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PREFACE

The rapidly increasing use of composite structures in NATO acrospace 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 iniplications 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
Pancl held a Specialists’ Meeting, in conjunction with the 64th Pancl 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
rescarch needs, This volme contains the papers presented at this Specialists’ Meeting.

L’emploi de plus en plus fréquent de matériaux composites dans le cadre des activités aérospatiales de 'OTAN esta
lorigine d’un regain c'intérét dans les méthodes d’analyse de la résistance et de la durée de vie des composants. Parallément,
I'arrivée de nouvelles résines hautement résistantes a eu pour effet d’'augmenter la résistance statique des joints composites;
phénomeéne non sans importance pour la résistance en fatigue correspondante. Un certain nombre de pays meinbres de
POTAN ont constitué des bases de données et ont élaboré des méthodes pour I'analyse de la résistance et de la durée de vie
des composants. Souhaitant tirer profit de ces moyens, le Panel des Matériaux et Structures a organisé une réunion de
spécialistes a I'occasion du 64eme Réunion du Panel & Madrid en Espagne, le 27—29 avril 1987, présidée par le professeur
Vittorio Giavotto, afin d'orienter les methodes danalyse et de permettre l'identification des besoins en matiére de recherche.
Le présent volume présente des présentation faites lors de cette réunion de spécialistes.
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LITERATURE REVIEW ON THE DESIGN OF
MECHANICALLY FASTENED COMPOSITE JOINTS

by
C. Poon

Structures and Materials Laboratory
National Aerovautical Establishment
Naxional Research Council Canada
Ottawa, Ontario, K1A OR6

SUMMARY

This report presents a literature review of the state-of-te-art analytical and experimental methodologles adopted
in the aercspace 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 contiguration and joint geometry, on the mechanical behaviour and fallure 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 siate-of-the-art analytical and experimental methodologies
for the design of composite mechanically fastened joints. This review aims at providing a basis for identifying further
research in these areas,

Joints that require mechanical fasteners such as bolts, rivets or pins to conr- :t two or more parts in a structure
where the transter 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 medium is the adhesive layer.
Mechanically fastened joints are required in cases where the need for ¢ ent dis. bly is entailed.

Ly

One of the more challenging aspects of coinposite 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 accomnmodate 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 mutrix weaknesses of composites, especially
organic inatrix composites, render the juints susceptible to interlaminar shear failures as a result of inatrix stresses,

Analytical procedures for the prediction of static strength and tatigue life of composite nechanically fastened
joints are presented in Section 2. The application of finite element and two-diimensional elasticity inethods in stress
analyses and the sdoption 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 perforinance of conposite
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
environmental effects is not included in chis review.

Further research in Improving the design of composite mechanically fastened joint is discussed in the last section.
This includes the analytical effort required to improve the a:curacy and reliability of both static 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 development of failure models based on physical
damage phenomena is needed for the prediction of delamination and grogs bearing failure niodes.

2.0 ANALYTICAL METHODOLOGIES POR 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 detalled 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-sections.

2.1 Overall Structural Analysis

An overall structural anatysis to determine the internal load distributions is performed, generally, by finite element
methods. Because of economic limitations, it is coinmon practice for a component finite element model to consider
overall geometric and material properties to deterinine stit{ness parameters and to exclude fastener tlexibility under the
assumption that the contributions of bolts and local joint structures to the overall structural deformation are quite small
(1). When the bolt flexibility is considered to have an effect un 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 demnonstrated that the analysls of joint behaviour was required to be an integral
part of the overall structural analysis. Also Reference 3 shows that the flexibility of the fasteners was required in the
local root area of the overal! finite element model of the B-1 horizontal stabilizer. Baumann (¥) presented a method
incorporating the effects of fustener representation. He discussed various modelling techniques for the fastener effect
and demonstrated excellent correlation with test results by allowing the fustener (beam elements) end constraints to be
tlexible rather than rigidly fixed againat rotation.

b
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2.2 Analysis of Load Distribution at Fastener Hole

The overall structural analysis discussed in the previous sub-section can, in most cases, even t fasteners are
not modelled, provide an estimation ot loads acting on complex jeints. One dimensional analytical meth yds for redundant
structures (5‘ are commonly used to determine load carried by each row of fasteners in a complex joint. These
methods include analytical closed form procedures for simple lap-joint contigurations, and numerical ures capable
of handling more coinplex geometries and joints with multiple shear faces, Engineering idealizations employed in one
dimensi analysls are based upon gross mmnrtlom reger the plate tiexibility between successive fastener rows,
the bolt tlexibility dus to shear and bending effects, and the local tlexibility associated with the complex stress and
deflection pattern in the immediate vicinity of the hole (3,36). As illustrated in Figure 2, rows of fasteners are
represented by fastener shear elements in the structural joint idealization.

In order to determine individual tastener loads accurately, it is important to account for the contribution of each
fastener to joint flexibility, This contribution is dependent upon fastener stitfness, joint member stiffness, and load
eccentricity. Joint flexibilities, which are obtained experimentally from load-deflection tests upon single fastener
specimens, are required for the analysis. In metals, this type of data is avallable for a wide variety of fasteners, sheet
materials and thicknesses (€). In composites, however, this data is not as prevalent and is usually generated on a “need"
basis for ic conditions, When data Is not available, it is common to obtain estimates of composite joint fiexibility
by comparison to existing isotropic metal data or by calculations using formulas developed for thin sheet metals (3,7),
An extensive experimental investigstion was performed by Huth (111} to determine the fastener flexibility for a wide
range of joints of practical interest, A formula for predicting load transter in multiple-row joints based on fastener
flexibility was derived from test results. It can be used with a variety of fastener systerns and joint materials which
include graphite/epoxy systems to linprove the prediction of stress and fatigue performance in mechanically fastened
joints.

23 Eifect of Friction on Bolted Joint Load Distribution

The effect ot friction is commonly ignored in the analytical work published in the literature. Friction between
plate surfaces can, however, significantly atfect joint bolt load distribution. Experimental work by Wittmeyer and
Smode (8) and the survey report by Munse (9) both indicate that the clamp-up force resulting from 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
d}n tc; :: viscoelastic property of resin-based laminates which allows bolt clamp-up relaration (108) to occur during the
lite o structure.

In fatigue tests using aluminium single-shear dog-bone specimens with steel Huck civets, Hooson and Baker (10)
reported that failures of specimens occurred not at the fastener hole where the stress concentration is highest. but
outside the region of peak clamp-up pressure between plates, Significant fretting was cbserved 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 a
fretting mechanism,

In compoaites, 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 coinposites as a function of sliding distance for three
ditferent fiber orlentations, perpendicular, transverse and longitudinal to the sliding direction "&ee Figure 3). As
illustrated in "igure #, which presents their results for graphite epoxy composite (Thornel 300/SP-238), both wear and
friction coefficients were a ininimum when the tiber orientation was normal to the sliding surface, and both wear and
friction coefficients were a maximum when the aliding was transverse to the fiber axis. Different failure nodes for
ditferent fiber orientations with respect to sliding direction were observed in their experiments (Figure 3).

Sandifer (106) investigated the effect of fretting fatigie on graphiin/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 stabilizing 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 buckiing guides or stabilizing fixtures
are imounted at specimen mid-point m .y lead to non -conservative fatigue life results.

The etfect of triction in the faying plate surfaces can be included in the stress analysis if the Ltamping is known.
Both finite ditference and finite element inethods have been applied successtully in calcu'ating the clamnp-up pressure for
isotropic plates (12, 13, 18). A typical idealization of a bolted joint used to determite the contact pressure between
plates is illustrated in Figure 3. The effacts of clanping pressure and lateral constraint were investigatad
experiinentally by Stockdale and Matthews (15) on glass/epoxy and by Collings (16) on carbon/epoxy. It was concluded
that increasing the bolt torque increases the bearing .trength. Semi-empirical equations, which account for friction
effects and lateral constraints at the bolt hole, were establi b;' Collings (17) to predict bearing strength and failure
node of carbon fiber-reinforced plastics.

The through-thickness effects for a nulti-ovientation laminate as a result of fastener/piate interaction are very
complicated because the coefficlent of friction varies through the thickness, from ply to ply, at the edge of the hale.
Also, under compressive and frictional iouding, complicated failure modes, such as fibers debonding fron matrix and
fiber buckling, are encountered. To treat these effects analytically, three diinensionsl methods and suitable fallure
Criteria are required.

2.4 Detalied Stress Analysis and Static Strength Prediction

The detalled stress or strain distribation in the vicinity of the loaded bolt hole in & composite joint is determined by
means of finite eleinen: methods, elastic mlsotmﬁlc analysis based on complex varlable formulation and fracture
mechanics analysis. The prediction of static strength and failure inode is accomplished by the application of anisotropic
material fallure critecia based on unidirectional laminate properties,
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‘= The failure of a compoaite laminate is assessed on a ply-by-ply basis. At the edge st he (astener hole where a high

z stress concentration is present, s th prediction is based on stresses at a "characteri itiv dimension® from the edge of
e the hole (18). In this wey, the non-linear material behaviour in the region immediatelv surrounding the fastener hola is
e avolded, This Apg:uch. as lllustrated in FI(&:. Mas been commonly applied in the failure anal of composite bulted
o joints (19,20). establishment of the acteristic dimension® is based on experimantal data obtained by test
procedures discussed in References 19-21.

Fallure modes in composite bolted joints can be very complex and quite different from those of mutal joinis
. because composites exhibit anisotropic properties, lack of ductility and inherent interlaminsr weakness. Various failure
{ nodes for composite bolted joints are illustrated in Figure 7. Many fallure criteria have been developed assentially by
mod!fying isotropic criveria to allow for anisotropic effects in predicting these failure modes and strengths of composite
bolted joints, in developing these tailure criteria, sufticient arbitrary parameters are introduced so that variour failure

modes Cain be incorporated.

24,1 Static strength fallkre criteria

Sandhu (22) published & survey of failure criteria for anisotropic materials in 1972, He broedly categorized these
criteria according to their capability to account for tailure mode interactions, Failure criteria that do aot account for
failure mode interactions include maximum stress (23), maximu'a strain (24), and manimum shear criterla (29). In
applying these criteria, failure is precipitated when any one of she longitudinal, transverss, and shear stresses/strains
. exceed the material limits determined by tests. In the other category of failure criteria where failure mode interactions
’ are accounted for, expressions mainly of a quadratic form that yield a simooth and continuous quadratic fallure envelope

in each load quadrant, are included. Tha expressions are eicher generalizations of Von ‘Mises' criterion, such as those
. developed by Hill (26), Tsal (27) and Hottman (28), or have Leen developed explicitly L1 quadratic form using the stress
§ tensor approach which satisties the invariant requirements for coordinate transformation, suct. as the Tsal-Wu criterion

(29). Tennyson (30) adopted the cubic form of the strnas tensor polynomial criterion to rredict failure strength of
graphite/epoxy under biaxial loads and obtained more accurate predictions than with the quadratic form, Experimental

ures required to obtain these parameters for various failure criteria are discussed in FLeference 31,

24,2 Static strength prediction based on fracture rechanics

Eisenmann (32) established a bolted joirt static strength prediction model based on fracture mechanics for
composite materials, The failure criterion is:

i
K K:)

where K: Is the Mode 1 stress intensity factor at location i on the fastener hole boundary and Ky, is the corresponding

ot - . ar— o—— At——

fracture m’m This tracture mechanics concept is similar to the "characteristic dimension® concept of Whitney and
Nulsmer (13) except that the characteristic dimension, ai, is taken as the length of a through crack extending radially
outward from location i on the hole boundary. The determination of ai is based on laminate strength and fracture
toughness obtained by tests discussed in Reference 33, Eight potential crack initiation positions on the hole boundary
(i28) are selected based on an examination of many failed joint test specimens. Values of laminate tensile strength and
Viode | fracture toughness at these locations are determined by tests using tensile coupons and edge-notched beam
speciinens fahricated in a manner such that they represent laminate properties in the direction tangential to the hole
boundary. Once :he laminate tensile strength and Mode | fracture toughness hav> been determined, the characteristic
dimenaion, al, can be calculated for each of the eight selected locations by the following equation:

K\’
ol e
bl "ulli

The established dimension, al, is then used to calculate the Mode 1 stress intensity at each of the eight iocations and for
each of the five specitic 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 8 for location i = 2, The Mode [ stress intensity factor
for the general load case at location i is obtained by adopting linear superposition of all tive Mode 1 stress intensity
factors for specific load cases.

The validity of this fracture mechanics model has been veritied by successful correlation of experimental results.
Experiinental data consisting of measured failure loads and observed failure locations from a series of forty-eight static
tensile tests were used (32). The application of this model, however, is limited by the requirement of an extenilve data
base and is only valid for tensile strength predictions,

24.3 Static strength prediction uing finite element method

H The two dimenaional finite slemant model is by far the most common method in composite mechanically fastened
joint analysis (34-49), The major limitation of two dimensional analyses is that thre> dimsnsional effects, such as
i thickness defnrmation related to bearing failures, interlaminar shear resulting from ply-to-ply . placement
: incompatibilities, through-the-thickness friction effects between the fastener and the » and latezal constraint at the
fastener hole as a resuit of clainping of washer and nut face on the plates that are joined together, are not accounted
for. However, in most design situations, two-dimensional methods are chosen over three-dimansional ones because of
thelr relative simplicity and economy,

A two-dimensional finite element method solution predicting boited joint strength was published by Waszczak and
Cruse (34) in 1971, A cosine-distributed radial pressure acting along the semi-circular boundary was used to simulate the
load from a rigid anrd frictionless pin. Orthotiopic laminates, which were mid-plane symmetric, were considered. The
maximum stress criterion, the maximum scraln criterion and the Tsai-Hill distortional energy failure criterion were
applied to predict tie laminate lailure strength and fallure mode. For cases where lay-ups were +83°% this analysis
resulted in failure strength predictions which were 50% conservative.

Chang et al. (33, 36) investigated the same problem using similar techniques. Improved correlations in failure
strength and failure mode with experimental results were obtained by adopting the Yamada-Sun shear strength fallure

L
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criterion (377 in conjunction ﬂw failure hypothesis (36) that predicts failure based on stresses at a
characteristic distance from the interface in order to minimiae three-dimenaional effects. Wang sand Matthews

(33) used the FINEL code to calculate the straine at the pin-loaded holes of mid-plane symmetric and balanced laminates.
The layers of a laminate were treated as being homageneous and orthotropic. One half of the joint was modelied bared
on symmaetry, The load applied by the pin was represented by a ainusoidally distributed pressure a3 well as by & uniform
vertical displacement at the hole y on the !saded side of the hole. Only insignificant differences were found
:m:‘cn‘. :;n two techniques of pin loac representation. Experimental correla.'ons of results ate included in the
vee .

An alternative technique to simulate the frictionless rigid g.n joint is to ngply zero radial displacernents along the
semi-circular boundary and to apply force at the far end (39,81,02). Agarwal (39) used this technique and the NASTRAN
cade tu determine the strees distribution around the fastener hole of a double-shear boit bearing men. The
composite plate, which was assumad to be orthotropic and mid-plane symmetric, was idealized by 288 CQOMEMI
elements which are isoparametric. membrane element .. :d do not include any bending. The plate was assumed to be
syminetric about the X axis anct only half of the plate was modelled (see Piguwre 9% The Grimes-Whitney (maximum
strain) first ply fallure criterion (40) was applied to predict the unnotched laminate strength and the Whitney-Nuismer
a stress criterion (19,20) was applied to ct the mechanically fastensd joint strength and fallure mode. Soni
(1) used the same NASTRAN code and the y conditions but adopted the Tsai-Wu tensor polynomial failure
criterion (29) for the strenych analysis of pin-loaded plate. The ultimate laminate failure strength was based o the last
ply failure strass. The rrsults obtained by both investigations were consarvative by a factor of two for lay-ups which
were predominately $45° when compared with exparimental results.

York et al. (42) :sed the Structural Analysis Program SAP V and the modified "point stress” failure criterion (43) to
predict the net tension strength of composite mechanically fastened joints, Application of the modified "point stress®
failure criterion requires the empirical determination of two notch sensitivity parameters, ro and ¢, for a particular
material systemn laminate configuration, Accurate strength predictions were achieved based on experimental net
turlon strength duta for Hercules AS/3501-§ graphite/epoxy with & laminate configuration of (43/0/-43/02/~
43/0/83/02/90);.

Craws ot al. i¥%) presented another technique to simulate irictionless pin loading in their twe.dirnensional finite
element anal where the pin was also modelled. The pir; was loaded at its center was connecteid to the laminate
by short, stiff spring elements which had no transverse stiffness and as a result they transferred oudy radial loads and
thereby oroduced the desired frictionless interface, An itecative procedure was adopted to Jutermine the contact
boundary between the pin and the hole. When a spring was computed to have a tensile force, its radial stifiness was set
to zery and the analysis was repeated until convergence was reached. S:iress concentration juctors, based on nominal
bearing stress, for finite size orthotropic laminates of different lay-ups and geometries were sstablished using this
analytical technique.

The adove methods ignore the eftects of friction aid the length of contact of the fastener wit)s the ooundary of the
nole in the Jaminate, Oplinger (83,46) adopted an accurate treatnent of boundary cunditions ar the fastener hole by
maodelling fastener/plate interactions in his finite element analytis, This treatment lnvolves the use of a displacement
boundary condition to represent the effect of the fastener moving against the hole boundary. The use of displacement
conditions in the contact region leads to successful modelling of changes in contact iength with inc:essi. § by-pass load, a
condition which exists in a complex joint with rultiple rows af fasteners. The analviicai result. showing the effect of
triction on radial and shear stress distril- tions around the tastener hole are giver in Figure 10, A departure from the
commonly assurned half-cosine radial stresa distribution as a result of friction is roted in Figur: 10,

Wilkinson ot al. (47) used an incremental finite element method to decermine the stresses and strains around pin-
loaded holes in orthotropic plates. The numerical solution provided hv the analysis a.counts for friction along the
contact surface between the pin, which is assumed rigid, and the plate, and determines the region of slip and nonslip.
This analytical method was later exterded to provide nunerical solntions for multiple-iolted joints {(§3). The etftects ot
variations in friction, malerial properties, load distribution among the bolts and bolt/plate contact were considered. A
condition of nonslip existed at a point on the hole boundary if

uo, 2 r..

where 4= coefficient of friction, @, = radial stress, and 7, = vangential shear stress. An incremental loading with an

iterative procedure was performed to obtain the results at the final specified load level. The effec: of friction on the
radial stress between the bolt and the contacting hole boundary of a wooden joint obtained trom Reference 48 is
presented in Figure 11. This figure shows that (r.3 total absence of friction (i = 0) allows the relatively low modulus
wood to "wrap® around the rigid pin and theret disiribute the pressure more evenly. For stiffer orthotropic materials,
such as glass compoasite, a in the contact coefficient of friction from g = G.7 to g = 0.4 has little ctfect on the
radial stress on the boundary of the hole (F.gure 12). However, this relative ineensitivity of the stress distribution as
shown in Figure 12 to moderate changes in triction is fortuitous since, even at a fixed position sround a loaded pin, the
coefficient of friction for a stacked fiber-reinforced laminate could vary from ply to ply depending on the particular
ply's orientation relative to that of the pin in the contact region. The treatment of the through-the-thickness friction
effect requires very complicated three-dimensional analysis, No work has been published in this area.

The effects of pin elasticity, clearance, and friction on the stress distributions around in hole in a pin loaded
urthotropic 'phte(m investigated by Hyer and Kiang (112). Numerical results, computed by using two-dimensional
techni or & 3 3 tef laminate, indicated that pin elasticity does not ha significant effect
strems :::rlwtlm 4 &"ﬂmﬂ:’lm the arc of contact :d the rldlayl stress. As a"mul. t ‘o?.c rvdm:tde lrc?:nl
contact due to lwcreased clearance, the radial stress was found to be higher. The effect of triction was found to

decrease the bearing stress and inCrease the hoop stress. Both the no-slip region and the contact angle were found to
increase with friction.

In a two-dimensional, elasto-plastic tinite element analysis, Tsujimoto and Wilson (113) investigated the effect of
including frictional forces along the fastener hole interface on the strength of composite boited joints. It was found that
for a conventional graphite/epoxy material, the net tonsile failure is relatively insensitive to friction effects while
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bearing and shearout failures are sensitive. The failure strength for the bearing and the shearout mode was found to
increase when the coefficient of {riction Is increased. However, when comparing predicted results with exparimental
results, a condition of no friction gave the best correlation. Therefure this condition was used in subsequent elasts-
plastic analysis. The special capability of this incremental elasto-plastic analysis is that it provides the detalls of the

damage on and employs a cumulative concept to predict failute. In a separate report, Wilson and
Taujimoto (114) presented a damage mapping study mad by using a laminate deply technique developed by Freeman
(119). After a quasi-isotroplc laminate was loadnd to ultimate tensile strength by & pin In a double lap joint, it was

deplied and the damage was documented photographically. The damage maps determined in this way were found to
correlate well in & qualitative sense with thoew predicted using the elasto-plastic analysis. The development of
quantitative failure criteria based on damage tnechanics it being pursued by exploiting the present capability of the
elasto-plastic mode! in an extension of the research described in Reference 113,

In order to predict bearing and delamination failute and to account for the effect of clamping pressure created by
bolt torque in composite mechanically fastened joints, the distribution of stresses around the loaded hole in theee
directions hus to be evaluated. Matthews ot al. (49 performed a three-dimensional finite element analysis on a single
composite bolted joint by using & new alement detived from a standard 20-noded, isoparametric brick' element. This
modified alement can represent sevecal layers of the compoaite without serious loss of accuracy. The results for three
clamping cases were discussed: (1) Pin-loaded hole case where lateral constraint is excluded; (2) finger-tight washer
case where lateral constraint is provided; and (3) bolted joint case where a compressive displacement to all the surface
nodes under the washer is imposed. The effect of friction was ignored in the analysis. 1t was observed that when the
laminate is loaded via a bolt with finger-tight washers, the most noticeable change from the pin-loaded case is a
reduction of the through-the-thickness tensile stress. This observation was consistent with the increase in failure load
obtained experimentally. For the bolt inading with a fully clamped washer, a significant increase in the direct stress,
Oz, » under the washer and the interlaminar shear stress, 0;x , &t the edge of the washer in the outer plies, was
noticed. Again this is consistent with experimental results where failure was found to occur by delamination at the
washer edge. A suitable fa.lure criterion has not been combined with the stress analysis to predict the actual failure
loads and failure modes.

2.8.8  Static strength prediction using elastic anisotropic analysis

Tivse methods are principally formulated from two-dimensional anisotropic elasticity theory (30). In these
inethai, the stress distributions around a hole in an infinite orthotropic laminate are determined and various ways of
coreecling these stresses for finite laminate widths and lenﬂths have been applied (31,52). There are two common
techniques of modelling fastener radlal load distributions: (1) a radial stress boundary condition varying in a cosine
Sistribution (52,33,35% and (2) a radial displacement boundary condition co:responding to rigid displacements of the
fastenec coupled with a solution of the associated contact problem (53,59). In most cases, fastener frictional shear
forces at the hole boundary have been ignored.

Waszczak and Cruse (3)) solved the problem of an infinite anisotropic plate containing a circular cut-out. The
plate was loaded by the bolt load, which was represented by a cusine distridution of normatl strass and was subjected to a
uniform stress field caused by tension loads applied at two far ends of 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 ouly 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 case. The solution to the case of a plate with a hole under tension
loading was obtaired from Reference 34, Both infinite plate soiutions for the two cases were corrected for the effects
of finite secimen size using anisotropic correction factors gererated by Boundary Integral Equation methods (51) peior
to their superposition. Pin/plate interaction was assumed to be frictionless. It was note; that the use of correction
factors %o modity the infinite plate solutions produced a stress tield which no longer strictly satisfies overall equilibrium
requirenents.

The maximum stress, the maximum strain and rhe Tsai-Hill criteria were considercd for static joint strength
pre dictions based on a first ply failure hypothesis. Torservative predictions of failure loads were obtained. The degree
of conservatisry was found to be a function of specimen lay-ups varying from 2% for a (0g/,45°5) bor xy laminate
ta 33% for a ($45°) boron-gpoxy laminate where largze shear deformation occurred. cfion of failuce qocnlons was
found to be sutisfactory,

De Jung (52) presented a solution of the stress distribut:on around a pin loaded hole in an orthotropic plate. The
approach ss2d by De Jong was sivlar to that uied by Waszczak and Cruse (33) except that the normal stresses carrying
over the fzstener loading force on the soundacy of the hole were represented by a sine series where the coefficients of
this ser'es were calculated from the boundary cooditions for the displrceinents of the loaded section at the edge of the
e, Wasrczak and Cruse (53) only used the first term of the cosine series as a stress boundary condition and the
possibility of determining the norraal edse stiesses in rolation to rnaterial properties by means of a displacement
boundary condition was ot expioited. A appecposition technique was then Mbrtod to estimate the stresses in the plates
of finite widths from infinite plate results, The iction of joint sirength by fallure critevia was not invastigated, One
of the conclisions reached by De Jong 'was that although the pin tvis a neat tit In the hole, there is a clearance, resulting
from elastic deformations of the plat: material, not only between the pin and the unluaded side of the hole, but also
between the pin and a smal! region of the loaded side as well,

Garbo and Ogonowski (53,36) developec, a Bolted Joint Stress Fleld Model (BYSPM) which utilizes two-dimensional
elastic anisotropic theory to determine laininate stress distriutions around an unloaded or loaded fastener hole in
orthotropic materials. The principle of elastic superposition was used to obtain laminate stress distributions due to the
cornbined bearing and by-pass icading. Loaded hole analysis was performed by specifying a radial strews boundary
condition varying as a cosine function over half of the hole. The stress solutions obtained are valid for mid-plane
symmstric laminates only. Strain digtributions are calculated using materlal compliance constitutive relations.
Laminate compliance coetficients were derived from classical lamination plate theory (37) with unidirectional material
elastic constants, ply angular orientations, and ply thicknesses. Strains for individual plies along lamina principle
material axes were calculated using coordinate transformations. Finite width effects were accounted for by the
superposition technique adopted by De Jong (32). To minimize the effect of nonlinear material behaviour at the hole
boundary, the "characteristic dimension™ hypothesis of Whitney and Nuismer (18) has been adopted in BISFM. Laminate
failure was predicted by comparing elastic stress distributions with material failure criteria on a ply-by-ply basis.
Various material fallure criteria, such as Tsai-Hill (27), Hoffman (28), Tsai-Wu (29), maximum stress (23), and maximum

sy ——y

e A
oy




TECHNICAL LIBRARY

16

strain (24), were Incorporated in the BJSFM. Anatytical predictions of joint strengtha provided by the BISFM have been
extensively callbrated ugainst experimental results {33,36),

Oplinger and Gandhl (53) presented the results of stress distributions around a hole In a pin loaded crthotropic plate
by using a two-dimensional anisotropic elastic analysis which employed a least boundaty coliocation scheme.
The mode of interaction between the pin and the plaie was described by a radlal displacement bdoundary condition
corresponding to a rigid displacenent of the pin in the region of contact together with a condition of 2ero radial pressure
outside the contact region Iteration techniques were used to solve the non-linear contact boundary conditions of this

em. In a related 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 fastener hole. ' These
results are lllustrated in Figure 10 for friction coefficients ranging from 0 to 0.3, Significant effects of friction on
stress distributions are displayed in Figure 10.

