjcimens were used to develop
strength interaction curves for a laminate made from Hercules 1146 fibre and Ciba-Geigy
Fibredux 6376 resin. Both tension/bearing and compression/bearing quadrants were
investigated, using plain (hexagonal headed) bolts in double shear and countersunk bolts
in single shear. Test results to date are given in Table 1.

2 MULTIPLE HOLE JOINTS

2.1 Prospects for Analysis

The analysis of bolt groups depends critically on the local deformation of the
holes and the bolts. Work by De Jong (4) using elasticity theory and conforral mapping
has studied various configurations of bolt rows. Finite element methods can, of course,
be applied, although complex and costly models are needed to represent the three-
dimensional deformations and stresses. No elastic method has been found accurate for
strength prediction of composite joints.

If bolt/hole deformation is ignored, a row of fasteners in double shear can be
anelysed simply. The following results apply to a three-hole joint shown in Fig 1.

P1 . P2 2A 1 E 1  )P P 3  Pa ( A 2 E 2 )P
2A IE 1 +A 2 E 2  2A 1 E1 +A2 E

$1 ( 2A 1 EI )P 53 A ( A2 E2 )P (I)
2A1EI+A2E2 •2 F 2A1EI+A2E2

For a symmetrical joint, AlE1 E A2 E2 /2, then

P 1 - P 2 - P/2, P 3 = P4 P S1 .S3 - P/2

These results apply to jointn of similar configuration with any number of holes per
row, ia only the outer bolts are effective in load transfer and the sheet between the
outer bolts is under constant stress. Provided the bolt clearances are matched, a

symmetrical two-hole joint should, from equation (1), have equal bearing loads at each
hole. This is the only case in which 50% load transfer can be assured.

It
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For other configurations, deformation of the bolt/hole will clearly redistribute
load between the bolt* and, for ductile materials, experience has shown that shear
equalisation can take place with plastic deformation (5). This is shown qualitatively
in Fig 2. Given the occurrence of ahear equalisation from local yielding, a multi-hole
fastener would provide a convenient means of studying the bearing/membrane stream inter-
action problem, with a two hole specimen giving 50% load transfer, a three hole specimen
33% and so on.

Shear equalisation im loes likely with the relatively brittle characteristics of
CFRP and the high stiffness of the steel or titanium fasteners used. However, a number
of exploratory tests were carried out to assess the multiple hole specimen.

2.2 Exploratory Teats

* The laminate used for all the tests in the present report was 44 ply, nominally
5.5 mm thick, in a distributed lay-up of 18/20/6 plies at 0/+-45*/90 respectively, in

M16-6376 material. For this thickness it was found that the diameter of high-tensile
steel bolt required to give bearing failure in the composite without bolt bending was
greater than 8 mm so the nearest standard aise of 9.5 mm was used. The bolts in all
teats were torque tightened to a moderate level (7 Nm) to provide a positive lateral

* constraint without significant friction. The specimens used are shown in Fig 3 as types
B. C and D. Only one test was carried out in each configuration, to establish the basic
behaviour. The results are shown as load-extension curves in Fig 4. Five curves are
shown, one (Ca7) a bearing strength test, one (C04) a filled hole tension test and the

* remainder (C03, C05 and C06) combined bearing/by-pass tests with four, three and two
hole specimens respectively. The failure modes are shown in the photographs in Fig 5.
C07 and C04 exhibit the normal bearing and notched tensile modes. Considering the multi-
hole specimens, C03 shows tensile failure at the first hole with evidence of additional
bearing deformation at holes 1, 2 and 3 only. Hole 4 shown no visible sign of permanent
bearing deformation. The three hole specimen, CO5, also failed in a tensile mode at
hole 1, but in this case the bearing deformation is less and limited to hole 1. The two
hole specimen, C06, has the same failure mode, and shows evidence of bearing deformation

at both holes.

Referring to Fig 4 it is clear that the multi-hole specimens all failed at virtually
the same load, but less than that for the filled hole tensile specimen ty 25%. This
indicates that the notched tensile strength (Cnt) is significantly reduced by bearing
stress and the reduction does not necessarily vary with number of holes in a joint. From
the visible evidence of the failure modes it appears that the bearing load was con-
centrated at the first hole. Equalisation of bolt loads did not occur so no accurate
estimate of the bearing loads can be made.

2.3 Thermoelastic Investigation Using SPATE Equipment

An investigation of the load distribution in the steel side plates was carried out
using the SPATE system at RAE, general details of which are given in Ref 6. This equip-
ment detects adiabatic temperature changes, which for isotropic materials are proportional
to the sum of the principal stresses, in structures undergoing cyclic loading. Specimens
of type D were used, 30 mm wide, with 6 mm thick parallel steel plates either aide
fastened with four 6.35 mm bolts. Two specimens were tested, the first a static teat
and the second a residual strength test after fatigue 'shake-down". In the second test
emissions from the side plates were detected to obtain a measure of the stress variation,
and resultant bearing loads at each hcle. The fatigue test was carried out at 5 Hz at
mean load of 33 kN and alternating load of 27 kN (R - 0.1).

The fatigue tests were run up to 100,000 cycles to observe load redistribu;ion
resulting from local bearing deformation in the CFRP coupon. During this time several
scans of the steel side plate were performed using SPATE. During the early stages the
bearing load was concentrated at the first bolt, which failed in fatigue several times
and was renewed. Towards the end of the test the first three bolts failed, and all four
were replaced before the residual strength test. The residual strength test gave the net
tensile strength as 572 MPa, 14.6% below the notched tensile strength result. The static
strength test gave 72.2 kN compared with 76.2 kN for the residual strength test, co the
bearing deformation under fatigue may have caused a significant equalisation of bearing
load and a consequent increase in net tensile strength. It should be noted, however,
that even in the absence of bearing effects the net tensile strength would be expected
to increase slightly am a result of fatigue (7). Consequently the strength achieved was
closer to the notched tensile strength than that for the 9.5 mm bolts discussed in
section 2.2 (86% of ant for the 6.35 mm bolts and 75% of ant for the 9.5 am bolts). A
photograph of the failed residual strength specimen is shown in Fig 6. The bearing
fatigue caused elongations of the holes of between 3.1% (lot hole) and 1% (4th hole).

Photographs of the SPATE scans in Fig 7 show some increase of stress away from the
first hole between 30,000 and 100,000 cycles, indicating bearing redistribution. However
the results so far have not given accurate values of the bearing load at each hole.
Although it may be possible to use multi-hole specimens, the difficulty of measuring the
bearing load at each hole is a major disadvantage. Paradoxically it appears that the
strength of multi-hole joints can be improved by using "weak" fasteners which yield and
so equalise the fastener shears.

--#
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3 PARALLEL PLATS SPECIMENS

3.1 Specimen types and Potential Applications

The parallel plate spacimen types used in this investigation are shown in Fig 8.
Bearing load As generated at the CFRP hole by load transfer into the side plates. The
model shown in Fig 9 gives the lod distribution in terms of the member strains and
Sstiffnessea for a symmetric three-plate specimen.

An upper limit to the bearing load, neglecting bolt/hole deformation is

SPb . P/1( + (A 1 E1/2A2 E2 11 (2)

A practical minimum ratio of AlEj/A2E2 is about 1/6 and this yields, neglecting bolt/
holo deformation, a maximum bearing load of 12/!J of the applied load. As will be shown
later, this upper limý.t could only be expected for extremily long specimens.

In practice the bearing loads can be determined from measured strains:

Fý'om measured side plate strains,

Pb - 2A 2 3 2 c 3

From measured CFRF coupon strains,

P = P A E

Thus, the true bearing load can be obtained from strain gauge measurements on either
the side plates or the CFRP coupon, once the Youngs modulus is accurately known. The
ratio of bearing/applied load will vary as bolt or hole deformation takes place so the
strains must be continuously monitored to obtaii the correct results at failure.

Initial bolt clearance and deformation under load reduce the achievable bearing
loads. It was found that the short specimen (type E), with 100 mm bult pitch, achieved
load transfer of about 20%. This could be increased to aboset 85% using type F. In
specimen type F, the initial bolt clearance is halved because only one bolt acts in load
transfer. At the other und the CFRP strip is bonded and pinned to the side plates and
this rigid joint is clamped in the hydraulic grips of the test machine. The combination
of i.acreased effective length and reduced clearance gives much higher load transfer
ratios.

In practice, predictions of load transfer are difficult because of non-linear
bearing deformaticon characteristics near failure. However, it has been found that the
two specimens, types E and F give sufficient range to cover the rilevant loading cases.
For a given specimen type, variability in initial clearance and bolt/hole deformation
will result in variability in load transfer at faili're. This in no disadvantage since
it expands the interaction data over the range studied.

Load transfer in single shear with countersunk fasteners can be studied using
specimen type C, backed with an anti-bending plate if neressary. The single sided plate

arrangement can also be used to study additional bending effects by adaing spacers
between the platL and coupon, with strain gauges attached to measure both load transfer
and additional bendi.g.

Approximately fifty specimens of various configurations were tested to develop the
beat type and to generate sample strength interaction curves for the CFRP laminate. An
essential prerequisite wa3 the Youngs modulus of the constituent plates. The laminate
Youngs modulus in tension and compression was measured am 71.1 GPa and 70.3 GPa,
respecLively. Both aluminium alloy (L65) and steel (ENS) side plates were used in the
triala, with modulus of 70 GPa and 210 GPa.

3.2 Tekt Programme and Results

3.2.1 Trials with short specimens using aluminium alloy ani steel side plateb

The first tests compared specimens with L65 and steel aide plates, either 3 mm or
6 mm thick, strain gauged on the side plates only. The curves of load-extension and
load-strain for 3 mm aluminium alloy and steel side plates are compared in Fig 10. Both
strain curves show increasing side-plate strain per unit load as initial clearnnce is
taken up and bearing pressure increases. The curves for 3 am stetl plates indicate a
progressive localised failure just before final failure, with a step increase in extension
and reduction in strain. The 3 mm aluminium alloy and steel specimens achieved bearing
loads of 15% and 20% of Puit respectively. The load-extension results for 3 mm and 6 mm

aluminium alloy and 6 mm steel are shown in Fig 11. Despitit the differences of up to
25% in total stiffness, assuming no bolt/hole deformation, there is very little difference
in measured stiffness for the three specimens. In practice, clearance and local
deformation have reduced the stiffness contribution of the side plates and limited the
bearing loads to about 20% of Pult.

II



3.2.2 Trials with long specimens

Long specimens using stool aid* plates either 3 mm or 10 as thick were investigated
to increase the achievable load transfer. The specimen type is shown in Fix 8. F. The
first studied, C01, was 30 mm wide with 3 mm side plates faateno,' with a 6.35 mm bolt.
Strain gauges were attached to the aide plates only. The load-extension and lead-strain
curves are shown in Fig 12. Neglecting deformation the theoretical maximum bearing load,
from equation 2, in 76% of the applied load. The measured bearing loads achieved are
shown in Fig 12, reducing from the initial value of 0.63P to 0.38P at failure. The
reduction in bearing load ratio was caused by bolt bending and plastic elongation of the
holes in the side plates. The bearing streas at failure in the CFRP coupon was 784 XPa,
71% of the bearing strength.

To overcome the bolt/hole deformation problem and increase the load transfer ratio
a specimen, denoted C02, 50 mm wide with 10 mm thick steel side platen fastened with a
9.5 mm bolt, was investigated. The load-extension and load-strain curves for C02 era
shown in Fig 13. The lower curve shows the variation of aide plate strain with applied
load. It is linear up to initial bearing failure in the CFRP and then increases more
slowly. The theoretical maximum bearing load neglecting deformation Is 0.91P, whereas
the initial value, measured from Fig 13, is about U.79P. At initial bearing failure the
bearing load is 50.4 kN, 72% of the applied load and 73% of the bearing strength for a
9.5 am hole. Beyond initial failure, progressive bearing failure occurred, resulting in
the reduction In total stiffness and strain rate shown. The failure modes of specimens
CO1 and C02 are shown in the photographs in Fig 14. COl has mostly tensile failure with
a small amount of bearing deformation whereas C02 shows evidence of much wore bearing
deformation, corresponding with the load-strain curve.

* 3,2.3 Single shear specimens

Specimens of type G (Fig 8) were used to study strength interaction in single shear
i7 with 6,35 mm countersunk fasteners. The asymmetry of this specimen can cause secondary

bending, and this was restricted by clamping the CFRP coupon to the side plates. A
single strain gauge was attached to the centre of the coupon at both sides to monitor
both load transfer and additional bending. The results from a specimen with a 6 mm steel
side plate are given in Fig 15. Load transfer values of up to 15.9% were achieved,
although local deformation reduced this to 12.9% at failure. The secondary bending
strain was less than 5%.

3.2.4 Specimens in compression

The compression quadrant was studied using the same specimens as for tension,
types E and V in Fig 8. The side plates used were 6 mm or 10 mm thick steel which gave
adequate Euler buckling rigidity. Nevertheless, the specimens were lightly clamped
using engineers clamps to prevent incipient buckling of the individual members. Strain
gauges were attached to the plates,

The load, displacement and strain response for a typical short specimen (809, type
E) is given in Fig 16, The strain curve shows three distinct phases, representing
friction effects, bolt bearing load transfer and progressive failure. Before the bolt
clearance is taken up a small amount of load is transferred to the side plates thirough
friction. A linear phase of bolt bearing load transfer then occurs, followed by pro-
gressive failure during which the side plate strain increases rapidly. Final oailure
occurs at a strain level greater than that for bolt bearing load transfer alone, and an
estimate must be made of the strain at initial failure due to combined bolt bearing and
compression stress. This point is shown on the curve at 380t side plate strain and
81 kN applied load. Above this point the side plate strain increases rapidly because
lateral expansion of the composite material around the hole under progressive failure
causes increased friction load transfer, Nevertheless, the point of initial failure is
clearly identified from the strain curve.

The problem of friction effects in laterally constrained compression bearing tests
is known to give high values of bearing strength (8), and this is shown by the strength
values obtained at final failure from the p-oesent tests. The apparent increase arises
from friction locking of material round the hole, over an increased diameter of about
one bolt diameter.

3.2.5 Conclusions from specimen trials

The results from the specimen trials established confidence in the parallel plate
method for combined bearing/by-pass strength measurement. For low lead trensfer the
short specimen, type R, with steel side plates the same thickness as tha CFRP coupon

* gives bearing loads of up to 0.2P, depending on the bolt fit. Steel side plates are
preferred for greater resistance to hole deformation. For Aouble shear testing. strain
gauges on the side plates only are sufficient, and the same side plates can be used for
several specimens uith resulting economy. However, the strain* measured are of the order

* of l00i and sensitive measurement equipment is required for good accuracy. The strains
in the CFRP coupon are much greater, of the order of 1000uc, and consequently easier to
measure. For this reason it in preferable, but more expensive, to apply the strain gauges
to either side of the CFRP coupon midway between the bolts. By clamping the assembly to
prevent buckling effects the parallel plate specimen can be used for compressive loading,
but friction effects must be considered. For single shear testing single sided plates
can be used, and they appear to give the same amount of load transfer as in double shear.
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The long specimen, pinned end bonded, was capable of achieving very high load trans-
fer ratios. With side plates about twice the coupon thickness, end a bolt of sufficient
diameter to prevent bending, load transfer of up to 0.?9P could be achieved. The speci-
man was shown to give a combined failure mode with considerable bearing deformation

before failure in a bearing/tensile mode. The specimens developed were used to produce
the strength data for sample strength interaction curves.

4 STRENGTH INTERACTION CURV9S

4.1 Tenaion-bearing Interaction, Double and Single Shear, 6.*5 mm Hole

The results for tension-bearing interaction in double shear (plain hexagonal headed
bolts) for 6.35 am holes are shown in Fig 17. The mean net tensile strength, from five
filled hole specimens, was 670 NPa with a coefficient of variation (CV) of 3.25%. The
bearing strength was determined for a 7.9 mm (5/16 in) hole because 6.35 mm bolts had
insufficient strength for the thickness of laminate. The value given of 1091 NPa is the
result from one specimen.

The interaction points were obtained from seven specimens identified in the diagram.
Specimen C01. discussed in section 3.2.2 achieved the highest bee-ing stress, limited by
bolt bending and hole elongatinn. A06, A07 and A08 wear discussed in section 3.2.1.
The other three, 303, 304 z-ad B05 were tested with the same pair of 6 mm steel slide
plates. As can be seen the bearing stress varied considerably for this group, depending
on the initial bolt fit and deformation characteristics. This has given a spread of data
points useful in constructing the curve.

A tension-bearing interaction curve for 6.35 mm countersunk bolts in single shear
in shown in Fig 18. As in the double shear case only the tensile failure mode is shown
since It is impossible to achieve bearing failures with this bolt size. The stresses
were calculated assuming plain hole area loss, is ignoring the countersink area. With
this included the tensile stresses based on true net area are 5% higher than those given.
The mean of three filled-hole specimens was used to give the net tensile strength,
572 NPa with CV of 0.87%. Specimen type 0 was used for the interaction studies, with
strain gauges attached either side of the CFRP coupon to monitor both load transfer and
bending. All specimens were clamped to restrict bending and the strain results showed
this to be less than 5% at the specimen centre. The lower group of points, 316 to B18,
were obtained from specimen with a 6 mm steel side plate whereas the upper group, GO1
and G02 used a 10 , teel side plate. As can be seen the points are grouped with
little scatter and a. interaction curve could be drawn easily through them.

4.2 Tenaion-bearing Interaction for 9.5 mm Bolts in Double Shear

The limited amount of testing with 9.5 mm bolts gave just sufficient data to produce
an interaction curve, given in Fig 19. This curve is based on results from a bearing
test, a filled hole tensile test and two interaction tests. Of the latter, the upper
point was obtained using specimen C02, discussed in section 3.2.2. For this specimen,
as shown in Fig 13, a distinct ir.itial failure occurred at 62% of ultimate load foltowed
by progressive deformation up to break. Referring to Fig 4, it can be seen that the
corresponding bearing strength specimen, C07, had the same type of progressive failure
characteristics, with initial bearing failure occurring at the same bearing stress of
about 950 NPa. Depeiding on the design philosophy, the allowable stress would be set
between initial fail.re and break, and it can be seen from Fig 19 that widely differing
strength envelopes could result. Specimen C06 was used to give the other interaction
point, assuming equal bearing load at each hole. The tensile mode curve is therefore
an estimate and mcre results are needed to confirm its position. It nevertheless gives
a good indication of the strength interaction characteristics with hiEh bearing stress.
Both strength modes were significantly reduced by interaction, but the initial bearing
failure characteristics were unchanged by the presence of by-pass stress. Thus it seems
that the major strength interaction effect is the reduction of net tensile strength.

4.3 Compression-bearing Interaction in Double Shear for
6.35 mm and 9.5 em Bolts

The compression-bearing interaction curve for 6.35 mm bolts is given in Fig 20.
The net section strength, from four filled hole specimens, was 702 NPa with CV of 3.14%.
Three specimens of the type discussed in section 3.2.4 were used to give the interaction
points. An estimated curve for the compression failure moie (initial failure) was drawn
through the limited number of points. Comparing this with the tension mode failure in
Fig 17 shows toe behaviour in both quadrants to be virtually the same. The points shown
for final failure show much higher bearing strengths but are unrepresentative of bearing/
bypass interaction because of the "friction locking" mechtlaim discussed in section 3.2.4.

The compression-bearing interaction behaviour with 9.5 mm bolts is shown in Fig 21.
This envelope was constructed from the mean of three net compression strength results, a
bearing strength result and an interaction strength result using the specimens shown.
Compared with the tensile quadrant (Fil 19) there is little apparent interaction in the
compression mode. However, this may be masked by the high scatter present in the notched
compression results. The CV from th- three tests was 9%, considered high for fibre
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controlled failure, although failures occurred in a satisfactory mode through the hole
centre in each case. The mean compression strength was 543 MPa, 82% of the net tensile
strength measured from one specimen.

The effect of bearing on not compression failure mode is shown in the photographs
in FIX 221 the fracture none has moved from the hole centre to a pnsition outside the
hole centred on the focus of bairing deformation.

5 DISCUS8ION

The first part of the study compared test methods for measuring the strength inter-
action of bearing and by-pass stresses. Two major specimen types were studied: multi-hole
specimens depending on load sharing between a number of bolts in a row and parallel plate
specimens depending on load sharing between the CFRP coupon and the parallel plates,
Multi-hole joints in aluminium alloy have been tested successfully and the bolt/hole
deformation resulting from plasticity was found in the limit to "equalise" the bearing
load on each bolt. This limiting case would be moat usefu? in CFRP testing also since it

would give a means of varying the ratio of bearing load to bypass load simply by varying
the number of holes in a row.

This concept was amsessed with CFRP/eteel specimens but the relatively brittle
nature of the material prevented appreciable equalisation of the bolt loads. It was
found that specimens with two, three and four holes failed at virtually the same load,

with the bearing stream concentrated at the first hole. A 4-hole specimen was fatigue
tested to "shake-down" the stream concentrations, and simultaneously analysed using the
SPATE system to monitor load redistribution among the bolts. Although there was some

equali~ation of the bolt loads, the effect was not readily quantifiable. By sophisti-
cated design, such as tapering the loading plates and using "weaker" bolts, it may be
possible to achieve a more even load distribution. This would nevertheless be uncertain

k and dependent on predictable bearing deformation characteristics in the CFRP laminate.
In view of the uncertain bolt load distribution, the multi-hole specimen cannot be
recommended for quantitative testing in combined bearing and by-pass stress.