23 Fatigue Life Prediction Methodology

There are basically four methodologles adopted for predicting composite fatigue behaviour, These methodologies

aret (1) empirical corralation, (2) cumulative damage model, (3) residual strength degradation model, and (¥) tensor

ynomial fallure ~riterion. The empirical approach has been extensively applied in fatigue life prediction of

mechanically fastened joints In compasite 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 inethodologies.
A review of the four fatigue life prediction methodologies i presented in the following:

(1)) Empirical mathods - currnt state-of-the-art fatigue veritication approaches for composite structures employ
spectrum fatigue tests on components/specimens representative of specific design details (60). These empirical inethods
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 m&m military aircraft that contain extensive composite
contents in their primary and secondary structural components (2.g. B-1, F-13, F-16, F-18, AV-3B), empirical methods
have been used extensively to astess the effects of cyclic loading on composite fatigue lite in order to comply with
various military durability specifications such as MIL-A-3866, MIL-A-3344% and MIL-STD-1530A (61-66). It has been
postulated that sufficient fatigue life can be achieved by composite structures designed to satisty static strength
requirements (63), For the composite wings of the F-13 and the advanced Harrler alrcraft (AV-8B), the maximum design
strain level has been limited by McDonnell Douglas Aircraft Company in the range of 4000 to 5000 um/m, These design
strain levels have been developed to accnmmodate the stress concentration effects of fastener 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 based on empirical curves fitted through data.
Generally, physical understanding of the failure mechanism involved is not incl , This makes the extrapolation ot
curves very difticult or even meaningless. Most published fatigue data have been on unnotched laminates 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 (67,68).

(2) Cumulat've damage model - Miner's linear cumulative damage rule is the most commonly applied cumulative
method for analyzing comgo:hes because of its relative simplicity. This method requires only constant amplitude
fatigue data (S-N curves) lor the apnlied stress ratios in the spectrum in order to predict fatigue life. A simplistic
spectrum fatigue life prediction procedure for composites using Miner's rule is illustrated in Figure 13,

There are disagreeme ts reported in the literature regarding the accuracy of the compasite fatigue life prediction
using Miner’s rule. In some cases, it has been reported that Miner's rule is grossly unconservative in predicting lite of
composite materials (£9,70), 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 Miner's 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 conclusions. One of the major difticulties in developing a composite fatigue life prediction
method is to provide sutficient replicate testing in order to establish statistical scatter factors to account for the
varlability ot composite tatigue life.

(3) Residuai strength degradation model - Yang (72) derived a residuai strength degradation model to predict the
fatigue life of composites. This model was derived based on the assumption that residua: strength Is a monotonically
decreazing 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 are 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
hu:gc o((n.ccom). ting for initial strength increases that have been observed in many investigations on fatigue of
composites

() Tensor polynomial fallure criterion - Tennyson et al. (30) have extended the application of the tensor
polynownial failure criterion from static strength prediction to the fatigue life prediction of composite laminates. Uniike
static atr-\&t)h parameters, the fatigue stwth parameters are not constants, but rather are functions of the fre¢ ency
of ioading (n), the numbaer of cycles (N) the stress ratio R = Omin/ gmax, l.e. F = F(n,N,R). *Fatigue funciions"
required to predict the fatigue life of a laminate under uniaxial tension and compression cyclic loading conditions with
constant frequency and R ratio have been established for the plane stress condition and implemented into a quadratic
formulation of the tensor polynomial failure criterion (30). fatl functions were 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 -2
plane, Applications of this model to predict fatigue life of “flawed" and “untlawed" graphite/epoxy laminates for
uniaxial load cases in hot/wet environments with thermal-spike cycles were attempted and some encouraging results
were reported (30). Current work involwes applying this model to predict the fatigue life of graphite/epoxy laminates
under r:\ldom FALSTAFF loading conditions, Some experimental data using a ‘our point bu\gln; specimen have been
generated.
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Rotem (78) has established a general fatigue failure criterion also based on experimentally determined "fatigue
iunctions” for multidirectionasi laminates. "Fatigue functions" that account for delamination have also been developed,

;T;\’e) etfect of temperature ls accounted for by experimentally determined "shifting factors" for the “fatigue functions®

Presently, it is uncertain which methodologies provide the most reliable predictions, and under what conditions
they are rellable. Thus it is important for the reliability aspects of the fatigue prediction methodologies discussed
earlier to be evaluated. Untii this Is complete, it remains a difficult task for designers or researchers to select a
;nethodology than can provide retiable fatigue life predictions under their specifi: requirements and conditions of
nterest,

3.0 EXPERIMENTAL INVESTIGATIONS

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
experimer:tal 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 apptoaciies in composite joint strength analysis represent an alternative, often vegarded
as an expensive one, to the detailed stress distribution analysis described in the previous secticn. Through tests on design
oriented composite specimens, the failure strangth of a specitic mechanically fastened jolnt 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
characterization 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 irom which the behaviour of other joints and mate~ials can be predicted by
empirical design methuds, 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 resilts 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 experiisental assessment in new design applications.

In the following sub-sections, experimental results and conclusions obtained from published literature relating to
the effects of various parameters 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, wrven 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 ¢yclic), and failure definition.

3.1 Material Parameters

Fibrous composites, in most secondary and primary aeronautical applications, are gener=ily manufactured by
stacking layers of prepreg consisting of reinforcing fibers embedded in a resin matrix. Graphite, Kevlar 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 inaterial. This resin matrix
serves to bind the fibers together and transfer loads to the fibers.

The mechanical behaviour and fallure mode of composite mechanically fastened joints are dependent upon the
orientation and stacking sequence of plies in the laminates. In their work on unloaded hecles in laminates, Rybicki and
Schmuerer (79), and Pagano and Pipes (80) demonstrated that the stacking sequence of plies atfects the interlamirar
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 iinproved the pin bearing strength.

The ~ffect of orientation of plies or lay-up on the bearing strength of composite mechanically fastened joints has
be=n invest gated by several authors. Collins (31), whose work covers bolted joints in graphite/epoxy cumposites,
concluded tnat for optimum bearing properties, more than 35% but less than 80% of 0° plies &.e. parallel to the load) are
required, the balance being made up of +43° 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. Matthews et al. (83) performed tests on composite riveted joints and concluded that
the bearing strength is significantly higher for the 0°/+45° lay-up than for the 90°/+45% lay-up,

Ramkumar and Tossavainen (77) investigated the etfect 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 AS1/3501-6
graphite/epoxy material with lay-ups that ranged from a fiber-dominated lay-up to a natrix-dominated lay-up. They
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found that, under compression loading, the failure strain increased with an increase In the percentage of +45°* plies while
the gross compressive strength and ing strangth decreased with an increase of the percentage +43° plies. Their
compression test results and tension test results are presented in Figure 18 and 15 respectively. They observad that the
tailure mode changed from the shear-out mode to local bearing fallure mode when the percentage of +45° plies was
increased from 80% to 60% under tension loading. However, under compression loading, they found that failure mode
was insensitive to lay-up and specimens tested always failed in the local bearing mode.

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

It is recognized that # high stress concentration factor exists at the fastener hole of a composite mechanically
fastened joint, Berg (83) emphasized that because most composiie materials are incapable of yielding, local load
redistribution at the fastener hule can only be achleved by fit - fracture, The distribution of stresses at the fastener
hole is influenced by the lay-up of the laminates, Collings (84) suggested the inclusion of +43° plies In order to reduce
the stress concentration at the fastener hole,

Hybrid laminates can alss be used to reduce the sensitivity to stress concentration. Hart-Smith (76) replaced some
of the graphite fibers which were aligned with the load direction with S-glass fibers. Mechanically fastened joint
specimens fabricated from these glass/graphite hybrid iaminates were consistently as strong or stronger than the
equivalent all-graphite spacimens 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 exclusively associated with local bearing failures rather
than the potentially catastrophic tension-through-the-hole tailure which was common for many of the all-graphite
specimens.

The experimental results discussed here are essentially hased 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 Johnston (35)), Advanced composite material systems composed of high strain graphite fibers and second
generation tough resin materlals are now being manufactured by the composites industry. A survey was conducted by
Canadair Ltd.u?“) on the types of advanced material systems which are being examined by the aeronautical industry for
the next generation of alrcraft, 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 as much as 37% and 22%
respectively, relative to those of the conventional baseline systems. The most important improvement of the rewer
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 aerospace manutacturing. 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 salection 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 prirary 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 orieitation, laminate stacking sequence, and the type of materlal 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 coneiderations.

Composite naterials pose special problems for mechanical fastening because of their peculiar properties, In their
survey report on fasteners for composite structures (38), 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 difference in electrode potential
between the graphite fibers and the metals. The less noble metals may corrode wher: mechanically fastened to graphite
fiber composites. One solution is to ccver the fastener with a protective coating. Prince (37) performed a comparison of
the effectiveness of ditferent 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 graphite/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 problems 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 preload/ McDonnell-Douglas has successfully eliminated this problem in the F-18 and
AV.-8B programs by applying suitable lubricants (88). Galling problems were also encountered in the Lockheed L1011
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
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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 resuit 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 froin the surface. Also, axial
misalignment of fastener in the hole could lead to damage. For example, misalignment of a blind fastener 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 pneurnatic 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 biind-side surface. A bresk groove Is normally designed into the stem so that it
fractures after a certain level of clamping force has been reached.

Figure 18 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 corebolt 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 unique 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 tail 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 composites, 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 lite 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 forcud 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 (88). 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 formatioa and hole filling
action. Huck Manufacturing Company has developed the HUCK-TITE titanlum 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;
consequently, 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 cuntinuity 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 hlind fasteners, many engineers feel that the blind head should be expanded 1.4 times the shank diaumeter insteac
of the 1.2 times used for typlcal metal fastening (108). The configuration of the het 4 also has significant effect on the
pull-through strength. Boeing has found that the 130* shear head can support 30% more load than the 109° 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 contigurations tested (38).

3.3 Design Parameters

In the primary and secondary structures of aircraft components that utilize composite materials, mechanically
fastened joints of varlous composite-to-composite or composite-to-metal designs can be found (30, 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 ;olnt specimen, the following design parameters that reflect the
structural joint requirements must e considered: (1) geometry, (2) hole pattern, (3) hole size, {3) laminate thickness,
(3) load eccentricity, (6) futcn« load direction, and (7) failure definition. The results of the survey with respect to
these design parameters are presented in the following sub-sections.

3,31 Geometrical Etfects

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 (e) has been Investigated by a number of authors and they all agree that a certain
minimum value of the e/c ratlo is required to develop full bearing strength. Ramkumar and Tossavainen (77) investigated
the strength of bolted laininates using AS1/3301-6 graphite/epoxy unidirectional prepreg material. They concluded that
the bearing strength of all the lay-upe Increases with e/d ratio to a value of & 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*, +45° and 90* fiber
orientation in the lamitate respectively, exhibits a shear-out mode of fallure when ¢/d < 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 fallure for e/d
values below 5. Collings (16) In his work on bolted joints in CFRP showed that for an all +43* lay-up, the minimum e/d
ratio required for the Jevelopment of full bearing strength in the laminate is 5, whereas for a pseudo-isotropic lay-up,
tive minimum e/d ratio is 3. MIL-HDBK 17A (93) quotes a minimum e/d ratio of 4.5 for 0/45* 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 Tossavainen (77) showed that for w/d > 6, the bearing strength remains relatively constant,
When w/d < 4, the fallure mode is primarily a net section faillure across the hole. For w/d >4, the failure mode is
primarily a partial or a total shear-out of the 30/40/10 laminute. For the same w/d ratio, the 30/60/10 laminate fails in
a local bearing mode, Collings (16) suggested minimum w/d of 8 and 5 for +45* and pseudo-isotropic lay-ups
respectively, if full beacing strength is to be developed. Matthews ot al (82) showed that for 0/+45* 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 sp'ice in a wing skin, or along a bolt seam aligned with the dominant Joad
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 in single shear or otherwise excentric joints even if the external load is free from
bending mument. 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 stightly (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 the number of fasteners in a row was increased which was suggested to be caused by the specimen width
effect. Hart-Smith (?8), using T300/5208 graphite/epoxy, also demonstrated that for joint geometries producing tension
failures for a single boit, the addition of further rows of bolts generally increases the joint strength very little. He found
that only when bearing failures occur do multi-row bol!t patterns increase the joint strength significantly above the
strength of a single boit row. He observed tnat the transition between tension and bearing failure modes occurs in the
range of bolt pitches between iour 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 substintial 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 5 diameters. At these values, joint strength is approximately half the gross panel
strength, and the failure mode 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 on;e-thlrd of the gross panel strength. This value of pitch compares closely with that suggssted by Hart-Smith for
graphite/epoxy.

3.3.3 Hole Size

Garbo and Ogonowski (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 increasing hole diameter over the range tested, It was observed that
all specimens falled 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, 50/40/10 lay-up graphite/epory laminate in a singic lap
configuration. It was shown that the g ‘oss tensile strength and the bearing strength of the laminate decrease when the
fastener diameter is increased. A similar trend iy also observed under static compression.

3.3.4 Laminate Thickness
Garbo and Ogonowski (56) also investigated the effects of laminate thickness and fastener countersink on

graphite/apoxy 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, 0.28 and 0.26). Thelr test specimens were of a single
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fastener In double shear configuration with 30/40/10 lay-up and were loaded t. tallure in both tension and compresslon.
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 noncountersink on strength appesr to be insigniticant. For

n-loaded holes, l.. no thickness cl.mplr*. Colllngs (17) showed that beari strcnfth reduces as d/t increases,

amkumar and Tossavainen (77) showed that an Increase in the thickness of a laminate in a single lap configuration
introduces additional load eccentricity and bolt flexibility effrcis. Their experimental results from tests on 20-ply and
60-ply laminates with 30/40/1C lay-ups demonstrated that the thicker laminate strength was approximately 3 percent
lowsr than that of the 20-ply laminates.

335 Load Ecoentricity

In salecting a single lap joint specimen for an experimental program, joint eccentricity effects must be minimized
or accounted for because significant bolt bending can lead to a lower joint strength due to the eccentricity in the load
path. Ramkumar and Tossavainen (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 bearing strengths of the laminate, respectively, are
obtained by from a single shear to a double shear contiguration, Hart-Smith (76) compared the experimental
rasults between ¢ lap and double lap joints and found a 20 percent decrease with resrct to double-shear strengths.
He ested that dus account should be taken of the differences between single and doudle shear bolted joints in the
analysis of practical aerospace structures.

3.36 Fastener Load Direction

Because of the anisotropic nature of composites, the bearing strength of composite laminates will vary with load
direction. This effect was investigated by Garbo and Ogonowski (36) and hy 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=0° to @ =45% The peak stresses no longer occur perpendicular to the load
dlrectloln and the stress distribution Is shifted and changed. The stress distribution for the isotroplc case is included for
comparison.

3.3.7 Failure Definition

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. Johnson and Matthews (97), used typical load/extension plot of a composite bolted joint (see
Figure 24), to suggest the following ways of defining failure load:

(a) The maximum load - Usually considerable damage will have occurred in reaching this toad (31).

(b} The first peak in the load/extension plot - Damage sustained up to this load is not insignificant. Almost
certainly cracks will have propagated outside of the washers (73).

{¢) The load corresponding to a specified amount of hole elongation - There is littie agreement as to what value
should be used. Dastin (98), Strauss (99) and Oleesky and Mohr (100) use a value of & percent of the hole
diameter, for giass reinforced plastics; Webb (101) uses 1 percent for bolts and 2 percent for rivets in CFRP;
Althof and Muller (102) use 0.5 percent for CFRP; and Johnson and Matthews (97) use 0.5 percent of the
original diameter for glass fiber-reinforced plastics. They suggested the limit load corresponding to 0.8
percent elongation of hole diameter could be obtained from the maximum load by using a fac:or of safety of

(d) The load at which the load/extension curve first deviates from linearity -The point at which 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 - Johnson and Matthews (97) examined specimens at this
point and found a few visible cracks around the loaded side of the hole.

(f)  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 varlability 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-detlection hysteresis curves
are often used In fatigue tests to indicate the amount of cyclic damage accumulation and failure (56, 77).

3.4  Fatigue Tost Results

Relatively few experimental results relating to fatigue behaviour of composite bolted joints are available in the
blished literature. A briat reference to fatigue of shn fiber-reinforced plastics joints is available in MIL-HDBK 17A
g’). Reliability of composite joints is discussed by Wolff and Lemon (108) and by Wolff and Wilkins (105). In a special
fascener development program for composite structures, Cole et al. (38) obtained test results using a typical tension-
dominated fighter load spectrum for composite taminates mechanically joined by fasteners with four different flush-head
configurations, The 100° tension head fastener was found to yield significantly improved fatigue performance over the
100° shear, 120° shear 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, w, and edge distance, e, were ssiected for w/d = 8§ and ¢/¢ = &, These ratios assured bearing faliLie rather than
net-tension or shaar-out fallures. During all fatigue tests, the hole elongation due to cyclic loads was monitored until
each specimen falled in the bearing . Ultrasonic C-scan methods were used tv examine the area around the bolt
hole for delamination damage dus to cyclic loads., Experimental results indicated that boit had a beneficlal
effect on the fatigue llmit which was improved by as much as 100 percent compared to the pin-bearing case. The
explanation for this improvement was found to be the through-the-thickness compressive stresess provided by the clamp-
up loads. These loads also influenced the amount of bolt hole elongations. It was found that high clamp-up torques
virtually eliminated hole elongation during tatigue loading. C-scan images of specimens were obtained after 20,000
cycles of 600 MPa marimum bearing stress. At this stuge, the presence of delamination around the hole was
recorded. Also, a slight elongation of the hole was measured. This evidence indicated the initiation and growth of
delaminations as a result of fatigue. The permanent hole el tion was caused by localized delaminations which formed
a soft region around the hole. The original stiffness of the iaminate in this region was reduced significantly. The further
growth of the delamination under cyclic loads led to a bearing failure of the laminates. In his investigation, Crews did
not attempt to establish any failure criterion for the baar'ng mode. It appears that existing models cannot predict the
initiation, growth and instadility 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 Ogonowski (36). Seven
design parameters which have significant effects on the static strength of composite bolted joints were selected for
evaluation. Tension-tension (R = +0.1), tension-compression (R = -1.0) constant amplitude testing and spectrum testing
were performed using a pure bearing double-lap test specimen. Hercules AS/33501-6 graphite/epoxy was used to fabricate
the test specimens. A review of the effects of the seven varlables on fatigue perforinance based on the work of Garbo
and Ogonowski is summarized below:

(1) Lay.up - Three laminate variations were tested to determine the relative fatigue life in terms of the number
of fatigue cycles required to produce a 3.531 mm elongation which is about 3.3 percent of the hole diameter. For tension-
tension cycling, the results indicated similar fatigue life tor all lay-ups. For R = -1,0, the two nwatrix-dominant iay-ups
(19/76/3 and 30/60/10) sustained fewer load cycles prior to developing a 0.31 mm hole elongation, as compared to the
50/40/10 tiher-dorinant lay-up (Figure 25). 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
tatigue life under both constant amplitude and spectrum cycling.

(3) Fastener Preload - Significant increases in fatigue streagth were obtained by increasing the fastener preload
from O N to 18 Num. Failure modes were observed to be the same for all the fastener torque-up levels.

(4)  Joint Geometry - The etfects of specimen geometry on joint life were evaluated for the 50/80/10 and 19/76/5
lay-ups using specimens with different edge distances and widths. Fatigue strength was not changed for the 30/40/10
lay-ups, For the matrix-dominant 19/76/5 lay-up, fatigue strength was found to increase when the w/c ratio was
increased from 3 t)o 4. Further, a change of failure mode from bearing to net section occurred when w/d ratio was
reduced from & to 3.

(5) Interference Fit - Fatigue tests were conducted to evaluate the etfect of an interference tit of 0.127 mm on
the fatigue life of no-torque and torqued joints. For R = +.1, the results indicated that specimens with no proload and
0.127 mm interterence fit failed at a lower fatigue life relative to neat-fit specimens 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
mm. Therefcre, 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 dus *> zero fastener preload. Limited tatigue
testing of specimens with 138 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
signiticant reduction in fatigue life. Further fatigue life reductions were exhidited by the countersunk fastener with its
associated loss of direct bearing material and added fastener head flexibility relative to the protruding head fastener.
Joint spring rates for the double-shear, non-countersunk single-shear, and countersunk single-shear specimens were found
to be 69.35 MN/m, 60.77 MN/m, and 43.78 MN/m respectively.

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

4.0 CONCLUSIONS

Technical observations pertaining to composite mechanically fastened joint technology as a result of this review
are summarized 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 utitization 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
ll:eutlﬁ'e revlewe'd. consists of detailed stress analysis performed at individual fastener holes and associated application
of a failure criterion.

(3) State-of-the-art stress analysis tnethodologles 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 beuring and interlaminar shear failuras.
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(¥)  Static strength is evaluated by applying anisotrspic material failure criteria aftsr the stresses at a
"characteristic dimension” from the edge of the hole are determined. Quadratic failure surfaces, which account for
failure mode interaction, have been demonstrated to be capable of “rndlcﬂn. both fallure load and failuwe mode
accurately in composite boited joints for most cases. A cubic formulation has been shown to yield more accurate
predictions in biaxial loading casa.

(3)  State-of-the-art fatigue life prediction methodologies require an extensive data base which, except for some
specific cases, is not well established for composites. Predictions based on Miner's linear cumulative da model have
been found to be uncoiservative. The assumption of continuously decreasing residual strength in the residual strength
degradation model restricts the model from general applications. "Fai function” models have achieved some
preliminary success in rorrelating with experimental results. These models have been extended to include delamination
and temperature effects. Empirical approaches are inost common in predicting fatigue life of composites as well as in
dermonstrating compliance with military and commercial durability specifications.

(6) The effects of various design parameters on the static and fatigue behaviour of composite bolted joints have
been examined. For quasi-isotropic lay-ups, minimum allowed edge distances and fastener spacings ranged respectively
from 3-% and 4-3 times fastener diameters In most design practices where full bearing strength is required of the joint.
In general, the .ensile and bearing strengths decrease with Increasing hole dismeter and decreasing laminate thickness,
Load eccentricity in a single lap joint reduces both the static and fatigue 3 h ficantly. Due to-the anisotropic
nature of composites, the bearing strength has been shown to vary with fastener load direction,

(7) Galvanic corrosion, galling, instaliation damage and low pull-through strength are recognized a3 the four
basic problems where mechanical fastening of composite laminates is concerned. In general engineering practices, only
tension head fasteners made of titanium are uwsed with composites and no interference fic holes, hole tilling fasteners, or
vibration driving of rivets are recommunded, 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 been accomplished by using fasteners
with large "foot-print® or washers. Application of special !ubricunts and proper material selection eliminate galling
problems. In general, high clamping forces increase static and fatigue strength of a composite bolted joint.

(8) There is currently no bolted joint data readily available for the advanced composite materials.
5.0 RECOMMENDATION - FURTHER RESEARCH
As a result of this review, the need for further research in the following areas is identitied:

(1) The accuracy of the analytical prediction of the static strength of mechanically fastened joints depends
strongly on the stress analysis and the tailure 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 dimensicaal analysis in order to provide more sophisticated
solutions which include frictional effects. Further work in the development of failure criteria bar:d on physical damage
phenomena to predict delamination and gross bearing fallure 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 takz 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 damage can be
accumulated rapidly as a result of the pounding of a loose fastener in a hole when the load spectrum includes reversals
(R<0). 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 evalustion is deemed necessary to compare and assess the reliability aspects of various existing
tatigue life prediction methodologies and establish the specific conditions under which they are reliable. These specitic
conditions include: (a) operating conditions, e.g., tempzrature, environment, loading; (b) failure modes, e¢.g.,
delamination, bearing; (c) material parameters, e.g., ply orientation; and (d) specific assumptions, e.g., plane stress,
continuously 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.

(&) The application of advanced composite material systems should be investigated. These systems include high
strain carbon fibers and tough resin inatrix such as bismaleimide. Specitically, bearing proper:'es and stress
concentration sensitivity should be studied. Furthermore, the effects of the improved interlaminar not nal and shear

operties as a result of the tougher resin matrix on the clamping load and interference fit provided by the fastener
systeins should be investigated because, as indicated by the present literature review, enhanced static and durability
periormances of composite mechanically fastened joints could be obtained by increasing the clamping load and
interference fit.

(3) No published data was found on the use of mechanical tasteners in high strain/tough resin composites. In
order to design mechanically fastened joints using these high strain/tough resin composites, experimental work should be
undertaken to generate design data similar to ti generated based on conventional graphite/epoxy composites. The
design data generated can be used to verify/establish the benefits of using these systems, For example, weight savings
are predicted as a result of the improvement in the allowable design strain leve: 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 strengths and failure modes of mechanically
fastened joints fabricated from these advanced composites,
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Summary of NASC galvanic compatibiity ehart

FIQ. 16: GALVANIC CORRCSION lf::l:‘l;;ﬂoﬂ DIEFERENCE: IN POTENTIAL
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F1Q.17: INSTALLATION SEQUENCE OF A TYPICAL BLIND FASTENER
FOR SOLID COMPOSITE LAMINATES
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FiG. 18: COMP-T(TET™ BLIND FASTENER INSTALLATION SEQUENCE
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STEP 1. PLACE ASSEMBLY IN WORK STRUCTURE. INSERT COLLAR OVER
PINTALL. (GRIPS THRU 2D ONLY. SEE NOTE BELOW)

STEP2. TOOL PULLS ON PINTAIL AND DRAWS THE CIL PIN INTO THE SLEEVE
V:‘H_:_%i; s‘)g’:rlis THE SLEEVE TO COMPLETELY SEAL THE FASTENER
L .

STEP3. 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 20D, 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.

FIG.19: INSTALLATION SEQUENCE OF A TWO-PIECE LOCKBOLT
FASTENER FOR SOLID COMPORITE LAMINATES

Increasing pull-ihcough strength

heod |y
l&np m
for 473210°3{m)dw.

— Tension head o
Tension heod . ... osptn 204210 " im)
\ TUTTTTT for 4762103 (midio

FIQ. 20: LARGER FLUSH HEAD DIAMETER AND FOOTPRINT
INCREASE PULL-THROUGH STRENGTH (REP. 88)
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FIG. 2V: DEFINITION OF JOINT GEOMETA ¢: A} ROWS OF RIVETS
{(ROWS 1 AND 2 ARE STAGGERED, ROWS 2 AND 3 ARE IN
UNIFORM RECTANGULAR PATTERN); B} 2 RIVETS IN
TANDEM (LINE OF RIVETS); C) 2 RIVETS IN PARALLEL
(ROW OF RIVETS) (REF. 02)

i |
=1
{ 100% LT = 14%
A

= BP = B6%
i 100% L—ﬁ LT~ ox%

<= 7= BP = 100%

1
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l LT = LOAD TRANSFER
B8P - BY-PASS LOAD '

F1G. 22: THE EFFECT ON THE AMOUNTS OF LOAD TRANSFERS AS A RESULT
OF GEOMETRICAL SHANGES (REF. 110)
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FiG. 23: THE EFFECTS ON CIRCUMFERENTIAL STRESS DISTRIBUTIONS AS A RESUL,
OF SHIFTING FASTENER LOAD DIRECTION (REF. 58)
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FIQ. 24: TYPICAL LOAD/EXTENSION PLOT (REE. 87)
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COMPARISON OF EXPERIMENTAL RESULTS AND ANALYTICALLY
PREDICTED DATA FOR DOUBLE SHEAR FASTENED JOINTS

J. Bauer, E. Mennle

MESSERSCHMITT-BULKOW-BLOHM GMBH
Helicopter and Airplane Diviasion
8000 Munich 80, P.0. Box 801160, w-Germany

SUNMARY

Experimental tests were carried out to investigate the strength of open holes and
pin lcaded holes, as well as the combination of both. The material used was 914C/T300.
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 well as diagrams representing theoretically dorived notch senaitivity and
the double shear pin pearing strength.

INTRODUCTION

In aircraft structures the arecas o5f local load introduction into CFRP parts require
careful treatment during the design phase. To do good stressing and sizing of the loac
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 posaibility 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 " zason 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 gstress criterion and the
methods using streas 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 are: 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 Joading. This includes for example a
bolt load in any direction acting alone or by-pass stresses around an opeh hole or the
most common case when both loading possibilities act superimposed together. This last
case presents the biggest problems, but is needed for sizing complex aircraft structures
and is therefore of great interest. Figure 2 clarifies the effect of the numerous
different elastic and loading poasibilities on the technical problem.

As a first step we must calculate the stress diatributions around an open and pin
loaded holes.

The second step and final challenge is 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 gsecond step and the accuracy finally cbtained.

PRINCIPLE OF THE MATHEMATICAL TREATMENT

The basis of our prediction method is the closed solution for the two-dimensional
atreass 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 solutiona 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 iz 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 pasasing stresses are required for the development
of a reliable prediction method.
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TESTS

To provide a good data base for comparisons with the calculation method, three
different types of specimen configurations swre tested: Open holes, double shear
bearing and interaction of bearing and passing stresses. Figurs 4 shows the configura-
tiona of the specimens used.

To avoid undesirable geometric influences of width, edge diatance 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 ia
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.

CORRELATION 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 bshaviour, which causes difficulties. In Figure 5 is shown in
principle, that a nonlinear range succeeds a linear one prior to failure. Tha 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
nunerous falluremechanisms which might occur in CFRP-laminates and in the vicinity of
a hole. 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 tast 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
reasonably, the conditions for the davelopment 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 stress:s 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 effg¢ct can be reduced if all unidirectional properties are increased by the same
constant factor. Then the characteristic distances are able to be reduced and the evalu-
ation of the stresses is done more close to the hole adga.

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

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

All these empirical influences have to be co-ordinated with each cther and in reapect
to the correlation between test results and the analytically predicted duta. The achieved
accuracy is represented by the diagrams of Figure 7. On the absciasa the predicted
values are plotted and on the ordinate the test results. Every point on the diagrams
rapresents a test point of usually six specimens of open hoie, pin bearing and interaction
tests. If the prediction is optimal, then the associated point lies on the angle bi-
sector of the two lines. We tried to receive a final accuracy for our calculation method
of +/=10 §. As 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 compromises between the thres different items. Spacial attention
was given to the accuracy of the interaction tests.

CONCLUSIONS

The developed analysis is good anough 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.
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Following from the more simple test casea presented to the more sophisticated ones,
the possibility is 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 variied. 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 materialc are used cross-checks by tests have to be carried
out and the prediction method has to be modified.
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m Figure 2 : loading Posnibilities of a Hole,
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Figure 4 ¢ Specimen for Open HWole, PAR Bearing
and Interaction Tests
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lmﬁ Fig. 6 : Semi-Empirical Influence
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RECENT STUDIES ON BOLTED JOINTS IN COMPOSITE STRUCTURES
V.B. Venkayyea’, 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.

;

NN

] 1. INTRODUCTION

Joints are the key elements in load transfer between aircraft components. They are also the weakest links in the
overall perforinance 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 development 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 (piates) 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 festener itself and failure of the p ts joined together by the fast . The fasteners used in most aircraft
construction are based on national aerospace utandnds. and the manufacturer is respomnble 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
H joint parameters, the behavior of a single shear joint can be significantly different from a joint in double shear. A joint in
i 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 reasonabie results for the design.

l‘ N YLl Z

NN AN

(LL/A IIIIIA

d & x

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

2 * Aerospace Engineers, Flight Dynsmics Laboratory, AFWAL, WPAFB OH 45433-6553
3 ** Northrop Corporation
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around a londed hole is different for different fiber orientations. The ductility of metals significantly reduces the danger of
catastrophic failures. The tailored laminated composites exhibit unique failure modes because of their brittle behavior.

Shearout Failure

Tension Failure

Clewage-Tersion Failure

FIG 2: MODES OF FAILURE FOR BOLTED JOINTS
FEFERENCE 1

A number of steps precede a joint design in aircraft structures. The firat 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 some of the typical joints in aircraft construction. Figures 3 and 4
illustrate some of the joint configurations. The next step is the internal lozds 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 idered global models. The third step involves modeling the joints
and their analysis. The next section presents a review of joint analysis methods.

/—Cnmm Sin Metal Fitting

(R) Tanerod Spioan Jwiat 3¢ Cancontrated Load Intraduction (® L sant ot Shm Spbiow

/— Composite Shin Comporite Doos —\
- T [ ="

JAL

Compatite / w
Shin/Sih

(D) Rarntorced Door Sl smint

Compoile Stun

FIG 3: BOLTED COMPOSITE JOINTS
REFERENCE 1
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FIG 4: BOLTED COMPOSITE JOINTS
REFERENCE 1

3. 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 anisotropic plate theory(®. This analysis is conducted in two stepa{43.5), First, an infinite plate with
an unloaded hole is subjected to a uniaxial load. 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).
'F 3'F 3'F a'F 3'F

The laminate compliance coefiicients, A,;, for the given symmetric laminate are given by
¢=AN (2

where the matrices ¢ and IV are the inplane strains and stress resultants, respectively, in an anisotropic plate, The complex

stress function F can be written as
F(z,y) = 2Re[Fy(21) + Fa(2)] (3)

The complex stress functions Fy(z;) and Fy(z;) are analytic functions of the complex characteristic coordinates 2, and z;
respectively. The coordinates z; and z; are given by

n=z+my n=z+my (4)

ﬂfn‘"ﬂ:m‘;{h& -
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The stresses and the stress function are related by

_OF o*F __&F
a,_w 0'=FST r,,_—m (8)

An infinite plate with an open hole subjected to a uniaxial load will have a uniform stress @, everywhere except in the
vicinity of the hole. The second analysis involves a plate with a loaded hulc with stress free boundaries at infinity and
an assumed radial stress distribution over half the hole varying as & cosine function. This analysis again gives the stress
distribution around the hole and also assumes that the bolt-specimen interaction is frictionless. 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. §.

or=-pcosé

ASSUMED COSINE BOLT-LOAD DISTRIBUTION

R O O O bttt

el = e eas | b= ;
- -~ - ()
i Z=T s (| = + =
- — —-— — Oa
bbb RN
Problem of lnterest Unlosded Hole Only Loaded Hole Only

FIG 5: SUPERPOSITION OF LINEAR-ELASTIC STRESS SOLUTIONS

REFERENCE 2

Substitution of Eq. (3) in Eq. (1) gives a characteristic equation in u
Apst - 2A408° + (2013 + Agg)u® —2Az00 + Ay =0 (e)
Solution of the characteristic Eq. (8) for u 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 sSummurized here.
For the open hole problem the stresses o,, oy and r,9, at two critical locations 8 = 0° and 90°, are given by
O, =Tg=0 (7)

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

A o
o,=a,mmrﬁ For #=0

op=0,[1 - iluy +m)]  For 0=90° (8)

—————r = = o
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where 4;;, Aj; are the laminate compliance coefficients, and u,, x3 are the solutions of the characteristic equation that

satisfies compatability. o, is the nominal stress in the absence of the hole. From Eq. (8) the stress concentration factor K,
can be derived as

=% o An =
K= 0=yt ot 9=0°
K.::—::l—l'()ll'i'[q) al 8 =90° 9

For an isotropic material the compliance coefficients are equal (4); = Az;) and g, = py = ¢ . Then the stress concentration
factors are given by

K,=-10 at 8=0°

K,=30 at #=90° (10)

Similarly for the loaded hole case the three stress components are given at the hole boundary by
or=-p at 8=0°

o,=0 at §=90° (11)

re=0 all around
The hoop stress around the hole is given by

0y = %ﬁ ; + % Re [———-—l + "(:;‘:_"_')_ + 2{ Re [u:é},s,,, ;((;:fi; 2+ i':‘(l‘“:’+ #a) at 6=0°
or =52 B~ P Re[u + 4z + iwpa] + F Re Py "———r———~(";'(:f’;’ e 'I";;“’) at §=90° (12)
The stress concentration for the loaded hole case is defined as
Ko= ot (13)
where o, is defined as »
o= (14)

The stress concentration factor versus the percentage of 0° plies in a (0°, £45°) 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):

o 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 and three times in the open hole case.

o 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.

¢ The hoop stress at # = 0° and 45° 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 be corrected to account for
a number of relevant design variables in an actual joint. Some of these variables are:

o The effects of finite geometry on the joint.
¢ Interference from adjacent joints and cutouts.

o 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 = LKy + WK, (15)

where Kj and K, are the stress concentration factors derived from infinite plate solutions for the loaded and open hole cases
respectively. The correction factors Ay 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 Boundary Integral Equation (BIE) method. Extensive
correction factor data for both the loaded and open hole cases in boron epoxy lamiustes (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{?), After determining the
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% 0° Plisa in o [0/245] B/E Lominate

FIG 6: INFINITE PLATE STRESS CONCENTRATION FACTORS, K,, FOR
AN OPEN HOLE IN [0°/ & 45°] BORON-EPOXY LAMINATES
RETERENCE 4
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. 0% Plies in 0 [0/2 45) B/E Laminate

FIG T: INFINITE PLATE STRESS CONCENTRATION FACTORS, K,, FOR
A LOADED HOLE IN [0°/ & 45°]| BORON-EPOXY LAMINATES
REFERENCE 4
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individual fastener loads, the multifastener joint is modeled as a series of single fastener coupons. The stresses in the
individual fasteners are determined by the single fastener analysis outlined earlier. The load partitioning analysis for

maultifastener jointa is based on an elongation matching technique. The distribution of fastener loads in a column of N
fasteners is written as

,f:, Py = 5% xF (N - 1) equations (10)

where Py is the KA fastener load from one end of the joint, ard F is the total load carrind by a column of fasteners.
The factors m and s are integral functions of the modulus and cross-sectional aress of the main plate and the space plate

respectively.
/l\u dz
a= —_———
*

L3 dz
m= L En®Anl) . E@AE 1)

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

N

Y Pe=F N equation (18)
k=1

With additional assumptions to evaluate the integrals in Eq. (17), the N equations can be solved for the N unknown
fastener loads. Once the fastener loads are determined, the single fastener analysis provides 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-Mises (Tsai-Hill) criterion is generally used in such failure analysis.

Following Wasscaak's and Cruse’s investigation, Garbo and Ogonowski (McAir) conducted both analytical and experi-
mental investigations on single fast joints in an Air Farce program(} -2, Their analysis is similar in the sense that it was
based on two dimensional anisotropic plate theory with the superposition of resuits obtained from an infinite plate analysis
with an open hole and a loaded hole. In addition, they have applied the characteristic dimension (R¢) failure hypothesis,
Fig. 8. This analysis was implemented in & computer program called BISFM (Bolted Joint Stress Field Model). The
failure criterion was applied on a ply-by-ply basis at a characteristic distance away from the hole boundary.

THEORETICAL STRESS DISTRIDUTION

[} FAILURE TEST POINT

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 show in Fig. 9.

The stress distributions around the holes for open holes and loaded holes are shown in Figures 10 an 11. Streas
concentrations in composite materials are affected by laminate layup and load orientation. Table 1 gives values of the
atress concentration factors for some of the graphite epoxy layups.

Empirical estimates of the finite width effects are included in the BISFM program. This program was used to addreas
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. Biaxial loading

f. Pure bearing strength

g. Environment
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FIG 9: FAILURE CRITERIA COMPARISON

REFERENCE 2
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FIG 10: CIRCUMFERENTIAL STRESS SOLUTIONS AT UNLOADED HOLES
REFERENCE 2
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FIG 11: CIRCUN' . ERENTJAL STRESS SOLUTIONS AT LOADED HOLES
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TABLE 1: THEORETICAL STRESS CONCENTRATION FACTOR IS CONSERVATIVE
REFERENCE 1

The results of this study were reported in Ref. 2. Other finite geometry effects, such as, joint eccentricity, joint torque,
multifastener 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 Hart-Smith (Dougias Aircraft Company) for
the Air Force!®), This program is based on a semiempitical approach. The load transfer through the mechanical fasteners in
explained in terma of the relative displacement between the members of each fastener station. The assumed mathematical
model for the load transler 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.

RELATIVE DISPLACEMENT

FIG 12: FASTENER LOAD-DEFLECTION CHARACTERISTICS
REFERENCE ¢
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FIG 13: DEFORMAYIONS IN MECHANICALLY-FASTENED JOINT
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FIG 14: LOADS AND DEFORMATIONS ON ELEMENTS OF A BOLTED JOINT
REFERENCE ¢

A fnite element approach to bolted joint analysis was proposed by Chang, Scott and Springer!”), The ohjective was
to estimate the failure strength and the failure mode of pinloaded holes in posites. Three problems were considered in
this investigation:

a. A single pinloaded hole

b. Two pinloaded holes in series

¢. Two pinloaded holes in parallel
A finite element program (BOLT) was developed for the analysis and design of 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 recent Air Force program on bolted joints in composites was completed in September of 1986(59-1), It ia

the most comprehensive bolted joints program to date, and it was directed by Ramkumar of Northrop Corporation. There

were four main tasks in the program. The first task 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




kB 1|

in single lap joints), environmental effects and durability are some of the important lssues resolved in this task. The second
task addreseed the same issues for multifastener joints and stress concentration interactions, Both theee tasks involved
the development of new computer programs, SASCJ (Strength Analysia of Single fastener Compaunite Joints) and SAMCJ
(Strength Analysis of Multifastener Composite Jointa). Theee programs can be extremely effective tools for joint design.
The details of these programs are provided in Refx. 3,12. Full scale verification of the analytical and experimental methods
developed in the first two taske constitutea the third task. At the end of these three tasks analytical tools were well defined
for the analysis and design of representative bolted comnposite joints. These analytical methods and experiments addressed
both fiber and matrix dominated cases in bearing and bypase loadings. A comprehensive design guide for bolted joints in
compasites was developed in the fourth task. The results of this investigation are reported in References 3,8-14. °

‘The aingle fastener analysis implemented in SASCJ is aleo based on anisotropic plate theory. It is also a superposition
of loaded and unloaded solutions. However, taia solution is augmented by a least squares boundary collocation procedure
to account for Anite geometry effects. Thia procedure is a significant improvement over empirical estimaten. The joint
eccentricity problem (single lap joint) is solved by modeling fastener bending as & beam on an elastic foundation, the
fastener being the beam and the plates on which it bears, scting aa the foundation. In computing the three dimensional
stress fleld at the fastener location, piecewise uniform moduli were assumed to represent various plies in a bolted laminate.
The fustener is modeled aa a Timoshenko beam to account for bending and shear deformations. To t for the reduced
ply stiffness, after an initisl damage, a bilinear contact load versus deflection curve was used to represent the foundation.
At the head and nut locationa of the fastener, rotational conatraints were introduced. The applied torque and size of the
washers affect the boundary conditions. Fastener torque also introduces 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 8. 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 are
generally not adequate for evaluating the joint strength. Joint variables, single and double shear load tranafer, fastener
size, Mustener material, and the effect of laminate atacking sequence on the through the thickness load distribution are the
parametera 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 SASCI program. These are expressed in terma of inplane
stresses and strains: 1) point atress failure criterion, 2) average stress failure criterion, 3) maximum strain (fber direction)
criterion, 4) Hoffman criterion and 5) Taai-Hili 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 Hoffman and Tsai-Hill criteria predict ply failure accounting for biaxial stress interaction,

The SAMCJ program waa developed for determining the fastener load distribution in a multifastener joint. The
analysis is baned an special finite elements, Four special finite elements were developed using a fastener analysia and a
stresz 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
Jjoint, the fastener load distribution and the average stresses at the fastener and cut-out locations can be computed. The
fast load distribution, the critical fastener or cut-c 't 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 these programs are presented in References®!?,

3. REVIEW OF EXPERIMENTAL PROGRAMS

The credibility of an analysis procedure is questionable without some experimental verification. This is particularly
important in the casz 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 13 and 16 were used to compare the analysis results. These are 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 cases by analysis. However, this is not the case. 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 analysia results was conducted at McAir on an Air Force program!! ),
This test program addressed both atatic strength and fatigue life insues 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
varisbles are:

1. Fustener Torque

2. Stacking Sequence

3. Single Shear

4. Thickness

5. Countersunk Fasteners
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6. Load Orlentation-Off-Axie Loads-Bearing and Bypass Aligned
Hole Sine

~

Edge Distance
Width

10. Layup

11. Fuatener Patterne

12. Load Intersction - Bypas and Bearing Nonaligned
Four specimen configurationa were used in thia test program:
a. A Single Bolt Pure Bearing

b. A Two Bolt In Tandem (Load Sharing)
¢. A Four Bolt Fastener Pattern Specimen
d. A Two Bolt Load Interaction Configuration

The analysia verification using the BJISFM program waas 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 layups, load interaction, off-axia
loading, hole size and width. At first, the strength predictions from the analysis were correlated with data obtained from
tests of apecimens with unfilled fastener holes. Both tension and compression loading to failure were ysed in these tests.
The characteristic dimension (Rc) of 0.02 inch for tensile strength predictions and 0.025 inch for compressive strength
predictions was empirically determined for a laminate made of Hercules AS/350-8 graphite-epoxy. The analysis vesults
were correlated with the unloaded hole case for an extensive range of layup variations. The predicted results were within
+10% of the experimental results.

This investigation addreseed also the effects of manufacturing anomalies. The results of this study tell into two groups:
1) Porusity 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 lecs than 13 percent strength reduction.

Seven critical joint design variables on fatigue life were evaluated. Teals were performed to provide data on joint fatigue
life performance, hole elongation and failure mode behavior. Single-fastener pure bearing specimens were cycled under
tension-tension (R = + 0.1) and tension-compression (R = -1.0) conatant amplitude {atigue loading and under spectrum
fatigue loadings. During fatigne testing, load-deflection data was obtained at apecified increments of accumulated hole
elongation. Seversl tests were performed to determine the effect of environmental conditions. Statie and residual atrength
tests were performed on selected apecimens at each test condition.

Joint fatigue life waa defined to occur at apecimen failure or when hole elongations of 0.02 inches were measured. Little
difference was noted in relative fatigue life between layups 50/40/10, 30/60/10 and 19/76/5 (0°, +45%,90° respectively)
under tension-tension (R = + 0.1) eyeling. Under fully reversed load cyeling, (R = -1.0), hole elongations of 0.02 inch
occurred more rapidly in the matrix dominant 19/76/5 layup, followed by the 30/60/10 and 50/40/10 layups. Under
spectrum fatigue tests of all three layupa, no hole elongation accurred after 16000 spectrum hours at test limit loads of
80% of atatic strength values. This agreed with constant amplitude fatigue test results as well. At these load levela 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 effeets of
increased strength and fatigue life for all layups in both tension-tension (R = + 0.1) and tension-compression (R = -1.0)
loading. However, areas of damage were more pronounced for specimens with torque-up, and also failure occurred more
abruptly (rates of hole elongation, ouce 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 aignificant 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 moat comprehensive Air Force program on bolted joints in composite structures was conducted by Northrop
Corporation(®# - 14). 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
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430 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 AS1/3501-8 graphite epoxy wnidirectional tape, the prepreg containing approximately 35% resin by weight. The test
variablen were: Iaminate 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 totc! load ratio, joint configuration (single or double lap), fastener torque and the
environment (RTD-cootn temperature, dry; RT'W-room temperature, wet; 218W-218°F, wet).

The fatiguc tests covered all the joint variables in the static test cases. Additional fatigue test variables were: type of
loading (const.nt 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 Herts frequency.

In addition to the single fastener joints, 160 composite-to-metal multifastener joints were tested to verify the multifas-
tener joint analyzis 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 rectangulac 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 aircrafi was selected 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 programn was concluded with the developraent of a comprehensive design guide(!3). Some details of this
total program will be presented this afternoon by Dr Ramkummar(14),

4. CONCLUSIONS

The analysis and experimental verification programs reviewed in this paper are comprehensive and suitable for practical
applications. Due to the empirical nature of some of the prucedures, additional experimental programs nre 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 sc far in these programs. This augmentation must be
based on extensive experimental verification. Future high temperature joint applications require new investigations for
analysis verifications, Howuver, the programs developed so far will forin a solid technology base for future investigations.

There are a number of industry and other government programs which could not be reviewed in this paper due to time
limitations. Both the NAVY and NA€ A have bolted joint programs with industry (McAir, Northrop). Grumman, General
Dynamies and Boeing have in-house projects in this area. A future review should consolidate the results of these programs.
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DAMAGE GROWTH IN COMPOSITE BOLTED JOINTS
by

V.Giavotto, C.Caprile & G.Sala
Dipartimento di Ingegneria Aerospaziale
Politecnico di Milano
Italy

Abstract

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

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

This extension of the fracture mechanics approach, to a broader class of damages
allows some insight into the intricate behaviour of FRP Jjoints, and glves 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 Jjoints, where fatigue damage and static
failure are likely to occur at lower load levels and with more complicated patterns.

There are several different reasons for this fact, the first being the real
intricacy of the complex phenomena involved in composite failure, expecilally at a
microscopic level. But definitely, another reason has been the insuccessful attempt to
transfer too 1literally the Fatigue and Fracture Mechanics approach, thst was
successiul 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 study 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 lnad cycles to failure; this now is considered to be searcely
significant,

Nevertheless, even 1if not s0o 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 composite 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 1s 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 1is 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 extendcd 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.

wWith this in mind the extension of the Fracture Mechanics approach to composites and
composite joints can be very useful [1 ' éi

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.

JRUPU -
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2. DELAMINATION MECHANICS

i 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
ensrgy V for unit increase in the delamination area A, in & "Fixed Grio" condition,

i.e. v
A )FG. y (1)

; Let us ccunsider a symmetrical delamination of tne outer layers, at the 4 free edges
i : 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 &x and coupon length 1, if configuration A and B are both
orthotropic respect to xy, the strain energies can be put as

V= gthIE &S 5 Vae 2tL1E 67 . (2)

and, in the configuration of figure 1:
: 2a
I V:%VA"'(“";)\/B*"'VD y (3)

, Vb being the strain energy assocliated 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

— T

be assumed that 2¥p _ © , and then
1 tel
Gem - g L w
r ) : 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:

r w2
G = ;aarf:) Va-D) . (5)

~
where E?g,”&,LQ relate to the outer layers and Vx to the core.
It can be useful to define a non-dimensional energy release rate g, so that

G=¢g tE &2
2(1-W¥s)
in this case the non-dimensional energy release rate for the free edge delamination of
an outer thin layer is:

3 (6)

(n- 3
= V -V . (7)
8 =%~ %

Let us now consider a thin outer layer delaminated 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:

& TlEY . (@)
zZ\a

With reference to figure 3, since the normal displacement of the buckled layer is
, 1t is easy to demonstrate that

£ = gﬁa(é_gc)z , and V; E"H: [L 23)64-23.‘5.._ +;§__.‘ ;‘:(xj

vhere b and L are a given width and length. respectivaly. 3
Since in this case the delaminated area to be considered is A=2ab, considering (1)

and (6): n
& b
g=1+2—5-—3(-é—°) . (9)

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.

€= §,*8; . (10)
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3. THE DUGDALE MODEL

The Dugdale's "yield strip" model can be useful to separate the energy release rates
of the 2 modes 3, 4 . It assumer for the interlaminar layer a rigid-plastic
behaviour, i.e, a constant tension stress ﬂ} in mode I opening (figure 4 and S5) and
a constant shear stress &, in mode 1I opining (figure 6).

Calling u and w, respectively, the longitudinal and normal displacements, the Crack

Opening Displacements are defined as . , and the energy
release rates:
Gy = & CODy i Gp=Ty (ODyy (11)
are independent from the values of 5} and 7:, , which therefore can be assumed
arbitrarily.
The differential equations of the Dugdale model, in this case, are:
s
Ext w
for mode I m W e - 6y ,and
for mode II _Et_ .-z, i (12)
1- M

Applying the proper boundary conditions, considering JI and 1]; 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

[ &
31:4-5‘(1-— 2—‘) and, (13)
e T
8, =(1-% (14)
and then €" Q"S‘-% 1+2%‘—-3(%‘)L , a8 was found in (9) with an entirely

different approach.
Figure 7 shows diagrams of g and g versus & , computed with (9) and (14), for
II
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 & , all the curves remaining
in the neighborhood of the maximun (4/3).

At low compression strain g, can be much higher than g__, while at higher strains
this difference is much smaller. In any case both g and g are much higher than the

II
Free Edge delamination g_ (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 2 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 {s
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 bucklirg.

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 s 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 wavelrngth is A= a/%u. and

the critical strain
t 2
LA
5&@(7} . (15)

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

ci(n—1)'hz= n(%})t(&ec) . (16)
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The strain Een;ray 1a . - . 2 ‘
vcm{(L-za)eQaeb -0+ 1(3)]
and then:
g= 14.2-:—‘—3(-5—‘?- (17)

while - is still given by (14). It is worth noting that (17) is formally identical
to (9) , but &. has a different value.
The phase 2n-1 changes into the following even phase 2n when C 3 h. i.e. when
’nw h )2
e-2. > 3)

3 . (18)

After this point rl has the decreasing value
3
V- SR oo
q = A 7T hy2797 , (20)
wa = (BT +1en(3) | 2 1]
22 A, 2 /EV 3 -3
where i E+\5—1-l(7|:) E’*%’(%&)a&] 2 , (21)
L z
and fct %(jt:) .

The mode II energy release rate is still given by (14).
The phase 2n ends into a new odd 2n+1 phase, when a new wave can develop, i.e. when

A< a/(n+1) . (22)

Figure 9 and 10 show the trend of g and 8;; versus € , for 3 values of a/t and 2
values of h/a.

It must be noted that g Jjumps passing from an odd to an even phase and viceverssa,
the even phases having much lower values. In the even phases (i.e. when all waves are
against the wall) gI is higher than g, and therefore g_. is negative, This means that
delamination can stfll 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 1s not adeguate to correlate damage
propagation, and the separation into its components g_ and 81 is essential.

Comparison of figure 9 and 10 shows that a reducc}on in gﬁe play h is beneficial
because it reduces g 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 trat 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 defincd 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
eracking; 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 voiume).

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:%DEEz H

having defined a certain measure y' of the damage, the energy release rate, or damage
driving force, is consequently



s

G v 1D£z95 (23)
RS-y X7 ., (23
T T
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:

|~

Y= — (24)
rE

where PF¢ 1 1s°the ratio of a typical damags area dimension and the corresponding
specimen dimension, and E_is the original value of E. For instance, in a specimen
containing a single hole, r can be the ratio of hole diameter to specimen width.
In the case of point 2, since the free edge delamination may cover eall the useful
length of the specimen, r=1, and it is easily shown that the global damage measure yb
is proportional to the previously assumed damage width , being:

y=(1-§/5)%

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

2
G= %rDE,& =rV, (25)

3
k4
¢

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 ? with (24) and !
dy 1d(g')
J = r éﬁi &,
then correlation between G(25) and 1 (26) could he investigated.

In any case the measurement of specimen stiffness (or compliance) changes, as a
measure of damage evolution sppears to be mandatory.

3 (26)

6. FINITE ELEMENT ANALYSIS

The damage growth in figure 11 has been investigated with the Finite Element model §
in figure 12. Dus 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 0° 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 q’ (24) versus the total d
delaminated area A.