The parallel plate specimen proved to be more successful. It was capable of apply-
ing a wide range of bearing/by-pass load ratios, and was economical of material. The
best arrangement was given by steel plates, of the same thickness and width an the
parallel CFRP coupon, which were varied in length to vary the bearing/by-pass load ratio.
For double shear testing a symmetrical assembly of two steel plates was used, whereas for
single shear teoting a single steel plate was used, supported against bending if

necessary. The land in the members was determined from measured strain, either in the

side plates or in the CFRP coupon. In double shear testing the side plate@ only need
be instrumented, and the same pair of plates can be used for many tests. For single

shear tests the CFRP coupon muet be strain gauged to monitor both load transfer and the

inciden.;e of secondary bending.

Using the two configurations of parallel plate specimen described in section 3,
sample strength envelopes were produced for two bolt sizes in an ING-6376 laminate. In
practice the 6.35 am bolts were not strong enough to cause bearing failure and the

bearing stress was limited to about 70% of bearing strength. Consequently the study was
limited to the erfect of bearing stress on net tensile strength. In the tension-bearing
quadrant for 6.35 am holes, (double shear) bearing stress significantly reduced the net
tensile strength, up to about 18% for this hole size. Similar interaction behaviour was
shown for countersunk holes in single shear. The compression - bearing quadrant was also
studied for 6.35 am bolts in double shear. Friction effects after initial failure were
significant giving rise to unrepresentstively high bearing stresees at failure. Never-

theless the initial failure point was clearly detected from the load-strain curves. The

interaction curve obtained for compression mode failure was similar to that for tension

mode failure.

A limited amount of testing was done using 9.5 am bolts in double shear. In this

case bearing mode faiiurea cnuld be achieved and the interaction studies covered the full

envelope of bearing and by-pass strength. It was found that the interaction behaviour
for high load transfer (bearing mode) was virtually identical in both quadrants. A
difference occurred in notched strength, with compression strength significantly less

than tension strength. Some of this can be attributed to scatter, but its effect is to
reduce the strength interaction in compression compared with tension.

It is clear from all the results that the main effect of interaction is the reduction

of notched strength due to bearing stress. This is shown for tension in Fig 23. Plain

holes in double shear have the greatest strength reduction. Countersunk holes appear to

show very little strength reduction up to 30% load transfer.

Clearly, more testing is required, both to confirm the shape of the Interaction

curves and to provide statistically significant data. Nevertheless the specimens

developed provide a convenient method of little more complexity than simple coupons.

6 CONCLUSIONS

The parallel strip specimen, as described, provides a convenient means of experi-
mentally studying the strength interaction of bearing and by-pass stresses. It is adapt-

able for use in double shear and single shear, with different fastener type. The bearing
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load inmost effectively controlled by varying the specimen length, since this reduces
th etfec.ts of initial clearance and bolt/hole deformation. However, the important came
of low load transfer can be studied with a short specimen which Is econoaical of material.

A range of sample strength interaction curves were produced in INS-5376 material,
for two hole imesa in both tension and compression. It wae concluded that the strength
envelopes for 6.35 am bolts in double shear were virtually the name in either %trass
quadrant. In the ease of the larger bolts (9.5 mm) there appeared to be less interaction
in compression than in tension, although some of the differoncea was accounted for by
scatter in net compresalon strength. Single shear (countersunk fstener) joints in
tension showed lose reduction in net strength than double shear joints.

Further testing is underway at RAE to explore interaction behaviour over a range of
parameters, Including countersunk fasteners in compression and environmental testing.
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S3pGeometry

bin p d t2Type TD1 p : Teat Demuit end Comments

A AGO 30 160 Tension E - 71.1 GPa
Coapremmion I - 70.3 OP&

3 A03 30 205 e/d- 6.35 Solt Sheared

3 A04 30 205 5 7.9 Pb : 49 kN ob - 1091 MPa

3 A05 64 205 5 9.5 Pb 57.3 k ob - 1069nPa

3 C07 50 205 5 9.5 Pb 69.5 RN ab - 1296 NP

C A09 30 160 6.35 
0

1a - 876 l(pa

C 306 30 160 6.35 a.TT 687 NP

C 30? 30 160 6.35 T -631 WP

C 30 30 160 6.35 O 692 NPa

C A12 30 160 6.35 a TT 574 NP. (C/S)

C A13 30 160 6.35 OT.T - 565 NIa (C/S)

C A14 30 160 6.35 OTT 566 NP. (c/5)

C C04 s0 290 9.5 O.T 646 NPs

C A02 30 160 6.35 o1. -684 NPA

C B12 30 160 6.35 TC .- 728 NP*

C 313 30 160 6.35 Cy -721 NP.

C 514 30 160 6.35 OTC -678 NPa

C AlO 3u I,0 6.35 oTC -653 NP. (C/S)

C All 30 160 6.35 OTC -663 WeP (C/S)

C 815 30 160 6.35 OTC -- 680 NP& (C/S)

C Cog 50 290 9.5 aT " -529 NPa

C HOl 50 290 9.5 OTC -491 NP.

C H02 50 290 9.5 OTC -609 NP.a

D A15 30 205 4d 6.35 6 St OTT., 541 NPa 4 HOLE

D D01 30 205 4d 6.35 3 St Teat Stopped (a TT 430 NPa) 4 HOLE

D 802 30 205 4d 6.35 6 St oTT - 572 14P& 4 HOLE

D C03 50 205 4d 9.5 lost t TT - 490 a NP. 4 HOLE

D C05 50 205 4d 9.5 lOSt a T. - 476 NPa 3 1101.E

D C06 50 205 4d 9.5 lost a -T - 490 NP, 2 HOLE

3 A06 30 160 100 6.35 3 Al a .T". - 586 NPa ob - 298 NP.

E A07 30 160 100 6.35 6 A1 OTT " 602 NPa ab - 239 NPa

2 P.06 30 160 100 6.35 3 St (TT -
5 4 2 

i~a ab - 419 Wp

9 303 30 160 100 6.35 6 St aTT - 568 NPa a b - 461 lPs

E B04 30 160 100 6.35 6 St aTT - 564 NPs ab - 377 NPa

E B05 30 160 100 6.35 6 St aTT . 581 NPa ab - 638 NPa

K 309 30 160 100 6.35 6 St OTC -x621 Pa ab - 802 NPa

1 310 30 160 100 6.35 6 St OTC -626 NPs ab -863 NPa

3 all 30 160 100 6.35 6 St a TC -672 NP. ob - 873 HPa

S V07 30 160 103 6.35 6 St * TC -615 NPa ,b - 718 HP&

F Cal 30 540 6.35 3 St aTT - 543 NP., b - 779 IP;A

F C02 50 580 9.5 loSt a TT,- 503 NPa ab - 1175 W~a

F COS 50 580 9.5 lOSt cTc -514 NPW ab - 1213 NPa

( 516 30 160 100 6.35 6 St OTT - 553 HP& 0b - 636 We

O B17 30 160 100 6.35 6 St aTT ,. 566 NPa ab - 589 NP.

0 318 30 160 100 6.35 lost OTT - 535 NP. ab - 597 NPa

* 001 30 585 6.35 lost aTT - 517 NP. ob - 914 NPa

* 002 30 585 6.35 lOSt - 496 NP. ab - 869 NP.

-Single side plate specimen of type F (C/S)

TABLE 1

It
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80 imn S2•:80 Ta SO,?-..Sn

75 7ltkii I

4 65 6. ,n

60 m

55 l% - *ii'
45 s~

~40

30 I

25

20

15 "I I

4 ,

0 0.25 0.5 0.75 1.0 1.25 1.5 1.75 4

EXTENSION (mm)
1.75ý

FIG.11 LO)ADEXTIENSION CURVFS FOR SiTO S3
(A06 TO AOS)

1.50 .

1.250.

41% 0
z 26.4X O (
0 1.0-!8 0

0.75"

150.

0.25 63%

F 441

3.78"60

15.12oi I 100

-~ 0L5 6%t 0

0 611211.0 20333484 45.8 So I'm 7
S~LOAD Ore)

v FIG.12 LOAD EXTENSION CURVE & LOAD STRAIN COI



11-16

22 2.519m

2.2

1.75

ii. Si

T 200

0.5- 160

120
0.2ý -I 80

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96101041081 '1216

initial failure 71.2 kn 114.4 kn
LOAD (cn)

FIG,13 LOAD EXTENSION & LOAD STRAIN, C02

FIG.14 FAILURE MODES, COI AND C02

-- - -- --



1.72 64 00

SS4gia15.3 .3200

anst failure 39i 40+ I 5 4800

4400)

1.2SF 14.6 I 4000

13,• 3200

v.p' v; 28001
11.3 3

~O7S ti~f.2000
"displacement

8.5
0160

1200

8
0.25 800

0.125 -400

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76
LOAD (kn)

FIG.15 LOAD-EXTENSION AND LOAD-STP AJN CHARACTERISTICS, SINGLE SHEAR C/S B16

-2.02 mm
-2.0------ ~--. . .-.- -..-..-. . .. . . 560

520

480

PROGRESSIVE '440
FAILURE

-1.5 400

!360

-1.25 3' 320

S--1.0 240

I 200

-0.75, 6DOT BEARING

LOAD TRANSFER 1 120

-o.5 ~e80S-0.125 i, 40
CRIG~ON 4

L 0 -4 -8 -12 -16 -20 -24 -28 -32 -=U 4 2 46 -6" -72 -76 -80
LOAD (kn)

FIG.16 COMPRESSION-BEARING SPECIMEN 909, LOAD EXTENSION AND STRAIN
CHARACTERISTICS

I



Vq

0 C/S SPECIMENS
(MEAN OF 3)

1200,

Col

1000

800 COl bonded
Intefaces

%005

B03#\ A06,7,8

40 A08 B03,4,5

1304 + A07

c 400 Ad4

2 00 0084

0 100 200 300 400 500 600 700)
NET TENSILE STRESS (MPa)

FIG.i 7 TENSION-BEARING INTERACTION. 6.35 mm HOLE

, cSLT5 (CO I)
etSLT4 (G02)

800

*•(SLTI (Bi7)
i 600 CSLT2 (B 18', *ýCSLT3 (B 16)

0
Z 4X)

20(•

0 100 200 300 400 500 600 700 800
NET TENSILE STRESS (MPa)

rIG.18 TENSION-BEARING INTERACTION 6.35 mm C/S HOLE



14001~

0)7hev de

120, - C02 atbludlmiebemagqode

120012 it C06 IoI n
COS C0

•' ~~blu fmre•

ON
400

2O0

Fi_ led hok lensim mode

0 1oo 200 300 400 500 600 l00

NET TENSILE STRESS (MPI)

FIO.19 TENSION-.EARING INTERACTION 9,5.3 , HOLE

wBI I FINAL FAILURE
V810 FINAL FAILURE

5.75% ICREASE FOR 1 1200

SA REDUCTON

CAMPS Bit / 'I

-80/ 800

SFIiGI2 CMRESINBARIGCTRON 1O, mmHmm OLE



I
11-20

L3 ~C074

iI : 1000

800

I 600

I' II 400

200

Ifilled hol
C09HOI & H02 oampr---bs mode

0 -500 -400 -300 -200 -100 0
NET COMPRESSIVE STRM' MP)

FIG,2I COMPRESSION HEARING INTERAC•1ON 9.5 mm HOLE

TENSION

C02, 90.7% BEARING LOAD

C04. NO BEARING LO.AD COO, 93.6% BEARING LOAD

C09, NO BEARING LOAD

COMPRESSION

FIG.12 COMBINED FAILURE MODES IN HIGH BEARING STRESS



11-21

. ........ pi nh 6.33 mm
pwa hoft 9,S mm

hole 6.35 mm

600 .-.

~s0

1400,
300-

100

0 10 2 3O 40 50 60 70

% LOADTRANSFER

FIG.23 EFFECT OF BEARING STRESS ON NET TENSILE STRENGTH

4,

I ..-- -



UARINl-SYPACS W• IMN ON BOLTUD ONP•hITS JMINTS
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A combined experimental A analytical a"y ha been condiuctod to investigate the
effects of aimultaneous bearing and bypass loading on a graphite/epoxy (T3OO/5208) laminate.
Tests wre conducted with a test machine that allows the bearing-bypaus load ratio to
controlled while a aingle-faaaener coupon is loaded to failure ia either tension or compression.
Teat coupons Consisted of 16-ply quasi-isotropic graphite/epoxy laminates with a centrally-
located 6.33-mn bolt having a clearance fit. Onset-damage and ultimate strengths %ere
determined for each test case. Next, a finite element stress analysis wae conducted for each
test case. The computed local stresses were uaed with appropriate failure criteria to analyse
the observed failure modes and strengths. An unexpected interaction of the effect of the bypass
and bearing loade was found for the onset of compression•reacted beering damage. This
interaction was caused by a decrease in the bolt-hole contact are and a corresponding increase
in the severity of the bearing loads, The amount of bolt-hole contact, had a significant effect
on local stresses and, thus. on the calculated domage-onset and ultimata strengths. An offset-
compression failure node was identified for laminate failure under compression bearing-bypeas
loading. This fail-sre mode appears to be unique to compression bearing-bypass loading and,
therefore, cannot be predicted from simple teats.

LIST OF SiYIOLS
C bolt-hole clearance, m
d hole diameter, a

Pa applied load, N

Pb bearing lead, N
p p bypass load. N

nominal bearing strces, NPa

SIp nominal net-section bypass stress, NPa

r, * polar coordinates, a. deg
t specimen thickness, m
w specimen width, a
xy Cartesian coordinates. a
0 bearing-bypase ratio
#I bolt-hole contact half-angle for single contact, de&

2 osecondary bolt-hole contact half-angle for dual contact. deg
err radial stress component. (Pa
& 0 tangential stress component, (Pa

INTRODUCTION

in the past, composite joints have often been designed using rather simple metals-based
procedures without encountering serious problems. In mest such cases, the structural design
strain. have been limited by damage-tolerance considerations, and at low structural strain
levels, the joints have been adequate. However, as tougher composites come into use, the design
&train* will rise and st.;uctural joining requirements will become More critical. Analytical
design procedures for joints should be based on a sound understandi.g of the response of
composite materials under loading conditions similar to those in multi-fastener joints.

Within multi-i ,stener joints. fastener holes may be subjected to both beartng loads and
loads that bypass the hole, as shown in figure 1. The ratio of the bearing load to the bypass
load depends on the joint stiffness end configuration. As the joint is loaded, this bearing-
bypass ratio at .ach fastener remains nearly constant until damage begins to develop, In
gencrol, different bearing-bypass ratios produce different failure modes and strengths for each
fastener hole. The laminate response can be studied by testing single-fastener specimens under
bearing bypass lording, but such tests are usually difficult. The first objective of the
present paper Is to describe a relatively simple approach for the bearing-bypass testing of

t sIngle-fastener coupons. This approach uses two hydraulic servo-control systems to apply
proportional bearing and bypass loads to a specimen with a central hole. Th3 second objective

ta
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of this paper is to present bearing-bypass strength data for a wide range of bearing-bypass
ratios in both tension and compression. Previous data in the literature have been rather
limited, especially for compression. The teat specimens wera made if T300/5208 graphite!e.o*ty
in a 16-ply quasi-isotropic layup. The bcaring loads were applied through e clearance-fit steel
bolt having a nominal diameter of 6.35 ma. 7to test results are presanted as bearing-bypass
diagrams for damage-onset strength and for ultimate strength. The corresponding damape modes
were determined by r-diographing each spezImen after tatting;

The third obJective of this ctudy was the analysts of the bearing-bypass test results
using the local stresses around the bolt hole, computed for combined bearing and bypdss loading.
These stresses were calculated using a finite element procedure that accounted for nonlinear
bolt-hole contact. The corresponding contact angles were calculated, as well as the local
stress distributions. The stresses were used to compute the damagc-onset and ultimate strengths
for the range of bearing-bypass ý-ast conditions. The computed strengths were uaed to discuss
the test trends.

BEARING BYPASS TESTING

aetProcedure

The test specimen configuration and loading combinations are shown in figure 2. The
graphite/epoxy specimens were machined from a single [0/45/90/-45 12s panel. The bolt holes were

machined using an ultrasonic diamond core drill. They veto then carefully hand-reamed to produce
a clearance of 0.076 am with the steel bolts. This clearance, 1.2 percent of the hole diameter,
is typical of aircraft joints.

The test system used in this study is shown schematically in figure 3. The center of
the specimen is bolted between two bearing-reaction plates that are attached to the load frame
using two load cells. The ends of the specimen are then gripped and loaded independently by two
servo-control systems (called "upper" and *lower" in figure 3). Any difference between these
two end loads produces a bearing load at the central bolt hole. This bearing load is measured
by the load cells under the bearing-reaction plates. The end lords are synchronized by a common
input sis..'l; as a result, a constant bearing-bypass ratio is maintained throughout each test.

A photograph of the apparatus is shown in figure 4. This photograph shows the friction
griva that load each end of the specimen and the head of the steel bolt that attaches the
specimen to the bearing-reaction plates. Only a small portion of the specimen edge is visible.
Notice th.s the bearing-reactio: plates are bolted to the bearing load cells, allowing either
tension or compression bearing joads. During compression, the bearinF reaction plates prevent
spe-cimen buckling. Although not visible in this photograph, harden;., steel bushings were used
between the bolt sd the bearing-jeaction plates. Th"se 12.1-,Am ýa;hings were machined for a
sliding fit, allowing the bolt clamp-up force to be transmitted to the local region around the
bolt hole. This arrangement was equivalent to having a clamp-up washer directly against the
side of the specimen. as was used in references 1, 2, and 3. For the present tests, the bolt
was finger tightened (about 0.2 Nm torque) to produce a very small clamp-up force against the
specimen.

The loading notations for tension and compression testing are shown in figure 2(b). All
tests were conducted at a rather slow loading rate of 3.75 N/s. The results are reportid in
terms of nominal bearing stress Sb and nominal net-section bypass stress Snp, calculated

using the following equations:

Sb b /td

S np- P /t (w- d)

where t is specimen thickness and w is the width. The bearing-bypass ratio 0 is definod
as

- b / Snp

Throughout each test, the specimen deformation was measured by displacement transducers.
These transducers were mou.ted symmetrically on the front and back of the bearing-reaction
plates, see figure 4. (Thest plates were made from nonmagnetic 347 stainless steel so they
would not affect the transducrs.) The transducer rods rested on small bars that were cemented
to the specimen slightly above the grip line. This arrangement provided a measurement of the
relative displacement between the bearing-reaction plates and the specimen. These measurements
were used to determine the onset of damage.

The bearing and bypass loads were plotted against the specimen displacement, shown for a
typical case in figure 5. Both the bearing and bypass curves have a small initial nonlinearity
(probably due to varying bolt-hole contact) but gradually develop a nearly linear response. At
higher load levels, the curves gradually develop a second nonlineaýity, which indicates damage
at the bolt hole, as mentioned in reference 3. An offset of '.001d wae selected to define the
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damageinnot load., as indicated in figure 5. Some specimens were unloaded after the damage.
Onset load level and were then treated with an X-ray opaque e•ye-penetrant and radiographed to
detnraine the dusagi-onsot mods.

Test Results

Figure 6 shows vadio-raphe of four damage-onset mudes. For tervion dominated loading,
tas damage developed in the net-section tansliu (INT) mode, figure 6(a). The gray shadows show
delamination. and the dark bands indicate ply splits The tension-reacted bearing (TRB) and
compreasion.roectad bearing (CRg) dhmage modes are quite similar, as expected, and appear to be
deiaminazictý dominated. The net-sucrion comp:ession (NC) mode involves . ;her discrete damage

0
soaes ext•nding from the hole. This damage vas probAbly eansed by microbuckling in the 0
plies.

The measured b and S values corresponding to damage onset are plotted against oneb unp
another in figure 7, as a so-called bearing-bypas;s diagra. Each open symbol represents the
average of three tests and the tick marks irdicave thu range of the measured strengths, plotted
along lines of constant P. The data in figure 7 is also given in Table 1. The right side of
figure 7 shows tension results for four P vAlues (0, 1, 3. -). The symbol on the Sap axis

represents the all bypass loading in tenvion (0 - 0). The NT next to the symbol indicates net-
section tension damage. As expected, a).) the test cases with NT damage can be represented by a
straight line and, thus, show the linear interaction discussed in references 3 and 4. This
linearity suggeats that the local stresses due to bearing loading and those due to bypass
loading each contribute directly to failure. The "bearing-cutoff* line was drawn through tbh
S- a data point. The damage-onset strengths for the all bearing tension case (P - 0) and the
all bearing compression case (p - -') differ by about three percent. However, the bearing-
cutoff line used for tension does not appear to apply for compression. The CRB damage mode was
found at - - -1 for a such lower strength level. The compressive bypass load had a somewhat
unexpected effect on the onset oi bearing damage. The bearing failure for combined bearing and
bypass loading was analyzed in reference 3 and resulted from a decrease in the bolt-hole contact
angle caused by the compressive bypass load. For the all bypass compressive loading (0 - -0),
NC damage initiated at -422 Wea, which is such larger than the expected compression strength for
this laminate. This suggests that "dual" bolt-hole contact developed, allowing the load to
transfer across the hole, and, therefore, produced a higher strength. This will be discussed
later in an analysis of the bolt-hole contact.

The bearing-bypass diagram for the ultimate strengths (solid symbols) is shown in figure
S. Tu evaluate the progression of damage from onset to ultimate failure, the damage-onset
curves are replotted from figure 7. A general comparison of these two sets of results shows
that the specimens failed immediately after damage onset when an all bypass loadilg (P - 0 and
-0) was used. In contrast, for the all bearing loading (0 - - and -a), the specimens failed at
considerably higher loads than required to initiate damage. Also, when bearing and bypass loads
were combined, the specimens showed additional strength after damage onset, more so in
compression. A comparison of the damage modes indicated in figure 8 shows that the onset-damage
mode was the ultimate failure mode in most cases. The exception occurred for the compressive
bearing-bypass loading. For - - -3, the damage initiated in the CRB mode but the specimen
failed iL. a different mode, referred to here as the offset-compression (OSC) mode. Figure 9
shows a specimen that failed in the OSC mods. The failure is typical of a compression failure
but developed away from the specimen net-section. The light region near the fracture is a solid
film lubricant that transferred from the bearing-reaction plate when the specimen failed. The
offset of the failure from the net section is believed to be caused by the CRB delamination
damage extending beyond the clamp-up area around the hole, thereby initiating a compression
failure asay from the hole. This transition from the CRB damage-onset mode to the OSC failure
mode coulu also happen in sulti-fastener joints and, therefore, may be an additional
complication when joint strength predictions are made for compressive loadings.