Since the 90° 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 phenomenclogy. .

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

Figure 2: A: complete delamination
B: null delamination.
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Figure 5: Dugdale's model: Crack Tip Opening
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STRESSES IN PINLOADED ANISOTROPIC PLATES
by
Th. de Jong
Faculty of Aercapace Engineering
Delft University of Technology
Kluyverweg 1
2629 HS Delft
The Natherlands

SUMMARY

!
-

A method fs presented for the calculation of stresses in an anisotropic 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.stuners into the laminate. The pins fit without
¢learance 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 holen 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
consid.red to be an application of Lekhnitskii's theory on stress distributions in anisotropic plates with
holes. With this theory the determination of the stresses {s reduced to the determination of two complex
functions whic* must satisfy the specified boundary conditions of the problem.

TR SRk WL CTS

1. INTRQDUCTION

A major problem related to the use of composite materials in engineering 1s 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 jJoint surface are well known. However, since the development of the sc-called advanced composites
there has becn a growing interest in mecnanically fastened joints. Advanced composites have potentially
“mportant applications in heavily loaded, primary structures and although mechanical joints have a rela-
tively low structural ef”iciency they will most likely be preferred to adhesively bonded joints for use in
those atructurea. 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 shich does not occur in bonued joints between metal parts. Hence the load carrying
capacity of horded joints in composites is limiteu. Another, more general reason for application of

mechanlical joirts is that bonded joints are often lupracticable in view of disassembly and fabricational
simplicity.

Due to the interest for many engineering areas the pin-plata configuration received considerable attention
up till now. Unlike i{sotropic materlals the pin bearing capacity of composites is strongly dependent on
the design of the mater.. ! (tself and therefore joint optimisation in composite plates requires knowledge
of the local stresses around the fasteners. Two aspects of the theoretical work on pin-plate
configurations are of special interest:

- tne modelling of *the joint as a pin-loaded anisotropic plate and the accurate analysis of the stresses;
- the nrediction 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
anisotropic plate with a row of equally spaced and equally loaded hole3. It is based on Lekhnitskii's [1]
cont inuum 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 numeriocal.

1 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
f 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 defired. Consequently we treat the problem as a plate problem
with a periodic set of loaded holes.

11 published analytical solutions for pin-loaded compoaite laminates contain the determination of
sekhnitskil's complex functions. A precondition for the application of Lekhnitskii's method is that the
laminates are idealized to homogeneous, two-dimensional shests with anisotropic elastic properties. Hence
the laminate lay-up and related through thickness effects must be ignured. 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. Thia 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
rirat who explicitely modeled the pin and its interaction with the hole by including 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 fleld of parameters which are of interest for
mechanical joints. The only exception {s 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 loada2d holes in a
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composite plate where the centerline of the holes and the direotion of the pin-loads are not necessarily
coinciding with one of the material 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 cuter contour of the considered domain.

The solution of the problem is based on the consideration that in a practical joint the load transfer

consists of two basic load systems, ses Figure 1:

- 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, tranaferring 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 functiona 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 funotions for the pin-loaded plate. Finally the coefficients are
evaluated and the stresses are caloulated 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 i1s divided into:

- the region of separation, called the ilo-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 cdge of the
hole are equal to the displacements of the corresponding part of the pin.

The extent of each of the regions of the lnterface belween 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 1s non-linear):

- the coefficlent of friction;

- the loading situation (there is an essential difference between loading, unloading and possibly statie
loading).

The actual extent of the reglons muat be determined iteratively by the requirement that tensile tractions
are physically excluded and by the reguirement 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 studiled 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 finlte geometry effecta we will consider
infinitely rigid pins cnly.

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 {s 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 experimertally in (17,18]. Lekhnitskii's complex functions of the present study can be used for
the calculation uf stresses in the non-linear clearance cases as well, utilizing Mangalgiri's [15] method
of inverse formulation. Mangalgir!{ treats the non-linear problem by applylng successively an essentially
linear analysis to various confligurations 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 statlec aituation as it may occur at the c¢nd 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 magnltude 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 i{s noticed, however, that experimental values of stresses,
which are measured during static situations, cannot agree exactly with theoretical stressea 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 superposition. 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 8o that the result of the superposition is a joint
wheru the load is partly by-passed, a situation which occurs in a multiple-row joint.

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

o Pl o) = & gK(zpa ™ (1)
k k n k
n=1,3
zk-x*uky k=1,2
u, 18 a complex p=-% .., 4+
material parameter p = O excluded

In the neighbourhood of the central hole these functions are expanded in power series of L The complex
functions for the complete array of hopen holes then become

m
ot (k) _-n (k) Zx (k) -n-m
(z)= I g 2+ g z +2 L I = I (-n)(-n-1) ... (-n-m*1) g  '(-p3) (2)
k' "k n k (<] k pe1,2 me1,3 m! ne1,3 n

n=1,3

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 1s 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 ~xpansions {s discussed and numerical results are
presented. It i3 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 ’:(zk) for a plate with a row of pin-loaded holes are adopted from Reg. [19]) as

well. The elementary functionsa ¢ép)(zk-ps) (k=1,2) for an arbitrary, pin-loaded hole at distai.ce ps from

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

y [] - 1 { a, 2n a, cos me}]
N(s) = = p - I a s8sinng + - by —_+ I ——— (3a)
%o "2 n=t,2 n L a=1,3 n m,n n*-m
and a friction force distribution
- * b 2n b_ cos me
4 1 1 n n
Ts)==p [5 £ b sinne + = { £ B+ g ———1}] (3b)
* Yo *2 n=1,2 n n n=1,3 n o0 n-m

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

The elementary functions of the individual, pin-loaded holes are therefore completsly defined in terms of

the unknown load-coefficients a and bn of (3a) and (3b) respectively. Expressions (3) yield loads on the

upper part of the hole edge only. This implies that the elementary functions Q(P)(zk-ps) of an individual,

3
pin-loaded hole guarantee a traction free lower half of tne hole to which they corresponds for every,
arbitrary set of the coefficients an and bn.

The total set of elementary functions oép)(zk-pa) 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 superimposcd:

¢x(z) = p_E- Oﬁp)(lk'DS) ()

As a result 0.'((2“) yield, physically impossible, normal and tangential shear strosses on the edge of tne

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

the holes.

The complex funotiona representing a joint as outlined in Figure 1 aru now composed by superimposing the
various functions as they are discussed in the previous paragraphs:

Baiimebe
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(50 = ap(z) ¢ o(z) + v (z) k=1,2 5)

- ’l.c(’k) 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.
- ’:('k) are the summed el:zmentary functions corresponding to the lndividual pin-loaded holes. They

contain the unknown load coefficients a, and bn.

- wk(zk) are periovdic functions which eliminate the tractions on the lower half of the holes resulting
from ’l:(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 ok(zk) fulfil the load boundary conditions on all contours of the joint, independent
of the values of a, and bn' Arbitrary coefficients, however, may not yield realistic displacements at the
upper half of the holes. Therefore a, and bn are evaluated numerically from the displacement bdoundary

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

u = 2Re [u1 01(z') + Uy ¢2(zz)] (6a)
v = 2Re [v, ¢,(2)) + v, ¢,(2,)] (6b)

where U, and Vi (k=1,2) are complex material parameters.

The evaluation of the load coefficlients a, and bn

The pins are given a displacement in a direction perpendicular to the centre line of the pin-loaded holes,
This implies that i{n the general case of non-coinciding material axes and coordinate axes the direction of
the resultant pin-load {3 not known and must follow from the calculations. The displacement of an
arbitrary point of the contact area consists ~* two parts:

- a part equal to the displacement of the pin as a rigid body, say the displacewent v, of the point (0.1)

1
in Y-direction;
- a tangential displacemsnt relative to the pin with components u. and Vo The radial displacement of the

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

The displacement bhoundary condition for the slip regions i{s for small deformations

u
- te o
r

or, withu-urandv-vr+v1
ucose*(v-vi)sine-o 4]

The additional condition for the slip-regions i{s 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 u
as the friction coefficient it is written as

T(s) = ¢+ u N(s) (8)

where the cholce 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 this area:

us=g0 andv—vi-o 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 a, and Dn' An extra

non-homogeneous equation is added by giving the component Hy/po of the pin-load a specifiec value. Having
solved the constants a, 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 2z, the
atresses are calculated with

o, = ‘2Re (u} #)(z)) + u; $5(2,)] (10a)
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3. NUMERICAL EVALUATION

Choice of the parameters

The following variables were chosen in the calculation pressnted in thia section:
- the plate material (SU )
L4

~ the spaoing of the holes (s/D)

~ the angle between the principal material axes and the coordinate axes (¥)
~ the mode of loading {loading or unloading)

= the coeffiolent of friotion (u)

~ by-pass of the load

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

The plate material
Four carbon fiber epoxy lanminates with prinoipal stacking sequences [0,/: #5], [03/1 “5],. [02/2 H5]a and

(2 “5]5 are chosen bacause of their practical applicability. The index s refers to a symmetric stacking

order. The st:cking 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 calculationa this direction coincides with the Y-axis or makes an angle ® with that axis. The
angineering constants of the plate materials are listed in Table 1. The properties of the carbon fiber
reinforoed plastic (CFRP) laminates are measured values. They are taken from various pudblications for
reference purpcses. Henca there is no mutual relation dbetween their properties in the sense of the
classical laminate theory.

Table 1: The engineering constants used in the calculations.

Materjial E E G.

11 22 12 12

GPa GPa GPa
CFRP [0,/% us]s 20,43 11,70 0,12 16,95
[03/1 us,‘la 18,00 92,00 0,12 14,00
[02/: “5]5 17,44 63,17 0,20 ) 17,37
[z 105]a 20,33 20,33 0,73 27,74

*lum. 7075-T6
plane atress 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 a/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 = whizh ocan be used for comparison with one-hole solutions

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

The angle ¥ between the prinoipal material axes and the coordinate axes
From simple tensile tests on uni-directional composites it ls known, that even a small angle of 5° between

the direction of the load and the fiber direotion decreases the strength considerably. It is therefore
necessary to include this angle in the atreas calculations for pin-loaded holes. To show the effect of
the calculations have been made for ¢ = 0% and ¢ = 30°,

The mode of loading and coefficient of friction y
In the unicading mode the frictjon forces are reversed compared with tle loading moce and hence the

stresses in the unloading case can be calculated by giving the friotion coefficient the opposite sign. The
value 4 = .4 1s generally accepted as a good value¢ for the friction between steel and carbon fiber epoxy.
To show the effects of u on the stress distritutions the friction ocoefficients u = 0 and u = .2 were
chosen as well.

Clamping

An important effect may be due to the friotion 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 & proper tightening or
the bolt. Composite laminates, however, behave visco-elaatically in the direction of the clamping force.
This visco-elasticity may relieve the clamping force and it is therefore questionable whether strength

§
{

ot 3 e

TG AT i L it 1



5-6

predictions may include clamping. A finger-tightened bolt will not oclamp the Joined plates. Nevertheless
it conatrains the lateral expansion in thickness direction at the top of the hole and therefore influences
the atress diatribution 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 streas situation for cases
where the top of the hole {s coritical 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 thickneas direction of a laminate are generally unknown. The reduced properties of
isotropic materials, however, are easy to establish; hence the plane strain situation is conaidered for
the aluminium only.

The load by-pass

As already discussed in Section 2 the homogeneous stresses loading the plate with a row of unloaqed. open
holes are used to modify the reaction of the pin-loads in the far field. In Figure | a situation is shown
with no by-pasa 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 wore rows of pins. If the homogeneous stresses are multiplied by a
factor 3 a sftuation 1s 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

pb-%P (1)

The isotropic case

The maximum tangential stress as function of s/D is shown {n Figure 3 for two values of the friction
coefficient u. It is noticed that this stress does not always occur in the net area between the holes. Its
location 1s 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 fitling pin loading the specimen. The friction
coefficient for the tests was unknown. It {s 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 ajtuation comparable with the multiple hole analysis needs extra normal tractions. These
tractions would reduce the tangential streas 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 u = 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 i{s also in agreement
with the present results.

Schulz [22] ocalculated 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 ylelds lower maximum values of the tangential stress than a distribution which is
evaluated from the displacement boundary conditions of the loaded part of the hole contour. In addition
Schulz neglected frliction between the pin and the plate material which also deoreases 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 faatener hole. Nisida and Saito compared their results
with results of Frooht [24] for a large edge distance and found conaiderable differencea. These dif-
ferences were explained with a slight clearance hetween hole and pin in the tests of Frocht. In Figure 4
the streases obtained by Nisida and Saito and by rocht are compared with present results for friction
coefficienta u = 0 and p = .2. As can be concluded from the figure our resulis 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 U suggest that the friction coefficient of their
test had the low value of about .1.

One of the specimens which Hyer and Liu [25,26]) used for their photo-slustic 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 straases as
they were evaluated from the tests, together with stresses calculatcd with the present method for the same
ratio 8/D = 4 as Hyer and Liu used for the tests. The test results inalocated very low friction coceffi-
cients. Therefore the calculations were done with y ~ 0 and u = .2. Figure 5 shows a fairly well agreement
between the various stress diatributions, although discrepancies exist, Especially the sign of the frie-
tion shear stress in the quasi-isotropic plate opposite to the sign of the shear stresses in the other
cases ia 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 Polsaon's ratios. Nisida and Saito reported a value
v = .Ut and Hyer and Liu mentioned v = .4 for the isotropic materlal and y = ,328 for the quasi-isotropic
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 diatributions in Figurea 4 and 5. A second possible
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reason is that the described tasts were obviously static tests where the friction fcroes between the pins
and the surrounding plates certainly did not cbey 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
posaible reason for discrepancies is that the engineering oconstants of such laminates often do not yield
values of Young's modulus E and the modulus of rigidity G which fulfil the typicsl isotropic relation E =
0/2 (1+v). In other words: those laminates are often not isotropic at all although they have a quasi
isotropic lay-up. The laminate of Hyer and Liu, however, yielded values of E and G which spproximate the
isotropio 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 stressus 9. and “t along the esntire contour of the hole {n the
plane stress and the plane strain situstion respectively. The friction shear streas Tet 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.

Scuuls [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 a/D and friction coefficient u = O, 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 [28] tested relatively wide
photo-elastic models of isotropic, double-lap connectors with two pins in tandem parallal to the load
direction. The spacing of the holes was 6 D. In the isotropic case this seems 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 friotion ccefficient 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 1is shown in Figure 9 as well., As can be con-
cluded from the figure the results are generally in agreement.

The orthotropic ocases
The influence of the ratio a/D on the stress distribution in the [Ou/tusla-laninate is shown in Figure 10

for u = .4 and coinciding principal material axes and coordinate axes, The [O,‘/t HS],-Iamlnate 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 a/D = 3. Figure 12 and 13 show the stresses in the same
laminate for an angle ¢ = 30° between the material and coordinate axes.

Figure 14 and 15 show the influence of the friction coefficient on the stresses in the [03/1 M5]a-lanxnats

for 8/D = 3 and ¢ =~ 0 and 30° respectively. The stresses in the [02/1 HS]s-laulnate for varioua s/D ratios
and ¥ = .2 are shown in Figure 16. Figure 17 refers to the [ M5]=-lam1nate with ¢ = 0° and 30°¢

respectively and friction cocefficient u « .4, It shows that the radial stresa and the friction shear
stress at the contour of a single pin-loaded hole i{n an infinite plate are independent of the angle @ 1if
the plate material has identical Young's moduli in the principal material directions. Thia phenomenon 1is
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 - 3,

There have been several theorstical studies which aimed at the determination of the atresses in
mechanically fastened joints in orthotropic materials as a basis for strength prediction. We will discuas
here a few only. The first analytical investigaticn into the effects of joint geometry was presented by
Oplinger and Gandhi [2,3]. The results of their study of a periodic array of pin-loaded holes should be
comparadle with the results of the present analysis. We therefore calculated the stresases {n a laminate
having the same engineering constants as Oplinger and Gandh{ assumed for their calculations. The constants
represent a [0212 'JS];lauinate of high modulus carbon fiber reinforoed epoxy. In agresment with Oplinger

and Gandhi a pitch to hole diameter ratio s/D = 2 and a friction coefficient u = .25 were chosen. The
results as shown in Figure 19 do not agree very well, Klang [10] and Hyer and Klang [11,12,13) used for
their numerical evaluation a laminate with complex material parameters which were almost equal to the
parameters of the [02/: HS]s-lanlnate of the present work. Hyer and Xlang studied infinitely large plates

with a single, pin-loaded hole only. The atresses 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 [oz/t Ms]a-lamlnate with

s/D + =, Figure 20 shows the results of both studies for y = .2 and 1t 1s concluded that the agreemv.t 1s
very good.

The majority of published work on mechanijcally fastened joints in composite materials s 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 cf stress
distributions are scarce. Based on their full field experiments on wood and glaas fiber reinforced epoxies
Wilkinson and Rowlands [30] and Rowlands et al. [31] gave general conclusions regarding the effects of the
variation of friction coefficlent, material properties, loading and geometry. Pabhakaran [32] teated
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 streas distributions,
howaver. 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 of other
materials,

i

'-",’-'“.‘-.; i -




5-8

4. DISCUSSION OF RESULTS

Some general remacks
he results of the investigation of several authors as they are presented in the previous section point
: out that the maximum values of the .angential stress genurally agree very well., This may be important for
i 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 1s emphasized that for the prediction of the strength of a joint in a
: laminated material the whole stress distribution is of intereat. The maximum tangential stress has no
speclal significance there. Classical failure predictions in laminates are always made by combining stress
R 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 atreas field. Crack growth and resulting change of the stress
distribution is not acoounted for, neither for crack stopping effects because of adjacent layers bridging
i the orack. ‘herefore classical methods are only used for the prediction of crack initiation or the so-
P . called rirst significant damage. The results indicate that failure of the laminate often initiates at
! i plages 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.

i In Figures 3, 4 and 5 experimentally determined stresses are presented which agree well with thecretically

- 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 discussed there that atatically 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 fzilure 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 certaln 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 definition (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 i3 not justified
ror composite laminates. Composite materials exhibit several failure modes and the maxlmum value of the
bearing stress is not necessarily associated with a specific one.

The plate maierial
As {llustrated by several figures the radial stress distributions do not differ substantially for the

various materials. They however differ essentially from the sinusoidal distribution as {t is often assumed
in literature. The tangential stress distributions show considerable differences. As expected the peak
stresses incrsase with inoreasing degree of anisotropy. In the isotropic aluminjum the stress distribu- 4
tions in the plane stress and the plaine strain situation are almost similar, as Figures 6 and T show.

Nevertheless they will result in different yield values of the bearing stress Py Although the present

work does not emphasize on ylelding or fracture the Von Mises yield value of Py has been calculated in
0.2 - 503 MPa as the yleld 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. -

order to show that effect. The calculations were done with o

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

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

a/D = 1.5 a/D = 3 8/D = =

Py 8 by e° b, 9° ‘
MPa MPa MPa :
plane stress 154 5 308 7 406 55

M= .2

plane strain 181 7 320 12 24 60 )
uoe= .2 .
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- The spacing of the holes
As expected the tangential streas oconcentration 't’pb in the net-seotions increase with deacreasing s/D-

ratio. At the top of the holes, however, they resain almost constant. At these tops the values of o‘/pb
are very low or even alightly negative in all loading cases. The values of 't/pb at 8 = 270° is also

slightly negative in most considered oases. A less expected effect of the spacing of the holes is that
the radial streasea decrease at the upper part of the contact area with decreasing s/D-rativ. As a
conaequence they increase at the rlanks of the hole, From the effects of the s/D-ratio on both the
tangential stresses and the radfal stresses it can be concluded that amall pitch values are favourabdble
for the stress aituation at the top of the holes.

- The le ¢ between principal material axes and coordinate axes
Figures 12, 13 and 15 show effects of the angle ¢ on the stress distributions. In general pesk values of
the tangential atress are generated in the vicinity of the pointa 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 atress does not necessarily occur in the plate net areas. An example of this
phenomenon 1s shown in Figures 17 and 18 where the stress distributions are given in a non-rotated and a
rotated (& lS]'-luu&nate.

- The loading mode and the coefficient of friction

Figurea 11 and 13 give the stress distributions in the [0,‘/t Is]s-lnlnuu for u = .2 in the loading and

the unloading situation. The zero friction case is shown as well, The figurea axhibit 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 matarial is perpendicular to the hole boundary.
Both the tangential stresses and the radial atresses at this place show a peak in the unloading
situation. The peaks result from the reversed friction forces on the flanks of the hole. Apparantly the
unlosding mode i{s very unfavourable for the top of the hole. It is remarked that the tangential streases
in the unloading and frictionless cases are positive for the whole contact area. The maximum tangential
stresses are affected only marginally by the mode of loading.

The unloading mode has been simulated by giving the friction coefficlent 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 streas distributions and that of the friction coefficlent. Figures 14 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 alsc noticed by Wilkinson and Rowlands [42] and several
other investigators. Hence positive values of u 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 isostropic aluminium only. Figure 8 shows the influence of
load by-pass on the stress distributions for two values of a/D and u = .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 i{nfluence of load by-pass on the
tangential stress near the net areas is predominant. Figure 21 gives the maximum value of the grosa
streas °sr in the far field on the stretched side of the joint as function of D/s. It is calculated with

Eb D/s in the case of a single row and with 2Bb D/s in the case of two rows of pins. f)b is the Von Mises

yield value of the bearing stress. As in the plane stress and plane atrain calculations it is the value
of the bearing struss at which somewhere on the edge of the holes first ylelding of the plate material

occurs. Hence Egr is a measure for the static loading capacity of the joint in terms of firat ylelding
of the plate material around the fastener holes. The theoretical stress concentration factor Kt. is

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

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

optimum value of the ratlo D‘s. This value is .44 for the two rows of pins and .5 for the single row.
Schulz [4] calculated almost the same values for the correaponding cases with u = 0. He also notified
that in the limiting cases D/s = 0 and D/s = 1 the atresa concentration factor K'_ tends to infinity.

This corresponds with zero values of -°|r in Figure 21,

5. CONCLUDING REMARKS

In the present work an elasticity solution in combination with a numerical mathod has been used in order
to study the stresses in an anisotropic plate with an infinite row of equally spaced and equally loaded
pins. The loads are applied by giving the pins a diasplacement in a direction perpendicular to the center
1ine of the holes. The center line does not neceasarily coincide with one of the principal wmaterial axes.
This implies that the direction of the pin-loada 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 load 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,
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In partiocular the effects of joint geometry, material parameters, load by-pass and friotion at the
interfaces between pina and plate have been studied. Pin elasticity and clearance were not considered. In
the calculations a aimple friction model with a constant friction coefficient was used.

The results of the caloulations shov predominant influences of friction and pitoh to hole diameter ratio.
In specific casas the results were compared with resulta from literature. From this comparison the
oonclusion seems to be justified that the present study provides an accurate desoription of the atresses
in a pin-loaded, anisotropic plate.
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Figure ]; The basic load systems of a joint.

- laminae directions

Figure 2: The different regions of the pin-plate interface and the pasitive directions of forces, stresses,
displacements and angles.
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Figure 10: The effects of the ratio s/D on the stresses around
a pin-loaded hole in the [0‘/:45]s - laminate for u = .4.
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Figure 16: The stresses around a pin-loaded nole in the
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AR ANALYSIS METHOD FOR BOLTED JOINTS IN PRIMARY COMPOSITE
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and
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ABSTRACT

The anslysis of bolted joints in composite structurs requires, like structural snalyais in gemersl,
sathods for determining the stress distributions and relevant fiilure criteria. The atress analysis
procedure discussed in this paper starts by addressing the joints as an integrsted prrt of the overall
structure. The stresses in the vicinity of the hole boundary are obtained trough a series of finite
slemant analyses, which starts vith an oversll load distribution analysis and ends with a 2-dimensional
detailed contact stress analysis of the wost 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
hypothesss for these failure modes are described. Both the stress anslysis and and failure hypotheses
are performed aund established, respectivly under certain idealizations. The conditions in a resl joinmt
in an aircraft may differ from these idealizations. Hence, further work is required and is also
proposed in this psper. The snalysis procedure described in this paper is based on today’s powerful
computer facilitiss and offer great advantages compared with more empirical procedures. The procedure
is presently used st Sasb 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 uniaxial loads in double shear. The problem of predicting the strength
of such joints is by no means a simple problem:. On the contrary, it 1s well known that the
characterization of the strength is complicated by the very large number of parameters involved, such as
laninate layup (fibre patterm), stacking sequence, geometry, bolt torque, etc.

In spite of the amount of published vork on the subject, the wmechanical behaviour of sucli relatively
“well defined” joints is yet not fully understood. 1In primary aircraft structures, the joinis :iay be
far mora cowplicated. The loading conditions are generally complicated and usually it is & mattar of
multirow joints. The problen of determining the load distribution in general 4s statically
undetermined. Bescause of the lack of appropriate anulytical/ nummerica' methods, empirical methods,
which require large amount of dsta, 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 comnuter
facilitiest

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

2) New and improved materials are appearing on the market continuously, which means that the data bascs
wust ba regenerated.

3) An improved computational procedure will lead to & better understanding of the mechanicel behaviour,
which 1n ite turn will 2lead to better designed structures as well as more sfficiently designed test
programs.
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4) With an efficient computational procedure, design charts for desirable 1load cases are easily
computed.

5) Last but not least, such a procedure vould preveant the results of the analysis, to a higher extent,
to bae dependent on the judgements made by the individual analysts.

On the other hand such an improved computational procedure must not be so sofisticated and full of
details that it becomes too time-consuming and expensive to use in the daily analysis work. The finite
elemant method, FEM, has proved to be a powerful tool in order to dstermine load and stress
dietributions in structures. The dissdvantage vith FEM is that the modeling work has a tendency to be
time~consuming. The execution time may also be long and costly. If FEM 1is adopted for the
determination of load and stress distributions, it is essential to support such a procedure with
efficient pre- and post-processors. If the analysis procedure is used frequently, it 1s necessary to
have powerful computer facilities in order to red the ion time. Figure 1 shows the diffaerent
stages in such an analyais procedure based on FEM.

First, the internal load distribution in the joint is calculated, see figure 1(b). The structural
bahaviour is for critical joints mechanically simulated bty connecting the wembers with finite beam or
spring elements, which are given a representative stiffness. Due to economic limitations, the fastener
stiffness (flexibility) 1s, 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 l(c), where the
internal load distribution in the joint is determined.

Then, the stresses in the vicinity of the most highly stressad holes are computed by perforaing a
detailed analysis, see figure 1(c). The procedure 1is supported by the two Saab-~Scania developed
computer programs GENCUT and CO30J. GENCUT is a command~controlled program for transferring loads from
a4 cut in one finite element model to the boundary of another. Thir is a time-saving processor, when a
more deteiled 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 fallure
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 {s to point out somc of the pcoblems occuring Im comjunction with
such an analysis, rather than presenting obtained research rceults.