STRESS ANALYSIS

In this section, first, the stress analysis procedures are briefly described. Then,
stresses at the hole boundary are shown for selected combinations of bearing-bypass loading in
tension and compression. These stress results are then used in the next section to calculate
the specimen strengths for the various damage modes observed in the bearing-bypass tests.

Finite Element Procedures

The finite element procedures used in this study were presented and evaluated in
reference 5. When a bolt clearance is used, as in the present study, the contact angle &t the
bolt-hole interface varies with applied load, as shown in figure 10. Using the inverse
technique described in reference 5, this nonlinear problem is reduced to a linear problent. In
this technique, for a simple bearing loading, a contact angle is assumed and the coriesponding
bearing load is calculated. This procedure is repeated for a range of contact angles to
establish a relationship between contact angle and bearing load. in the present study, this
technique Pas extended to include combined bearing and bypass loading. For each bearing-bypass
ratio p. the combined bearing and bypass loading was expressed in terms of bearing stress Sb
and p, Thus, for a given P, the procedure was identical to that used in reference 5. This
procedure was repeated to establish a relationship between contact angle and bearing-bypass
loading for each 0 value in the test program.
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These calculations were done using the NASTRAN finite element code, This cods is %eUl
suited for the Inverse technique because the coetact of the b-lt and thc hole can be represented
using displacement constraints along a portion of the hole boundary. Displaced nodes or the[ !hole boundary were constrained to ]I.e on a ciranlar at. corresopcnding to the bolt surface. This

represent a rigid bolt having a frictionless intarfacd with the hole. A very finn two-
dimensional mesh was used to model the test specimen. Along the hole boundary, elements

0
subtended less then I of arc. As a result, the contact are couald be modeled" very, accurately.

Stress Results

Figuie 11 sh ow the hole-boundary stress distributions for three tension loading cases.
The first case is an all bypass tension loading (• - 0); the hole-boundary tangential stress

0
a19  is shown as a dash-dot curve. It ham the expected peak at 0 - 90o, the specimen net-

section. The value of this ao peak can be used to predict the applied load ior damage onset

in the NT mode, as demonstrated in reference 2. The second case in figure 11 represents an all

bearing tension loading (p - -) of 400 MPa 'with xero clearance between the bolt. and the hole;
a and err are shown as dashed curves. The peak value of the rr curve governs the

.. hearing damage onset. The arr curve also indicates a contact angle of about 82 ; the peak

value in the a curve occurs slightly beyond the and of the contact angle. The third case in

figure 11, the solid curves, also represents an all bearing case with Sb - 400 MPa, but with

the 0.076 -m clearance used in the tests. Comparison of the ar. curves for the two all0 o

bearing cases shows that the clearance reduced the contact angle by about 20 and increased the
acr bearing stress. Thus, clearance tends to decrease bearing strength.

Hole-boundary stresses for tension bearing-bypass loading are shown in figure 12. These
results correspond to a bearing stress Sb of 400 Psa with three tension bypass strems ,nnp
levels, The 5 rr curves show that increasing Snp the bypass load, caused the contact angle

to increase. Homaver. .he peak arr value changed very little for increasing Snp- suggesting

that tension bypass loading has little inflence on the bearing strength. In contreast,
increasAng the tension bypass stress levels produced high.r P,, peaks, which corresponds to

lower net-section tension strengths.

Hole-boundary stresses for compression bearing-bypass loading are shown in figure 13.
Again, the bearing stress 

5
b was 400 MBa. The arr curves show that increasing the

compressive S value produced smaller contact angles and correspondingly higher peak anp rr
values. This shows that the value of Snp influences the bearing jtrength, as shown previously

in figure 7. The a tensila peaks were nearly the same for the range of Snp values but the

Orr compressive peaks varied widely. The curve for Snp - 50O HPs illusttates dual contact;
0

notice the a.rr contact stress near 0 - 180

The contact angle trends discussed in figures 12 and 13 are summarized in figure 14.
The contact angles, *l and *2 defined by the insert, are shown for a range of tension and

compression bypass loadiags with 5b 4 400 MPa. Increasing,the tensile bypass loading increased

01, while increasing the compressive bypass loading had the opposite effect. The small jog in

the curve at Snp - 0 is caused by the small difference between tenrion-reacted bearing and

compression-reacted bearing. Notire rhat dual contact initiated for a compressive bypass stress
of about 450 MPa. The secondary contact angle P2 increased rather abruptly as the compressive
Srp exceeded this value, Additionally, the decreasing ýrend for 0l reversed when dual

contact developed. Dual contact provide&; a path for the applied load to "bridge" across the
hole rather than divert around it. This reduces the stress concentration in the net section and
produces higher net-section compression strength than with no dual contact.

STRENGTH '.ALCUIATIONS

As previously mentioned, laminati strengths for bearing-bypass loading were calculated
using the loca stresses at the bolt hole. These calculations were used to study the strength
trends for the range of loading combinations and the different failure modes. The damage-onset
strengths were calculated using the peak hole-boundary stresses, as in reference 2. The onset
,f damage was assumed to occur when the peak hole-boundary stress reached a critical volue for
each damage mode. For eaLh meaeured damage-onset strength, the peak stress was calculated and
the average of the peaks in each damage mode was assumed to be the critical value for that
damage mode. The following critical values were calculated for each damage -odo: 869 BPa for
PT; -750 (Pa for TRB; -808 HPa for CRB; and -817 14P& for NC. The solid curves in figure IS
represent the damage-onset strengths calculated in this mannsr. The average damage-onset
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strength data from figure 7 are replotted as open symbols in figure 15. The calculated curves
agree with the data urends for strength. Also, the calculated damage modes agree with those
discussed earlier. This demonstrates that damage-onset strengths can be predicted from the peak
hole-boundary stresses if a critical stress value is known for each damage mode.

The ultimate strengths for bearLng-bypass loading were calculated using the well-known
poLnt-stress criterion (reference 6). The stress diatribution calculated along the observed
direction of damage growth neat the hole was compared with the laminate strength to determine a

characteristic dimension. This failure theory was fit to the test data for each failure mode to
determine an average characteristic dimension. The following characteristic dimensions were
determined for each failure mode: 2.44 m for NT; 2.22 mm for TRB; 3.87 mm for CRB; 8.89 mm for
OSC; and 2.54 mm for MC. The strength calculations must agree with the data averages for each
failure mode. As expected, the calculations also agreed with the trends for the strength data,
as shown by the dash-dot curves and solid symaols in figure 15.

The correlation between the strength calculations and the strength measurements in
figure 15 suggests that a combined analytical and experimental approach could be used to predict
bearing-bypass diagrams from a few tests. Such tests could be conducted for the all bypass

0- ) and the all bearing (p - c) cases to determine the critical material strength
parameters, which could then be usod with , itress analysis to construct curves for the more

* complicated cases of bearLng-bypass loading. This approach seems viable for tension bearing-
bypass loading because only two failure modes are involved. But for compression loading, there
are three ultimate failure modes. The OSC mode occurs only for combined bearing and bypass
loading, so this failure mode cannot be evaluated usiug simple lcading. Therefore, strength
calculations for compression would require bearing-bypass tests for at least one p vtlue to
find the OSC material strength perimeter.

CONCLUDING REMARKS

A combined experimental and analytical study has been condvcted to investigate the
effects of combined bearing and bypass loading on a graphite/epoxy (T3An/5208) laminate. Tests
were conducted on single-fastener specimens loadu. in either tension or compression. Test
specimens consisted of 16-ply, quasi-isotropic graphite/epoxy laminates with a centrally-located
hole. Bearing loads were applied through a steel bolt having a clearance fit. Onset damage,
ultimate strengths, and the corresponding failure modes were determined for each test case. A
finite element procedure was used to calculate the local stresses around the bolt hole.

A dual-control test system, described in this paper, was used to successfully measure
laminate strengths for a wide range of beering-bypass load ratine in both tersion and
compression. The tension data showed the expected linear interaction for combined bearing and
bypass loading where the damage developed in the net-section tension mode. However, the bearing
damage-onset strengths in compression showed an unexpected interaction of the effects for the
bearing and bypass loads. Compressive bypass loads reduced the bearing onset strength. The
compressive bypass loading decreased the bolt-hole contact arc. which increased the se,,eritt of
the compressive bearing loads. Compressive bearing-bypass loading also produced an off-set
compression (OSC) failure mode, not previousty reported in the literature.

The present stress analyses showed that combined bearing and bypass loading can hava a
significant influence on the bolt-hole coa.,tact angles. These contact angles had a strong
influence on the local stresses around the hole; they must, therefore, be accurately represented
in strength calculation procedures that are based on local stresses.

Although the trends in the bolt-hole str ngth for combined bearing end bypass loading
were accurately calculated using local stresses together wiliti failure criteria, some bearing-
bypass testing is required to predict the compression response. The laminate response under
compression bearing-bypass loading involved the OSC failure mode, which cannot be evaluated by
simple loading conditions. Therefore, predictions of laminate bearing-bypass strengths may need
to be combined with selected bearing-bypass testing to account for the off-se, compression
failure mode.
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Table 1 Laitnate strengths for bearing-bypass loading.

Bearing- Damage-Onset Ultimate Fa'.lura

bypass

ratio. p 8b (lla) Sp •'Pa) Mode Sb (HPa) Sn (Pa) Node

O 0 304 HT 0 330 NT

1 237 237 NT 263 263 NT

3 468 156 NT 648 216 NT

" 542 0 TRB 812 0 TRB

-0 0 -422 NC 0 .422 NC

-1 314 -314 CR1/NC 461 -461 OSC

-3 498 -166 CR1 759 -253 OSC

528 0 CRB 853 0 CRB

Bypass eload

0000 Bearing load

0009,
001010

0000

Applied load

(b) Single-fastener coupon.

(a) Multi-fastener Joint.

Fi3ure I Bearing-bypass loading within a multi-fastener joint.
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bearing (TRB) bearing (CRB)

"(a) Test specimen (b) Bearing-bypass loading

Figure 2 Specimen configuration and bearing-bypass loading.
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SLoad cell,-. servo-control

; Hydraulic cylinder

Figure 3 Block diagram of the bearing-bypass test syqtem.
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Figure 4 Photograph of bearing-bypass test apparatus.
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Figure 5 Typical load-displacau~nt curves.
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Figure 6 Rtadiographs of damage at fastener hole.
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Figure 7 Bearing-bypass diagram for damage-onset strength.
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Figure a Rearing-bypass diagram for ultimate and damiage-onset strengths.

Figure 9 Photograph of a failed apecluan showing an offset-compressionl (OS80 failure.
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Figure 11 Stream distributions along bolt boumdary for all bearing and all bypass tansion
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Bolted Joint$ in Cfomosites
Primary Structures

A. Ruiz
CASA D.P.

Avda. Jiohn Lannon s/n, latafe, Mad"Id, Spain

ABSTRACT

In the design Of composite Parts In Primary structures. it is necessary to u~so holted Aoints b#cuse
of inspetion requiroments and the need for partial disassemly. repairability, access to the stru.ture
and for manufacturing breaks.

The proven methiodology for bolted foistst In metallic structures cannot directly be applied to bolted
joints incomposites because oft meterial anisotrop, susceptibility to the environment aaJ, specially.
due to the brittle behaviour of typical carbon/epuiy joint mooers up to ultimata failure.

In typical highly loaded multirow joints. a tension type failure gennrally occurs. Peak tangefcial
stresses at the edge of fastener hole produces fibres break-out. Stress concentration factors governs
the failure, as in metal joints under fatigue loads.

A methodology for composite bolted jointst analysis must be able to size any particular joint design,
avoiding the teed for detail design tests. The approach under the present work Is based on a methodolog

developed by J.L. Hiart-Smith (Douglas. Long Mach) which correlates stress concentration factors i
elastic-isotropic materials with those whch appear in composites, by means of an emirically determined
"~relief" factor.

1:4iA has developed a test plan which includes several hundreds of coupons. Basically. bearing
strength allowables; and stress concentration factors, are investigated. The plan coders double and single
shear specimens, environmental effects (cold-dry and hot-wet), different resin systo"s and fasteners, and
various loading conditions. Provisions for evaluating hole size effect are also made.

LIST OF SYMMS AND SUBSCRIPTS

Simbols

C Correlation coefficient between stress concentration factors In comoosites and elastic isotro-
pic materials.

d ~Mentor
a End margin (measured from the center of the hole to the plate end perpendicular to the load).

K Stress concentration factor.

-elastic isotropic materials (e)

Kbne tensile stress concentration factor duo to bearino load and based on net tesion
stress.

Ktne tensile stress cocentration factor due to tension bypass load and based on net
stress.

-Composites

Kbn tensile stress concentration factor due to boarj!j load and based on net tension
stress.

Ktn tensile stress concentration factor due to tension bypass load and based on set
stress.

P .Lood

t Lrainate thicknecs

wWidth
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INTROMJTIA

The Increased application of advanced composite% in aircraft structures has retsultikd in a substantial
reemction of the upsrt countO and subsequently a reduction of attachients and joints. However, joint$,
and specially bolted joints, a- still required because of inspection requiremonts and the neau fo- par-
tIsl disassembly, repalrabilit access to the structure and for manufacturing breaks.

While methodology for bolted joints in METAL structures is well-established and supported by many
=ears of tests and hardware e.peritnce, a direct adaptation of design policies and analysis procedures to
CC InT bolted joints is no. possible. manly because of; material anisotropy, influence of layup. dif-
Wfernt failure modes end enviro tal susceptibility.

W Owe to the cmparatively brittle behaviour of t ical carbon epox Joint mmbers up to ultimate fai-
lure, the *forgiving* features of metal jints at ultimate load ar missing i e. high ductility and lo-
cal redistributions and essentially no stress risers. The load-sharing analysis for composite joints at
ultimate load therefore requires a careful modelling of the joint under consideration, of joint members
and fastener stiffness, conceptually similar to the analysis of metal joints under operating (fatigue)
loads.

KNOW YOUR LOADS

Many aircraft structures, specially those made of composite materials, are currently being analysed
using finite element modelling. This structural analysis account for gross element stiffness to solve re-
dundant Internal load distribution. It is common, in such analysis, to model bolted joints areas "ithout
Including fasteners and associated flexibilities, because of economic limitations and the small contribu-
tion of loral joint structure to overall s'ructural deformation.

Once external loads which act on joints are obtained, a conventional analysis will determine the load
distribution at fasteners. It could require, as in the particular multirow joint !, Fig. 1. a load sha-
ring analysis which can use analytic cluse form proctdures or finite element modelling for more complex
Joints.

This analysis will account for the flexibility of each fastener as a function of fastener stiffness,
joint Member stiffness and load eccentricity.

Fla. 1 LAMINATE DETAIL LOADS

The load sharing analysis will provide the analyst with the load transferred by thW fastener (Pb) and
the bypass loads (Pt) on the laminate. Then, a detailed stress analysis must be performed. This analysis
deals with the determi.ation of Vie stress distribution at the vicinity of the hole.

-4

____ I
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STATE-OF-THE-ART ON JOINT ANALYSIS 14.

Stress analysis

The work under Reference 1 considers theoretical and empirical approaches to determine stress distri-
bution.

State-of-the-art theoretical approaches iiclude analytic, finite elenent and strength of materials
approximation methods.

The analytical methods are formulated from a two-dimensional anisotropic elasticity theory. One ofthpse methods is the "Bolted Joint Stress Field Model (BJISFM)" which has been developed at McDonnell

Aircraft. This method accounts mainly for material strength anisotropy, stiffness anisotropy, general bi-
axial iplane loadings and arbitrary fastener hole sizes. A cosine-distribution of radial stresses at the
fastener hole represents bolt bearing loads.

The finite element methodology has a limited use due to the costs. Sometimes analytic methods are
used for parametric studies while finite element are only used for cases of complex geometries or
through-the-thickness effects.

Theoretical methods based on strength of material approximations (beam theory, shear lag theory ... )
are limited to account for complex loading and material 'nisotropy. Accounting for fastener flexibility,
head rotation and non-uniform through-the-thickness stress distribution can be made within this approach.

Empirical approaches are an alternative to the theoretical ones. The main difference between empiri-
cal and theoretical approaches is the establishing of failure directly by test in the first case while in
the second one a failure criteria must be assesed. An empirical approach based on Hart-Smith's method
will be widely commented later in this paper.

Failure analysis

The previous paragraph dealed with procedures to determine stress distribution around the hole. Once
it is known, a failure analysis must be performed. Criterias such as Tsai-Hill, Max. strain, Tsai-Wu,
etc.., are generally used for unnotched material failure.

Detailed analysis at the hole location combining theoretical elastic stress distribution analysis
with a theoretical failure criteria, gives highly conservative results. This is due to the behaviour of
composites up to failure, at the vicinity of the hole, which is not completely elastic. Microdamages at
the resin level, produce a stress relaxation before failure. It introducss a "relief" factor on the ef-
fective stress concentration as compared with the theoretical (elastic) stress concentration.

Several procedures to account for this composite "relief" factor have been established:

- Finite element modelling

- To use a "progressive" failure criteria instead of a "first-ply" failure. (Reference 2)

- A "characteristic dimension" failure hypothesis which correlates, by testing, the effective point
stress at failure with a theoretical value situated at a certain "distance" on the stress distribu-
tion curve. (Reference 3).

- A linear elastic fracture mechanics modl' which assumes an "intense energy region" must be stres-
sed to a critical level before fracture ',ccurs. (Reference 4).

The "characteristic dimension" approach have widely been followed all over the world. The methodology
under Reference 1. uses this approach. Sprirnger developed an experimental work (Reference 5) to evaluate
the influence of several parameter on the "characteristic length". A "characteristic length" in tension
(Rt) and in ýompression (Rc) must be determined.

The use of theoretical approaches to determine stress distribution is associated with the need fir
establishing a theoretical failure criteria and a composite "relief" factor. None of the existing failure
criteria is adequate to cover all possible loading conditions (Reference 6). Likewise, to asses the
"relief" factor, an adequate number of tests is needed.

Empirical approaches establish the failure directly through testing. An empirical procedure has been
followed by CASA Lo develop its Bolted Joints Methodology.

THE EMPIRICAL -APPROACH

The approach used here is based on the L.J. Hart-Smith's work (References 7, 8) which is mainly sup-
ported by experimental observations. The elastic stress concentrations at holes are well established in
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the litlratUrd. Testson comeposite materials permit the assesment ef composite "relief" factor to acc

is also empirically deduced.

F Limited test data are generalized to other geometries, evaluating the interaction between stress con-
entrations caused by bearing and bypass loads in an uniaxial load case. This methodology is also exten-

dad, with adequate limitations to the biaxial load cases.

Stress concentration factors in elastic isotropic materials are well known, specially for fatigue
analysts. Paterson (Reference 9) attributes to Heywood an empirical formula for stress concentration at
unloaded holes in a strip (bypass load).

Ktnte 2 + (1-dlw) 3

Some corrections are introduced when a hole in a row of anii nfinite plate.

in case of a loaded hole in a finite strip (bearing load) the above equation is reexpressed in
Reference 7 (by Frocht and Hill), as:

Kbfie *(w/d + 1) 1.5 (w/d_- 1) e
NwO + 1)

being H defined as:

O 1.5 - O.5/(e/w) for e/w 4 1
* -1for e/w >_1

Once elastic isotropic stress concentration factors are established, the next step is to correlate
these factors with those which are observed at ultimate load in composite. In other words, to calculate
the composite "relief" factor (C).

A linear relationship between these factors has empirically been observed. Figure 2, borrowed from
Reference 7. shows this relationship.

0 4.83- 0.9 I) 001 I 100 CO93JCIID A0 0 4.03 - (0.10 NMI$408 0 6 0.3: .4~s" ,00 I 0.KPD0AtuU a 4.M.- (0.3 :::! MIS 0
- L9ISUM UM 061 OF ? MS -l UAw"j.STOIJD PASS 1110101 (1.
4 COSMIT ATIMDL 004363(8 (Itl __ - COMOSTPIt 4 00 PASOhSWN, 0

M 0063 £631163444 in 2 MO l ITI 1 ORZI FI

11 P02 % 44
6

, N .. /4, 21 -/1) Do .@% 94 . W.)

4 3 6 ? a 3 4 S. I

00631111110 IWIAI.11500*000 116301 C0,gIN0M0100. FACTOR COWI60 IWTI1C.10001006 116301S COICNNMUON FACI04

Fig. 2 CORRELATION BETWEEN STRESS CONCENTRATION FACTORS

Experimental observations suggest the invariability of C for loaded and unloaded holes.

Likewise this factor is layup dependant, as Is clearly shown in Figure 2. Also the absolute hole size
and the eccentricity influence C. A typical value of C, for Double Shear Joints, have been found to, be in
the vicinity of 0.25.
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A linear Interaction between tangential stresses has been demonstrated to occur in the case of com-
bining a bearing load with a bypass load (Figure 3).

I Gb -

BEARING
MUIR , TF.TENSION W-PASSI

BEARING

TENSION FAILURE

* ~- 0

Fig. 3 INTERACTION BETWEEN BEARING AND BYPASS LOADS

Biaxial load cases are more complex than the uniaxial ones, because simple combinations of critical
stresses do not apply. Biaxial cases require superposition of full hoop stress fields to determine the
final result. Likewise, the lack of biaxial test results imposes the need of having adequate caution
when an analysis is done in this field.