The analysis can, as mentioned, be an integrated part of the overall structural load distribution
analysis, as outlined in figure 1(b), or be performed separately. A too detailed FE-model ghould be
avoided fer economic reasons, but must at the same time not be too coarse, wmaking 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 eclement, see figure 3. For a correct prediction of the bolt load distrlibution, the
finite fastener element aust be given a representative stiffness (flexibility). It is desirable that
the experimentally obtained displacement, 5%XP, is correctly predicted by the load distribution model,
see figure 4. This displacement consists partly of the fastener deformation, §EXP.FAST, partly of the
contribution from the local deformations at the hole edges, jFEXPHOLE that is

m
5EXF_ SEXP.FAST + 6E)(P, HOLE

In equation (1) §%XP.HOLE repregent the total contribution from each member. (Practically, sEXP 1a
uneeparable). The equivalent displacement obtained in the FE-analysis, §FEM, consists in the same way
partly of the deformation in the finite fastener element, 5FEM: FAST gng partly of the local deformations
of the including meshes in the vicinity of the fastemer, g;FEm, MEsH, that is

sFEM_  FEM,FAST | (FEM, MESH @

In equation (2) 5fEM.MESH yrepresent the total contribution from each mesh. In order to obtain a corract
prediction of the bolt load distribution, the finite fastener should be given a flexibility so that,

BEXF - BFEM @

When determining this flexibility some difficulties: occur. Usually, §®", is unknown. An estimation
based on empirically or semi-empirically deternined 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, 5FEM.MESH {3 pnot equal to the sxperimentally
obtained displacement, g5EXP, HOLE, A refined wmodel is more flexible, which luads to & large displacement

PR
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contribution from the meshes. Hence, a stiffer fastener is required. Further, a mesh refinement is not
necessarily l2ading to better predictions. On the contrary, a very fine mesh may lead to very large
local deforsations, which is schematiclly shown in figure 5. It is possible , with such a fine wmesh,

;hat even 1if the fasteners are modelled completely rigid, the calculated displacement will come out too
arge

Of course {t is not completely satisfactory to use s model showing such qualities. Extensive
investigations ueed to bs carried out in order to obtain methods for adjustment of the finite fastener
£lexibility with respect to the displacement contribution from the mesh. It would be desirable to use a
model, which 1s much lesa sensitive to the size of the mesh and which has the quality that a refined
mesh sutomatically would lead to improved results. One way to obtain such results 1is to take into
account the holes in tle model, e.g. as made by Edlund (2), see figure 6. The sadvantages with such a
model is that the problem of adjusting the finite fastener flexibility with respect to displacement
contribution from the mesh {s eignificantly 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 wmethod, but may ba considered in the futurs). Approximative sccount could be taken to
the through-thickness stress concentration caussd by bolt tilting snd deformatiou. It would even be
possible to predict {failure approximately if the hol:s are considered in the model without making the
final detailed analysis (figure 1(c)). The disadvantage 1s of course that such an improved load
distribution model iz wore expensive in terss of modelling costs and coaputer costs. The modelling
cost, howaver, may be reduced to a minimum by developing an efficient pre-processor for generating such
a model. Parhaps it is a much better idea to davelop such & pre-processor compared with developing
methods for the adjustment of the finite fastener flexibilty so that acceptable results are ohulnod
vith a coarser model, which does not account for the holes.

2.2 Detailed atress snalysis

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 1(c)) of the moat highly stressed region.
Loads acting on the edges of that model are transferred by GENCUT from the previous load distribution
analysis, ses figure 1(b). It was shovn 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 sodel, 1is
erroneusly predicted. This locally erroneous predictfon of the stress/strain state close to the
fastener, hovever, does not necessarily mean that the spproach should be avoided. The loads transferred
by GENCUT are obtained some distance avay from the losd transmission point. It is possible, in spite of
the quite rough approximations which are made, that the load distribution at this distance avay from the
transmission point is acceptably predictad by the model.

There are several possible ways of treating the bolt/hole interaction problea in such a detailed
analysis. Numerous studies have been made on this topic (4-17). Most analyses usually ignore the
bolt/hole interaction and sssume rrther than evaluate a certain stress distribution on the boundary of
loaded holes, e.§ a cosine distribution. In (17) the author used the FE-program ASKA to carry out a
detailed parametric study of the stress distribution uround a aingle hole loaded by a bolt. A wmembrane
contact analysis was used, i.sa. trough-thickness variations in properties were ignored. The laminate
elastic properties, bolt clearance, bolt stiffnees and friction were varied. All of thuse parameters
vere found to affect the results, the bolt stiffnesa havipng only a small effect. For both economic and
technical reasoms, 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 diffarent laminates, defined in figure 7 and
table 1. Here the frictionless contact problem was solved with a perfect fit Letween the bolit and the
hole. The bolt used in the analysis is representative of a titanium bolt with Young“s modulus E=110 GPa
and Poisson’s ratio m=0.29. Also a cosine distribution was applied to laminate C. Since a wembrane

analysis 1is performed, the stacking sequence is unimportant. The stresses in figure 8 were normalized
by the average besring stress.

S$=P/d.t «

Figures 8(a) and (b) sahov the radial stress, as a function of the angle ¥, along the hole boundary and
a distance (ap=1.26 m=m) awvay from the hole boundary, The figures show that the radial stress
strongly depends on the laminate properties. The peak stress woves off the center line for laminates
with high stiffness in the y-diraction. Of the contact distributions which were calculated, the one
obtained for laminate B shows good agreement with the cosine distribution. The others differ
considerably. The reaults presented in Figure 8 (a) are in general agreement with those presented by
Hyer and Klang (15).
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3 PAILURR CRITERIA

3.1 Bat=tensiom failure

Introduction

Collings (18) conducted an experimentsl program vith single hole, loaded bolt epecimens and found that
the ultimate teneile strength was strongly dependent on the layup, hole diameter and speciwen widtl.
The best results were obtained for a ((Hé5)-laminate. It vas assumed that the including of +45'plies tn
the (-laainate will introduce a degres of softening to the joint, i.e decreass the stress concentration
and increase the strength.

Quite a number of papers have baen published on methods for predicting net tension failure in bolted
joints, (4,5,7,9,19-23)¢ In general, these methods include severe approximstions and/or liwmitations.
Usually, the contact problem batween the bolt and the hole is ignored which way lead to eignificant
errors in calculated stresses and strains. These erroneus results are then used in a failure criterion,
which usually operates at a characteristic dJistance away from the stress concentration. (The
[ characteristic distance, in its turn, say have been determined by the use of erroneus stresses). Under
such circumstances it is very Jifficult to have a general opinion about the failure criteria which are
proposed.  Secondly, the experimental dats vhich are published in conjunction with most of the studies
are often very limited as far as the layup and loading conditions are concerned.

-

Tha point stress criterion, PSC, proposed by Whitney and Nuiemer (24) is used here to predict tensile
streagth. The PSC requires knowledge of the stress distribution in the vicinity of the notch and
assumes failure to occur when Oy at some fixed distance, dy, shead of the hole first reaches the
unnotched tensile strength, 04, of the material, see figure 9.

Experimental

The two fundamental parameters used in the criterion, the unnotched tensile strength, 0, and the
characteristic distance, d,, are determined from experiments. Laminates of different layups vere
processed according to table 2. (Only laminates with fibres in the basic directlons (0'/90'/1&5‘) are
considered in this paper). Specimens with holes of different radii and widths were manufactured, see
figure 10 and table 3 whers also the test results are presented. All laainates were ultrasonically
inspect»d to detect processing-related flaws. The laminates with holes ware inspected with X-ray to
detect any delaminations caused by drilling. All tests were performed in “hot-wet” conditions (100t and
12 moisture content by weight). } 4

Fummerical results

The FE-system ABAGUs (25) was used to investigate the effects of layup, hole diameter snd specimen width 1
on dg. The experimencally detarmined failure load was applied to the FE-model of the specimen. The
complete contact problem, which includes both friction and clearence, was taken into account. As well
known, the charvacteriscic distance dgp takes 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 {1
approximately 1.2 mm for laminate B and C and 3 mm for laminate A). In figure 12 the tangential stress 4
concentration factor, Ky, derivied for an infinitely large orthotropic plate with a hole is used for
normalizing dgo with respact to layup.

The effects of hole diameter and specimen width were, for the specimens included in this study, found to
be of such less importance (5X).

In a genersl loading case it is assumed thet failure initiation occurs at points on the hole boundary
vwhere fibres are aither tangential or normsl to the boundary, see figure 13, Net-tension failure is
evaluated in sach of thess points at a radial distance, do, away from the boundary. Tha characteristic
distance, dy, 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 DBearing 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 dy Collings (18) that the bearing strength is
dependent on four main variables: degree of lateral constraint around the hole, layup, stacking
sequence and laminate thickness. large improvements in strength vere observed by applying higher
conatraint. This phenomenon is also discussed by Hart-Smith (26) and Stockdale (27). Hart-Samith (26)
presented the diagram shown in figure 14. He raised the question whether it is adequate or not to rely
on the benefits of torquing beyond finger tightnese. The drawback, he says, in taking sdvantage of the
strength associated with the extrs clampup is that it would take only ome under-torqued bolt to impose a
significant loss of static atrength. b
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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 145° laminate. (0’ 1s the losding 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 ultimata bearing strength. The more homogeneous stacked laminate (a)
vas shown to have about 16X higher bearing strangth compared with the lars homogcneous leminate (b),

(3 (O +48/0, /45 /0y /~45 Ny / 448 10 )

) (0 448 / —AB /0, ] —45 / +48 10}

For the adequately clamped laminates invastigated by Collings (18) the effect of thickness on the
bearing strength was reported small.

Indeed there are other important parameters vhich affect the bearing strength as well. The choice of
fastener, tol and her are all important parameters. In the case of single shear joints, the
effects introduced by tolt tilting aud bending, which cause a trough-thickness stress concuntration may
be severe. It 1is bdeyond the scope of this paper, however, to discuss the influence on the bearing
strength from these parametsrs in detail. Many of them have, to the knowledge of the author, mnot been
investigated to their full extent: In this paper, the objective has been to develop a failure
hypothesis for finger-tight torqued loints in homogeneusly stacked laminates of the (07/907+45) layup
family loaded {n double shear. Only one typa 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, Yamada-Sun, max-stress...) at a characteristic
dimcnsica awvay from the hcle boundary. Here a concept proposed by Chang et al. (5) was chosen. They
proposed that failure occurs, when, in any of the plies, the combined stresses satisfy the Yamada-Sun
failure criterion at sny point on a characteristic curve. The Yamada-Sun criterion states that failure
occurs vhen the follewing requirements are met in any one of the plies:

2

1 failure

ox Oxy . > 18)
"‘;'2""1"2"2 {-2(:1 no failure

In equation (5), 0y and g represent the longitudinal and shear atresses in a ply, respectively (x
and y being the coordinates parallel and normal to the fibres in a ply). S is in this paper the shesar
strength obtained from a temnsion loaded (+45/-45)s laminate. X 1s either the longitudinal tensile
strength or the longitudinal compressive strength of & single ply. The tensile strength (X=X;) is used
when the stress Oy is tensile. Consequently, the comnpressive strength (X=X¢) is ueed when ox 1is
compressive. The characteristic curve (Figure 15) is specified by Chang et al. (5) by the expression:

rc-D/l+R‘+(R¢-R') 1> ©)

Ry and R¢ are referred to as the characteristic lengtha for tension and compreasion. These parameters
are determined experimentally. Bearing failure is in (5) assumed to occur when the parameter e is equal
to or larger than the unity at any point, in any of the plies, on the characteristic curve in the range
oft

~-18° < @ <15° n

Experimental procedure for determining the characteristic curve

Erikeson and Ireman (28) introduced some important difference: compared with the approach proposed by
Chang et al. (5). No restrictions are put on the shape of the curve. It iz only assumed (in analogy
wvith the assumpcions in the PSC about the characteristic length, dg) that failure occurs when the
paraneter e is equal to, or larger than unity at sowe distance, rgy, from of the hole boundary. Further,
it fs assumed that vg varies with layup, hole diameter and location along the hole boundary.

re=1 (layun, d, ©) ®

Collings (18) stated that the layup has a definlte. jnfluence on the position around the hole
circumference (a) at which failure is initiated ((0~45°to the loading axis). Therefore, in this study,
bearing failure is assumed to initiate in the interval defined by the relation:

~38° < O £ 45° . 9)

Specimens of different lsyup and geometry were manufactured according to table & and figure 16 and were
tested in “hot-wet” conditions (100 and 1X moisture content by weight) The characteristic curve t¢ 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 ASXA FE-model 1is 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 vhere ¢ is equal to unity for each of the specimens could be
determined. Failure dats to be used in the Yamada-Sun failure criterion are shown below

[ AR g




Humsrical results

In figure 18 the characteristic curves obtained for specimens no. (1-4) are plotted. As can ba
observed the shape of the characteristic curve is strongly dependent on layup. PFor practical reasons it
would be desirable to replace all thesa curves with one equivalent characteristic curve, which ghould
have such qualities that it could be ussd to predict the failure loads of all thase specimens corractly.
The raquiressnt on such an equivalent curve is that it should st least in one point be tangent to each
ona of the original curves without crossing any of them. If such a curve axists, ths fallure load for
a1l specimens fuvestigated hers would have bean exactly predicted. The dotted curve in figure 18 alwost
fulfils thesa requirements.

Quasi-isotropic specimens were analysed in order to determine the effect of the hole size on v, see
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 parasetesr,

Ker, @) /e, (d=8) nn

has been plotted as a function of the hole diameter, d, with the angle ¥ 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 disconsidered. The “mesn curve” to the curves in figure 20 1s
designed in figure 21 aud denotes the radial translation of the characteristic curve for d>6 wa.
Further on it is assumed that this translation is independent of the layup.

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

4 MISCELLANEOUS CONSIDERATIONS

Here it may be suitable to point out some important issues considering the analysis of bolted joints in
ceal aircraft structures. Both the stress analysis and the failure hypotheses described i{n this study
are performed and evtablished, respectively, under certain idealiszations. A membrane stress state ia
assumed in the stress analysis and che failure hypothesis for net—tension snd bearing-failure are
established by use of simple, “well-defined” joints. Certsin conditions are prescribad in advance. In
a real Jjoint in an aircraft ssveral differences to that “well-defined” joint may occur: The loading
conditions are generally complex, trough-thickness effects exist, the fasteners are torqued, aome'—load
will be caivisd by friction between the plates ete stc. Some of these effects will act to our
advantage, vhereas others will have the opposite effect. It is of course sssential to improve both the
gtress analysis and th. failure hypothesis so that the influance om the stremgth from these esffects
could be accounted for properly.

One obivous advantage with adopting FEM for the deteraination of stresses is that coaplex loading
conditions can be accounted for properly. Complex loading conditions are difficult to handle with an
analytice! method.

General.y, the poorer theory used in an analyais procedure, the mors tast results are required to obtain
sufficient design data. Another great advantage with the computational analyais procedurs describad in
this paper is that such design data for desirable load cases easily can be computed. Such an example iz
the combined bearing tlypars loading diagram shown in figurs 23. The diagram was deterained by Ireman
(29) with the computational procedure described in figure 2. The right side of figure 23 shows tension
results and the left side shows the corresponding compression results. Figure 23 also indicates the
computed failure mode for sach loading condition. The symbol NT indicates net-tension failura. The TRB
and CRB indicates beariag failure for tension- and compression reacted bearing loads, respectively.
Finally, NC indicates net-compression failure. A similar diagram vas experimentally determined in (30).
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TARBLE 1
Lasinate Stiffunssses of T300/914C Graphite/Epoxy Syatem

Parcentage of plies By Ry Cuy Vay

in directions

(07907449 (CPa)  (GPa) (GPa)

A 23/25/%0 51.4 S1.4 19.3 0.33

B: 69/6/23 102 24.2 1.1 0.44

C: 6/69/23 24.2 102 11.2 0.10
TABLE 2

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

No. of plies in directions
Laninate Stacking saquence €0790/44%5)

A {tas/0y/m0/0y /00y ) g (12/4/4)

» (45 /90, /0 190, /0 /80y 1g (4/12/4)

¢ 1 248 /10190 )5 /0 780 F45 )y (8/8/16)
TARLR 3

Test reaults of T300/914C filled hole specimens

v wd  teem O4EXPro,  cv No Batch
Laxinate (om) (am) ] off
A 36 6 2.54 0.82 1.0 5 1
A 36 2.54 0.78 4.7 5 2
B 3 6 2.54 0.63 4.6 7 2
[4 36 6 4.06 0.57 1.9 7 2
c 48 6 4.06 0.5% 2.3 6 2
c 60 6 4,06 0.53 1.8 7 2
[+ 36 3.6 4.06 0.49 0.8 4 1

Where Cv is the coefficient of variation,
Cv=s/%
S in egustion 12 is the standard deviation and X is the meanvalue

Og is determined from batch 1

TAME 4

Bearing failure speciwena of T300/914C Graphite/Epoxy System

Type No. of plies in d w [ Load
directions (07907+4%5) (wm) (um) (wm)
1 (4/12/4) 6 48 36 Py
2 (8/8/16) 6 36 36 .Pe
3 (4/712/4) 6 36 36 Pg
[} (12/4/4) 6 36 36 Pe
5 (8/8/16) 8 48 36 Pe
6 (8/8/16) 10 60 36 Pe




(b) Losd distribution analysis

(c} Detailed stress snalysis

Figure 1.
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R. L. Ramkumar, R. 0. Sasther and K. Appe

Corporation, Aircraft Divieion
1 Morthrep Avenue, Ravthorne, CA #0280, U.8.A.

and
V. B. Venkayya
APVAL/FIBRA, Flight Dynaaios lLasoratory
Wright-Patterson Air Foroe Bass, Daytem, Ohio 43433, U.S.A.

Abstraot:

An amalysis is presented for the strength prediction of bolted composite
structures, based on the average stress fallure criterion. The analysis
incorporetes analytically derived special finite slements (loaded hole, unloaded
hole, ein and effective fastener slements) inte the SANCI (Strength Analysis
of Nultifastener Composite Joints) computer code. The loaded DNole, unloaded
hole and plain slemants are derived from a doubly-connected laminate analysis
that accounts for the effects of finite plate dimensions via a least squaces
boundary collocation soclution procedure. The effective fastener element is
derived from a fasterner analysis that accounts for fastener shear and bending
eftects and through-the-thickness effects ir the belted laminates. The special
tinite elements in the SANCJ code are developed using ria' natural wsode
nethod. The bolted plates are modeled using these elements, a conventional
solution procedure yields the fastener loads and the stress state in each plata,
and  average strees failure criteria are used for strength Tndictlon. The
characteristic distances for net section, shear-out and bearing failures are
assumsd to be material constants obtained through limited testing. SAMCY
gdtoum acoount for the effects of fastener spacing, adjacent cut-cuts,

rough-the-thickness effects at the fastener location, and taper in the bolted
plate thickness. SANC) predictions of fastener loads, oint failure loads and
fajilure modes demonstrete sxcellent correlation with available teat results from
singls and double shear tests on graphite/epoxy-to-aluminum joints.

1. Introduction
An analysis was devel in Reference 1 to tmict the strength of bolted
copposite struaturea. This T presents detalls of thy developed analysis,

sample predictions, and a discussion on its validity and its application to
structural design.

Prior to tae intiation of the pro!rn in Reference 1, the strength of a
boltsd Jaminate was analytically predicted using approximate analyses and
experimental results (Refersnces 2 to ¢). The distribution of the applied load
amchg the fasteners was initially obtained, and the most critical fastener
loocation vas wux analysed to predict the joint strength. The tastener
load distribution analysis was essentially one-dimesional, assuming that all the
fastenars in a row ( icular to the load direction) carried equal
loads. The load dietribution among the various rows vas predicted bared on
expsrinetally obtained "joint stiffness® values. The subsequent strength
analysis at a fastener location was based on an infinite plate streas analysis
snd was incapable of socounting for neighboring stress concentrators (like a
free adge, a cut-out or & nejghboring fastener location).

The atrength analysis developed in Reference 1 overcomes the major
deficiencies that existed at ram i jon. The analysis incorporates
special finite elements into a failure analysis prucedure that predicts the
fastener load distribution, the critical fastener location, the joint strength
and ite fallure wmode. PFour special finite elements were devel using a
fasuenery analysis and & atress analysis that accounts for finite laminate
planfora dimensions (References 5 and €). Thase elements inclide a locaded hole
element, an unleaded hele element, a plain clement, and an effective tastener
element. A finite element model of the bolted joint computes the tastener load
distribution and averaged stresses at sach fastener and cut-out locatien. The
critical fastener or out-out location, the Jjoint failure load and the
corresponding failure mode are predicted based on these computations.
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The daveleped o\unrl analysis has been anmed to be the SANCY
(gtrength pnx.h ot titastensr 93““. Je. “.i computer ocode.  BANCY
requires a detinition of the geometry the material properties of the bolted
jates and fasteners as input. ™e of any cut-out is included in the

:lnuc element model a® an “unl hele® element linked to adjacent “loaded
hole® and plain elements. The input material properties of the bolted laminates
include pazenetars that are required by the average stress failure oriteria.
™ess are distances from the fastasher or cut-out hole boundaries, at selected
lecations, over which stresses are averaged amd wn‘ te plain lasinate
, to predict failure (see Refersnce 7). ooRputas the joint lecad

valuea feor net sectien, bear and shear-out modea of fallure al each fastener
ond out-out lecatien. Intermation correspending to the least value provides the
juint failure load, the oritical fastener or cut-cut location, and the tailure

.

In ocemputing the fastenar lead distribution and the oritical average streas
values at every fastener/cut-eut lecation, SANCY aleo accounts for fastener
flenibility effects. The fastener analysis in Reference 8 (FDFA ter code)
is vead te te the effectiva fastenar stiffness, accountira for bolt torque
and load ecosntricity (single versus double shear transfer of the applied load).
FOFA io 1&.}“ twice te te the effective transverse stiffnesses of the
tastener, a .":r“ porpendicular to the load direction. The effective fastener
stiffness matriz ocennects the bolted plates at the fastener locations,
acosunting fer all significant joint parameters.

wmunmmmm;_w or

A two-dimensional analysis of a finite kbolted laminate is a primary
r.rtm in the development of a strength analysis for bolted laminates. A
:l"if descr 1‘:1' of the analysis (FiGEON compute. code) developed in Refevence

8 presen o,

The two-dinensional strees field in a finite bolted plate is expressed in
terms of the Alry estress function P (x, P cthat automatically satisties
equilibriun egquations everyvhers in the plate doain (Pigure ). The
eotmrnﬂu displacesent eolution satisfies compatibility requirements when
the following egquation is satisfied by the stress function:

0207 mamn = 4T ounny * (3817 * 84 Fanyyy © ByFayyyy ¢ n
Ny = 0

vhere ay are laminate compliances as defined in Reference 9. fRquation 1 is the
mi& eguation for the problem of interest.

A complex variables approach, descoribed in Reference 10, 1is undertaken to
obtain the solutieon to tion 3. This approach has been pursued by other
investigators to solve similar problems (References 11 to 1l4). The smolution to

lﬂ\lltlﬂ 1 de wt on the roots of the folloﬂlﬂ characteristic
sqQuation:

2 -
.ll“‘ - !auu’ + (hu + c“)u - h“ +ay, [} (2)

For physically msaningful values of the constants ay two solution types
are possible:

(s) The roets of Bguation 2 are two paire of complex conjugates:
Ui e atiB, uy v YeRS, by @ Ny, and u, o U, T

whare a bar denctas a complex conjugate, and 'nnd3> 0.

(») The roots of Bguation 3 are pairwvies squal:
byt My T ol by vy a8t (B0 @
Por an isotropic plate, L2l Pl

Moognizing that the stress function ie a resl funotion of x and y, the general
solution for F may then be written ast

,
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Fare [f(2) *7(0,] ynon the rosts are different, (3)
Feoe frta) e £,F,(s, ] when the roots are equal. (s)

where o, = mthyy, 8, = m, T ey, [P TN 3

and 7 and I, are arbitrary functions of 8, and sy ,respectively.

In the computer code devel to de this analysis (FIGEON), the properties
of an & ic plate are partu very slightly so that onl{ the solution case
with unequal roots have to be considered. PFor this case, he following new
complexn functions are introduced for conveniencet

4

Hiep o :—:i v G T:i (]

1'?.:0 provide the following axpressions for stresses and displacements in the
plate:

o, 2me (e (e + 1 200e,) ("

o * e [H(a)e 0'2(.2)] (10)

LR CUCRIERNCATR ) {11)

s R (e)) a4y an

v IRe [y, 0,(2) ¢ qy0,(2)) an

where LICH PO and q, are the complex constants defined below: ‘
" ‘u“: MUTRITUNE LYW -2 " M1g"2

TN et e Nyt Al t eyl - ey FT))

Any expression for F, in terms of the arbitrarily assumed functions in
Squation &, is a solution to the two-dimensional problem, pruvided thess 4
expressions satisfy the ropriate scundary conditions. Recall that these
functions automatically satisfy the governing equation. The problem of interest
involves a finite anisotropic plate with a loaded or unloaded circular cr
elliptical hole (see Pigure 1). 1In general, for arbitrary e.ry and boundary
conditions, ohe cannot deterain. closed form solutions for ¢, and ¢.. One method
of obtnni approximate solutions is to consider series “expansions of the
functions with unknown ooefficients. These unknown coefficients are then
determined satisfying the boundary conditions approximately. In contrast to
series expansions in s, and 3, , faster oconvergence is obtained if series
uruhm are asaused in coordinates ¢ e £, obtained by uaing the
follawing mapping functione: 1 ]

€ (e Ja’,-a’-u:b')/(.-'u‘s) 1
(18)
€, - (g ALTE )

In 2 laminate with a oircular or elliptical hole, the intermal

boundary te transformed ta an ell in the u, -8, plane (see Equation 7),
The functions in Bguation 13 map the internal bou'dary to a unit circle in the
plana, and the physical rvegion of the laminate to the exterior of the unit
circle. The sl of the sgquare root terss in RBquation 13 are chosen auch
that the internul boundary is mapped on to the unit circle. MNote that theue
»2pping functions are analytic tunctiona, and hencs the mapping is conforma:.

=&
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tn the &) ~§ plane, 9, and ¢y g aggumed to De the
following (truncated) modified Laurent series expansiona:

"
LSRR AU LA
(16)

YRS LWL

In the above expressions, olyand hare complex coefficients vhich are determined
80 as to satisty the boundary tions. The logarithaic teras drop out if the
internal boundary is stress-tree (see Referende 14). Por infinite plates, the
positive exponent terms drop ocut as the astresses are bounded at intinity.

In the genural oAse of a finite anisotropic plate vith a losded or unloaded
hole, the cosfficients can be nuuttau{
caloulated to nthzx the boundary ennditions. The tinite number of unknown
coafficients may be determined by selecting the same total number of points on
the inner and ocuter boundaries, and by computing the unknown coefficients by
satisfying the boundary conditiona exactly at theme points. However, in this
case, the calculated solutions at other boundary points are signiticantly
difterent froa *“he imposed boundar! conditions (see Reference 11). A more
desirable apgroach is ¢to chogse a large nunber of boundary points than the

nuaber of unknown coafficients, and to satisfy tha boundary conditions at thase
points in a least squares esnse. This solution procedure has been adopted tor
this analysis. Prior to lpplylnz the least squares boundary ccllation
procedurs, tha single-valuedness of the displacements and the rigid body
rotational constraint ure imposed (see References 3, 8).

Once the complex coefficlents in PFgquation 16 are deterained, the stresses
and the diaplacements are calculated using Equations 9 to 13. The  accuracy
of the solution is determined by recalculatisg the stresses at the boundaries
and comparing them to the ed values. As discussed in References 35 and 3,
an N value of 7 and approx ntu{ 100 pointc on the boundary are sufficient to
recoveer the imposed boundary conditione within %%

It the anisotropic plate in Figure 1 haw a loaded hole, the assumptions
sade in Reference 2 are retained. The fastener is aasumed to be frictionless
and is assumed to bear over half the hole boundary. The fastener/laminate
contact lem ia Dy-passed, and the contact solution is assumed to be a
consinusoidal distribution of the radial stress around the hole (see Figure 1).
The tangential stress is zero around tha frictionless hole boundary. Results
from recent investigations (Refersnces 12 and 1)) indicate that the contact
problem could affect the lucal strasses significantly. Nevertheless, the
sisplified contact stress expressions are assumed in this analysis.

Examples are presented in Reference 5 and 8 to demonstrate the capability
of the FIGEON computer code in computing the effect of plate gicmetry on the
stress concentration at the houndary of the loaded or unloaded holes. Computed
solutions are ocompared with infinite plate solutions to demonstrate che
signiticant increase in the stress concentration when the outer plate boundaries
are moved closer to the hole.

3. Fastener Analysis

In the computation of the two dimensional stress state in a bolted plate,
it 1is generally assumed that the fastener is rigid and the fastener/plate
displacement due to inplane léads does not vary in the plate thickness
direction. In most of the practical situations, this assumption is not validg,
and the stress field at the fastener location is complex and three dimensional
in natui: (see Reference 1S to 18). The three dimensjional stress tield at the
tastener location in & bolted plate is influenced by many factors: fastener
size, fastrner astiffness, fastener and constraints, fastener torque, hole
clearance, properties of the bolted plates, stacking sequence of the Dbolted
laminate, load eccentricity induced by joint contiguration, etc.

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
contiguratior, If the fastenar wodulus is large compared to the bolted plate
modulus, and the fastensr diameter is la compared to the plate thickneas, the
tastensr bending and shear ctiffnesses vill be large enough to causea it to act
1ike a rigid fastener. Othervise, fastener bending and shear daformation will
influence tha local stress field significantly.

Fastener 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-fixed end boundary condition, a pin permits free rotation at the
poundary, and a highly torqued counters fastener creates nearly-fixod and
nearly-free constraints at the nut and head locations, respectively.
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Intermediate torque values are repressnted by slastic constraint equations that
quantify constraints betweeen fixed and free conditions.

A brief summary of the fastener analysis approach is presented with the
aid of rigure 2. PFor a single lap joint contiguration subjected to a tensile
load (Pigure 2a), a typical fastener/bolted plate displacement variation is
shown in Figure 2b. The distribution of the contact force is influenced by the
sany factors mentioned earller and is not a continuous function in the plate
thicknass direction. PFigure 2b shows a typical contact force distribution in
bolted metallic plates. The resultant of the contact force distribution will be
squal 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
nonent equilibrium considerations. A free body diagram of the fastener will
include contact forcss that are opposite in sense to those shown in Figure 2c.
The s8pr.ng constants represent the resistance offered by the bolted plate to
tfastener displacement. In a laminated plate, spring constanta vary from ply to
ply, and are dependent on ply fiber orientations. 1In 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
bolt.dl plates by an slastic foundation whose modulus is piecewise uniform in
general.

' The fastener is modeled as a Timoshenko beam to account for shear
deformation effects. Figure 23 shows the deformed state of an infinitesimal
eegunent of the fastener, and Figure 4 presents the assumed sign convencions for
transverse shear (V) and bending moment (M) in the fastener. The coordinates
along the fastener axis and the loading direction (in the plane of the bolted
plate) are labeled 3 and x, respectively. Undar load, a plane section undergoes
a translational displacement u(z) in the x direction, a bending rotation ¥ (z),
and shear deformation. While ¥ 1is not a function of x, the shear strain due
to V is, due to the variation o¢ the transverss shear stress (T ,y) in the x
direction. This results in the curved shape for the deformed cross-section.

Representing the average cross-sectional shecr distortion (rotation) by the
symbol . the following relationship is assumed (Timoshenko beam theory):

vel T dA=2cA¢ (17)

where A is the fastener cross-sectional area, G is its shear

modulus, and A is a shoar corraction factor accounting for

nonlinear “ax distribution in the x direction. The total rotation of the
section AB is denoted by u', where the prims denotas differentiation with
respect to z. From Figure 3, it follows that:

ua gy ' (18)
The bending moment at any z location is expressed as follows:
W=[ o xda= [(Ec) xdh = [E(xy') xdh = ELY' (19)

where @, is the fastener bending stress, £, is the axial strain
in the <fastener due to bending, ¥ is the fastener Young's
modulus, and I is the moment of inertia of tha fastener cross-
section about the y axis (normal to the xz plane).

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

20)
Vv aeq (
W eV (21)

A?nin, primes denote differentiation with respect to x. Equations 17 to 21
yield the following relationships for M, V and ¥ :

M1 (U + q/(MA)]) (22)
ve-er [u™ +q'/(36A)] (23)
v -(e1/26A) [u"4a'/06N] -u' (24)

Equations 20 and 21 may be combined to yield the following
equilibrim equation:

R e
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"U - -q (25)

Substituting Rgquation 22 into the above equation, th~ following
govurning equation is obtained:

W' 4 q" /06N - g/(ED) = 0 (26)

This equation, whers q = g(s), governs the displacement of the
fastener.

The effect of the bolted plate (metallic or laminated) on *he fastener
displacement is rapresented by the transverse loading term q(z) in the governing
equation. The q(2) term 1is, in turn, linearly related to the fastener
displacement u(x) through the foundation modulus k(s). For the more general
laninated foundation, the foundation modulus varies from ply to ply, and is
uniform within a ply. Xk(z) is, therefors, piecewise uniform.

' In the developed analysis, every ply is also assumed to be a bilinear
elastic (Hencky) material (see Figure 5). This representation of the ply
behavior permitas the prediction of a local damage in the ply (when u = u, )
that is not cataatrophic. The ply modulus is l:y for O<u <u, . Depending on
the type of damage predicted in the ply, 'ts modulus (k, ) beyond u =u, is
set to be greater than, equal to or less than zero. 1If k,>0,
the ply exhibits a hardening behavior; if k,40, 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 bshavior is sxpressed
mathematically as:

q(2) = -ku - T , where

(27)
k= kl for an undamaged ply
k= kz - ukl for a partically damsged ply
= 0 for a totally damaged ply
=k - ky = (1-a)k; for a partically damaged ply (28)

® 0 for a totally damaged ply
= 0 for an undamaged ply
-y, for a partially or totally damsged ply

el el wl =l

"‘1' U “z and u* or Punmn/pmuul fully define the general

ply behavior. Uy and u* are dependent on the failure criteria used to predict

partial and total ply damage. ky = ke is astablished b{ assigning o}
or

values for the various partial damage types. If the ply behav can be

adequately represented by a linear elastic approximation, a simplified form of
Equation 27 may be used.

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

SRR VIR (29)

vhere 6eff'"d Pn are computed using FIGEOM results and the principle of work

(Reference 5), and hy is the thickness of the 3 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 {s
enforced as a shear boundary condition at the interfacial location, to satisty
force equilibrium requirement. The shear force values at the outer boudaries
(the head and nut locations of the fastensr) are set equal to zero, since the
load trarsfer is effected 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 1s because u (z)
represents the fastener/plate displacement, and undergoes a finite discontinuity across this
interfacial location in the Joint,

Bk
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At the fastener head location, the head type and the pressnce of washers,
if any, influence the constraint against free rotation. A washer and a nut
offer a similar oconstraint at the other boundary. The constraints at the
fastener head and nut lccations oan be generalized as shown in Figure 6, where Ry

and Ry quantify the elastic restraint. Tor a pin-connected joint, for
exanple,; Ry and Ry are set equal to sero.

Load transfer in a symmetric double lap configuration yields the boundary,
syametry and continuity conditions shown in Figure 17. The boundary condition
at the fastener head location, and the shear and continuity conditions at the
interface between adjacent plates, are identical to those discussed earlier (see
Figure 6). Sysmetry introduces a sero 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 -innzeric double shear situation. A total of 8

nu

boundary/cont ty/symmetry conditions are identifieda for each joint
contiguration.

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 3). A finite (central) difference approximation of
the governing squation, and the boundary and continuity conditions, is adopted
to obtain the fastener/plate displacement and the corresponding fastener load
distribution in the thickneas direction of the bolted platss. 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 discretized into a finite
number of nodal points. In the chosen sxample, plates 1 and 2 are assumad to be
S=-ply and 4-ply laminates, respectively, bolted together in a single 1lap
configuration. The portion of the fastener in each plate is represented by
equally-spaced nodes located at the ply midplanes. If eithsr 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 ana 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 + a 'physical' nodes, and the
boundary/continuity/symmetry conditions are enforced at the boundary nodss
(identified in Pigure 9 as ncdes 3 and n+2 in plste 1, and nodes n+7 and a+n+é
in plate 2). This provides a system of m+n+8 equations that are solved for the
nodal displacements by using a standard matrix decomposition or a matrix
inversion routine. The cosfficient 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 Pigure 9, if plate 1 is a
laninate with n plies, the portion of the fastener within plate 1 can be divided
into k x n segments that are t,/(kxn) in thickness, where Xk is any integer
> 1.

The effect of the number of nodes per bolted plate on the
convergence of the displacement: solution was studied in Reference 5. It is
necessary to divide a metallic plate into at least 20 identical "plies" to

obtain a convorzod displacement solution, which ensures an accurate prediction
of the load distribution in the thickness dairection. In laminated (non-

metallic) plates, a minimum of 30 nodes per plate is reguired to obtain accurate
solutions.

The finite difference formulation of the fastener analvsis 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 PAFA are presented in Reference 5.

4, Effective Fastener Element

Referrng 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 computation of the effecti s fastener stiffness value
as follows:

Kk = »/(ET - up) (30)

e R AT S
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vhers Uy 4 &y are the average relative displacements (between the top and
bottom surfaces) in the top and bottoa plates, respectively. P is the 1load
applied along the x direction in the xy plane of the bolted plates. When both
the bolted plates are isotropic, the effective transverss fastener stiffnesses
in the x and y directions are identical; i.e., k. If either plate is a
laninated somposite, this analysis is performed twice for esach fastener. The
layup used to compute kx is rotated by 90 degrees to obtain ky.

As shown in Pigure 10, the two-node effectivo fastener slement allows two
dearess of freadom (DOF) at each node, parpendicular to the axis of the element.
Through the FDFA oe:uuuon of kx and kY, & 4 x 4 effective fastenar stiffness
matrix is generated. Hitherto, thase stiffnesses, referred to as Jjoint
stiffnessea, have been experimentally measured quantities.

5. Loaded Hole, Unloanded Hole and Plain Rlaments

In a general multiply-fastenad panel, significant moments and out-of-plane
forces can be gensrated by the applied loadirng, particularly in a single shear
load transfer configuration. The present analysis esssumes 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 concantrator (the hole) which complicates the process of
determining stiffness coefticients. The FIGEOM code, described in Referencs 5,
is capable of computing the state of stress within a doubly-connected region of
finite dimensions, undar arbitrary inplana biaxial loading. The availability of
FIGEON motivated the adoption of a flexibility approach to computing the element
stitineas matrix, The natural mode method, origirally proposed by Argyris, is
enployad for this purpose (Reference 19).

The natural mode method was originally developed as a simpler alternative
to the somecimes tedious matrix displacement method of determining element
stiffneas relationships. The natural mode method recognizes that the total
nusber of Xkinematic degrees of freedom in an element can be separated into
straining and r'-id body wmodaes. only the straining uodes give rise to

stiffnesses that are referred to as natural or invariant stiffnesses. The
natural stiffness matrix is of a lowar order than the global stiffness matrix.
The natural wnode technique proceeds from a flexibility standpoint in whicn
natural load cases are initially imposed to compute the natural flexibilities.
The natural flexibility matrix is subsequently irverted to yield the natura:
sciffness matrix. The natural stiffneas matrix is then expanded to yield the
¢lobal stiffness matrix using relationahips hetween the natural modes and the
nodal displacements.

The natural flexibility cosfficients are computed based on the principle of
virtual work. ¥hen stresses are varied while strains are held conastant, a
calculus of variationa definition of the virtual work is:

3l
&~ IS ()T § {0} av o
v

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

1‘ -
{o} = [o‘ ay T‘y] - [o](r“) (32)

te) = [e, ¢, v, )« wla) [3) try) (33)

vhere _the states Of stress and strain are at a point in tho‘ plate ot thickness

, (Py] is a vector of natural or generalised lcads, h[Al" is the inplane
flexibility matrix for a laminated or metallic plate, and {T] contains the
contribution of each natural 1load case to the total stress state in the plate.
Equation 31 may than be written as:

o, = (P“}T { l‘{f (53° u{a)* (3] dv} s} (34)

The natural flexibility matrix may then he defined as:
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(v = 721 () n{A) (3] ev (3%)
Integrating in the thickneas direction,
(%) = o2 J;I[E]T (A [3)es (36)

vhere 8 1is the area of the domain of interest. It (P..\ is the

natural
displacement vector, the flexibility xvelationship is expressed as:

{ogh = [ry] () (37)
°F
) = [ (o) = [K,) (o} (38)

vhere (X, is the natural stiffness matrix.

To relate the displacements in the natural and global courdinate systems, the global
displacement vector can be representsd as a combination of slastic and rigid vbody components.

Aasuming n nndes in the plate elemenl, and two degrees of f{reedcm ( u and v in *he x and y
directions, respectively) at each node,

{p} = [u1 ViU vy e uy vn]T = {p) + (o} A

The elastic global displacements at the n nodes are related to the natural loads
as follows:

(o) = [ay] (g} (40)

vhere TA 4l is a transformation matrix. Substituting Equation 38
inte Equation 40, on¢ obtains:

(o) = (a;] (1) {oy)
(41)
The rigid body components Qf the global displacements are axpressed as:

{o,} = [a,) (o)) (42)

vhere L&'\ contains the rigid body translations in the x and y directione (u and
v),

79

the rigid body rotation about the =z direction ( 64 ). The [A]

matri is solely dependent on the element geometry, and an example for a fiva-
node element is presented in Figure 11.

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

{o} » l[ﬁ'] (%] [A°]] [o':o;]’ (43)

The inverse of Equation 43 yields a relationship between the displacements in
the natural and global coordinate systeas:

AR S | s ————
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(oy:0})" [(A.] (%) 1 [a,) ] 1 (o)
. [[..] t [..] ] T (0 (a8)

(43)

<
or, (g} = [s,] (6}

Incorporati Equation 438 into the prinoiple of virtual work, the fallowing
relat onnlu:'botvoun nodal (global) loads and the natural load; is obtained:

(¥} = [s,)F 0 (46)

The global stiffness matrix is then related to the natural
stiffness matrix TWX 1 through the transformation matrix Ta,.l,
as follows:

(%) = (2,7 (M) (%) (“n

The order of the natural flex!nility matrix is less tnan the
total number of degrees of freedom (DOF) in the eslement by three. The
S-node, 10-DOF loaded hole element, therstore, requires seven natural
load cases that form an uncoupled, orthogonal set. These load cases
fully interrogate nodal interactions, and represent the basic element
deforsation modes, including menmbrane st-etching, shear and bending
(see Figure 12). 1In computing the natural flexibility matrix,
Equation 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. ThLe stresses for each load case are computed in
sach region, at locations that correspond to fifth order Gaussian
quadrature pointas, scaled to the geometry of the element. The computed
stresses are summed and veighted to yield the natural flexibility
coefficients.

In the loaded hole element, the first four load cases, in
which the externally applied load is reacted at the boundary,
cause & significant non-uniform distortion of thea element edges
(see Refernce 6). These straining mode e not adequately
represented by storing only the nodal displ ents in the CA,1
matrix. To correct this problem, ths averags edge normal
displaceaments 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 (8 DOF) each. Therefore, only five natural load casos are
required to generate their natural flexibility matrices. The transformation of
the 3 x 5 natural flexibility matrices to the 8 x 8 global stiffness matrices
for the two eslements follows Equations 38 to 47. Since FIGEOM was developed to
nnnlxu doubly-connected planfora regions, the plain element stiffnesses ate
obtained using the open hole alement 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 elements
(loaded hols, unloaded hole and plain elements).

6. Load Distribution Among Fastenera

A typical Dbolted joint is represented by interconnected special finite
elements. The stiffness of each element is initially computed and stored. The
qlobal Jjoint stiffness matrix is then formed by assembling the individual
stiffness matrices for the loaded hole, unloaded hole, plain and effective
fastener eleaments. The SAMCJ user only defines the type, geometry and
zroporth- of the individual elements. SANCT internally processes this
nformation to generate the global joint stiffness matrix.

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

) = [x.] {p}

(48)
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REach bolted plate contains N nodes, which include the fastener nodes. Each node
has two degrees of freedc: (u and v displacements). Therefoce, the global joint
stiffness matrix is 4N x <X in size. The imposed boundary constraints reduce
the sise of the stiffness matrix that is eventually used to compute the nodal
displacements and boundary oconstraint forces. Incorporation of the nodai
displacements into element equilibrium equations yield the nodal forces in the
individual slements. The loads at node 5 in each loaded hole element provide
the ¥ and y components of the fastener load in that slement.

7. Stress 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 §). msn: thh ganeration of element natural tlexibilit matrices,
the stress states at locations within the slement are computed and stored for
unit values of avery natural load case. Desired stress recovery locations are
pre-selected for this purpose.

§. Strength and Pailure Mode Prediction

SAN"J predicts the strength of a bolted plate using average stress failure
criteria at the laminate level (see Pigure 13). In Reference 5, the sanmns
eriteria wers applied at the lamina level to predict progresaive ply failures in
& singly-fastensd laminate. The characteristic distances over which the
stresses are averaged in SANCY are different from those used in Reference 5.

Also, failure is assuned to ba a one-st (catastrcphic) process. The strength
of a Dbolted plate corresponds to tha initial failure at a fastener or cut-out
location, in a bearing, shear-cut or net section failure mode.

iate failure sites are identified by SARCT in every element. These
sites vary with the applied loading. The characteristic distances for the net
aection, shear-out and bearing modes of failure ars divided into a finite number
of regions. The appropriate stress coamponents corresponding to a 1-kip joint
load are an?utod in these regions, and their average values over the respective
characteristic distances are stored. The ratios of these averags stresses to
the ocorrespondi unhotched 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 O, value over &;' is divided
by the unnotched tensile strength to predict net section tensile failure.
Under compressive loading, the average 9, value over aJ* is divided by the
unnotched compressive strength to predict net gection compressive failure. The
average o, value over &, is divided by the unnotched
compressive strength to predict bearing failure. The average T,, value over
o is divided by the unnotched shear strength to predict shear-cut failure.

The unnotched lamninate strengths, under tension and under compression, are
computed Dby SANCT based on input fiber-directional failure strain values
(tensile and compressive). taminate strengths under Ny and Nyy loadings
(inplane norsal 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, SAMCI adopts this procedure for lack of a
validated alternative.

SANCT 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 eite and failure mode prediction for a multiply-fastened
plate. A 1-kip tensile or compressive load is applied, and fasterer loads and
norsalized averaged stressas corrpsponding to net section, shear-out and bearing
failure wodes are computed. The falluie value of the applied load corresponds
to a unit value of the maximum normalized average stress. An identification of
the naximum normalized average stress, and its location, provides the 3uint
failure mode and the critical faastener or cut-out location.

9. Sample SAM(J Predictions

In the rimental part of Reference 1, over 160 composite-to-aluminum
multifastener Jjoints were tested under static loading. Reference 20 contains
results from these tests, including fastener load distribution weasurements
using strain-gaged bolts, failure loads, failurs lccations and failure modes.
Sample test cases from Reference 20 are analyzed below using the SAMCT computer
code. Analytical predictions are compared with test vesults to estahlish the
validity of the developed analysis.

Bolted laminates wers fabricated using AS1/3301-6 graphite/epoxy
unidirecticnal prepreg material containing approximately 3S% resin by weight.
These included 20 - and 40 - ply laminates with 50/40/10, 70/20/10, 30/60/10 and
28/60/13 (parcentages of 0°, +-43°and 90° plies, respectively) layups. The 20-
ply, %0/40/10, 70/20/10 and 10/60/10 layups had {(45/0/-43/0)2/90])s, [45/0/-
43/03/90/03)8 and (43/0/-45/0/45/90/=45/0/+=45}s stacking ssquences,
respectively. The 49-ply, 50/40/10 and 70/20/10 layups had [(45/0/~-

7-11

Y ]

LI

I



7-12

TECHNICAL LIBRARY

43/0)2/0/90]128 and (43/0/~45/03/90/03]28 stackin: ¢ o5 ar <, respsctively.

Alusinum plates were bolted to laminates to -~ .:". load transfer in single
and double-shear oonfigurations. fhe metrliic plates were machined from
7073~T7 rav stock, and contained fastenwr hole arrangamants that were compatible
with those in the laminated specimens. The thickness tt the metal plates in the
saction is denoted by t,, .

Noat of the teats used 3/1¢-inch diametar, protruding head stesl faateners.
Selected testa used 5/1¢-inch diameter, 100 degree ocountersunk (tension head)
stesl fasteners. ™he fasteners were torqued to 100 in-1b, prior to testing,
unless otharwise specitied,

9.1 Composite-to-Neta) Joints with Four Fastensrs in a Rectengular pattern

Test cases 123, 229 and i30 in Raference 20 consider composite-to-metal
joints in a single-shear configuration, with four farteners in a rectangular
patter-.. The finite elament model for each of the bolted plates contains four
plain and four loaded hole elements.

, Mgure 14 cospares SANCI predictions vith test results from Reference 20
for bolted 350/40/19 laminates. The predicted fastener load distribution is
nearly equal, with the inner fasteners carrying a slightly larger fraction of
the load (8%). This agrees with the test results in Reference 20. SANIC
predicts a shearout failure at the inner fastener location. The predictad
shearout load lavels corrasponding to the two inner fasteners wers 18.1 and 18.9
kips. In Reference 20, the same failure location (inner fasteners) and failure
node were observed in two out of three replicates. In the remaining replicate,
though, a nat section failure occurred across the inner fasteners. The shearcut
failures in two specimens were accompanied by delamination in the laminate. The
failure load predicted by SAMIC (18.1 kips) is only 6% larger than the measured
average value (17.1 kips).

SANCY predictions for bolted 70/20/10 laminates are grcuntod in Figure 18.
The fastenar load distribution is identical to that predicred for the $0/40/10
laninate, and agrees with the teat results from Reference 20. The predicted
failure location (inner fasteners) and failure mode (lhumti correlete well
with the cbservations in Referance 20. As before, shearout is accompanied Ly
delarpinations in the failed laminate. The failure load predicted by SAMCI (11.8
kips) is 21% lower than the measured average value (14.9 kips).

SAMC) 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). SANCY predicts a nat section failure
across the inner fastener holes (3, 4) at a losd level of 12.4 kips. In
Referencs 20, the predicted nat section failure vas observed at the predicted
site, accompanied by delaminations. The failure load pradicted by SBAMCT (12.4
kips) is 24% lower than the measured average value (16.4 kips).

9.2 ite-to-Metal Joints with 8ix Fasteners and an

igucont Circulav Cut-Out in the Laminate

Test cases 243 and 246 in Reference 20 address a single-gshear 1load
transfer betwean 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.

SAMCI predictions for the 40rply, 30/40/10 laminate are pressnted in Figure
17. SANCI predicts the applied load to be divided nearly egually among the six
fasteners, with tfasteners at locations 2 and S carrying the largest fraction.
This correlates fairly well with the strain-gagmd bolt measurements in Reference
20, SANCT predicts fallure to occur in a net section mode, across the l-inch
diameter circular cut-out. Two out of three test replicates failed in the
predicted manner. One replicats, howevsr, failed in a net section mode, across
the inner fasteners (4, S, 6). The failure load predicted by SANCY (38.3 kips)
is 9% lover than the measured average value [42.0 kips). SAMJC predicts a
higher load 1level (53.7 kips) for & net section failure across the inner
fastener holes, observed in one out of three replicates.

8ANCY predictions for the 40-ply, 70/20/10 laminate are pressnted in Figure
18, Predicted load distribution among the six fasteners is similar to that
predicted for the 80/40/10 laminate, and is in fair agreement with test
Reasurenants. SANCT predicts a shearout mode of failure at an inner fastenet
loaction (9), and tests Trevealed shearout failures at all the rastener
locations (1 to 6), accowpanied by delaminations. The failure load predicted by
SANCT (37.9 kips) is 12% lower than the measured aversje value (42.9 kips). It
is also noted that SANCI predicts a net section failure acroas the 1l-inch-
diameter circular cut-out at a slightly higher locad level (38.8 kipa).
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9.3 conpesite-to-Netal Joints with Five Papteners in § fov

Test oase 280 in Reference 20 onnsiders load transfer between un aluninum
Plate and a ¢0-ply, $50/40/10 laminate in a double shear configurstion. SANCY
predictions for this teat case are presented in Pi 19, The predicted load
distribution umong the fasteners qualitatively follows the trend indicated by
the strain-gaged holt measurements in Referance 20. The predicted peak fastener
load freeticn (0.293), however, ls lower than the measured value (0.34%). The
inneracet fastener (85) is predicted to carry this peak fractional 1load, in
agreement with test results. SANCI predicts the laainate to fail in a net

- soction mode across the innarmost fastener hole (8). This prediction is also in
agreement with the cbeervations in Reference 20. The analytically predicted
::ul)u‘ lead (13.4 Rips) is 24% lower than the measured average value (17.7

" 3

10. pesign Applicstion

T™he design of a bolted joint in composits structures involves the selection
of the fastener type, sise and arrangsaent (spacing between adjacent fasteners),
and  geometry in the bolted plates (layup chance and change in the
planforn dimensions). SANCT can gquickly interrogate the effects of all these
parameters on the joint strength, t of teat measurements like "joint
atiffnesses,* and is, therefore, a rapidly usable analytical design tool. 1If
the bolted laminate is to be fabricated using a new material, only the basic
lanina properties and the characturiatic distances for the average utress
failure oriteria have to be determined prior to performing the analysis.

1. conclusions

™e significant improvements offered by SANCS over the state-of-the-art at
the inception of the prograa in Refarence 1 are:

O T IR N R N

(1) SANCT forna a4 one-step analysis that computes the fastensr load
: distribution, oritical fastener lecatien, joint failure load, and the 1
; corresponding failure mode. Nitherto, separate fastener load distribution and
failure analyses were performed, requiring a two-step analytical procedure. }

(2) SAMCY only requires the geometric and material propertias of the
bolted platea and fasteners as input. SANCY internally compites the affective J
tranaverse 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 1 cation. Hitherto, these effects ocould only be accounted for
via exparimentally mesasured "joint stiffnesses.® SANIC eliminates the need for
these rimental measurements, and is, therefore, the first multifastener
boltud *oint strength analysis that is devoid of dependence on test results.

(¢ ) SANCT performs a two-dimensionsl load distribution analysis, and
predicts the magnitude and orientation of cthe load at each faastener location via
componants of the fastenar load aleng and perpendicular to the load direction.

Hitherto, analyses only addressed the row-to-row load variation, or the axial 4
components of the fastener loads, resorting to a one-dimensional analysis.

(s) SANCY acocunts for strens concentration interaction effects that
hitherto oould not be accounted for. This includes the effeclis of adjacent free
edges, cut-outs and proximate fastener locations.

(3) SANCJ accounts for tapered bolted plate geometries that are
commonplace in practical situatians.

The primary limitations of the developed analysis include its inability to
account for the effect of countersunk fasteners, its inability %o predict the
precipitation of delaminations, and the inaccuracies introduced by the five-node
representation of a complex problem (a laminate with finite planform dimensions,
a fastenar hole, and a fastener load distribution around the hole boundary).
The {fastener analysis segment of SANCI c:- be modified to overcome the first
limitation. The tfailure procedure can bs modified to predict delaminations {
through approximate estimations of interlaminar stresses and an appropriate
failure oritericn. Thie task will be similar to that performed in Referencae 5. .
The last limitation (inacouracies introduced the five-node element) can be '
overcome® by developing a higher carder slement (nine- node element).