CASA TEST K.AN

Empirical factors under the methodology described above have been obtained from in-house tests. The
CASA Test Plan is described in Reference 10. Tests were performed during the year 1985. A total of 500
specimens were tested.

This Plan is divided into two parts. The main body of the plan applies to resin system (T300/F594)
,ind fasteners (HILOK, 6.35mm) commonly used in main CASA structural applications. As an appendix to
the main body, specific aspects such as big bolt size, highly matrix dominat layup, blind fasteners and
different resin system, are also Included.

The programme covers Bearing (loaded hole, w4d), Bypass (unloaded hole, w4d) and "Tension-Through-

the-Holew (loaded hole, w-3d) tests.

Bearing Tests

A bearing type failure Is desired in the Bearing Tests. The maximum bearing strength will be achieved
with the Double Shear specimen. Several layups are tested, maintaining the saw sp;cimen configuration,
to detect the influence of layup on the strength.

Once maximum bearing strength is determined, parameters affecting strength are tested for quasi-iso-
tropic layup. These parameters are listed below:

Single shear . Short end distance
Bolt head . Environment
Eccentricity . Torque

Bypass Tests

A second type of tests, Bypass, are conducted on a notched Specimen under bypass tension loads
(unloaded hole). The aim is to asses composite "reliefl" factor fcr this load case. The following parame-
ters are investigated:

.Lyup. Bolt head
O pen/filled hole . Environment•Torque
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Tensioo-Through-the-Hole Tests

"A narrow, loaded hole, specimen (w-3d) is testeý to determine the cotpositt "o;tief" factor corres-
panding to this load case. A tension type failure under bearing loads Is desired. $iveral layups are in-
vestigated with the Double Shear specimen. Additional parameters are then also investigated:

. Single shear . Torque
SBolt head Environment

Some compression bypass tests, open and filled hole, are also perfoemed. Acitionally, rpull through"
tests are included.

Specimens configuration and test fixtures, e..tensively described in Reference 10, are not containedSIin this paper.

Test programe fnirtished in October 85. 
Tets results have been reported in Reference 11.

TEST RESULTS EVALUATION

Analysis of Test Plan Results will permit, by means of adequate data reduction to achieve the appto-
plate understanding on how design variables affect performance of bolted joints in composites.

In this paper only main conclusions anl general trends will be included. A detailed description of
test results (under Reference 12) is not the aim of this publication.

Two inain types of failures appear in bolted joints: bearing and tension. Therefore derivatioms must be
adressed to obtain bearing strength values and stress concentration factors.

Bearing Strength Allowables

Cloth meteritl is used for testing. Empirical evidence shows that bearing strength, for dotible shear
specimens, remains constant within a wide range of layueps around quasi-isotropic. Average values are al-
ways over 800 h/i2, when tests are performed under room temperature.

Bearini s.rength is tremendously affected by eccentricity and environment. Strength can drop up to
50% when hot-wet is combined with a high eccentricity.

A bearing failure is very easy to analyse and is not a methodology type dependant analysis.

Stress Concentration Factors

Under the Empirical Approach a composite *relief" factor which correlates elastic-isotropic materials
and non-elastic-4nisotropic ones (composites) mus" be derived from tests.

Test results show (Figuro 4) a linear relationship between stress concentratior factor ii, metals and
composites. For the same iiyup (quasi-isotropic) tnd bolt diameter, the results of the tests carried out
uider different load conditions (bearing and bypass) and geometries (w/d - 3,4,8) follow a straight line.
The slope of that line is the "relief- factor C. Hole size effect produces higher slope, which mears
higher peak str,:ssea, when 12.70 odiam-eter speimens are tested.

[ ( , L
w -l IM lM-

Fig. 4 CORRELATION BETWEEN STRESS CONCENTRATION FACTORS (CASA TESTS)
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Correlation factor C is layup dependant. So, fiber dominant layups produce higher C values than those
produced with matrix dominant layups.

Average C values derived from tests, on cloth material, show a linear relationship when plotted
igainst 0 fiber fercentage (Figure 5). Scatter associated to these tests is considered to be usual in
composites. This lnear behaviour is found when bypass load (unloaded hole) and also when bearing load
( loaded hole).

0+ ±0- /

I40 ~-.2100-
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C!
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Fig. S COMPOSITE RELIEF FACTOR (C) VERSUS LAYUPS (CASA TESTS)

The above conclusions permit the derivation of stress concentration factors in composites, based on
those which appear in elastic-isotropic materials, for any geometry (w/d), layup and bolt diameter, wit-
hin a range tipirally used in structural design. This derfiation, in case of bearing loads, will be go-
vertied by the following formula:

(Kbn - 1) * C (rbne - 1)

A similar formula applies for strests concentration factors due to tension bypass loads.

For uniaxial load cases combining bearing and bypass loads, a !inear superposition is considered.

Environmental conditions greatly affect stress concentration factors. Critical velties for Cb have
been obtained with a cold-dry environment.

Another parameter affecting significantly %-b is eucentricitv. Tests carried out under single shear
specimens with high t/d values have shown Cb values twice those Yound under double shear zests. Influence
of this parameter is specially significant wk.n countersunk head fasteners are combined with high
eccentricities.

Analysis under biaxial loaJs requires knowledge of not only the critical peak stress, but all the hoop
;tress distribution around the hole, in order to find the hole location waere stress combination becomes
critical. Based on test results under single load cases, it is possible to determine stress concentration
at several locations around the hole.

BOLTED JOINTS DESIGN MANUAL

Many times, researchers need a wide range of test progrmimes to provide them with the answers they
need for having an odequat.t understandinV of a particular phenomenon. Test results will permit thei to
support theoretical assumptions, establishing a design methodology.

Sometimes, major efforts are dedicated in defining a test plan, testing and deriving conclusions,
but these conclusions are not stated in a user friendly wuy for non-expert entineers working on
hardware.

In the progrime, under this paper, big efforts have been made in developing e Design Manual easy to
use for engineers having a relatively little experience in bolted joints on composites.

4.
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The Manual provides:

. Guidelines for composite bolted joint design.

- Basic sizing and analysis procedures for initial design and trade-off studies.

- Complete methodology for final analysis.

Analysis examples illustrating the use of the methodology.

The arrangement of the manual accomodates the groups of users, design and stress engineers, during
different stages of design, from preliminary studies to formal analysis for certification.

A c3mputer code is also being developed. This code perfoms bolted joints final analysis. The code,
interactive and tutorial, is very user friendly.

CONCLUSIONS

More relevant theoretical and empirical approaches which represent state-of-the-art on composite
Bolted Joints Analysis are evaluated in this paper.

The empirical approach, based on an empirically determined composite "relief" factor (C) is widely
discussed.

A CASA Test Plan, with SO0 test specimens, has permitted C value derivations for CASA materials and
fastener systems. C is geometry-non-dependant, while varies linearly with the O0 fiber percentage.
Eccentricity and environment significantly affect C.

The methodology derived from the Test Plan is condensed in a Design Manual and a computer code.
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THE STATIC STRENGTH OF BOLTED JOINTS

IN FIBRE REINFORCED PLASTICS

F.L. MATTHEWS
Department of Aeronautics and
Centre for Composite Materials

Imperial College of Science & Technology
Prince Consort Road, London SW7 2BY, UK.

SUNMARY

Joints in glass fibre/epoxy (GFRP) and 'Kevlar' fibre/epoxy (KFRP) laminates show
similar characteristics to those in carbon fibre/epoxy (CFRP) but with differences brought
about by the low elastic modulus of glass fibres, and the low compressive strength of
'Kevlar" fibres. The current paper presents data for GFRP laminates manufactured from
layers of unidirectional fibre prepreg, and for KFRP laminates manufactured from layers of
balanced, bi-directional, woven fabric prepreg. Comparative data for CFRPeek is also given.

As far as GFRP is concerned, tests on single-hole Joints show that the effects of
width, end distance, hole size, bolt clamping pressure and stacking sequence are similar
to those in CFRP. In general, strength levels for GFRP are about 201 below those for CFRP.
The best lay-up is judged to be 01/459, with 601 of the olies at *456. A stronger inter-
action between failure modes is found for GFRP, which also shows a greater tendency to
delaminate rather than showing in-plane shear or tensile cracking.

Due to the nature of the prepreg the range of possible lay-ups for KFRP isrestricted;
only 0/90, *45' are tested. Bearing strengths are generally in the range 500-600 M/rnm2,
i.e. 25-30% below GFRP. Overall behaviour is found to be similar to other FRP although
the ultimate failure mode is almost invariably tensile. There is evidence that the inher-
ent compressive characteristics of 'Kevlar' fibre contribute to the loh bearing strength.
Surprisingly, although very large hole distortions are seen at failure there is very
little evidence of resin cracking.

The strengths obtained for CFRPoek are of a similar level to CFRP.

INTRODUCTION

It is well known that the mechanical characterisation of fibre-reinforced plastics
(FRP) is complicated by the very large number of variables Involved. The situation is, of
course, very much worse for Joints since, in addition to the material variables, the nature
of the fastener and the geometry of the joint must also be considered. In spite of these
difficulties a considerable body of literature now exists on the failure behaviour of
mechanically fastened Joints in FRP. In particular carbon and glass fibre-reinforced epoxy
resin (CFRP and GFRP) have been studied extensively [1,2.' and 'Kevlar' fibre-reinforced
epoxy rather less so [4,5]. There is little data available on carbon fibre-reinforced PEEK
(CFRPeek) [6). Collings (7) presents an excellent survey of the topic.

Because the number of variables for eaLh fibre/resin system under evaluation pre-
cludes, on economic grounds, a complete characterisation, experimental programmes have
concentrated on single hole Joints with a few fastener types in a restricted range of lay-
ups and stacking sequencer. The general behaviour can conveniently be described by consid-
ering three sets of parameters:

*a) Material Parameters
For optimum bearing properties there should be between 30 and 60% of 145* fibres,

depending on the fibre type, the balance being oriented at 00, i.e. parallel to the load.
Stacking sequence also influences joint strength, although to a lesser extent than lay-up.
Fibre volume fraction, fibre type and form (woven, unidirectional, etc), matrix type all
affect strength.

b) Fastener Parameters
The fundamental choice is between rivets and bolts. Riveted Joints can give satis-

factory performance in laminates up to 3mm thick. The strength is limited by the small head
and tall size, which in turn limits the clamping force imposed by the rivet In the througn-
thickness direction. This clamping force has a significant Influence on Joic•t strength.
As might, then, be expected, countersunk rivets are inferior to round-head rivets.

The need for a high clamping force Indicates that using bolts will provide the
strongest Joints. Normal levels of tightening usually provide adequate clamping force.
Factors such as bolt size, washer size and bolt-to-hole fit are relatively unimportant.

c) Design Parameters
Overall considerations, such as load magnitude, will generally decide the joint type

(single lap, double lap or step). Laminate thickness is clearly related to the load for a
r given material combination and lay-up. The most important parameters are then joint geom-
try (pitch, width, end distance, etc). Tensile failure can, normally, be eliminated if
the joint is sufficiently wide and shear out eliminated if the end distance is large
enough. However enforcing bearing failure, the most benign mode, may not provide the most
efficient joint.
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uther factors that may influence strength are load direction, loading rate and load
type (static or dynamic).

Whflst it is true that FRP can be considerably weakened by the Introduction of holes,
adequate performance of mechanical joints can be achieved if allowance is made for the
anisotropic nature of the material and the associated, complex, failure mechanisms. The
major factors influencing joint strength are reviewed in the current paper. Most date will
refer to double-ended specimens similar to that shown in Figure 1, the load being applied

bya linkage such as that shown in Fgure 2, where the load cell is used to monitor bolt
clamping force. Unless otherwise stated laminates will have been made from preimpregnated
warp sheet.

200i approx.

* ) I_

Figure 1. Specimen Configuration and mfinition of Oiensions

Load Cell

Load Load

Figure 2. Representation of Loading N-cblim

KIi
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FAILURE NOES

Mechanically fastenedjoints in composites display the samo basic failuro modes as in
moetls, i.e. tension, shear out and bearing.,,Falr ialopsblbypl-out or in
ca ombined tension/bending mode referred to as cleavage. These modes are illustrated in

Figure 3.

:I

Tension Shear out searing Cleavage Pull-out

Figure 3. Failure Nodes

a) Tension

As with conventional materials the tensile load required to fail a laminate through a
section at which holes occur tthe net section) is less than at a section with no holes
(the gross section).

S The corresponding failure stresses may be defined bj:S~p
aN (W- nd)k

P
and Or L

where P is the maximum load, n the number of holes and the width w, diameter d and thick-
nesS t are defined in Figure 1. It is conventional to express the above stresses in the
form of stress concentration factors

kN . ault/aN and kr - ault/oG respectively,

where ault is the ultimate tensile strength of the plain laminate.

Because FRP are essentially elastic to failure them cannot take advantage of yielding
at the hole edge and hence the stress concentration will lead to a low net failure stress.
Tha latt"r depends strongly on the degree of anisotropy, and hence fibre orientation, in
the vicinity of the tiole.

For CFRP a;id CFRPeek laminates tensile failure will be governed by the 00 fibres, i.e.
those parallel to the applied load. 6FRP failures are more complex due, mainly, to the
low modulus of the fibre resulting in higher shear strains being imposed on the laminate.
As a consequence failure propagates by In-plana shearing between O* and 45' plies, leav-
Ing only the 45 fibres to react the load.

'Kevlar' fibres have high tensile strength and it is thought that fibrillation f thefibres may provide a mechanism for the relief of stress concentrations at the hole edge.
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b) Shear Out
The thear out strength of a bolted joint is usually given by:

as Pe"

where the end, or edge, distance t is defined in Figure 1. Because of the difficulty of
measurik'g the appropriate shear strength, it Is unusual to quote shear stress concentra-
tion factors.

It is clear that, as with tensile strength, fibre orientation will play an important
part in determining shear out stren th. A unidirectional specimen, for example, has alow
strength, whereas the strength of 0/*45 lay-ups can he very high. Obviously the degree

of anisotropy affects the stress concentration.

c) Bearing

Bearing of a fastener in a hole gives rise to compressive stresses around the loadcd
portion of the circumference. These compressive stresses cause tensile stresses iv. the
through-thickness direction which, because of the low strength in that direction, can
lead to early failure if adequate restraint is not provided. For this reason pin joints
hive the lowest and bolted Joints the highest strengths, with rivets in between.

The compressive strength of the O0 plies is a vital determinant of the joint's bear-
ing strength, as is the stiffness of che fibres.

Bearing stress is defined by:

Pi o~b * -_
dt

d) Other

Cleavage, a combined bending and transverse tension failure, can be avoided if suffi.
Cient non-axial (08 or gO*) fibres are included it, the lay-up.

Pull-out failure is normally associated with rivets, particularly those with i- *ounter-
sunk head; it should not occur with bolted joints.

RAIN FACTORS AFFECTING FAILURE

a) Fibre Orientation

The importance of fibre orientdtion has already been mentioned. A3 might be expected
the ratio of 0* to off-axis (45 and go') fibres is a key factor. At low concentrations of
O fibres shear out failure will predominate. The shear strength will Increase with the
inclusion of off-axis material (say, t45') until bearing becomes the critical mode.
Continued increase in the proportion of *45' layers will change the failure mode to tension
with a consequent drop in strength.

Fortunately for design considerations, joint performance is reasonably insensitive to
lay-up ovcr 4uite a wide range of composition As a general recommendation tile O0
plies should constitute between 35 and 65% of the total (7,3].

Contrary.. to what might be expected from the compressive behaviour of t45* laminates,
the bearing strength of such laminates is high. This is due to the constraint offered by
the washers. In 0SA45* lay-ups the ±45* plies enhance bearing performance by inhibiting
longitudinal splitting in the , layers (7].

b) Through-Thickness Constraint

It is well known that the bearing strength of a plain Vin is very low. This is
because the lbrooming' of the laminate on the loaded side of the pin is not prevented.
Even a bolt with a finger-tight nut produces, at least, a 100% increase in strength
4ecause the washer suppresses the through-thickness failure. Tightening the bolt produces
further incresse in strength until a 'plateau' is reached, for most materials, at a
clamping pressure of around 20 MN/mi. Such pressures are achieved with bolts tightened
to normally-recommended torques.

c) Stacking Sequence

The bearing strength of pinned joints in quasi-isotropic GFRP is very sensitive to
stacking sequence [8]. and that of CFRP rather less so [9]. The effect Is related to the
associated stress distributions. For a fully tightene4 bolt the failure can change from
local bearing at the hole edge to 'remote-bearing' (9] at the edge of the washer. The
latter mode is essentially one of buckling of the surface ply (or plies) end will again
be related to the stacking sequence.

The above comments apply to 8 or 16-ply laminates (with 0/901/45* plies) in which
the plies are 'intimately mixed'. With thicker laminates, or those with high proportions
of fibres in one direction, It is possible to produce a 'blocked' configuration, i.e. one
in which several similarly oriented plies are grouped together. Such an arrangement can
have a lower strength (possibly by as much as 501) than a laminate with an intimately
mixed or 'homogeneous' sequence (3.7,10]. Although wider considerations make the use ofa
b'ecked lay-up unlikely, the above remarks about strength loss could be important when
dealing with local reinforcement.
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d) Joint stometry
1) vvdth
Thi essentially linear elastic behaviour of FRP means that not tensile strevnqth is

strongly dependent on width. Also,,gross strength is related to hole size and both net
and gos trgtsdedonlyp. The effect of width is most marked for 0/90~' lamin-

at an Glast or *41 y-ups.
For Jeslin it is usual to chaos"ý a geometry (w/d) wl~ch gives equal likelihood of

failure in tension or bearing Precise values will dipend on the material and it could
be that the tensile mode will'be the stronger [10].

Whatever the failure mode strength snomlyexpressed in terms of the bearing
stre. lypical curves of experimenta d'hata [7.6) aYre shown inFg~e -6, where it is

esee tat the behtviour 01 the various materials Is essentially the same. Thus, failure
changes from tensile at low values cf w/d to bearing at high w/d. The change over point
ind the 'plateau' value depend on fibre, matrix and ly-up.

ii) End Distance
aayn nd distanct has the same effect on sher o~ut strength as varying width has

on tensil s trength. Curves cf bearing stress variatio with /d aer, hence, similar to

those for /ld and only data for CFRP are shown tr illustrate the situatioan (Figure 7)rni.
An inte11resting feature of woven KFRP laminates is that, even for high valuea of w/dand e/d. failure was always in a tensile made for bolted joints. Pinned joints, in con-trast, showed moce change% as described abovic [4].
III) Hole Size eud Thickness

Wettesil sre~gt i lrgely insensitive to hole sixe although gross strength
reduces as hole sle is increased [1,3,6],

Shear out streongth appeirs not to b,. sensitive to hole diameter, as does the be rin

strength of CFRP and CFR ek However, the hearing strengtri of both BFRP (3] and KFRP ("4]are reduced at large diamoees (oi small thickn~stes for a given diameter). The reouctionis due to gross bending of the laminate on t"e loaded side of the holt, in what is effect-ivelyato instability phenOLk~nOn. Tne effect is most marked for pinned Joints but is alsopresent in bolted joints, becomin -akdi / 3. A further source of strength reduz-
tion, at high 4/t ratios, is boght about by bending of the fastener imposing highstresses on the surface plies.
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STRESS DISTRIBUTIONS

Nan: workerR have investigatad the stress distributions around a loaded hole and
attempted to relate these to failure. A particularly detailed discussion is given by
Smith (9], who alro reviews the work of other investigators.

The important average stresses in the laminate plane around the hole edge will be:
maximim compr~ssion at 0*00 (see Figure I for definition of 0), ¶aximilm tension at
9 -000, maximum shear on radii at On*451. These maxima clearl) play an important part
in determining failure.

The details of the failure process are, however, related more to the through-
thickness direct and shear stresses. These stresses are closely linked to the lay-up,
stacking sequence, bolt clamping force and. of course, ply mechanical properties.

Such stress analyses illustrate clearly why hearing failure at the hole edge (at
0 -0;) for i pinned joint changes to remote bearing (at the washer edge) for a bolted
joint 1g9.1]. Also the way in which st cking sequence CAn change the through-thickness
direct stress from tension to compression correlates well with oxpe--imental results and
indicates that tne fibres in the two plies nearest the surface stould not be oriented at
O0 [9].

Further development of such stress analyses is important as they offer the possibil-
ity of strength prediction, once the failure process ard associated failure criteria can
be more accurately modelled 12].

OTHER FACTORS

a) Joint Configuration
The experimental data quoted above derives from single hole specimens loaded in

doubla shear, by an arrangement similar to that shown in Figure 2. whert the bolt clamp-
ing force is transmitted to the laminate via washers. Apart from the questino• symmetry
of loading, this situation i% relevant to a laminate which forms the outer component of a
joint.

Also of interest are double shear arrangements where the laminate is sandwiched
(without intervening washers either between metal plates or similar laminates. Stress
analyses performed by Smith [9] inoicate that the first arrangement should bring about an
increase in strength of 5- 10% and the second somewhat less, but still higher than the
washer arrangement. This latter assessment is confirmed by experimental data.

II
!A
Ij
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A u,.ther consideration is the joint type, i.e, single or double lap Experimental

results here are scarce but there Is evidence that for CFRP and CFRPeek 16 3 a single
hoal single lap joint is about 10% weaker then tne double shear arrangement. Tha reduce
tion is rather less for two-hole (patallel to the load) single lap joMnts. For KFRP the
strength reduction tor single lips is closer to '01 ("], and it appears that the strength
hierarchy of lay-ups CAn change compared to Joints loaded in double shear.

b) Multiple Festem*rt

For a row .f fastaners (i.e. normal to the load) there is generally no interaction
between holes provided the spacing (pitch) is greater than 4d, This means that test datafor single hole specimens of width 4d can be used to design such multi-hole joints.

jetints Vith line% of fasteners (i.e, parallel to the load) are mare complicated
because of the presence of the by-pass stress. As noted by Hart-Smith [0 1, it is diffi-
cult in such Circumstances to improje on the optimum single hole joint without resorting
to considerable complexity, such as a stepped or tapered lap joint.