The presented (SAMCI) analysis is a significant contribution tc the design
and analysis of bolted structural parts. It is, for most of the practical joint
configqurations, moderately oconservative, and provides the user with a fairly
t accurate prediction of the failure location and the overall failure wmode. As {
- such, it will be vary usaful in rapidly and analytically evaluating many bolted <
H joint ?ﬂo.ptl. and to identify the most sfficient concept for a selected
application,
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Test Case 225, Static Tension, Single-Shear
20-Ply, 50/40/10 Laminate

D=5/16 n. t=0.117 in., ty=0.31
SL/D-ST/D-6. W/D=10, E/D=]

SAMCY TEST RESULTS
: PREDICTION
$ x
R 'l-:;.‘l-z 4_ f LN 0.24 0.28
%:(i)—@— S (W) 0.24 0.28
Q_é_ . L o.2¢ 0.20
| il .Ti v, ” o.20 0.21
L L J "."‘". (kipe) 18.1 (10.9) 7.1
P PAILURE LOCATION (D 3.4
P’, P‘ 'l' Pz
P — ke 1 FAILURE MODE(S) SHEAR-OUT SHEAR-OUT,
= —— N 3 NET SECTION,
I — —TN T DELAMINATION
Figure tij. SAMCJ Predictions and Test Results for Test Case 225 ( Ref.6 ).
Test Case 229, Static Tension, Single-Shear
20-Ply, 70/20/10 Laminate
D=5/16 {n., t=0.105 in., tp3=0.31 in,
SL/D-ST/D-IA. W/D=10, E/D=3
SAMCY TEST RESULTS
[ Y | £ PAEDICTION
#é"_ é z .‘. ! ST 0.24 0.28
T o
| é (N 0.24 0.24
050 |7 | Py ® 0.2¢ 0.20
| N ] p, o.2¢ 0.22
Prallure (Rips) 1.8 (12.3} 14.9
. r.0, lrl. 'I.L FAILUKE LOCATION (3 43,21
e ——
oul ==rhr—r ) FAILURE MODE(S) SHEAR-OUT SHEAR-OUT,
|l T ! "r DELAMINATION

Figure \S. SAMCT Predictivns and Test Results for Test
Case 229 ( Ref.6 ).



TECHNICAL LIBRA

WS e e L L

\RY

Test Case 230, Static Tension, Single-Shear
20-rly, 30/60/10 Laminate, t*0.106 in., tap=0.31 in.
D=5/16 in., SL/D'ST"" W/D=10, E/D=3

Figure V6. SAMCJ Predictions and Test

FAILURE MODEK(S)

SAMCY TEST MESULTS
| S | £ PREDICTION
T ¢ 12
#@_ o— .Q? L p 1P 0.8 0.24
| PP 0.23 o.20
o kN | LN 0.27 o.2¢
L s v — v 0.27 0.24
[
Praliure (RiD8) 12.4 (12.8) 18.4
’ [N T ) FAILURE LOGATION 4 3,4

NET SECTION

NET SECTION,
DELAMINATION

Results for Test Case 320 ( Ref.6 ).

Test Casce 243, Static Tension, Single-Lap

40-Ply, 50/40/10 Lawminate, t=0.247 in., tp(=0.50 in,

=5/16 in., H

1]

a.

* Noxt possibie falture mode and location at & higher lond lsve!

=l in., SL/D-S.[./D-A, W/D=i4.4, E/D=3.2

SAMCY TEST RESULTS
PREDICTION
L 0.104 0.182
Py ® 0.181 0.180
LN 0.183 o.188
(XL o.188 0.177
L 0.178 .16
LY 0.187 0.188
.
Praiture (kIPOD 30.3 (83.7) 42,0
FAILURE LOCATION 7 (8 Toend4. 8 ¢
FAILURE MODE(S) | NEY SBECTION | NET SECTION
(NET 3ECTION)

Figure \". SAMCJ Predictions and Test Results for Test Case 243 ( Ref.6 ).
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Test Case 246, Static Tension, Single-Lap
40-Ply, 70/20/10 Laminate, t=0.236 in., taL=0.50 in.
b=5/16 in., llD-l. an,, SL/D-ST/D-A. W/Dm14.4, E/Dm].2

SAMCY TESY RESULTS
PREDICTION
L 0.104 o.188
AL o.1e6 o.168
ry 1P o.183 o.199
LA i 0.8 0.r2
L 0177 c.1e8
N o.184 0.140
.
Pigiture (ki) 37.8 (30.8) a0
r v ¢ FAILURE LOCATION s(n 106
14 5.6 )L, ‘
=3 ————————— — FAILURE MODE(S) SHEAR-OUT SHEAR-OUT,
— T 1 T (NET SECTION) | DELAMINATION

*Next possible fallure mode and location at & higher load level

Figure V8. SAMCJ Predictions and Test Results for Test Case 246 ( Ref.6 ).

Test Case 250, Static Tension, Double-Shear
40-Ply, 50/40/10 Laminate t=0.241 in., tAL-O.SB in.,
D-5/16 In., SL/U--'A, W/b4.8, £/D=3.2

|._____——— T —.——1 SAMCY TEST RESULTS
\ PREDICTION
D~} [ 1 | t
\-é_@,-g_-@]_ ves, | o e o.172 0.184
[ L L | | L 0.18e 0.124
I ! I | I t py v o.187 0.181
UL Y I 0.2 o.207
Pe /P [ 0.2038 0.348
P Por ¢
. T B J'_ Pratlure (RIPE) 1.4 "1X;
= o FAILURE LOGATION . .
[ ]
U ! T FAILURE $1ODE(S) | NET BECTION | NET BECTION

Figure \4. SAMCS Predictions and Test Results for Test Case 250 ( Ref.6 ).
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Abstract

For the development of the Alphs-Jet CFRP wing typ ctions bet different components were ined both theoretically
and experimentaily; By doing this environmentsi conditions - component humidity and temperature - were considered mainty within the
oxperimental work which was performed by the DFVLR-Stuttgart.

This paper covurs typical joints such as:

¢ single-sheaar connection between skins and spars with iow load transfer;

: ¢ joints betwesn skins and ribs due to interior tank pressurs;

s multi bolt joint between the CFRP skins and the fuselage attachment fittings with referenca to

~bolt strength distribution
3 -bearing stresses
Introduction

in a research contract, which was sponsored by the German Ministry of Defense Dornier deveioped 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. wirg tip, trailing edge sections - and the mobile parts - flap, aileron - wers taken from the
series, the components of the torque box exceot for the metal ribs are from first generation composite ma is Code 88/T300 with Fibe-
rite 976/T300 as bacxup-system. The CFRP curionents are the stringerstiffensd upper and lower shells as well as the integrally stiffe-
ned front, middie and rear spars; ali components were manufactured in-situ In monolithic construction method (fig. 1).

The wing- fuselage connection is made by a metailic multi-bolt joint (*Pianc-Joint®). The attachment fittings are connected with the strin-
gers and the skin with doublc-shear bolts.

The torque box comprizes an integrzl tank, whose filling pressure amounts to 2,0 bar and its supply pressure to 0,33 bar; 10 the latter the
Hiquid pressure from roll manosuvers is 10 be ovarlaid, 30 that in the area of the tank endrib a resulting pressurs of 2.24 bar is to be ta-
ken care of for the structure.

The require™ents for the wing result from the requirements for the airnlane. Environinemtal conditions result from the aircraft require-
mants which are to be considered

*  Servize temperature -55 <T [*C] < 70

o Component humidity : saturized humidity resulting from 85% relative humidity (conditioned state)
As critical were considersd

o Joint between skin and spar with high by-pass or low load ransfer ratio

s Joint between skin and riba subject 10 interior tank pressure

s Joint bety s\dn and lage attachment fitting

Thess ware sxamined primary experimentally in close collaboration with the DFVLR Stuttgart (fig. 2). All tests were performed with
Zwitk universal test equipment which is equipped with insertable climate chambers.

Joint between Skin and Spars with Low Load Transfer

Introduction

This joint combines skins and sub-structure to & pound section. it prevents relative movemsnts bety the el ts to be

t~d and thus enforcs that the spars carry parts of the bending momoml A shear fiow in the joint relieves the skin and loads the apar
(fg. 3)

Fulfilling the oqull.lbrlum and deformation coaditions for the skins and the wing sub-structure (sads 10 the shear flow which is to be trans-
ferred by the joinag slements. This shear flow and the normal force flow in the skins define the by-pass- or the load transfer ratics; the
wing structural analysis parformed by the FEM-method yields

¢ the by-pass-ratio to 80%

¢ the load transfer ratio to 20%
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The load trunsmission behaviour of this singie-shear joint for tension and compression oading was 10 be determined by a set of sampies
adapted 10 the designed framework and tested under different test conditions; theee test conditions were derived from the environmental

o temparatures {°C):  -33; 23; 30; 70; 80; 110; 120;

* component humidity: wmm (normal humidity),

Derivation of the Test Specimen

As laminate layups and thicknessas for skin and spar flange are given as well as bolt types the sampie could be defined by its width and
by its length only. The requirements for compability for the force equilibrium and the deformations lead to the sample presented in fig. 3.
The realistic assembly conditions are represented by the installation of a shim-layer and a surface sealing in the joint area. The joint
was accomplished by a titanium countersunk bolt with defined torque and a fit H7/7 representing a play fit. For the check of the load
distribution the sample was equipped with a aufficient numbaer of strain gages.

Teost Performance

in compretsion as well as in tension tests a strain gradient in the sample thickness which ia due to the assymmatic structurs of the sam-
ple, was observed. This indicates an inadvertent bending moment, caused by the eccentricity of the neutral axis in the sampie. [t could
not even be prevented by the introduction of an antibuckling device /1/.

The influence of eccantricity and bending also expresses itself in a movement of the bolis. This is demonstrated by a pointer which Is
connected 1o the boit in an extension of its axis (see fig. 4). This unexpected deformation was nat taken into account in the design of the
sampie geometry. The additional fiexibility of the joint isads to a reduction of load transfer.

Test Results

Specimen under Compression

The direct consequence of this sample insufficiency was an sarly failure of the samples subject %0 compression due to the bending load
;t thso transition to the thickening of the skin laminate. Therefore no statemant for joad transmission under compression is possibie (see
ig. 5).

Specimen under Tension

The evaluation of the tension sampies does not permit & statement with reference to the bearing failure, since all samples failed in the
bonded ares of the skin (see fig. 5). This result corresponds to the new conditions. The reduced rigidity of the joint causes a reduction
of the load tranafer of approximately 50% based on the evaluation of the strain measurements. Thus the bearing loads are reduced by
also 50%, the by-bass-loads h increase by approximately 11% (see fig. 8). Therefore the bearing streases reach an uncritical le-
vel, while the notch stresses rise to a critical level.

The abtained test data confirm the experiences, which were obtained from standard notched test specimen, showing thet the rupture
loads i with ing test temp ». The worst case proved to be at -55 C test temperature. it is ble that the fallure load
at high temperatures and with conditioned specimen doss not decrease more clearly despite the proximity to the glsss transition tempe-
rature T-G = 135°C (fig. 7).

Joint between Skin and Ribs under Tank Pressure Load

Introduction

The torque box is loaded by tank pressure (fig. 8). Due 1o the smal: airfoll curvature the tank pressur: has to be transferred primarily by
bending and shear from the skins to the ribs; the ribs baiance the loads from the upper and lower shelis. For stringer stiffened shelis a
girder grid can be used as & model for the load transmission behavior {fig. §).This means that a continuous strip of the skin transfers the
tank pressurs to the stringer profiies which on their own are continuous bending members and transfer the proportional load to the ribs.
Depending on the fleld between two neighbouring ribs and frames the connection forces of a stringer vary betwesen 250 and 750 daN.

These loads must be transferred through the joint batween skin and rib by riveting. On the one hand the bolts are subject to tension, on
the other hand the laminate must have sufficient strength to prevent the pulling-through of the bot.

Test Performance

An extensive test programme was performed for relevant combinations of bolt and laminate types (fig. 10) with the goais to determine
¢ influence of fiher material and bott type

temperature and ageing influence

typical failure modes

manufacturing influence

L]
L ]
¢ design recommendations

® design allowables

For the basic investigations which were intendcd only to derive tendencies the number of samples was heid deliberately small. On tae

other hand the design allowables were determined from the hardest test conditions from & samples each of 2 batches with a statistic
security sufficient for this research programme.
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Tost Faclity and TYost Specimen

The tests were carried ov with simpie fiat test specimen for three different bolt types - scrow bolt, sealing screw, lock bolt rivet. The
specimen size depends on the halt diameter, on the rivet pattern as wall as on the flange width of the ribs; the sampie thickness de-
pends of the bon diameter, inasiar as a minimum on the bolt shank should lie in the laminate {fq. 1129,

Teost Results
Referring 10 the criterias mentionsd above the results are commented in the following.

influence of the prepreg systems and the environment conditions

In fig.12 the results of three different sampies against the snvironmental conditions ars presented. These sampies are manufactured
from Code 89 with 40 % prepreg resin cortent and Fiberite £78 with 40% or 34% prepreg resin contents.

The comparison betwesn samples from the resin system Fiberite 978 with the two prepreg resin contents shows practically no ¢'ference

in the results; bleeding off excessive resin at the 40%-system yislds a resin content in the cured laminete willch is similar to the one in

the 34%-prapreg. A comparison between the resin systems Code 69 and Fibarite shows slight advantages for Code 88 with the excep-

tion of the test tamperature -35°C. The most criticat condition in the service specirum proved to be the test tempaerature 70°C with cond!-

mod u;'n;lu; this can be explained with the larger fexibliity and the reduced shear strength at high temparatures and with conditio-
sampies,

influence of bolt types and laminate thickness

The influence of the boit type - screwed rivet, asaling screw - is not very marked despite the clear differences in the shaping of the rivet
heads (fig. 13); in tendency the d rivet app o be more favorable.

Fallure Modes

A comparison of the test results for screwed rivets of the 4 and 8 mm diamaeter in different laminate thicknesses (fig.14) shows some cha-
racteristic differences.

The failure takes place by delaminations batween the individual plies, starting at the walils of the bolt holes, comparabie to the shear fai-
lure of a short cantilever beam. Often the delaminations start at the transition from the cone-shaped to the cylindrical part of the driiling.
Comparing the test results of specimens with the same diameter the laminate thickness is of major influence, sspecially the thickness in
the cylindrical part of the drilling. The loadbearing capacity decreases with decreasing laminate thickneas. This is in particular true for
the thinnest 2.125 mm sampie whare after the first crack a pull-through of the bolt could be obsarved. After that the load could atill be
I:ﬁruud but to an insufficient level. With this sampie practically no influence from snvironment conditions is recognizable due to the
ure mode.
Meanufecturing influence

The features mentionad here are anhanced by the results of samples with defective drillings o the one hand and with drillings after se-
cond treatment on the other hand, in each case compared with intact drillings (fig.15). The pull-through strength is reduced substantially
with defective drillings due 10 the roughness or the oversize in the countersink; additionally treated drillings do not reach pull-through
strength of intact samples.

Design recommendations and design aliowables
In principal there are the three failure modes

-laminate shear fallure
~rivet head pulkin
-bolt shear-off

Boit shear-off never occured and is thus uncritical. The first two fallure modes have to be taksn care of by suitable choice of rivet dia-
meter and laminate thicknces.

The fallure load for shear failure can fairly refiably be determined by the formula
F=nxd2xT) gnAxt

Pullin of the bolt can be prevented by a sufficient thickness of the cylindrical part of the drilling. Following the experience of this pro-
grammae this can be achieved by fulfiiling the following relation:

i<dt <15
02 < ({-B)t witht 2 0.6 mm

Fig.18 lists the design aliowabdles for the boit types and laminates used for the CFRP wing. Finally it should be mentioned that for alumi-
num alioys with comparabie dimensions the doht pull-through values are much higher - up 1o factor 2 - than the values found here.

This design philosophy was realized and proved in a larger tank box which was tested at the DFVLR under tank pressure and compres-
sion and tension altematively /3/.

Joints between CFRP-Skins and AFittinge

Basic investigations have been performed in order 0 evaluate experimentally and theo stically the distribution of shear forces of multi
row bolted joints/4/. Figure 17 shows the connection between the res! panel fitting-joint and the test specimen.

Thres types of specimens of a double lap joint have been defined:

Type Thickness
Laminate Ablstrips

t constant constant
(] constant conical
[} conicat conical

e & —h S
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The foliowing two Isminates were taken into account:

Muteriat | Layup Thickness | Application
0/ %4890 | mm Type of apec]

TS0 LG [X] L0

code 08 | 24/50/28 [X] ), W

80 four configurations were avaiiable with at least three spacimens In each case. For each specimen five bolts maximum were provided.
ig.18 shows the types of specimens and the arrangement of strain gauges. The bolt diametsr and the distance batween two neighboring
boits were aqual in all cases, With that the remaining parameters were:
boit

faminate layup

First of all two specimens of type |.1 and 1.2 resp. wers tested in order to study the influences of it and prestressing. Finally some speci-
mens ware loaded in tension up to fallure.

All tests were performed at normal humidity and toom temperature.

:hlc oxpor'llmmul resuits were comparsd with theoretical distributions of shear forces, svaiuated by finite element method and a rodmo-
ol as well.

Test performance

Exept for the rupture tests, the load was limited 10 30 KN in order 10 avoid premature damage. The tests wers always starlud with five
boits and repeated with four and three bolts respectively. The normal forces in the Al-strips batween every two bolts wers evaluated by
Integrating the strains measured in the upper Al-strip:

Fg = [Eely)t dy = fxEt (b/11) ze‘
Tha factor { has been defined as

0g. = (egg + )26 (3ig. 19) otc

o correct any unravoidable bending effects. The shear forces result from the differences of the normal forces in the Al-strips on both si-
des of sach boit. These values were related to the overal! tension load for better comparison of the results.

First tests on two specimens

Two specimens of type |.1 and 1.2 respectively were tested first in order to study the influence of fit and prestrussing of the bolts. At the
baginning the fit which had been chosen was

H1Y/T  L.e. 13/.118 tolerance
and the titanium boits were not prestressed.

Variation of

The first results did not indicate any parabolic distribution of the shear forces as they had been axpected to ba. S0 all holes were mea-
sured and stee! boits (115 Cr V3) were manufuctured in such a manner that the fits

H8/M? i.e.. 13 ./. 504 tolerance
HI/h8 L.e.. 0./. 24y tolerance

could he realized. Fig.20 shows that the influence of the fit is small (the change of balt material proved to e without any important influ-
ance 00).

Influence of prestressing

Thereupon the bolls 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.

infivence of the laminate layup

Fig.22 shows the shear force distnbution oi several speci of type 11 and 1.2 respectively (mean values). The fit and the tightening
torque were the same in all cases. The influgnce of the laminate layup proved to be smali.

Tests on all specimens
The further tests on all specimens were performed under the same conditions with regard to fit and preatreasing. Fig.28 shows the mean

values of all measurements &t 30 KN and the curves enveloping all these distributions as well. The bandwidth including the specimen
geometlry as well as the two laminstes is batvieen 3% and 9% of the relative shear forces.

Comparison of theory with experiment

Basides the investigation of shear fo:ce distribution by tests, comparisons with theorstical predictions have been done, that is prediction
by means of

¢ finite slement mode!

s rod-model

i
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Finits slement mode!

A finite slement model was built up for the type 1.1 specimen. The first caicuiations were carried out with the assumption of rigid bolts.

:&?&qmw the Tbh?nn mr: nnoolpt;d h:yﬂmmbum thn?“ with dm:hr:nﬂm betwesn the load carrying and the non load carring
boita. This model was a a specimen bolts. re were Only small deviations compared with th mption
of rigid bolts. The results are shown in Fig.84 v P s fnt

Rod mode!

This one-dimensional model dascrides the compatibility between the deformed members of a joint within the distance of every two bolts
181, lnn':: case of n bolts this isads to n-1 compatibiiity equations and one equiliblum squation. for a double lap bolted joint this can be

cn.n . N‘ - CL" o F
ot o A i e B o X

! n

with
C n =compliances of the mambars of the joint
C|m =compliances of the laminate only
Npn ™normal forces in each of the two Al-strips
F =gpplied total force

Lh;l syatem of equations can be solved for the unmmnm.mmnmmnummmdmo difference of the forces
m:
Becausa of the difficulty to estimate the boit compliances . the well-known compliances of the Alstrips and of the laminate were intro-

duced into the equations for a three-bolt-joint of type 1.2 as | as the measured forces in the Aketrips. These equations were solved for
the unknown values ca'n (n=1,23). The maan value wes

Cg = 01103 mm/N (steel botts)

This value was kept constant for all the bolts in re-calculating all test specimens. For comparison with the FEM calculation the resuits for
type 1.1 specimen are figured in Fig.24 too This figure also contains the bandwidth of the test results out of fig.2. The correspondence is

satistactory.

Rupture tesis

Some specimens were loaded up to rupture, which always occured in the laminate, that is in the plane of the first boit. The remalning
nmmHMummmet(mlnnGSotmhmlmhm1|M2d|hoM-udu).mummonll spacimens
were aiso tested at 30 KN and at about 80 KN before being loaded up 10 ruplure. The reistive shear forces are listed in fig.25.

When the load increasss, the shear force distribution becomes more weil-balanced: the iorce transferred by the first boltl decreases while
the share of the laat one '2creases. In the case of two bolts only, the last bolt even tranfers the higher load.

Figure28 shows the ultimate loads o all the rupture tests. The stress concentration factors likewise being included in this Rgure group
around two mean values; the larger one (0 = 1.83) characterizes the orthotropic laminate, while the smalier value (o = 1.59) belongs to
the quasi-isotropic laminate.

Conclusion

In the beginning the tests led 10 shear force distributions which were insatistactory and in part hardly interpretable. Only the prestressing
of the bolts led 10 the parabolic distribution that had been expected. All tests unter the concition of a tightening torque of 12 Nm and the
ooit fit HI/(7 provided the following results:

o The influence of specimen geometry as weil as of the laminate iayup is small

o With increasing number of bolts the shear force transferred by sach of the middie bolts decreases. At the same time thers is a load
reduction of the two outer bolts.

e At a moderate load level {i.e. linear sfrains) there is a salisfactory correspondence betwesn tests and theory. At this level it is al-
ways the first boit that transfers the highest load.

Number| Shear (%) | Number
All types of of boits [ 1.boit | last bolt | of tests
specimen 2 $0-58 42-80 L]

3 4548 | 2128 10
Moderate 4 AV-4T 1822 "
load level (J0kN) ] 40-44 15 12

o In approaching the ultimate load the shear force distribution becomes more balanced with decressing load transfer of the first boit
and increasing load transier of the last one. In the case of two bolts only, the last boit sven transfers the higher load

Number| Shear (%) | Number
All types of of bolts | 1.bolt | last bolt | of tests
specimen 2 4248 51-58 5

3 3745 | 2127 3
Ultimate load 4 ] ] ) 1

5 30-38 1321 2
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Slatische Belastungsversuche an gebolzten
Fogungen mit 20%-igem Load Transier
OFVLR-Bericht 18 4354187

M/ HKraf/M.Bchetting  Nietdurchzugsversuche an CFK-Verbund-
werkatoffen

73/ D.Ross ot al.

& M.Rather et al.
"

OFVLR-Sericht I8 438 Y37
Design of a CFRP-Wing for the Alpha-Jet/Major
Panel Tests

Journal of Alrcrat Vol.23/Number 8/June 1008
Dorni:r Report 1B 3583/Mai 1982
Advanced Composites Design Guide Vol.ll/1673

Fig. 2 Typical Joints at the Wing Structure
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TYPE 1.1 tv6.4 MM (4774776}
TYPE 1,2 1+8.0 ™M (25/%0/25)

Fig.18 Panel-Fitting-Joint
Types of Specimen
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MISE AU POINT D'ELEMENTS DE

FIXATION SPECIFIQUES POUR ASSEMBLAGES DES

STRUCTURES COMPOSITES

par Monsieur LOUIS Raymond - SERVICE TECHNIQUE DES PROGRAMMES
AERONAUTIQUES

4, Avenue de la Porte d'Issy - 75015 PARIS - FRANCE

RESUME

La réalisation des assemblages en matériaux composites doit tenir
compte des singularités inhérentes a4 la nature des matériaux
utilisés, par exemple, le délaminage, l'endommagement par choc
et/ou gonflement, la corrosion galvanique etc...

Plusieurs actions ont été entreprises pour mettre au point des

éléments de fixation spécifiques susceptibles de limiter certains

deg problémes rencontrés dans ces assemblages. Elles concernent :

~ le développement d'un rivet semi-tubulaire "anti-peeling"” en
titane T.40 pour structures "non travaillantes". Sa géométrie et
ses caractéristiques permettent une pose facile tout en ménageant

.es matériaux assemblés.
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- la réalisation d4'%crous en cage intercheangeables fixés par

collage par l'intermédiaire 4'une bande en fibre de verre. Les

avantages sont d'éviter le pergage multiple et le rivetage, comme
pour les bandes d'écrous prisonniers classiques, de s'adapter i
des profils complexes et de permettre le remplacement aisé des

P écrous,

- la modification de fixation existantes (vis et rivets
structuraux) afin d'améliorer les caractéristiques mécaniques des
assemblages. En particulier la variation de l'angle de téte de
100° & 130 °permet un gain sur la tenue en cisaillement et en

fatigue des assemblages.

L'utilisation d'éléments de fixation classigques pour

1'assemblage des C.F.R.C. a révélé, dans les conditions
habituelles de fabrication un certain nombre de difficultés liées
4 la spécificité des matériaux composites. ;

- délaminage des fibres, limitant les montages serrés ;

- endommagement dfi au choc e:/ou au gonflement, ce qui

rend délicat l'utilisation de rivets ;
- corrosion galvanique, ce qui implique un choix de

matériaux non corrodables par le composite carbone

(titane ou aciers inoxydables) :
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- conductivité électrique et dilatation thermique
différentielle,

Afin de résoudre certains de ces probldmes, lo Service Technique
des Programmes Aéronautiques a piloté plusieurs études
ponctuelles destinées 4 mettre au point des éléments de fixation
spécifiques pour 1'assemblage des composites carbone-résine
susceptibles &e remédier, dans certains cas, &ux difficultés
rencontrées.

Parmi ces études, nous citerons :

- le développement d'un rivet gsemi~tubulaire
“anti-peeling” en titane T-40 pour structures non
travaillantes ;

- la réalisation d'écrous en cage interchangeables
fixés par collage par l'intermédiaire d‘'une bande en
fibre de verre ;

- la modification de fixations existantes (vis et
rivets structuraux).

1., - RIVET SEMI TUBULAIRE "ANTI-PEELING"

11 s'agissait de définir un rivet utilisé au niveau des
assemblages considérés comme non-travaillants et ayant pour rdle

essentiel un effet anti-peeling (figure 1l).

el



N
< =

Feullard Titune

Compasle corseng Rivet sem tubuiace
7

,
e

t : ! Nig_dabsile
APBRLICATION COTE  STRUCTURE

APPRLICATION PRORTE DE SouTk

; FIG, 1 : Exenples d'utilisation
b
! f Le rivet devait répondre en particulier aux impératifs
suivants :
- ne pas détériorer le composite au cours de la pose du
rivet,
- avoir une bonne tenue en corrosion galvanique,
et sa géométrie devait permettre :
- une mé@me forme d'usinage de chaque c8té des éléments
4 assembler (fraisure),
- une plage de serrage de 1 mm environ,
- une résistance mécanique suffisante,
- une pose sans gonflement du rivet.