C) Bearing StrElas

Although irreversible damege is apparent well before final failure. probably at about
601 of ultimate load for CFRP (] , the losd-cirrying capability of the laminate is not
impaired. Because significant bearing strain (hole elongation) occurs before failure,
careful consideration m:st be given to choice of design strain levels. This is especially
so If heamering in fatigue is to be avoided. A factor of 3 on ultimate stress is probably
adeqv&te. Even at the associated stress levels FRP are still competitive with metals on
a strength-to-weight basis (see below).

GENERAL COMENTS

It is clear from the information already presented 'igures 4 -7, that CFRP and
CFRPeek have virtually identical bearing strength with &FRP about 20% weaker and KFRP
about 50% weaker than the carbon fibre m teri ls.

Because of the larg e number of variables invulved there is a requirement for a
predictive capability that will reduce the need for extensive testing. Collings [2] ful-
fills this requirement for CFPP with a semi-empirical approach which gives expressions
for bearing strengtn of various lay-ups, in terms of basic strengths of individual plies.
This approach should also work for CFRPeek, Unfortunately the method adopted by Collings
does not A ppear to work for GFRP, a more complicated description of failure seems to be
iiended (13].

It is interesting to note that FRP compare well with metals on a strength-to-weight
basis (7]. Typical values for bearing strength are shown in Table 1.

aBering Strength Specific Specificterial Hm) Gravity Bearing Strength

Steel S96 973 7.k5 124

AluminIum Alloy 425 2.70 157
L71

CFRP XAS/914 1070 1.54 69S
SO 0o', so5 t4s5

GFRP E/913 900 1.90 473
331 0*, 67% 1456

KFRP Woven/913 4M0 1.35 333
0/go.

Table 1. Comparison of Specific Bearing Strengths
(i.e. stremtth * specific gravity)

COUCLUSIONS

a) Carbon fibre-reinforced epoxy and PEEK are equelly strong , with a bearin
strength around 1000 HN/mo. Glass fibre-reinforced epoxy his about 80o. and 'KevIar
fibre-reinforced epoxy about 501, of the strength of the carbon fibre materials.

b) For a g9ven fibre/matrix combination, lay-up is a key factor in determining
strength. Lay-ups should not be strongly anIsotropic. A 0/1450 combination is g3nerally
to be preferrod. with between 35 to 65 go fibres.

c) The stacking sequence should be as homogeneous as possible, i.e. plies of the
same orientation should not be grouped together.

d) Through-thickness clamping strongly influences behaviour. Bolts must bt fully
tightened if maximum strength is to be obta 'ed.
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e) As a general rule width (or pitch) and end distance should be approximately 4d
to obtain optimum performance.

f) For GFRP and KFRP d/t should be less than 3.

g) Single lap Joints are from 10 to 20% weaker than joints loaded in double shear.

h) Design stresses limited to about 50% of ultimate should provide adequate protec-
tion agaiinst permanent damage, whilrt still offering a strength-to-weight advantage over
metals.

REFERENCES

1. Collinqs, T.A., Royal Aircraft Establishment, Farnborough, UK, The strength of bolted

Joints in multidirectional CFRP laminates, 1975, TR 75127.

2. Co9lings, T.A., On the bearing strengths of CFRP laminates, Composites, Vol 13, N., 3,
1982, pp 241-252.

3. Kretsis, G. and Matthews, F.L., The strength of bolted Joints in glass fibre/epoxy
laminates, Composites, Vol 16, No 2, 1985, pp 92-102.

4. Matthews, F.L. and Kalkanis, P., The strength of mechatici~liy fastened joints in
'Kevlar' fibre-reinforced epoxy resin, Proc. 5th !nt. Conf. on Composite Materials
(ICCM-V), San Diego, USA, July/August 1985: The Metallurgical Soc. Inc., Warrendale,
Pa., USA, pp 1297-1314.

5. Hodgkinson, J.M., de Beer, D.L. and Matthews, F.L., The strength of bolted Joints in
'Kevlar' RP, Proc. Workshop: Composites Design for Space Applications, ESTEC,
Noordwijk, The Netherlands, October 1985, ESA SP-243, February 1986, pp 53-61.

6. Hodgkinson, J.M., Centre for Composite Materials, Imperial College, London, UK,
The strength of mechanically fastened Joints in carbon fibre-reinforced PEEK, March
19R6.

7. Matthews, F.L. (Editor), Joining Fibre Reinforced Plastics, Barking, Zssex, UK,
Elsevier Applied Science Publishers, 1986, Chapter 2.

8. Quinn, W.J. and Matthzjs, F.L., The effect of stacking sequence on the pin-bearing
strength in glass fibre reinforced plastic, ;. Composite Mater., Vol 11, No 3, 1977,
pp 139-145.

9. Smith, P.A., St Catherine's College, University of Cambridge, UK, Aspects of the
static and fatigue behaviour of composite laminates, including bolted joints,
December 1985, PhD Thesis.

10. Hart-Smith, L.J. McDonnell Douglas, Long Beach, California, USA, Design and analysis
of bolted and riveted joints in fibrous composite structures, August 1986, Douglas
Paper 7739; presented at Int. Symp: Joining and Repair of Fibre-Reinforced Plastics,
Imperial College, London, UK, September 1986.

11. Matthews, F.L., Wong, C.M. and Chryssafitis, S., Stress distribution around a single
bolt in fibre-reinforced plastic, Composites, Vol 13, No 3, 1982, pp 316-322.

12. Matthews, F.L. (Editor), Joining Fibre Reinforced Plastics, Barking, Essex, UK,
Elsevier Applied Science Publishers, 1986, Chapter 3.

13. Kretsis, G., Department of Aeronautics, Imperial College, London, UK, The strength
of bolted joints in GFRP laminates, September 1983, MSc Project Report.

i__



16.1 'I

MECHANISM OF SINGLE SHEAR FASTENED JOINTS

J. Bauer
MESS3RSCHMITT-BOKOW-BLOWM GMBH

- Helicopter and Airplane Division8000 Munich 80, P.O.Box 801160, W-Germany

SUMMARY

The problems arising with the strength of single shear fastened joints are considerably
greater than those of double shear joints. The additional (or secondary) bending moment
loads not only the cover plates, but also causes considerably bending in the fasteners.
If one of the cover plates is of composite material its brittleness and relatively low
bearing strength lead to new problems.

Experimental data were produced with a 100 1 load transfer specimen using a CFRP to
metal joint. Taking the specimen configuration as a basis, the interaction of bolt
bending and local load introduction into the two plctes is shown in form -, diagrams
based on theoretical investigations.

INTRODUCTION

Mechanically fastened single shear joints are used extensively in any aircraft struc-
ture. With thu increasing use of composites, the question of the strength of these
joints with CFRP becomes more and more important. Single shear, bolted joints are used
to connect spar&, ribs or frames to skins. Concentrated load introductions, like fitting
joints, are usually czrried out in double shear. Single shear 'oints can nevertheless
offer extensive advantages In aircraft structures in respect to weight, aerodynamic,
costs, dnssgn and production purposes. To make more use )f these advantages, even for
high load txinsfers, a more detailed knowledge about the mechanism and the strength of
those joints i% n,.essary. The final target is, to finO a reliable method, considerini

0 strength requir..!,ntU, which separates clearly, whether it is possible to use a single
shear bolted joint or a double shear one has to be used. Until now, this question was
answereu, mo~e ov less, by nxperience and previous data from retal structures. It is
douhtful, that t:..s give3 sufficient accuracy and reliability. The low bearing strength
of 1:'4;, toun-ther with itL brittliness, leads to increased thi:knesses and to a different
elastic :e-D. ,-. The engineer usinq COMPOSITES needs more detailed information about
thela phenor- .N acting together. 'o be able to makc uso of .,dvantages a more sophisti-
cated mthod fo .. 

4 ng single shear joints is n.cu-.jary.

BASIC REALIZATION'S OUT OF TESTS

To investigate the problems of single sheo: bolted joints with CFRP-laminates, a test
pro;ram was perlormed. The objoctives of the test,- Pad seen to clarify the basic mechanism
uitn s1W-ciAl V'Xpect to th.t usncviour of theR'. Wý uanted to produce as much informa-
tion is possible, to create a data-base :or th,4 4,velolument of a prediction method for
the strength uf single shear bolted joitits.

The test method/configuration wi- desiand to avoid ar.y effects, which could in-
fluence th,- behavJour of the CFRP dvinrq "he static and dynamic tests. As shown in
Figure 1 we used a CFRP-lap fastened onto a uteel plate, ohich was chosen to be relatively
thick. The bolt is therefore supported -ery vtt:'f. During the tests this prevents, that
the bolt fails before the CFRP,-plate was dammaqd.

The secondary bending mcmt~nts introduced •nto the plates, tended to raise the edge of the
CFRP-specimen fr1a the steel plates. It seemed rciasonahle to avoid such bending by a
clamping r.."q, because in application of airciaZt structures this cannot take place in
most cases. To simulate the worst case, the bcl'•t were only finger-tightened.

Measurements were carried out, to investigate the load displacement behaviour of the
Y joint in an accurate way. Therefore the diojlacements between che two plates were

measured in the vicinity of the bolt. Typlcal load displicement curves are shown in
Figure 2. Three different physical events er.. uharacterizing the slopet

1.) Firf't nonlinearity

2.) Beginning of nonlinear behaviour
3.) Ultimate Failure.

The first nonlinearity is the sign of the first failure ot the inner side of the
CFRP-plate and it marks the end of the initial linear bohaviour. This effect leads to
a more uniiorm load distribution in the CFRP-plare and results in a now range of linear
behaviour in the load displacement curve. Finally a range of nonlinearity occurs,
superimposed by plastic bolt bending and dcstruction of the laminate. The result of



uch destruction is given in Figure 3 as photomicrograph. The example shows a counter-
•ink drilling after final bearing failure. The laminate is destroyed by fibre failures,
transverse cracks and large delaminations in bolt-load direction. It is remarkable, that
the opposite side of the drilling remains undisturbed.

THEORBTICAL INVESTIGATION

The main problem of single shear bolted joints results from non-symmetry. The load
transfer, from the first plate into the bolt and then into the second plate, produces
secondary bending moments within the plates and leads to a significant bending of the
bolt. The mechanism taking place, is understood as an interaction of the three partici-
pating parts. In other words, the non-symmetry of the joint leads to a non-uniform
load introduction into the plates and causes bending of the bolt. But the beanded bolt
itself influences the distribution of the load introduction into the plates. Out of this
basic understanding the governing parameters of the mechanism can be determined:

Thickness I t1
Properties of Plate I T

Modulus of Elasticity E E2t2

Diameter a d
Properties of the Bolt : Modulus of Elasticity a Ef

Thickness t
SProperties of Plate 2 : Modulus of Elasticity a E2

With these six parameters the interaction of bolt bending and load introduction into
the plates can be mathematically described within the linear elastic range of the
problem. Stich an analytical solution can be found in the literature. It was developed
by William Barrois and published in 1978 in Engineering Fracture Mechanics, Vol. 10.
With some minor modifications it is possible to use this approach for our problem of
fastening a CFRP-part onto a metal one.

It should be mentioned, that one parameter is not included in the theory, the bolt
torque. It has some influence, but here it can be neglected with good conscience as it
does not influence the principle of the investigation. Figure 4 shows the results of a
re-calculation of our specimen, with protruding head.

The overall impression of the bolt bending and the local load introduction into the
two plates is not surprising. The example of our test specimen shows, that the highest
local bearing load acts on the thick metal plate at the contact surface. This can be
seen as evidence, that thickness alone will not protect from uncritical loading and
local damages.

Further information is offered by the theory, the bending of the bolt is described
in detail. It should render possible the prediction of the working life of the fastener
from its bending stresses.

As a final conclusion from this example, we can see that anyone of the three diffe-
rent participating parts could possibly initiate the failure of the joint. The important
advantage of such a calculation, is the possibility to quantify the effects and be able
to vary the six parameters which influence tne interaction between bolt bending and
load introduction into the plates. Six different parameters are not easily represented.
We are forced to treat the problem step by step keeping several parameters constant.
As a basis our single shear specimen is "sed and then the following properties are
found to remain constant:

Thickness of the CFRP-plate a tI - 6. mm
Diameter of the bolt : d - S. mm

Material of the bolt a Ef - 210000. N/mm'
Material of the metal plate E B2  - 210000. N/Ie'

This means we fasten a CFRP-plate with a 8. mm dia steel bolt onto a steel plate and
vary its thickness. To show the effects clearly the maximum local bearing stresses have
to be normalized:

- For the CFRP-plate the maximum local bearing is normalized by the
average bearing stress: 'ýýlbmax

The maximum local bearing stress of the steel-plate with variable

thickness is divided by the transferred load:

0 2bmax82 P -F-

These two factors give a representative value for the maximum bearing stress, in-
dependent from the loading.

The bolt bending moment can be separated from the loading of the joint by thefactors
b% Mbalt .maxi "'! bm

i . . .. . ... . . . .. . .. . . .
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In Figure 5 the behaviour of these three parameters (kia 2 b1) is shown.
We are starting with a thickness of 15. mm and try to reduce the weight of our

specimen configuration by sizing the steel plate with smaller thicknesses. It is obviousSthat the maximum bearing stress does not increase extensively, as long an the thick-

ness remains above about 7. mm. With a smaller Lteel plate the local maximum bearingstresses increase steadily in both laps.

To proceed to light weiqht constructions Figure 6 was created. The steel plate is
changed to light alloy ard the bolt material becomes titanium. In comparison to the
heavy metal configuration, the CrRP-plate is then subjected to a higher loading. Both,
the weaker bolt and the worse support of the bolt by the light metal plate lead to
higher maximum local bearing stresses within the CFRP-plate.

The light metal plate itself distributes loading in a more optimal way than the
stiffni but heavy configuration, And the titit.ium bolt does not carry as large a bending
moment as the stiffer steel oolt.

CONCLUSION

The example shown confirms, that everyone of the three geometric and three elastic
properties influences the load transfer. It is not possible to neglect any of them.
This knowledge is necessary for the interpretations of test results and helpful, if a
test program for single shear fastened joints has to be created.

Some general rules for the design of mechanically fastened single shear Joints can be
established from the theoretical results shown:

- The strength of a CFRP-plate, fastened onto a metal plate, is dependent
upon the geometric dimensions of the joint.

- A good design of a single ahear fastened joint seems to be when both
plates, the metal and the CFRP-plate are of about the same thickness.

* - Increasing the plate thicknesses results in higher bending moments
of the bolts, but does not affect the strength of the two plates.

- Smaller bolt diameters lead to higher local bearinq stresses for
the CFRP-plate, but also to higher bV..ding moments of the bolt.

- A CFRP-plate with a low modulus of elasticity is not affected by
* such high local bearing stresses, but the other plate has to

withstand higher local bearing loads.
- For the bolt the slope of b, (Figure 5÷6) shows, that for a thinner

metal plate, its maximum be ding moment decreases.
- A CFRP to metal joint can transfer the highest loads, if the metal

parts, both bolt and plate, are as stiff as possible.

As a summary, the theoretical investigations confirm, that large thicknesses of the
two laps result in less than ideal conditions for the bolt. Alternatively, if the two
laps are designed too thin then the local bearing stresses are allowing only a small
load to be transferred.
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Figure 1 1 Specimen Configuration
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Figure 2 1 Typical Loatd Displacement
Curves of Single Shear Bolted Joints

I igure 3 1 Photomicrograph of a Countersink
Drilling after Test
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Figure 4 s Load Transfer of the Specimen Configuration
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JOINING OF CARBON FIBER

COMPOSITE WITH FASTENERS
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SUMMARY

This paper deals with the Aeritalia experience on dritling techniques and fastener selection for ad-
vanced composite assembly. Details are provided on fabrication techniques. Informations are given on cor-
roseion prevention.

1. INTRODUCTION

Aeritalia's experience pertaining to carbon composite structures going back to the early 70's when
curing of lab.scale carbon composites was started followed by experimental G 222 spoilers.

Aeritalia's knowledge was built-up on several programs. An important step came from the partecipation to
the Boeing B 767 program. Aeritalia's involvement in the development work was ample and essential to the
utilization of carbon/epoxy in the program.

The production phase,which in still going on, gave Aeritalia a deep experience in the area of large C./EP.
components fabrication and assembly and contributed to the development of both engineering and production

knowledge that, combined with internal research acitivity, have given Aeritalia a leading position in the
area of advanced composite structures.
This experience was coupleted and furtherly enhanced through the development of Aeritalia ATR 42 program
and partscipation to the ND 80 and Rohr CFN 56-5 programs , which have given Aeritalia a widely recognized
knowledge of the state-of-the art technology for C./EP. aerospace structures.

2. DRILLING

A few basic recommendations must be taken into account.during drillirng operationsto guarantee good
quality. Clamping pressures should be well distributed to avoid damaging parts.
Once the cut is started, it should not be stopped since this may leave tool marks on the surface.
Tools shall always be kept as sharp as possible. Dull tools create more heat than sharp one.
Since all plastics are poor conductors, heat builds up on the cutter causing tools to break down rapidly.
Besides dull tools generate edge delamination., chipping, crazing, and tearing of fibers.
In fact, dull tools generate higher cutting forces that will tend to delamination.
Back-up strips are helpful in pre"-nting delamination, mainly with unidirectional tapes.
A fiberglass layer, used am a c,. Lon protection layeris also helpful in preventing delamination du-
ring drilling. During drillir. , ..- _nerally recommended a frequent retraction of the cutter to prevent
drill binding and tapered holes.

In deep holes, coolants are helpfull to prevent tip overheating. Feeds should be reduced near the erd of

the cut to prevent chipping or break through.
Different shapes of tools are utilized in drilling C./&P. parts. Aeritalis's experience and manufacturing

research selected a tungsten carbide drill patented by Aeritalia and shown in Fig.1

The minimau drilling speed utilized with this cutter is 4500 R.P.M.
C./KP. parts must often be drilled together with the structire components made in aluminum or titanium ma-

L terial to avoid holes misalingment.
To drill theme assemblies traditional helix drills in tungsten carbide are used starting from the C./EP.
side and using a drilling template.

The metal is used as back-up to avoid the delamination.
Aluminum - C./EP. assemblies are drilled at 400ý - 4500 RPM. Titanium - C./EP. assemblies are drilled at
150 - 300 RPM. Close tolerance ho.: are mad 0,8 ma minored drill point and than completed by rea-
ming. A peculiar problem it , J,. G!.n o . K of a sandwich structure for blind fastenere installa-
tion ( ass Fig.2 ). The dri-.ian.d operatico. a accomplished with the same technique plus an inside cleaning
operation to provide a suitable sating surface for the blind fastener head..The cleaning operation is accomplished with a special tool developed by Aeritalia for which a patent re-
quest is pending.

1 .. . . . . .. -.-.-... ...... . . .... ..-- -- - .. .. . ' .. .. .. ° . . .. .
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FIG.1
AERITALIA'S PATENTED CARBON/EPOXY MATERIAL DRILL POINT

-- HONEYCOMB CORE

,..-SOLID LAMINATE

DRILLING INSIDE CLEANING

FIG.2
URILLING OPERATIONS IN SANDWICH STRUCTURES

FOR BLIND FASTENER INSTALLATION

3. FASTENERS

Three types of fasteners are generally utilized for C./EP. asembliea typical, blind and hollow en-
ded. Typical fasteners are very similar to the ones utilized for metallic assemblies.
Particularly interesting in the utilization of fasteners with ahi-lok type pin on K-fast type nut.
In fact this type of fastener has the following advantages zespect the traditional hi-lokl
--K fast nuts generally have lower purchase prize than collars.
-Thern is no broken collar or pin to contend with.
-The low profile allows eaier installution in limited access areas.
-K fast nuts are reusable according to military specificatior. NIL-N-25077.
-The oversized nut counterbore configureation allows standard K-fast nuts to be used on ei L'zer standard or
oversized pine. elisinatins the need for duplicate inventory.

-Closely controlled setting torque eliminates proesible surface damage and gives a more consistent pae-'uad.
-They can be retorqued after sealant setting.
Blind fasteners for composite* must provide a large blind side upset to reduce possible delemination.
The large blind side permits the fastener to exert very clamp-up loads to the structure,vithout damage.
The two woetly used types of blind fasteners are the "big foot" and the one with an expandible washer.
The "big foot" is shown in Fig.3 and it. installation procedure shown in Fig.4 is :
1) The fastener is inserted into the prepared hole.The installation tool in placed over the screw to siouli. .........i
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taneumaly engaging the wrench flat@ and the drive nut.

S-'WRZNCH FLATS

SCREW-.A

max DRIVE NUT

NUT

LOC"INO FEATURE

RINSR?

,--SLIEVE

FIG.4

0IG FOOT FASTENER INSTALLATION
""BIG FOOT" FASTENER

2) Torlue in applied to the pcre while the drive is held Stat•iarde.
threw advaenes throuh nut body to ckin s sleeve to be dreat up over the tcpeied ntseu of the nut.

resBlind hoad fruat.ion i t atprted.

r 3) Continued thiehtonin removes sheoet ap, hoadlete the large blind head and clamep the sheeti tightly
);; together.

S4) When the sleeve forms tightly qaganst the blind side of the structure, the screw will fracture in the

;• break grove.
SThe tool in pulled away and the pintail drive nut asselmbly is discarded.

r_ in this fasteners the slseere buckling in accomplished directly against the caroits structi"e; this could

Sresult in local crushing of the caempouite material, but this has never boon experienced by Acritalis.

Very critical in the formation of the correct head on the bl'lnd side. Aeritalials experience in that the

installation of "big foot" faatenera in reliable providing that a constant driving tool is used without ac-
tion interruption to allow the thermoplastic ring correct fusion. If during the installation the driving in

interrupted, the head formation can be affected and diasemitry will result (soe Fig.5).

CORRECT INCORRECT

FIO.5

POTENTIAL PRONRN FOR "BIG FOOT" FASTENER INSTULLATION

The installation ahall be accomplished by hand or automated machine at 30 RPM minimum.
The "expendible washer fastener" is shown in Fig..its installation procedure is t

1) Thu fastener is inserted into the prepared hole and the installation tool is placed over it.

2) The advance of the corebolt forces the washer and aleeve over the taper,eopending and uncoilling the we-
sher to its maximum diameter.

3) Continued advance of the coribolt draws the washer and aleeve againat thw joint sul-face.pre loadiiu ths
structure. At a torque level controlled ty the break groove, the slabbed portion of the corebolt aspara-

tea, and installation in complete.

Though this type of fastener has not given the potential problems of the "big foot",it In not being utili-
sad at Aeritalia. In fact the following problems were encountered during its laboratory valutution on

4 mm diameter fasteners )
-Shank bearing over the head

_ _ _ I
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S-Shank breaking below the head
-Sha•k breaking without gripping

1;1 NU2

1 2 3

FIG.*6

EXPENDBLE WI •SER FASTENER INSTALLATION

The hollow ended faeteners are shown in Fig.?

BEFORE AFTER
INSTALLATION INSTALLATION

FIG.?
HOL.LOW ENDMD FASTENERS

They are utiliszd in aeas. were double bide aorodynsaý. eurfaces must be ensured. They are mad* out of an-
neale4 titanium-columbium alloy or bimetallic materials (body heat treated titanium alloy ard tail annua-
led titanium - columbium alloy) so that after positioning the fastener from the countersunk head side, the
manufantured head can be easily awamed to its "equired shape.
The. are mainly utiliaed at Aeritalia to join trailing edges of control surfaces whose parts arm mechani-
fally assembled. No particular problem is caused hy their installation.

4. CORROSION PROBLEMS

Joining C./KP. partsgives &alanic coepatibility prublem. This problem has been reduced with the ri-
ght selection of fastenir saterials and insulating with particular care the eletment3 of the joints.
The fasteners material must be as less dissimilar an possible to C./MP., from a galvanic stuxd point.
The mostly used type is titanium, which couples the specific strength ciaracteristics to the low galvanic
dissimilarity with carbon.
The fastener iu also insulated with an organic coating.
The biggest potential corrosion problem is encountered when a carbon structure is joined to a metallic one,
mainly aluminum components that is strongly anodic to the csrbon.
The solution was to insulate both the carbon structures (that usually are a large cashod) and the aluminum
parts fastened to them. The insulattun of the C./?P. parts in guaranteea by a ply of fiberglass epplied du-
ring the lay-up on the side coupled to the cluminum component.
The aluminum parts we insulated by a layer of primer and one layer of enamel and installed to the sating
surfaces with feying sealant. Fasteners going through the joining surfaces will be wet installed with sea-
lent. Laboratory tests and mainly service experience certified the reliability of this protection.

- --
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Los massls ant dt4 felts avec via I jeti, rivets MUCK TITS mantis avac doun niveaix dlnterfirence et rivets
MLGPL mantis A Iea

La planch 9 mcntre lea rdaualiata do tanue statique an traction mar dprouvattes neuves (ni vielihlet, ni
fatiguies).

On constate quo lea dprouvettes MUCK TIT! tiewiant netternent mis., qua Ies 6prouvettes *eoc via (to made
do rupture itant It mektage, avft- diverseitant et rupture doA&a vi")

maim cvt dcart rhoea peas il & l'intarfirance. En afft Its le4prouvettes dqulpdeatde rivets MLGPL (ssmblables
sax rivets MUCK-TIT! maim montfies & iou aana begue) tiennent encore mlftx.

Cette conatatatlon eat rscoupo pW des rdmaltats d'esas plus ercions mar wtiaresaen T300-914 i via
hexagonales (vow plenche 10) qui ntcntrant qu'& Io-fixation, l'interfdrenco no iou. pratlquerf'ent peas.

La planche I I inontre lea udaultats an compression.

On constate lik sueds qua flntarfdrence n~a pea dhnfluance sur Ia tenue statique.

La plenchve 12 mantr* l'lnfluence 4e Is fatigue.

Lea cycles de fatigue appliquia ont definis d 14. milme Iaqo qua pout Ies 6prouvettes monotrou do Ia
puandi 7.

On contates qua is aicle do fatigue appliqui qui eat pourtant tria advr* e a eucune, influence ditavorable ser
la tem. statique rdalduaelk at souvent m~me 11am.41ore, "Mn certain, CAs &v, 10 9L

35- INTERPRETATION IT CONCLUSIONS

Contreirernant & ce quo N'tude W. diArp do contrainte 6lastique an bard do trou pout WaSWr pesir, Is
montage & Interfdrence do flxations dama due assemblages compoalta-camposite n'apporte aucusbn f " ice signltlcatif
an Utwie satique, quo e salt sur p"c native ama mr piece fatigudo.

Ce risultat eat dicevent (oenrea qaill reconfIrm. Jo remarqueole temta on fatigu dues matdrlaux composite
carbons). H pouit cpandmnt Alnterpriter al Ilan conaldir e I. mcenlaae perticullur doeI& ruptur au bard dun troti en
traction.

line 4tuds alfectuie rer AMD-BA (rifirence (2) ) a pwtti saw Pildentiflcaton des dammagas et dilaminages
an bard d~un trot, a un nlveam do chtrvpment tr~s prie dol I& upttarc attiue, dare dlffirents cia do drapage.

La pinche 13 prisrnte dana un iat partiCuller tun act4matizaelan do le nature ot do lritendue des
dibuninages an borurie do trova. On caratate, autoun des pus & 0' 1a pwosence sarnultain do ~ dilaminages
interlamlnalres antre ps1100 0t eples d'auutea directions st 4. dllsmlAign translaminelres own lea pile & 00.

L'es v it de cue dilaml~nagee a pour ceSfe pratique de dichargen partlellement lea fibres & 0' tingentlefies
mau Vaa

Cad eat dimantr4 par IA ptanche 12o qui prisante lea celcusl par 1idments finta tialts A partin doIAla pnch I I
(eyed dilffretau do&,*s do simplIfication).



* ~On constate quo ta fibre 4 00 est dfitharg"e de fagoai notable Wa les d~Iaminages, et co calcul recoupe do
Lacon tris correcte Is valtur extpirlmentale do I& rupture.

-Compite tenu do co ýmcanlsme dadaptation, on pout penser quo l'effet du montage & lnterfirence eat en faitmasqui per Is micartisme d'adoIptatlhn I rupture.

En compresaion, on pqut penser quo do toutes fs une~ partteI.mportaznte de la dwage peane ent appul sur I&
fLxcatlo3n, qti'efle wilt montie i jeu ou non, et quo Pinterfiirnce a peu do rftle.

11 en r~sulte quo to montage i lnfterfdronce We pas d'inthr~t dens le ces de liaison carbonne-abone. Par
contro, 11 reste probabloment lntdressant duins le cas do liaison carb"n-dural chsrgie en fatigue, du fait de son
of tot bin~flque sur Ia tenue an fatigue do I& partlo dural.

REFERENCES

(1) Interference fit WW~ crack growth predlictlon by D. CHAUMETTE, R. CAZES and C. CZINCZENHEIM -
AMD-BA 12 th ICAF SYMPOSIUM - Toulouse - May 25-2V 19S3.

(2) Calcul dos d6lamineges dons Its Composites - D. GUEDRA - V. POGGI - AMO-BA -
Actes du Trolalime Colloque Tendmncos Actuelles en calcul do structures - Bastla - 6-8 Nov. 1935.
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-- 1COMPOSITE MATERIAL IN AMD-BA AIRCRAFT
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Vis 06 mm t~te H.
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This paper docmentis effects of enviran min, p-eoai bushings, local reinforcements and JeoInt laminate
tailoring on the efFcec of CFPI`TfkaInts. Thereby aIntt"f ficlency at static, resdua and fatigue streng!thoI
conidered. The laminateo oil ptthe faner system. fastener fit and ciamping Stroes$e were not ciingl The
material used was 914C./TIO or Fiberite IPUMM00 Critical hot/wet condition expected In Service reduced joint
efficiency but preloading an fatigue deo*g load level with Superimposed temperature cycle per flight did not.
Istatllation of metal bunhings Into fastener halls, local reinforcemrent by odding layers to the hale section, and joint
laminate tailoring through strip design were Introduced to reveal their ability to Improve canposite joint efficiency.
They proed to be successful deponding an design constraints aid required joint performance.

bInroduction

As In mtlstructures memchaiclly fastene joints ame critical elements In composite structures too. From
umrous experimental and theoretical Investigations / 1; 2; 3; 4 /optimal ge iomtry parameters (00) d/w; d/t) and

laminate lay-up structure ha', evolved. Howover, joint strength still remained low compared to the strength of the
basic laminate. This 13 represented by the s2 coiled Joint Efficiency (JE) which Is the ratio of gross section joint
strength to laminate strength away from the hole. TM&s pauper considers JE as a function of cycles to failure, where
the JE at N - I s the ratio of static strength data. The effects of fatigue loading with and without Superimposed
environmental conditions and of mtosto Icrerase iE are presented. These Improvement measures Include

- bushings lnstolIWr In fastener holes,
- local reinforcements by adding layers to the bcsic laminate in the hale area, and
- jokit laminate tailoring by di~dlng the laminate In to soft and stiff strips running parallel to the local

direction.

The laminate used contained 47 percent 01, 47 percent 45' and 6 percent W0 layers.

The Investigation of joint tailoring began with stress analysis by a finite element method to provide a nearly
optimal strip geometry for the specimens. The analytical and experimental results are documented.

Joint Efficiency as a Function of Cycles to Failure

The SN-curves In Fig. I and Fig. 2 show typical results of laminate and Joint fatigue testing respectively I5 A.
Corresponding to definition of joint efficieny (JE):

JE Jon t I NI
T~amnateJ4 ka.*n/N

the "Joint ef ficiency curve" Ir. Fig. 3 was derived, representing the fatigue strength ratios; which may, also by expres-
sed as l/Kf. A comparable JE-.rurve for metal joints Is added to Illustrate the mast Important differec Instatic
strength at N - 1. where conoite joints exhibit the lowest and mretal joints the largest JE. With Increasing number
of cycles to failure the JE of mtal joints typically decreases. The increasing .IE of the composite joint Seems to be
specific for this joint configuration. JE-curves for 100 percent load transfer composite joints for example show anel osattJ

The hfhaene of ~wiro -nwit an Joint Efficienc

Fzr two conventional carbon/epoxy systems the effect of environmnent and flight-by-flight loading on .iE was In-
vetstigoted / 7/ BOath the environmental and fatigue loading conditions correspondedtto design criteria for composite
structure In a fighter aircraft. Fig. 4 Shows the JEs at N - I for the loading conditions:

- RT; *as received",
+ 1 ?01 C; equilibrium moisture content corresponding to 85 percent relative humidity (hat/wet) and

- hot/wet after preloading.

The prbioading was four li,es (16000 flights) with FALSTAFF loading sequence and superimposed temperature
cycles per flight.

Note thut tensile loading is critical; It leads generally to lower joint efficiencies than compressive loading.
There is a *lguafirant drop In jolint efficiency due to the hot/wet condition but no further reduction due to the
odtilth2sAl prioaodinaj Instead It seems that preloading at fatigue design load level was beneficial. This correlates to
with often observed Increase of residual strength after preloading of notched composite laminate specimens, See forA

exampl Aa
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Th Ef• of Swd*4p an Join Efl[iMolty of CFRP-Jsknt
Installation of beshings In fastener holes was originally Introduced as a repolk measure and at a cost saving al-

ternative to Clos tolkn ance holes / ? / Cylindrical and tapered bushing ame shown on Fig. 5 waee banded (EA-?34,
Hysol) Into the hole. Besides bonding, cylindrical bushings where cold worked to receive on interference fit of the
bushing in the hole. The installed bushing had been expanded by pushing a tapered MonMi through the bushing. The
expansion was such that the low alley steel bushing received a tight fit in the CFRP laminate and there was just
enough clearance to install the fastener by hand.

Fatigue testing of CPRP-Jeints with and without bushing led to the joint efficiency data shown in Fig. S. The re-
suits revealed that bushings had Inc-vased JE of 100 percent load transfer jMnts (pure beaoing) at r4 * 105 Wnd N .
106 and the beneficial effect was enlarged with tighter fitting bushings. Joints with by-pots ioading howed equal or
somewhat less Joint efficiency when bhshings are Insta!4-d. It should be noted that bolt diameters were kept constant
and therefer hales In joints with bhuhings where larger corresponding to the wall thickness of the bIshings which
were .73 to 1.15 mm. It -ppe -s that bushings tightly listalled in fastener holet havv the ability to lyiprove the JE
of 10C poereet lood tra fe joints permanently.

11 Effhat of Leaold Rarn sent a the J** Efficiency of € P-Je*bt

Local reinforcement In the area of high stress concimtratlan is a conventional method to improve performance
of the overall structure. It can also be practiced with cbmrAsite strictures by udding layers in the cuit=ol region.
The reinforcing layers are either cocured with the laminate curing process or bonded to the cured laminate. Wilh
respect to geometty the additional lavers are either placed svmmetrically an beth sides or Just on one side of the la-
minate see Fig. 4.

Fatigue and static testing of composites Joints with und without local reinfrcerments / d / revealed the JE im-
provements shown in Fig. 6. The upper part of the iggre shows the Improvement by additional + 45 and 0-layers
Increasing the critical nction by a factor of 1.5. At N . I tne inproveri.nt ioctor Is close to reinforcement factor;
however, at N v 106 tle Iocal reinforcement hod become lass effective as the improvement factors hat droe to
1.2. This correlates with the shape of the SN-curves in Fig. 7 showing larger slopes with reinforced joints. Thus it
appeares that the beae.cial effect of local reinforcement dIminishes with Increasing number of cycles to failure. But
the Improvement real0sning at N - 106 Is stress-wise and life-wise still iarqer than that readied by bushings. From
the literature oven larger Improvermets are known when the critical section is mrme rigorously enlarged as for
example by a factor of 4.0. This led to an improvement factoi of 2.5 at N a I as illustrated in the lower part of
Fig. 4. Here all reinforcing layers where added on aom side of the quasi-isotroplc laminate. This may have contri-
buted to the failur mech.nism through detachment of the reinforcement with subsequent secoodkay net section
fracture, it Is assumed that symmetrical reinforcement would increase the improvemne efficiency; however it should
also be to~membered that in the quasi-isotropic laminate stress concentration Is less than in the more anisotropic
laminate / 2 / applied so fur. GenealIy improvements are more evsily reached with details of high stress
concentration than with details of lower stress concentration.

The Effect of Joebt Lonkfte Tailoij

Local reinforcement Is nrt always practicable because of design constraints with respect to available space or
aerodynamic requirements. Fortunately, designing composite laminates allows tailoring along the width of the joint
resulting in a so called "strip laminate" which is schematically illustrated in Fig. 8. In essence the 0-iayers of the
basic laminate were transferred outside the hole area, where they took the place of * 45*-layers which were concen-
trat,.d in the hole area. Between the stiff strips containing the 0*-Iayers vnd the soft strip with the loaded holes,
strips of basic laminate were Introduced. The widths of the strips were such, that basic and strip laminate had th-
same compliance (strain/load) and thickness. This mesur aims at an improvement through reduction of stress
c oncentratlon. To prove this and to establish an optimal strip design for the specimens a stress analysis, applying on
experimentally verified FE-method was conducted first. Fig. 9 shows the FE-model at the critical hale; load was
Introduced thro" the central nodal point of the bolt mesh. Load distribution was calculated through simulation of
outer joint ports by a simple rod elemrent. Special contact elemenTs were placed beiween adjacent nodal points across
the bolt-laminate interface. These contact elements could only tramnfer radial compressive loads; thereby a
frictionless Interface was produced and developing gap 'etwaen bolt and hole surface determined.

Fig. 10 and 11 show results of such a FE-stress analysis In form of stress contour lines around the critical hole In the
basic lominate and the strip laminate with optimal strip widths. The strip design is easily recognized by the pattern
of the stress contour lines displaying that the strips pick up loads corresponding to their stiffnesses.

Through the strip design the maximum stress in t1e joint wea reduced by a factor of 1.8. Taking into account the
difference In joint width the stress concentration factor was reduced from Kt - 3.0 to Kt * 2.U. it was found that
load was more uniformly distributed to the holes In the strip laminate but hole deformation was twice of that In the
brclc laminate as demonstratedt by the differe In gap sizes shown in Fig. 10 and 11.
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' he rswults of fte stres analysis and the erlglnaters of the Joint leminatte teilerin wateld I11I sues that
th*fficiency of this Impeaveenwt mesre Wnreases with the nowillee of fbwtenr ows.& awfnO$tI~ne

Invettm n en the effect of apt"ow strip deaig an joint steength teonprised double showt )hss with t hreand
four fete,.Stmenth and ultimate load of basic and strip lamnlowt Joints wale plotted in Pips. 1tad2h to-
suits Confirmed Ineresing officiency with incroeesin nunber of featenasm 1he esperlmontol results so far Indicate
"tat Joint togurilnq sucoesfully, Ininaeasa the lead transfer ceipapity of bolted composite Wonts as shown In Fig. 12.
NOWever, It did not exhibit muich advantWg when VF is to be Iteved. as showni by the data In Flip 13.

Investigations should continue to disclose moro deatils of the offects of joint lamrinate tailaring an the
mechanleal behavour of composite Joints,

ofEffect of expected environmental service conditions and of Imiprovement measures an static end fatigue strength

copst :Jit asJde (whenever feemabl), by caiems of joint efficiency 04) N )-

* low life rogion.

A dr&opped at hot/wet service condition of fighter aircraft.

-116 Prladn fatigue #ýft load level with supevrimposed femperotture cycle per flight did not cause a further

- Metal bushngs withafightfit ImprovedE of 100 perent lea dtranfrJonsIn thehighife region (N > 10)

-Local reinforcement by adding 00- and + 45*-Ioyrs to the basic laminate in the hole toglon Improved .1! first of
all at N a I (static strength), at N - 103 Imrprovemnent was less but still larger than Ooat reached with bushings.

-Joint laminate tailoring reduced strooss concentration and improved load transfer copocilys the efficiency of this
measure increase with nmbe0r of fase*ner rows.

ICoIlings, T. Aa On the Beaing Strent~ihs of CPRP Laminates, Composites. MuI 1902, pp. 241 - 232
/2/ Crews, J.k, J9. H.; Itng C. S.; and RaJn, 1. S.: Sties, Concentration Factors for Finite Orthotropic Lamninates

with a Pin-Loaded Hols, NASA Technlical Paper 1662, May It1

/3/ Godwk N E. W.; Matthews, F. La. A Review of the Strength of Joint& :n Fibre-Retinforced Plastics, Part 1, Mae.
CWdmmlclY faseWne Joints. COMPosites.11 July 1tl0, P,15-160

/4/N N.: Fastening and Joining, MiI-Hdalc - 17A. Jan. 1 f71

5 3 Schutz, D4 ferhars. .9. J. and Alschwelg, E.: Fatigue Orope ties of Unnoic.d,* Notched. and Jointed Speci-4
mans of a Graphite/tpouy Composite, IA: Fatigue of Fibrcus Composite Materials. ASTM STP 723. Amnerican
Society fat Testing and Matetrial.,ý l"I pp. 31 -47

/6/ Gerharn, .9. .i. and Schuitz, 0.a Fatigue Properties of Bolted Dauhie Sheow Composite Joints (in germnan), For.
schungsberlchtr aus der Wehstedinilc, 15M~Ig-WT 52-7, IM2

7Berg, M. and Rott, M.a Investigation of the Effect of Environment on the Me.Jiraanlc Behaviour of CFRP-Spe..
cimens Sujeted to Comnbined Flight-by-Flight Loading and Flight-by-Flight Temperature Chi mgs (in
germanJ, LUF Repot No. 4W, March )?$I

/ 8 Huth,, H4 Peter, 0; and Schlitg D.: Dolnage Growth - and Resdal" Strength Testing with CPRP-Lonilnates (in
germanl) Farschungsberlcht aus dar Wehrtechnik, BMVg-FBWT 82-5, 1"2

/9/ Gerhora J9. J9. and Schutz. 0.: The Effect of Bushings an the Fatigue Properties of Comnposite Joints (in
gorman), LOF-Report No. 4848, Febr. 1964

/10 /Gerharz, J9. J.J idelberger, H4 and H~uth, H.a Mmueas s to Improve Strength Behaviour of Composite Joints (in
/ /geman), LOF Report No. 3938, to be released 1967JotEfciey m . TlrnIn

EsnanJ.R. wWLand od .1. L.:ImrvnCal toBleJonEfiecyh rwpToorIt
Jo'uinq o Composite MaeilASTM ST 70, . X&ad Ed., Ameorican Society foir Testing and Ma-
terials. 1981. pp. 171 .130
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Fig. 6: Efficiency of Composite Joints with Local
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YIVIIMUSS Am ItSIDUAL . M !VH VARIATIONS %
ON NWCIMCAL JOZI j

in eye IMN=i CYCLING LOAING

Dipartimento di Ingeaneria Aerospaiaie - Politecnico di Milano - Italy

An experimental study of the fatigue behaviour of jointed specimens made of carbon
fibre reinforced plastic has been carried oat. Four different configurations and four
laminations have been taken into account, to point out the influence of by-pasu load /
transfzer load ratio and stacking sequence on s0ecimen fatigue behaviour. Loading
frequenoe has been mantained at 20 C.P.S. in tension-tension tests at room temperature
with dry test conditions. Fatigue loads have consisted in an alternate component (20%
of failure load) superimposed on a constant tensile force (60% of failure load). The
influence of different sequences of constant amplitude load blocks have been also
investigated. Residual strength and stiffness versus number of load cycles have been
compared for the same stacking sequence by varying specimen configuration, and forSdifferent stacking sequences end equal configuration. Elastic and tensile
characteristics have been monitored on-line by means of load-cells, LVDT transducers
and strain gauges. Damage growth has been inspected by making use of N.D.T. like
X-rays radiography with opaque enhanced penetrant liquids and electronic microscope
photography. The final results have consisted in a correlation between damage growth
and residual strength and stiffness of jointed specimens.

INTRODUCTION

Nowadays, the e'elatively poor static strength of composite Joints forces the
designers to keep stressee at low levels, so that joints fatigue does not emerge as a
design problem (1).eIt is wcll known that important role may be played by many parameters, as the nature
of material, the load amplitude and frequency, the specimen and notch geometry, the
stacking sequence, the type of fasteners, the ratio of by-pass to transfer load, the
test temperature and moisture (2), and the load history (3), (4).

In order to understand the influence of such parameters, some of them has been taken
into account separately, assigning different values only to few quantities and keeping
constant the other ones (5), (6), (7).

During the present investigation only two basic parameters have been taken into
account, namely stacking sequence and general arrangement of the specimen (presence or
absence cf hove8, with or without fasteners Installed, and percentage of by-pass load

!• (a)).

Other parameters, like the type of material, load amplitude and frequency,
temperature, moisture, clamping torque, ".lt clearance or interference, have been kept
constant, in order to observe only consequences of stacking sequence and specimens
general arrangement.

Some specimens have been subjected to static tests, to measure stiffness and
strength in order to normalize residual values.

Then residual strength and stiffness have been plotted versus the number of load
cycles, in order to show the influence of stacking sequence and bpocimen
configuration.

MAT.MIAL, SPECINWO AND FATIGUE LOA65

All specimens, supplied by C.A.G. AGUSTA S.p.A., nave been made from the same
pre-preg system, that is graphite-epoxy T300-5208, with 0.18 mm layer thickness.

Laminates have been prcduced by pressure bagging technology, and specimens by
sawing. So some initial edge dalamination may have occured; anyway tris damage has
been detected by X-rays inspection on specimens before any static or fatigue test.

Four different simmetrical stacking sequences have been taken into consideration,
each one made of eight layers:



- (01901/0'1/01) (-rose-ply)
- (+45'/-45'/+450/-a45 )a (angle'-ply)
- (01/01/45'/-4S5)a (stringer type)
- (0'/901 ,+4s'/-45 )a (qussi-iaotropic)

with a total of thickness of 1.44 w.
These different stacking sequences have been chosen first to compare the different

behaviour of matrix dominated fatigue loads, and then to point out how typioal "Joint
laination" quasi-isotropic (01/90' e45•/-45' )a or typical "stringer lamination"
(0'/0'/+45'/-4S')& behave It notched, bolted and subjected to cyclic loading.

Geometry of specimens Is shown in Fig.1; these aee plain, notched, with Idling
fastener installation, and 100% load tranfor witn two lapa of the Rame thickness and
lamiuntion.

All specimens were 280 mm in length and 28 mm In width, with ond reinforcements made
of glass fiber HARNCO 3200-7781, 2.5 = in thickness and 65 mm in length, bonded to
specimen aurface with NARNCO 1113 adhesive.

Hole for notched specimens was 5 mm in diameter, resulting in a ratio of the hole
diameter to the specimen width of 0.18.

After drilling and seat reaming, the fastener was installed with a clamping torque
for the HL 86 nut of S Na, corresponding to a pre-loading for the HL 20 tension head
equal to 5000 N.

Mounting of the hy-lock was carried out with a slight clearance, equal to 1.5% of
nominal hole diameter (9). (10).

Values of static and alternate loads generally met in literature have been used
(11), (12), (13), (14).

Loading frequency was 20 c.p.a. with room temperature dry test conditions.
Such a frequency level is high enough to allow relatively short test time, but not

too high to reach the glassy temperature of the resin.
In fact the maximum level of temperature measured during tests at 20 c.p.s. has been

of 35 OC.

WIRMNTAL AMRANGDENNYS

Loads were provided by a servocontrolled hydraulic system able to apply forces up to
50,000 N.

Loads were monitored by strain gauge load cells, and specimen elongation by
differential transformer transducers.

Inspections were carried out by means of a GILARDONI radiolight Be X-rays tube,
making use of opaque enhanc3d dye penetrants techniques (15), (16), (17)-

The arrangement of the load application system is shown in fig.2.
Tab.1 shows longitudinal elastic modulus E and ultimate tensile strength as

statically measured on plain specimens.
For every kind 3f specimen, characterized by a particular combination of stacking

sequence and geometry, fifteen samples were available.
Each group of such specimen was divided in five sub-groups, to be subjected

respectively to 0., 0.25E6, 0.75E6 and 1.00E6 cycles at constant amplitude fatigue
loading varying between 40% and 80% of stratic failure load.

A larger number of specimens was tested for shorter lives (0.25E6 and 0.50E6
cycles), because the greater scntter typical of these conditions requires a larger
base (18), (19).

Tab.2 shows the percentages of specimens that have been subjected to the different
number of load cycles.

Elastic modulus and tensile strength were measured and then reduced to
non-dimensional form dividing by the corresponding static values, to obtain residual
elastic characteristics.

Then, for each set of residual stiffness, corresponding to a specified number of
cycles, the mean value was computed together with its confidence limits (for sets
containing at least 3 values), assuming Student distribution and small samples theory
(Tab.3).

Such mean values were best fitted to obtain plots of the residual stiffness versus
the number of load cycles, for each stacking sequence anu tgeometrical configuration
(20), (21).

Af er each stotic and fatigue test an opaque 4ye penetrant ehenced radiography was
carried out, to monitor and to evaluate damage growth (16).

Finally a correlation between stiffness and strength decrease and damage growth was
investigated by means of micrographs (22), (23), (24).

... .. ... ..
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"iiie reuldual stiffness or 1+48,/-46'/+45'/-45,1a lamination does not decrease
strongly with an Increasing numtoer of lord cycles in the case of plain specimens,
whla tor notched specimen*, such decrease reaches a value of about 20% at one million

On the other hand. specimens with no load transfer show £ alight improvement in
stlernesa (Fig.3), while the load tranafer ones show a large decrease.

Ac tar a* Jointed specimens with load transfer are concerned, decreasing in
s.titfes' \. greater than previous cases.

Anyway the scatter of results suggests a wider investigation, on a larger
statistical basis, in order to obtain more reliable results.

The (0/900/01'/901)e lamination shows a behaviour qualitatively similar to the
(+41S'j 45'/+45•- 1 4•- )a one, (FIg.4),

It has to be noted tnat, In general. (001901/1'/90')a lamination seems to be less
sensitive to fatigue than other stacking sequences.

Stringer-type and -.uasi-isotroplc laminations have a behaviour different from the
previous ones: in fact a alight increase in elastic modulus was observed at l.OOE6
cycles for notched (0'101/+45'/-45')s, for load transfer (0'/90'/+45'/-45')a and for
no load transfer specimene of both lsminations (Fig.5).

From the previoua results it appears that, for each stacking soquence, plain
specimens do not vuffsr considerable consequences from fatigue cycling (Fig.6).

Viceversa, nearly any kind of notched sample shows an increase in compliance; this
phenomenon seems to be directly dependent on the number of +45'/-45' plies ia the
s t acking sequence: in fact stiffness reduction is about of 10% for (0'1/90'/0'/90')8
lsionate, and 20% for (+4V'/-.4•/'t+AS'/-45')s (Fig.?).

Finally, for jointed specimens, the scatter in results Is much greater than for
plain and notched ones, and the trend of residual stiffness versus the number of
cycles is more strongly non linear.

In any ta*,e no load transfer apecimens are less sensitive to fatigue (Fig.8), than
load transfer specimens, the latter being much more sensitive than the plain and the
notched ones.

Moreover s-ach sensitivity depends on the number of +45'/..45' oriented plies. In
particular •he stiffness re-duct.on at one million cycles reaches about 25% of statical
stiffness for (+45'/-45/!+45'/-45')s ply and b% for (0/90'/0'/90')s ply:. viceversa
elaciic modulus of q.uasi-lsotropic specimens seems to increase of about 5%, as shown
in Fig.9.

Residual stenjth

The residual s-irenght of each kind of spenimen considered is only slightly dependent
on lamination: it mostly depends on specimen t:ype.

In par'icular, for (+45'/-45'/+45'/-45')s stacking sequence, specimens seem to be
slightly influenced by fatigue if plain, while the notched ones show a slight increase
in ntati.ý rttrength, about 4% at one million cycles (Fig.10).

The same qualitative behaviour is shown by stringer-type, quasi-isotropic and
(0'/90'/0'/90')s specimens.

As far as fastened specimens are concerned, a small dEcrease in static strength has
been observed, for all the stacking sequences. In load and no load tranfer cases a
slight decrease in residual Strength has been observed (Fig&. 11-12).

On the other hand, also for residual strength, (+45'/-45'/+45'/-45')s lamination is
more sensitive to tension-tension fatigue than (0'/90'/0'/90')8, stringer-type and
quasi-isotropic.

In fact, in the case of plain specimens, while (+45'/-45'/+45'/-451)s lamination at
ona million cycles shows a decrease in residual strength of about 3%, (0'/90'/0'/90')s
laxlnation shows a slight increase (Fig.13). This trend holds also in the case of
notched specimens (Fig.14).

On the other hand, for load transfer specimens, a decrease in static strength has
* been noted, both for (+45'/-45'/+45'/-451)s and (0'/90'/0'/90')s. respectively of 7%

and 5%, while, for quasi-isotropic lamination, the same decrease was about 9%
(Fig. 15:,
It must be observed that the presence of "fiber dominated behaviour" plies, in some
way mitigates the negative effects of fatigue cycling. This is true also for no load
transfer specimens (Fig.16).

Finally it must be Pointed out that, also for residual strength, scatter in results
is much greater for jointed specimens than for plain and notched ones.

J.
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TUFLUWO OF ZWiLR8Z5 AND EM9IM I AiIYM M LOD SLOW

A test program is now going on to investigate the influence of increasing and
decreasing amplitude load blocks, taking into consideration transfer load specimens of
four dirrfrent stanking saqusnoes.

built-up load sequvnoes include 5 equal blocks of 200,000, each of 4 inoreasing and
decreasing sub-blocks (FLiU.17ab).

Related results are not yet completely available, but, only for some queol-taotropic
specimens, it Is possible to note that increasing load sequences have a stronger
influenoe on fatigue behaviour, expecially over 500,000 cycles (FigIS).

COOLUDING FSA3

In concluaion it can be asserted that, in &eneral, tension-tension fatigue for plain
CORP specimens, does not modify in a considerable way neither the residual strength
nor the residual stiffness, up to one million load cycles.

Notched spoecimens subjected to fatigue loading undergo two different kinds of
modification in elastic characteristics, opposite in sign. A strong decrease in
longitudinil stiffness has been observed, 10% for (0'/901/0'/90')s lamination and 20%
for (+4S'/-4b•'+45'/-45')o.

On the contrary, the same kind of specimen has shown a slight but appreciable
increase In residual strength, qualitatively similar for vach sticking aequenon and
quantitatively stronger for (0'1901/0'/90')s and stringer-type.

Also notched specimens with fastener installed and no load trensfer shcw the same
stiffness decreasing tread with load cycles.

On the other hand specimens with load transftsr show a great rensitivity to fatigue
cycling: in particular both residual strength and residual stiffness decrease for each
lamination, except for the quasi-isotropi.Q one.

To sum up it seems apparent that tension-tension fatigi, on CFRP specimens does not
lead to considerable negative Affects if specimens are plain. On the contrary, if
specimens are notched, they undergo remarkable fatigue consequencies, but opposite in
sign as far as residual strength and residual stiffness are concerned: in fact
Increasing the number of fatigue cycles, the residues' stiffness strongly decreases and
the residual strength slightly increases. Such a behaviour may be jueti.ied examining
Figg.19a,bc,de and micrographs 20m,bc,d,e,f, which show delamiration growth with
the number of cycles. Such delamination, neok' the hole contour, fIrstly increases the
longitudinal compliance and, at the same time, seems to play a stress peak smoothing
role similar to plasticity for metallic notched specimens (25), (26), (27), expecially
near an empty hole, where the fibers are free to move to reduce their strain.

The chanie in specimen shape due to this effect is shown in Fig.• 1 ..
Examining Figg.22ab, different failure modes, corresponding to different fatigue

lives, seem to confirm this hypothesis.
The most sensitive stacking sequence for tension-tension fatigue is

(+45'/-45'/+45'/-45')s: its loss in stiffness is impressive, while the corresponding
gain in strength is not significant.

Th3nks to these observations it appears that the presence of "macrix-dominated
behaviour" layers holds a notable influence on global fatigue behaviour of laminates,
that is: the more CFRP specimen has +A5'/-451 plies, the more it suffers fatigue (28).

In general it is possible to assert that "fiber dominated behaviour" seems to confer
good fatigue performances to plain and notched specimens, while quasi-isotropic
stacking sequence is more suitable for jointed specimens, is damage growth shows
(figg.22a,b,c, 23a,b,c, 24a,bc).
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1.5- STRINGER TYPE-QUASI ISOTROPIC LAMINATION
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1.5 NOTCHED SPECIMENS
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Fig.7 Residual stiffnxess for notched specimnens
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1.5- LOAD TRANSFER SPECIMENS
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1.6CROSS- PLY LAMINATION
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1.5- PLAIN SPECIMENS
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Fig.14 Residual strength for notched specimens
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Fig.20d

Fig.20e

Sg.201

Fig.20a-f Micrographs (48X) s-howing point of view, non cristaiizing penetrant Liquid and damage growthfor quasi-isotropic jointed specimens at .25E6, .50E6, .75E6, 1.OOEo cycles



Pig.2 I Chang in shape for angie-ply specimen subjected to 1.00E6 cycles

Fig.22a

Fig.22b

Fag.Z2a-b Different failure modes for .00 and 1.006 cycles
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Fig-24a-c Dunap grwth for crum-ply jointed specmen (.00. 50E6. L .0E6 cycles)
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SUJMARY

In thi report, exparlnmena recailts obtained to date fromi an on-going test program am presented. The pa-p,. of
this program is to evaluate dom performance of mechanical fastener systems in Narmca IINW52tSC, a high strain/tough
resin composite Identified Msa promising material system for now aircraft designs. preliminary results obtained from
tensile tests on open-hole specimew and double.lap joints wer a med to characterise the notch strength and the bearing
strength as Influenced by the effect of design paameters involving geowetric ratios, Likl size and bastere torque. A
constant amplitude tensIon-compression (ft - -1I) fatigue twtt wasn performed an a double-Imp composite Joint to &aosss a
simple and effective technique besed an hysteresis measurements for monitoring progressive elongatinn cf a fastenter
hole, It was fow-d that the hysteresis measurement technique unLerestinatee the actuel hole elongat~on by as much as
26% at the and of the fatigue test. This warn explained by the aobervetlon that Wpsphle particles formed during the
fatigue test reduce the clearance between the hole and the pin. Single-himer ctomptitant~ieum joints wet j tested to
evaluete three fastenrm systems designed specifically for composite applicatio-ts. Four single-shear Joints were tested to
date to the ultimate tensile strength. It wern found that the Huck interference fit locktbolt fastener system provides a
single-dshar joint strength 30% higher than that provided by the Cherry N11axlfoot blind fastenrw systemn and 44% higher
than that provided by the SPS COMP-TITE blind fastener system respetively. Tesingle-altee specimees tested were

stran-gugedforth2purpose of measuring the load transer and seomidary bending. H oweover, the analysis of the stra:
gaue fta as otbeen completed and the results are not reported In this pape.

1. 41DThOOUCTIMO

The use of! composites In aircraft structures has Increased considerably over the past decade. Composite structural
components can be found in the fuselage, wingi td emnpennag of modern aircraft. A majo requirement for the
assembly of composite structural components, especially in primary structures wher the load transfer is high, is the
usage of mechanical fastenor systemts. This pssa challng fnr efficient joint design because of the inheren t
interlaminer shmer and compression weaknesses in composites which not only render them extre-nely susceptible to
bearing and delamination failures but also render them much learn capabl to resist secondary bending resulting from
eccentric load paths.

Attempts to reuc the stress concentration produced in a loaded fastener hole of a composite Joint by including
%.ý plies In the lay-t'p and to minimnise interlaminar stresses in iefastener hole by adopting a more homogeneous
stacking equen- have successfuly resulted in limprove proportles('J fut thes design measures, when applied to first
generation composites which consist of low strain carbon reinforcing fibers and brittle epoxy resin, are not producing
optimumn results as evdenced by the low dics*g strain levels in the r= 2r 4pf %0to 5,000 pan/r imposed on the
composite wings of the P-14 and the advane Harrier aircaft (AV4B1?. These design strain levels have been
deeope to accomm todt stres concentration effects of fattener holes and environmental effects. They alto serve to
provide an Inherent donamae-tolerant structure.

Improvements in thes structural efficiency (load transfer par unit wtight) of a mechanically fastene composite
Joint can be reaIs~d by Increasing the allow"bl design strain level. one promnising way to achive jhs isb seeti
high straintough resin copstesn for structural components. A survey cnutdby Canedar Ltd~ an the types .f
advanCed composite material systems currently being investigated by the aircraft Industry indicated that both the tensile
and co~mpeasive propeties of these seon genrmation tough composites we significantly highe than thos of the
conventional baseline syste~ms The moat important improvement of these npwer composites over the convent Iol
composites appears to be In damage-tomsance. A recent literature roview('I found that there is a lack of data for
mechanically fastened jonts in thes newer composites. Also Improvements !n both static and fatigue properties of a
cwompste joint can be ach~ved by optImizin the fastener system. Important design parameters to be considered
Include interference fit, clamping pressure and configuration of the fastener.

State-of-the-art design analysis procedures fog mechanically fastened composite join*i we highly depndn aoemnpirical data. Thus It is important to establish a data base for these advanced compostoes A teat progr.M(1)14was
launched at the Structures and Materials Laboratory for this purpose. Zioperinmental data collected to date from testing
at mechanical fastener system. In IRW5243C are presented and discussed In this *&wt contriliktirn.

2S SPOC11110 PREPARAIIO

The composite material selected for this test program wos IMA/52*,..ý a hig strain/toqgh resin compoette
manufactured by Narmco Materials Inc. The resin system , NerMCO tigkite !'. 4C, is a 149 to 190C curing modified
bismalelmide r, An with an Intended sor vice tenmpeature rue Of -"- to 17?-C. Neat rmain physical and maehancal
pro"arties provided by the manufacturer wre presented in Tabl 1, The Herculsa Mgemmolte W64 Is a continuous and
intermediate-mo~dulus carbon fiber which can be used In prepegl systms Typical fiber properties are given In Table 2.
Typical mechanical propertiWes of OWM2452C we gliven in Table ~This material was procured in unidrectional tape
prepe form far use In this program. Mlechanical properties of th- procured re~ftrial obtained by an in-house
cheracterirnation program are also presete in Table I.
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Tawe I Typical Nma= bate Pertl.s 1a Nmoe RlgMIe 33C

Coed olondty .5WC
TI, dry n
Gel tine at I "OC a±I±Sminue
mtet dsotal t tem gmattire '10-2109C (dry)

1636C twot)
Moisture loctdo i.7% (72 hr bell)

Tensile strength (RI.T.) 4:1 %IP.
Tensile nwdulu(R.T.) L330Pm
Elonglation (R.T.) 2.9%

Tewmerature DyWet (40 lt boil)

Flexure *"entn R.T. 143 WeP 112 NIPS
936C l1UMPe 97 MPk
1326C lo? MPG 83 MNP

Plemure tno&Aw ft.?. 3.4 OP. .1 GP&
936C 3.2 PG 3L0 CPA
1I2C 2.8 GP& 2.7 GPA

Straina amp rate, GIC 0. 13? hJ/Im
Uhmotched imod Impact onerg 10.4 3

TAbl 2 Iypplc Pooepatim for HerAme M.q.to Rlte Fiber
- -mcosaltwe PlM*~Aed Daft)

Tvpkma Pow Propertle UnWits

Tensile strenigth 8,378 MiP%
Tensile modulus 279 GP#
Ultimnate longation I."%
Carbon content WO.%
Desihty I.?p g/cmll
SpeCific heat at 730C 0.22 cal/z (60
Specific heat at 173*C 0.27 C&1/7 (40
Electrical mustasnce 0.12 ohm/cm
Electricat resistivity 1404 x 10-6 ohm-cm

Table 3 Typica "" hr Nu o3mi28CCupet

TauP@ature

L.WWPT. 930C 1636C 177C

111110c Cansfta

00tensile modukos GPa i017%ow 1" 167 163
0' compressive mnoduls, GPa I 50 - -
"00 tensile mnodulu, GPa 81(LS)* 8.3 -

0* tensile svtengh Nip. 2620(2606)* 2645 2379 2206
0*compressive str We,~ 1613 1517 965 469

".tnsl 4g m 1(60)* 33 -
0' tnal'a stain min/ la00 100 14200 13500
0'comproislve strain, rn!m 10100 11300
In-plame dtsr strength, MP& 11901W31 107-

*Data Obtained from an In-house dwaacterIzation WW~nog (Ref. 9)



9 enale we-* fabricated by tint cutting the lree tape into plies with the required fiber orientations and
dimenslorm. These plies were tlad usp by hand and vacuuim-beg cure by an autoclave pro.. During ther lay-qhp ther

pi weecaipwactd uiga to empeay v cum b proces at rowm temperature. After curing then panels were
WNKdby -n Mirsiddl -ca y Sapecimenm W weecut from each -" using an abrasive cuttin w-heel.Potn helm pepapoed by 11Ms *ilkgUK%* hoel undursias and Own remabf it to the respired diamete. Carbidetaok were W wbe* *eUft and reusoin. A drIt speed of INS rpm was used in cenjuctlen with a olew feed rate of

C.311 am/mln. tu aeelont wsused during *illfn and reamng. Compeelte iemlnstes were clamped between twoo
ffiate dms ekta hae prpeation to prevent domaging the laminate. After completing ali machining work, the
FW~~~~seww Moe lamnb determine if any damag ons Introduced vkigq machining.

twree types of hpcue ave bee teete to dat&Te. flk ist type iustrated in Figure 1, wall a flat plaste with a
4615 mm diamwrn h;e no lay"s of ter laminate was queli~swerepic with a stacking volquence .f1 3~I~~I'
The "oeed typ 44 opamene, Illnustrtd In Fiue2, was a datdile-ap joint with a single fateesew. The steel plates
wer moole by osin ther Starrett Na. 4% prca _eo fiat steck oil hardened to Rct 1. The la-s" of trn laminate
wsfiber-deminstol and was noempoe of o7tS 10d i of V10, N)- and IV pliftesrepectively. Thrn stackiNg

""s eor" was Blow.3@ I I5~-3I)3 Ete dowel pins or haesagnal head steel fastener-s (NAS 4114-
11, UTS a IMW Mile) were used in tor doshle-ap Wonts The third type, ilbatrated In Figure 1, was a single-shrna
conampeelteitltnium Joint with two fastener& in tandem. The composite plate had ther same lay-up, end stacking sequence
an that used for ther dmublealap join*. The composlte/tltanlum joint was used to evaluate mechaical fastener systems
designed for composilte applications. Three fastensw systems *wer selecte for watesi. Fastener system (1) was the SF5
COMMITTT titanium blind fastene with a 100 constersunk huad cenfiguraitloni a tiont system C) was trn Cherry
titaltifaot A-MU stainless steel blind fastenser with a 1I00 counterseunk head evonfigurati4olad footowea system (3) was
Oth Vbick titanium lnterfseno.f It led11"'t with a ItiS' countersunk heed aonfltigration. All fastenrl's -wee Instailled
using eQidpmmt wed proceurets Prooie by the fastener malnulfcturrs

Onsly ens strain gaq was mounted on th lrn t-hals, tension specimen or on the double-lap joint for measuring the
groes strain in the composite. Six strain gauges. were mounted an the single shear compoafte/titanium joint. T'heir
locations wre indicated in Figure I.

3A6 TEST FROCIODtMI

Both static end fatigue tests "wi conducted en a M0 kN capacity PiTS M8 test system equipped with hydraulic
pripe. Gripping pressure cut be increased to a maximumt level of 69 MPz. For all com josite nt tests, both static end
fatigue. a grippift pressure of 21 MN~ was found to be adequate against specimen sllipping. Per opecn-hle tensile tests,
ther spipping pressure was Increased to 45 MINs because of the much higher f ailure loads. The cmnposlte appeared to
re-sist this clamping presure very well and not a single failure occurred in the gripped region. The 'ITS 88 test system
is tufty computer automated and has nine AID channels for data acquisition. The first three chaunnes were used for load
cell, extensometer and hydraulic actuator LVDT data fasth-in g. The remaining six channels were used for strain data
gathering. All data collected were stored on flopp disks. Software was developed to control the testing process and to
perform data acquisition during the test. For the the static tests, specimens were loaded to the ultimate ten-6ale strength
at a loadingi rate of 750 kNisecond ortless. For the constant amplitude fatigue tests, specimens were subjected to cyclic
loads at a frequency of two cycle/ecn

4A RESULTS AND OLISCtSSIOI

Three oowsn-ole tensile tests were performed. Specimens Illustrated in Figure I were loaded until tensile failkre
occurred in ther -acled section The averale matced tensile strength at the net section for *MGi/12*3 laminates with
qus-Ioroi lay-ts and a ILIS mm &.ameter hole was found to be 330.8 MMLt The tewiotched bwtusl strength was
calculated based on elassica.1 lamination theory(' and found! to be 875.3 MP&. basic unidre tional lamli-ate properties
obtained by the in-hous characterjgtlon program *or* used In calculating the wmtotctied strengith. The net stress
Concentration as defined by Collingetr was determined to be 1.39 by dividin the unnotched strength with the notched
strength. When compared to a conventional graphiwle/poxy system, Narmco TIN3012M8 with notched strungth and
unnotched strength of M3.3)Pife end 494.41 t Pa (calculated) reepectively (stess concentration factor - 1.39X, ltAG/5243C
was fotmid to possess much Improved octched tensile strenr'th and similar stress coitcentration factor.

Twenty-eight douille-lap Woints (Fig. 2) were tested under static teniale loading at room temrperature to investigate
the effects of gR4 wetric ratio, fastener size and fastene torqis on the boaring strength of lMif/3241C. An
exterornsmter, with a ~a length of 102 mm,. was attached &crass the fastener to measure the relative deflection
between the steel plate and the Composite plate. A typ.ica loand versus deflection p.lot Is given In Figure 5. A rnothad
was proposed to measure the rn ntia failure load In ii consistent manner. The slope of the linear portion of the load versus
deflection curve was determined. This Linear portion of the curve was extended to intersect the horisontal axis at point
A as shown in Figure 5. Then a straigt line, with a slope equal to 95% of that of the Ilinear portion of the curve, was
drawn Irvin point A until it Intersected the load versus deflection cuirve. The load value at this intorsetion point was
the iniia failure load, Pi. Although this method is arbtrary, it -nay indicate the onset of f&&ailr of the first ply which is
typically used as an analytica failure criterion. In the can shown In Figure 3, as well w in most other cases, P,
identified by the above moethod correspond to the first lead reversal. At this load level, acoustic emissions from the
specimen wea often heard itarln testing. After the first load reversal, the laminate wos "bl to sistain hi"e loads,
but its stiffbnes was reduce&. As the fastener plowed further into the liaminate, mor load reversals occurred along the
way which indicated parogesve failures of remainftag plies. At this stage, the load level only increased slightly. At the
ultimate failure load, Pu, gram laminate failure or fastener failure had occurred which was indicated by a sharp drop In
load level. The bearing strengths are calculated as followia

vii initial bearing strength. -

D.T

*FB ultimate beawing strength.
D.T
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whe11re 0 a hole dimamter
T a laminate tMicane--

W&u effect of fte specimen width to hole diameter (W/O) ratio an the bearing strenth of IhWS2IC is show in
Figure, . The edp distance ts helm diameter (U/B) ratio was I and the ",amete of the holet was GM mm. A singlea

eaiiheina headMdstelofstone woo used. The clampin pressure was kept reasonably constant by a fastener tory' of
SA PKft It is difficult to draw any conclusisin becuse of the limited frpl sla tested to date end the large scatter In
the datae how"vr Ot apwstatte / ratio of 6 resulted in the tihet bering strengths. An examination of the
failure mobe fews that all specimens testes for W.10 ratio effects failed Ina shea-.utjbering vmodis (see Pt8. I%&)).

The efflat of W/O ratio an the bearing strength of 1M/3123C is shown in Figure . AaN. the limited sample site
tetdto date had made It difficult for firm conclusioni to be drawn. Specimens with EMb ratio - 2 had the iowest

ultimate bearing strength and failed In total shear-out mode (noe Pig. IOWb) and there is a failing off at higher U/1M
relies

The effect of hole siae on the beasring strength of MIM/3*C is poemented in Figure L. Spcimens wit hole site
9.51 mm had fth highest ultimate bearin strongth. Again, this conclusion Is only preliminary because of the limited
tnumber of seniples tested.

The effect of fastener moqe" an th ultimate bearing strength of lM61524). is pre sented In Pigre 9. A dowel pin
was used to Itrasfer lead in the dwA&*le&p Joint for swe fastener torque test caseso hetre the steel plates, maintained a
small gap between the composite laminate. Even thoqgh the sample msis was small, a trend was obvlouaa composite
laminate leaded byea dowel pip without lasterall constraint had the lowest ultimate beowing strenlth*N wile Increasing the
fastener torque also Increased thes ultimate bearin strength but at a diminiolvd rate. The vend for the effect of
fastenerm torque an the Initial bearing strength was less obvious (Pig. C). The highest Initial bearing strength wat obtalftd
whme the fastoeiw torque of ILS. N.m was used.

Only one constant amiplituide fatigue test lhas been performed to date on a doubile-lap Woint w'th fastener hole site'
6.383 mm.,W/Oratio - a wdE/O ratio s 5. A dowe pin with adiameter -6.130 mm was used for load transfer In the
double-lap jont. This resulted in a hole cloearnces of only 0.231 mmn. A bolted joint was simulated by taimg a C-clansr
and two hexagonal nuts. Lateral clamping pressuire In the dowel pin region was applivid by claimping Or. nut,% against the
steel plates. The end of the screw In fte C-clam was modifiled so ftlt a torque wrench c ould be used to apply a
damping load approximately equivalent to that obtained from usin a torqut level of SA N.m an a similar slim fastene.
%aximumn cyclic load level of 13.6 kN with a R ratio (minlimum loadmaximutm load) of -I was used to test the double-lap
joint. The teat was conductled in laboratory air environment. An extenvoineter with 102 mmn flaig length was mounted
on the specimen for hysteresis measuremenits bfore fth start of the fatigue test and at predetermined numbers of cycles
after the start of the fatigu test. The purpose of the hysteresis meaa~rement was to determine the amount of halt
eongation under cyclic loading. The amount of hole elongation wes determined as 11-llowti

Ai hole eluetion #- ith cycle * 6i - 61

where 6I ".&1t deflection measured at Ist cycle

6i total deftlection measured at itti cycle

A summary of "ie constent amplitude fatigue tost reeuilts is prevented in Figure 11. A plot of hole elongation ,'j
versu the numabor of cycles, II, is preaene In Fiore It. S1&nlficant hole elonglation (0.13 mm) was meos~ired by
hysteresis measurement technique, at 85.000 cyclies. At this point the ?Woit was disassembled and the hole was mneatsured.
It wes observed that the hole wes elliptical with the major awls parale to the loatting direction. The length *f the major
axis wes found tin be 6. %, mm nr a hole clongatkin (G.a MmInu - 343 mm) of 0. 12 mm. The actual hole elongation was
0.028 mmr or 22% higher than that delternined by hysteresis measurement. At this point, the, taoposite leirnnate wes C-
scanned end be.ring damage wes found around the ftastne hole. The fatigu~e test was continuedl until the hole
elongation was found to be mores than 10% of the hole diameter. At this stae,. the fatigue test was stopped. Again, the
joint vass disassembled and the hole wes measured. The length of the major axis of the elongated hole we. fotid to be
7.303 mmn. The actual W'ile elongation was detesininod to be 0.92 mm. The hypiteresis me@ -urement Indicated an
elongation of .13 mm which wes 0.1 min or 26% lower than the &..lus value. Again, the specimeni Was CL~scamed
which indicated the bearing damager had grown by approximately IM% sinbe the last measurement at 83,000 cycles.

When thet oint wes disassembled, it was observed that graphite powder formed durwng the fetlgio test wes
comprosoed inqInt~f~s that stuck to the pin surface as well as to the fastener hole surface. This graphite had r educe
the clearanice between the pin and the hole. When the Joint wes disassembled, t~hese graphite, layers "'flalted off the
surface before the hole wits measured. Coneuety the actual h~ole elongation Is always Woi3 than that measured by the
hysteresis meessgement technique because Of dlis accumulation. Haowever, the hysteresis measuremeont technique cap.
detect hole elongsition reasoriably weil and It Is a good tectvaaque to use in tase where- the jorint cannot be disassembled.

Thrme fastener systems designe specifically for composite applicationis ware selectetd for static testing in this
program. Thes singl-sheer composite/titanitan joint shown In Pirme I wes used for evaluating thes fastenter systems.
Figure 13 slows the characteristict of fasteoner systema after Installation In the composite liaminate. The faistener
system mselete are dessigned for galvei compatibility ith graphite-fiber eompoelte. To accomplish th~s titanium or
A-286 stainless stee of used in ths fasteners. The SPCOFAP-TlTP w4d tkCherOry Maxitoot we bMind fasteneso with
s~ignificntly Improve blind head diameters which am essentlial so develop hig clamping~ k ads without crushing or
dowamiaftin the composite material d*zing installatlon. Also, enlerged blind heeds are required In composite fastening
to resist puhI-Ueougfs leads and to reist fasteners cocking associated with eccentric leads. The Ilucit titaniumn lockbolt is
a two-piece fastene system isslignid specifically for inteference fIIt installation In composites. The fastening principle
Is based on a swaging action wthich fills the locking grooves on the loclibolt with collar material to form a pormansent
lock. The sleev expansion paoces in the hole durning intlaioIs the keay to developing an Interference fit. whso"
applyingi this fasltener systemn usn0762 mm tolerance holes, an interference fit range of 0.0234 mm to 0.1524 mmn is
peasible. Tests performed at Mhuci demmonstrated that no damage occurre In the composite when this fastener system
vras Installed -with interference up to 0.!77l, mmn an the diamerter. Pasteoner removal tests demonstrated
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thet Owes was em significant plastic deformation or crushing In the hoe as the hole returne to within O.025t mm ofits
originald diameater for alk Interference levels. interferenc fit Is now becoming an imptortant design ernalderation In
"me& .4aI1 fAted composite )Ws for anmberw of potential performance gains such as improved! structural static
aMW fatige plprieip o ad iroeIn multi- astenrw Wonts, electrical continuity and wate/fwe tightnes
with ne sealant.

Pass i cepevt/ttnli joints have been testo to date. These four specimens wer tftevd In static mode up to
the ultimnate tenil strengfth Six strain gauges were imonte on these specimen as per the locations Indicated In
Figure *), The two strain SaMes an the composte plate measured the total strain while the tw~ot tAln gaus oft each
titanwiu Palat Indicated the tota loaid transfer as a result of fastener bearing and plate friction. Analsi of theop strain

data have net been com leted, to the results are not Included In this short conitribution. A constant amplitude
1atijue tes With tonsien Ma.r~s cyclic ioRadl- (R a -)Is new underway. This teat Isoana joint fabricated w'th the

SPS CMP-Tft nwoint was strain gaugled according to the locations slowi in Figar *(a) to determine fth'
aMeunt aols sImmWy l b endng

The ultimnate tensile strength for the joints usin the two-piece Huack Interference-lit f"astener was by far the
highest. The averoage failure load of the two joints with Huck fasteneri was 34.2 WN. This was V% and 44% higher than
the failure lead of the blind toints using Cherry Masifoot fasteners and SPS COMP-TITh fasteners respectively. The
tatlmate failure of all the lonts testo was caueed by *eu failure of the fastener at the juction of the countersun
head OWd the fastener shaft. Significant fiastener cockting under high tensile kwlfain was observed for all fasteners which
ultimately led to failure. Also both titanium plates were observe to bend outward at the free end under the Influence of
eccentr ic leading. Zurxaination of the cwnspeste plates after the failure of the Joints revealed beas-ring damage at both
fastener holes Crushlit & damag a delamination of doe 451 surface ply with brsem e of fibers wer observed on the
blind side or th On I colda " 1 ofhe composite plate in the nslgbourhomJ of the fastener hole (see fig. it).

SA CNCLUMONS

Experimoental data obtained to date from an on-going test program evaluating the performance of mechanical
fa"tns systems in IMG/3243C wer preewte In this Ownar contribution. Preliminary conclusions are as followes

(1) The noAscsa strength of IMG/5243Z was found to be higher (71%) than that of the conventional TPJO/520
eraphlte/epoxy system.

(2) Results foma double-lap, tensile tests Indicated that the bearing strength was the highest when W/O ratio -
Decreasing thes EM ratio to 2 resulteiW In a change In failure mode from shear-out/bearing to total shear-out and
altosa decrease In bearing strength by 22%

(3) The beaweng strength was %und to be slightly higher for Joints with a hoe diameter of 9.35 mm than those with a
hole diameter of 6.35 mm or 12.7 mm.& The lowest ultimate bearing strength was obtained by loading with a dowel
pin and without any lateral clamplingl constraint. The bearing strength was found to Increase by increasing the
fastene torque.

(4) A techiqu based on hysteress measurements was found to be a simple and effective way to mnasure the amount
Of hoealongation unts cyclic loading. This techniqu Is extremely useful in cases where the jont canneot be
disamehbldurxing testing.

(S) The Mi~ck Interferance-fi loddiot fastener system was found to provide a single-shea joint strength 30% anod 44%
higher than that provie by the Cherry Mailfoot blind fastener systemn and that provided by the SPS COMP-TITE
blind fastener system respetively.

(6) A method based on the conpt of 5% offset slope was proposed to obtain the initial failure load from a load versus
deflection cumv of a tensie Joint test.
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FIG. 1: OPEN-HOLE TENSION TEST SPECIMEN
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AXIAL STRAIN GAUGE

IM615245C. 145'1
0
m

0
-4rM

0
M0/W0iO*/45' 

0
10-4¶/

0
°)2,

GEOMETRIC RATIO DIMENSIONS mm
WIO EIO W I E 0

4 5 25.4 31.3 5.35
4 a 38.1 47.3 9.53
4 5 50.3 63.5 13.70
6 5 36.1 31.3 6.35

5 50.5 31. 5.35
5 3 50.3 10.1 9.35
3 2 50.3 12.7 6.35

FIG, 2: DOUBLE-LAP JOINT FOR EVALUATING BEARING STRENGTH
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SIZE HOLE

~ E. TO ASSURE

SPAC.9 ILOCK IFOTTOSC
ALLIN OINSON Nm

MATERIL SYSEM:ASTENER5

LAY.UP:50PLATE

THICKNESS:NES -.3m 44.1u~

TITANIU ALLOY DIESIN IN RD T 61V ___

FASTENER SYSTEM NH UADO MOLE DIAMETER FASTENER DIA. DIMENSION C
SPS COMP.TITE CT4104400 100e FLUSH 66004 -6.63 6&"3- &Sol 2.64
MUCK CIL4SC-VCU0S4 100* FLUSH 6.6w0 - 6.766 6.642- 6.643 2.85

CHERRY AXIFOOT 1300 FLUSH 6.61?7-6.690 6.541 - 6.6014 1.45

FIG. 3: SINGLE-SMEAR COMPOSITE/TITANIUM JOINT FOR FASTENER EVALUATION

THROUGH HOLE
FOR STRAIN GAUGE

WIRE N
SHALLOW RECESS
LENGTH- a3mm
WIDTH : m T. m.
DEPTH , mm COMIXOITIE LAMINATE

+4
IS AD- 1.4;

-TANGENT7f

TO HOLE -----

NOTE: K

NO. Of STRAIN GAUGES $ /SPECIMEN
D - DIAMETER OF HOLE 4

FIG. 4- LOCATION OF STRAIN GAUMES FOR COMPOSITEITITANIUM JOINT
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FIG. 5: LOAD vs DEFLECTION CURVE FOR DOUBLE-LAP JOINT
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200 1M115241C

$0140110 LAY-UP
EID " 6
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100% BEARING LOAD

I I I

2 4 a a

Will RATIO

FIG. 6: EFFECT OF W/D RATIO ON BEARING STRENGTH
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00-
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W/D - I
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too 1005 MIANING LOAD

0
2 3 4

9ID RATIO

FIG. 7: EFFECT OF E/D RATIO ON BEARING STRENGTH

1100

11000
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1P.
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SOMME1 LAY.U
W/o . 4,1/ Wo S

100 OOWULfILAP JOINT
100%1, mARINO

S7 S 0 Ill 11 It

HOLE DIAMITER. WA

FIG. 8: EFFECT OF HOLE SIZE ON BEARING STRENGTH
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UNARECO-LA JOINT W NouImCO uR M U IuOUBLIaLAPJOINT
SINGLE FASTENER SINGLE FASTENER
us0ssnG LAY-UP 014114LYU

IWID I-.o-C * 1j 1 WD-8ID-6LmmA

O N.m S. N% M., P N.S.A N.m 14m

SFASTENER TONE -D0 T FASTENER TOR QUE OT

low1000

700. Mt

I-I

3W 30

am noo30 I I0S

3 -
2 3 2 3 5

EDO RATIO WEO RATIO

FIG. 9: EFFECT OF FASTENER TORQUE ON BEARING STRENGTH

(a) IMAR-OUTiLARNG MVOOS 0 Ib) MIAN-OUT MOII

FIG. 10: FAILURE MODES FOR IVAU52C DOUBLE-LAP JOINT
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SPECIMN No0. Is"

-16 0 5It 1

-16RE UREII 32 4.1 7 6 7t 1 Ii It31

ilk CYCLE I t6 I"6 LEW 6.61 ;EQ66 46.66 WEB WEB l66.16 122.00
DEFLECTION. 0~ .22 0.32 11.28 6.33 06.22 62 632 a6.2 6.a 6." 0.46 am0 1.66
"HOLE ELONGATION 00 Jl ~ m G" 001 .11 111 .4 .3 o 7

FIG. 11. CONSTANT AMPLITUDE FATIGUE TEST RESULTS

1.0 PECIMEN #1066

1.0 DOBLELAPJOINT IDOWL' PIN)

N/40fl6 LAY-UP
0.1 CONOTANT AMPLITUD FATIGUE TEST

N N-1. MX. LOAD-1WE6KN
I0.8f

0.3

0.5

1 16 166 lo066 ""aU166
WJNS6R OF CYCLES. N

FIG. 12:6A ve N CURVE



F 21-13

Is) MUCK Wom.FEREm-pWf Ii cHIINRV MAXIPOT PAMNIUNS W Sh C0-TITU FAMTNER
LocKUoI~f

FIG. 13: SINGLEHSEANt COMPOSITEJTITANIUM JOINTS FOR FASTENER EVALUATION

FIG. 14: COMPOSITE DAMAGE ON THE
BLIND-HEAD WODE
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