Définition

Le u: "au choisi en fonction de sa bonne tenue en
corrosion galvanigue par rapport aux composites carbone-résine

est le titane T-40, matériau déformable A froid.
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La géométrie du rivet avant pose est donnée par la figure 2.

]

FIG.2 : Géométrie du rivet

——

C'est un rivet tdte fraisée 100°, hauteur réduite, qui
présente deux particularités :
; - un trou borgne conique, d'angle au sommet 20°, situé
cdté tdte & former,
- une gorge périphérique sur la surface extérieure de
la tige au niveau de la partie tubulaire.

L'évidement,clté cdte A former, permet de diminuer l'effort

de pose.

- iy

La gorge circulaire a deux fonctions :

- protéger l'angle de raccordement entre la fraisure et

l'alésage du trou de rivet,

- déterminer la plage de serrage du rivet,

De plus la présence simultanéede la gorge et du percgage
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‘“" conique a pour avantage de oréer une toile de moindre épaisseur
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permettant de localiser le pliage lors de la formation de la

seconde tdte.
b Caractéristiques
Les caractéristiques présentées ci-aprds concernent les

résultata d'essais effectués sur des rivets de diamdtre nominal =

4 mm.

Caractéristiques de pose du rivet

La pose du rivet est facilitée par : 1
- la grande tolérance de la plage de gerrage (lmm), J
- la grande plage de pression de pose (+ 100 qaN)
- la géométrie particulidre de la bouterolle {figure 3)
adaptée 4 celle du rivet et qui permet la pose sans

pratiquement aucun gonflement du rivet.

F1G.3 : Profil de la bouterolle
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A noter que pour aider 4 la formation de la seconde tlte du

rivet i1l est recommandé de recouvrir les rivets d'un lubrifiant

(alcool céthylique ou bisulfure de molybdéne).
Pression de pose - Les essais de pose ont été effectués suivant
une gamme de pression allant de 700 & 1100 daN.

On constate une bonne pose des rivets sans dit‘riorﬁtion des
matériaux composites, comme le montrent sur coupes microgra-
phiques les figures 4-5-6 et 7 (seuls des défauts 4'usinage du

composite avant pose sont visibles).

FIG.4 @ FIG.S5 :
- pression = 700 daN - pression = 700 daN
- épaisseur = 5,1 mm - dpaisseur = 6,1 mm

BRI 5 i st 28t 2. o
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3 FI1G.6 : FIG.7
. - pression = 1000 daN - zrocsion = 1000 daN
: - dpaisseur = 5,1 am - gpaisseur = 6,1 mm

Suite & ces essais, la pression de pose retenue est de :

900 daN + 100 daN.

Plage de serrage - La déteramination de la plage de serrage
résulte d'essais de pose effectués, sous une pression de 900 daN,
sur deas assemblages dont l'épaisseur variait de 5,3 3 6,6 mm soit
une plage de serrage de 1,3 mm (figures 8-9-10 et 11).

Les résultats sont satisfaisants pour les quatre épaisseurs,

tant sur le plan de l'accostage gue sur celui de 1'endommagement

du matériau composite.

g &
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i FI1G.8 : épaisseur = 5,3mm FIG.9 : épaisseur = 5,5 mm
i
: p
FIG.10 : épaisseur = 6 mm FIG.ll : épaisseur = 6,6 mm
Afin d'assurer dans tous les cas une pose correcte du rivet,
la plage de serrage a été fixée i 1 mm. ? A
Ceci permet en outre de définir des rivets dont 1'épaisseur

standard de pose est en millimétres (par exemple 4 - 5 ou 6 mm).

$ Caractéristigues mécaniques
; Des essais de traction et de cisaillement ont été réalisés

3 sur des plagquettes assemblées d'épaisseur dite faible, moyenne et i

forte, correspondant dans le cas présent 3 une épaisseur totale

de 5,3 - 6 et 6,6 mm.
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L'éprouvette de traction est définie figure 12. L'éprouvette

de cisaillement est une éprouvette de cisaillement simple 4 2

rivets.

FIG.12 : Eprouvette de traction

Les caractéristiques propres du rivet sont déterminées sur

des éprouvettes constituées de deux t8les en 2017 A.

Les résultats obtepua sont donnés dans le tableau I.

Wi MO, o o
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CHARGE DE RUPTURE (dwN)

R TP R |

TABLEAU I
De ces résultats on peut assurer comme caractéristiques du

rivet les valeurs suivantes :

- charge de rupture en traction = 150 daN,

- charge de rupture en cisaillement = 350 daN.

Les caractévistiques de 1l'assemblage composite sont
déterminées sur des éprouvettes en composite carbone T390-414

d'épaisseur 2,4 mm.

Les résultats obtenus sont donnés dans le tableau II.

;
!
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TABLEAU 11

Les valeurs d'essais dépendent 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 l'assemblage n'est pas un
cisaiilement pur mais un compromis entre cisaillement et
déboutonnage.

Parallélement & 1'étude du rivet, les outillages de pose ont
8té définis afin de vérifier la faisabilité des ansemblages.
L'opération la plus importante est le centrage de la bouterolle

de fagon & éviter que celle-ci endommage le matériau composite.
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La pose peut se faire soit :
- au Cé avec un vérin & double effet :

- avance sous faible pression pour centrage,

G

)

- déclenchement de la pression de pose lors du

contact.

- avec un vérin 3 simple effet et une piédce désattelée

L Pl £ AT RN

permettant un centrage manuel avant la mise en
pression.

Les rivets présentent d'autre part une trés grande facilité
de dépose & condition d‘éviter la rotation du rivet. A cet effet
un outillage spécifique a été congu.

La gamme de rivets proposée comprend :

~ les diamétres 3,2 ~ 4 - 4,6 et 5,6 mm, pour des
longueurs de serrage comﬁrises entre 4 et 25 mm,
-~ les diamétres 4/33 - 5/32 - 6/32 - 7/32 d'inch pour
des longueurs de serrage comprises entre 5/32 et 1
inch .
L'étude a permis la mise au point 4'un rivet qui convient
bien & 1l'assemblage des composites. Les caractéristiques
mécaniques obtenues montrent que c'est le composite qui

dimensionne ces derniéres.
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La pose du rivet est extr@mement aisée et surtout celui-ci
remplit parfaitement son r8le en ménageant les matériaux dans
lesquels il est posé.

2. - ECROUS EN CAGE INTERCHANGEABLES FIXES PAR COLLAGE PAR

L'INTERMEDIAIRE D'UNE BANDE EN FIBRE DE VERRE

L'utilisation sur structures composites des écrous "non
démontables" classiques (bandes & écrous prisonniers et écrous a
river).se heurte, compte tenu des spécificités des matér’ ux
composites, aux risques suivants :

- endommagement des composites, lors de la mise en place des
fixations (pergages multiples pour les trous de rivet et
pose des rivets),

- tenue en corrosion galvanique entre les écrous et les
composites carbone.

Pour y remédier il fallait définir une géométrie de pidces
permettaat des reprises d'efforts adaptées aux composites
carbone-résine et prévoyant un dispositif d'écrous démontables
dont l'assemblage sur les structures soit différent d'un montage
par rivetage. La solution adoptée est la mise au point d'écrous
en cage interchangeables maintenus dans une bande en fibre de

verre. Cette possibilité concerne aussi les écrous isolés
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correspondant aux écrous & river classiques.
Le nouveau systéme de fixation est constitué de plusieurs
éléncntq, (voir figure 13).

-~ un support en fibre de verre insérant la partie caye de
1'écrou. Cette bande de fibre de verre, tout en maintenant
les cages, réalise en méme temps 1l'isolation galvanique de
1'écrou par rapport aux composites carbone & assembler.

- un écrou, soit & freinage interne par déformation
elliptique, soit élastique. Dans ce dernier cas le
freinage se fait par un frein plastique, type ESLOK par
exemple (dépdt de polyamide).

- un clip démontable permettant le maintien de 1l'écrou dans

la cage.

Ecrou d Fi[:':.gx“ Ecrov éhashgue (G082)

BANDE A ECROUS A FREINVGE INTERNE DANDE A ECROUS ELASTIQUES

FIG.13 : Bandes & écrous
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L'assemblage, sur les structures, des bandes & écrous ou des
écrous isolés se fait par collage du support en fibre de verre

sur le composite.

Le collage doit seulement pouvoir répondre aux sollicita-
tions au montage ou au démontage des vis dans les écrous. Par
g : contre il ne subit pratiquement aucune contrainte en fonctionnement,

i ‘ Le systéme de fixation développé présente les avantages suivants @

possibilité, A& partir d’un m8me produit de base, de
disposer de bandes & écrous multiples ou bien, aprés
découpe adéquate de la bande, d'écrous isolés ;

- la bande &tant fixée par collage, les opérations de
pergage et de rivetage sont supprimées, évitant ainsi

1'endommmagenent éventuel des composites ;

- la souplesse de la bande lui permet de s'adapter A
des profils complexes., Elle peut également sur un m@me
plan suivre,par découpe appropriée, un profil quelconque ;
- le maintien des écrous par clips facilite le
remplacemant d'écrous endommagés, mais offre en plus
la possibilité de monter n'importe quel type d'écrou.
Plusieurs types d'écrou sont d'ailleurs prévus pour équiper

les bandes :

- écrous élastiques en alliage d'aluminium 6082 anodisé,
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écrous ayant la particularité de s'adapter avx variations
Gvoptuolloa de prétension dans les assemblages. Les via
montées avec ces écrous sont également en alliage
d'aluminium (7075) protégées par vernis époxy :

s

- écrous & freinage interne par déformation elliptique,

[

découpe allégée :
- soit en acier inoxydable Z-6NCT25 (A286) avec des
vis en T-A6V ou en aciers inoxydal:.ss,
: - goit en acier faiblement allié 25CD4, les vis
g utilisées devant dans ce cas &tre elles-m@mes

protégées par vernis.

: Tous ces écrous sont A chambrage profond afin de faciliter

en particulier l'usage de vis protégées par vernis (sauf le file-

tage).

A noter que, lorsque des surfaces non planes sont a

HYTITORRMRREI MR BRI T L e e

assembler, ou pour éviter l'utilisation de fixations A river il

est possible d'utiliser les bandes ou les écrous isolés pour des

A YRR AT

gt o

assemblages mixtes ou entidrement métalliques.

Les bandes peuvent 8tre équipées d'écrous de :

~ diamdtres 4-5-6 et 8 mm en filetage MJ;

RN PO W S, T S IO i

- diamétres 10/32" ~ 1/4" - 5/16" en filetage UNJF 32.
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La bonne tenue X la corrosion des divefg typea de fixation
a été vérifiée par des essais de 750 heures au brouillard salin,
Aucune corrosion galvanique n'a é&té observée. De méme les écrous
satisfont aux spécifications techniques francaise (NFL 22500) ou
internationale (IS0 DIS 5858).

Les écrous A cage interchangeables doivent aussi répondre A
des conditions de tenue en expulsion et & l'arrachement en
torsion.

Toutefois, A& cause de l'opération collage des bandes sur
les structures composites, ces caractéristiques dépendent et de
la fixation elle-méme et de son implantation sur les structures
(nature du collage, etc ...). Ces caractéristiques ne peuvent
donc &tre définies qu'en fonction de l'utilisation.

3 - MODIFICATION DE FIXATIONS EXISTANTES - VIS ET RIVETS
STRUCTURAUX

L'expérience acquise avec l'utilisation d'é€léments de

fixation structuraux "classiques" dans les assemblages composites

carbone-résine a mis en évidence la nécessité de modifier la

géométrie de ces fixations pour les adapter au comportement des

matériaux composites,

Ces modifications ont porté principalement sur 1'améliora-

tion des surfaces d‘'appui, l'objectif étant de diminuer les pres-
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sions de matage en :

-~ faisant varier l'angle des tétes fraisées, passage de 100°
généralemeht utilisé A 120°et 130°, sur les vis et rivets
type SL (lock-bolt);

- augmentant le diamdtre de l'embase sur les bagues de rivet
SL.

Sur les vis et rivets SL eux-mémes, l'évolution de l'angle
de fraisure, de 100 A 130°, augmente trds sensiblement les
surfaces de matage, Cette augmentation est également importante en
faisant varier les diamdtres d'embase des bagues de rivets SL.

Les tableaux III et IV donnent quelques valeurs relevées sur

pidces.
DIAMETRE ANGLE SURFACE
NOMINAL OE TeTE DE MATAGE %
(mm) (me?)
Lt J[ 2 [ ]
4 T | T | Y TR
330 [ e [ +120 1]
C oo & [ — 1]
S =™ &1 [+ ]
C % ] 0 J[C__+120 ]
e 1 ss 1 _ 1
] L1120 [[ s 1C_+es ]
[ || 1 ]| +124 |

TABLRAU III - Vis et rivet SL

TSP § »Sdiiisiniosi i s s e e
i .
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L'évaluation des modifications a été vérifide sur la tenue

TECHNICAL LIB

e e r—
IAMETAR DIAMETRS sURFACE
NOMIMAL D'TMBASE DR MATAGE %
o) (o) (mm?)
1) 21 -—
4
] 38 +80
A 32 —
L]
10 59 +85

TABLEAU 1V : Bague de rivet SL

des assemblages au niveau des caractéristiques :

Compte tenu des épaisseurs des matériaux composites utilisés.

- plague carbone T 300 - résine 5208 - épaisseur:3,83 A 4,05m
- plagque carbone T 300 - résine 914 - épaisseur:3,74 A 3,84m

les éléments de fixation avaient une capacité de serrage de 7,5 A

de déboutonnage,

de fatigue,

- 28 plis,

d'endommagement au montage,

Saadinl

de cisaillement simple en traction,

PR —
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Endommagement au montage

a
Sur coupes micrographiques on constate qu'au montage il n'y

pratiquement pas de ruptures ou de décohdsions dangereuses de plis

(figures 14-15-16-17 et 18).

Fraisure 100° Praisure 130°
PI1G 3 14 et 15 - VIS NFL Smm et écrou.

Couple de serrage = 3,5 N.m

T S

2 ’ . ——
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Fraisure 100°

Fraisure 130°

FIG . 16~-17 et 18 - Rivets SL

S mm
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Déboutonnage

; Le dispositif d'essal est issu du test n*8 de la Norme
! MIL SDT 1312. Il s'agit d'un essai de traction indirscte par
compression (voir éprouvette fig. 19). Le composite ntilisé eat le

T 300-5208.

ixation
-
Q’{ /

8o

>~ Eprouvette

F1G., 19 - Eprouvette de déboutonnage
Les tableaux V et VI donnent quelques résultatds d'essais, Dans ce

cas seul l'angle de t8te a été modifié.
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TABLEAU Vv : ESSAIS DE DEBOUTONNAGE

Systame vis - écrou

TABLEAU VI : RSSAIS DE DEBOUTONNAGE

Systamme rivet SL - bague sertie

(1) Interposition sous l'écrou ou la bague d'une rondelle de dia-
mdtre 12 mm épaisaeur 1,2 mm afin de pouvoir relever la charge

de rupture acceptée par la mcdification de l'angle de téte.
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D'une facon générale les charges de rupture supportées sont
supérieures pour les fraisures 120 et 130°., L'augmentation des
8
pdrtées sous té&te nécessite de modifier dans le mé&me sens celle de

écrous et des bagues, car leur dimensionnement est insuffisant.

Cisaillement simple en traction

L'éprouvette d'essai (figure 20) est issue du test n°4 de la

Norme MIL - SDT 13l2.

~——r
[ -

110

130

110

Cole

dépgisiew

—— - A - mm

Y- ) c:! e

FIG. 20 - Eprouvette de cisaillement
Outre la charge de rupture il a été également relevé la
pénétration de la t&te de 1'élément de fixation dans le compusaite

au fur et 4 mesure de la montée en charge.

Les tableaux VII et VIII donnent quelques valeurs de charges

de rupture obtenues ainsi que les contraintes ramenées & la section

P N L
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de rupture du composite Sl et A celle des fixations §2. Ces

tableaux et les courbes effort-pénétration (figures 21 et 22)

montrent gque la résistance de 1l'assemblage est améliorée par l'uti -

lisation de fixations A fraisure 130°ocu 120°.

TvPE OF

FIXATION

HE =0 —
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PABLEAU VII - Essai de cisaillement

Systéme vis-écrou
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l MVET SL@ 8
! TASY.TR
l BAGUE 3024

MVET LSS
TASV-TR
BAGUE T-40

TABLEAU VIII - Essai de cisaillement
Systéme rivets SL - bague sertie

NOTA : NR = Courbe non relevée
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FIG 22 - Courbes effort -~ pénétration

Systéme rivet SL-bague sertie

Il apparaft, aux essais de cisaillement en traction, des gains sur

la tenue en charge de rupture allant de 9 i 138%.
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FIG 23 - Eprouvette de fatigue

Des résultats d'essais sont consignés dans les tableaux IX et X.
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Patique

L'éprouvette d'essal est définie par la figure 23 et les
esgais ont été effectués dans les conditions suivantes :

- charge en traction ondulée P - 0,1 P,

-~ charge dynamjique P = 65% de la charge de rupture maximale

relevée A l'essai de cisaillement simple,

- gsection travaillante du composite S1a= (L~ 2 D)e.

L'essai est considéré comme terminé lorsque la charge dynami-
que P chute A 95% de sa valeur initiale ou lorsque la durée de vie

atteint 500 000 cycles.
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TABLEAU IX - Essais de fatigue
- Systéme vis-écrou

- Eprouvettes en composite T 300-914
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TABLEAU X - Essais de fatigue
Systéme rivet SL-bague sertie
Pratiguement toutes les éprouvettes périssent par pénétration
des tétes apras ovalisation des fraisures, quel que soit le type de
fixation, son diamétre et la contrainte appliquée.
Comme pour l'essai de cisaillement en traction statique la
pénétration (p) des tétes (mesurée en fin d'essai) est plus faible
avec les fraisures 120°et 130°(p £ 0,25 mm) gu'avec la fraisure a
100° (0,35 mm £ p £ 0,7 mm).
Les durées de vie comparatives montrent nettement 1'intéré&t
d'augmenter les angles des té&tes fraisées. Suivant les types de

fixation essayés les gains obtenus varient de 40% a 10 fois.
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L'intérét, en particulier, de la modification de 1'angle de
fraisure des fixations sur la tenue des assemblages est démontrée.
Il apparait déjd aux essais de déboutonnage et plus nettement aux

essais de cisaillement, mais la sélection est indiscutable avec les

essais de fatigue.
5 = CONCLUSIONS

La réalisation d'éléments de fixation spécifiques pour
1'assemblage des structures composites permet de remédier d'une
fagon plus ou moins satisfaisante aux probldmes rencontrés avec les
matériaux composites carbone-résine.

Les améliorations sont sensibles mais la mise au point de
produits méme simples nécessite souvent une étude appropriée aux
divers types de fixation et aux cas d'utilisation,

Une concertation étroite entre fabricants d'éléments de
fixation et utilisateurs potentiels est d'autant plus nécessaire
afin que les produits définis correspondent le mieux aux possibi-

lités de fabrication des uns et aux besoins des autres.
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A STUDY 70 OPTIMIZE THE CFRP-Al MECHANICAL JOINT IN ORDER
TO REDUCE ELECTRICAL RESISTANCE

by

F., Cipri, M. Pelosi
Combat Aircraft Group
FERITALIA
C.s80 Marche 41, 10100 Turin
ITALY
SUMMARY

The aim of this paper is to show what could be the kind of Jjoints t.at would reduce
the electrical resistance when a carbon fiber reinforced structure has to be jointed with
an aluminum part.

Assembly of specimens has been considered i fixed and removable configurations.
The materials used to prepare the specimens to be jointed were:

~ Carbon fiber reinforced plastic F263-T300 Fabric 3K70PW

= Aluminum alloy 2024 - T3

1 INTRODUCTION

New difficultiea 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-
ges. 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
welight 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 eiements 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 alrcraft have high probability to be struck by lightning. The cur-
rent will follow preferential paths as front fuselage-rear fus:lage and half left wing -
half right wing.

The current need a low resistivity and a sutficient cross section between all the extre-

mities of the airframe (Fig.1).

The aircraft is subdivided in areas according the probability to be struck by lightning

(Fig.2). A subdivision exists also in single parts liks verticai fin (Fig.3).

Some CFRP structures have to be protected indipendently from the zone of the aircraft if

there are inaside devices susceptable to external currents and electromagnetic fields.

Particular attention has to be peied on the fuel area (wet wing). The sparking between

the bolts insidethewing is a problem when metallic structures are used; new different solu-

tions will be required if the wing is manufactured with CFRP. The currents gensrated 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 conaequences

on the squipment.

Some phenomena can occur:

- shock waves that can produce delaminations;

-~ local increase of the temperature favoured by the low thermal conductivity of CFRP;

- hot spols in Lhe attachment point of the lightning strike and in the junctions if they
have high resistivity;
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- erosions particularly dangercus in the fuel area;

~ delaminations produced by a fast evaporation of the water usuaily inside CFRP;

- interference on the harnesses with troubles on tranamitting syatems, controlling insiru-
ments and equipment of the aircraft.

Several solutions as metallic meshea, 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 electromagnetic 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 mashes 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 expansiocn coefficients of the
metaliic 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 1f a dry assembly is used.
CFRP - CFRP and CFRP - Al joints will give particular problems also if the joint does ful-
fil mechanical reguirements.
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-
stresssd 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 (1.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
incresse the resistivity.
The currécat 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-
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vity by increasing the electrical croas section. If a Ti bolt is used, the higher resisti-
vity of this material in comparison with the Al has to be taken into account for the cross
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 resiatance decreasea when the preasure of the bolt increases.

4 EXPERIMENTAL WORK

s Electrical conductivity teats have been performed in order to optimize the configu-
ration fin box - fuselage fitting riba for the AMX 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 manutacture the fin box is a prepreg with a 3K70PW fabric of Toray

3 T300 fibers and an epoxy resin, F263 from Hexcel, with 177 C curing temperature.

1 The specimens for the conduotivity 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 varify each bolt conducti-
vity. The percentage of non conducting bolts has been calculated for each kind of assem-
bly (Fig.5).

Two kinds of assembly have been considsred. The first one is used in fixed configu-
rations and it is as followa:
Hi Lok pin with countersunk head in titanium and an aluminum collar (Fig.6). The mecond
one is used in removable configurations and it is as follows:
Titanium screw with a stainless steel washer on CFRP side and aluminum not floating 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 +/-45, The holes of the specimena 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.I are the results of D.C. and A.C. measurements and in Fig.8 are the R and 2 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 O 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 3K70PW 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:

L

2024 T3 Aluminum sheet
f Sulphocromic pickling

Chemical conversion coating
Alodyne 1200

Epoxy primer
h Epoxy topcoat
Non conductive sealant (PR 1436G B 1/2), epoxy adhesives filled with silver (Eccobond 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 contactcan
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achieve a reaistivity of 2ohm (Tab.II). The conductivity and uncertainty of the Joint
will slightly improve only if a conductive paint (filled with silver) was used. Anyway
the problem will not be solved because the conductivity imprcvements are too low. No im-
provement is achieved if the hole drilling tolerance decrease from Hll to H8.

The only possible aolution to minimize the resistivity is to use a removable configura-
tion. Stainleas stcel washer will be bonded on the CFRP with conductive adhesive and nut
platea 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 solutiona have been considered in
order to minimize the uncertainty of Hi Lok - Collar junctions.

Al - CFRP plus Al mesh apecimens results

These specimens have been made uaing the same prepreg underlayer as above and adding a
fiberglass ply, aluminum mesh and an adhesive ply. The mesh had 180 yarns/cm 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: thia 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
reasistivity 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 decreamed tol6%. This soluticon 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 hauve been added to a carbon underlayer
a8 before.

In this case also Hi Lok and nut plates assembliaz 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 increases 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 AMX fin has been performed following

the indications on specimens results. AMX 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 1f 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 Loks 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 kevliar 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;

- cocure 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

e thgint Aot g ttopsaslise
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these improvements is about 25 mm™2 (Fig.11).

Ni coated carbon fibers gave the beat results on coupons but they have not yet been uased
as structural material. A study of their applicability is a sudbject 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 problenm,
but this will be only the first step to improve the performances of the vertical fin.
Lightning strike tests on the AMX fin will be necessary to verify the new solutions. Ul-
trasonic inapection, static and fatigue tesats will be also helpful.

et i e e e i Rt et

Lightning atrike tests have been performed on 550x280 mm panels according MIL STD
1757, Unprotected and protected laminates have been considered.
The materials uued for protection were Thorstrand TEF 5 and Ni coated 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 aeri-
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 diacharge high currentsa, also if it is an attraction element for
lightning strike,

ik s R

5 CONCLUDING REMARKS

Several suggestions can be proposed in order to minimize the resistivity between

CFRP and light allcys.

They are:

- verify if the structure has preferencial paths with enough cross section for the cur-
rents;

N - foresee the drawing at design stage to obtain preferential paths;

N - 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 elcctrical continuity for each fastener;

- make an slectrical connection between more fasteners in order to minimize total rese-
stivity;

-~ consider carefully the sparking problem in the fuel area.
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Typical Lightning Strike paths

TE

Fig.3

CHNICAL LIBRARY

107

Fig.2

Typical zoning for a tactical fighter according
to MIL -STD -~ 1757A criteria

Fig.4

Scheme of the AMX CFRP vertical fin
torsion box

Example of zoning criteria for a vertical

fin structure
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CFRP spz2cimen for concuctivity testing
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Fixed confijguration Jjoint Removable configuration joint
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MATZAIAL DC MEASUREMENTS AC MEASURSMANYS % UNCERTAINTY
{motim} {mobm)
10 kHa 1 Mz 10 ™2

cree 8.26 95,87 1393 %0 5
80% 0/90
SO% +/-48

Tab.1

Conductivity results on CFRP fabric laminates without festeners
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Cnrves of D.C. and A.C. measurements on CFRP fabric laminates without fasteners
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ASSENBLY AC REASUREMENTS
RATEAIAL HieLok Mut Plutes Aux. Mat, DG MEASURENENTS (mohm) % UNCENTAINTY
(mona) 10 kHe 1 WHE 10 Mis
Wi
AL - CPRP M-collar DRY 8.7 50
AL - CTRP ne Kapton 11.3 a9
Al~collar *
AL - CTRP o PRLAISY 7.48 110.4 164 1260 29
Al-collar " :
H1 PR14363
AL - cRFP AL-collar Rocoshisld 6.24 7.9 14 2070 17
341
H11 Eecobond
M- ALecollar 80¢ 7.02 2
PR14360
AL - CrRP ::1 " Zecobond 9.14 33
-=COLlar 38C
H11
AL - CrRp Ti screw IC:::’M 4.94 o
Inox wesher.
Tab.2
Conductivity results on CFRP/Al Joints in fixed and removable configurations
ASSKMULY
MATERLAL tl-Lok Nut Plates Aux. Mut, UG REASUREMENTS % UNCERTAINTY
(molw)
b CFRP AL mesh H11
FM300 Fiberglass| Al-collar PR1438G 6.04 11
AL
CFRP AL mesh H11
!A':SOO Fiberglass| AL-collar DRY 7.04 22
CFRP AL = H11
FM300 Fibergluase Ti screw bRY a.08 16
AL Inox washer
Tab.3
4 Conductivity results on CFRP plus Al mesh/A) Jjoints
ASSEMBLY AC MEASURENENTS
RATERTAL Hi-Lok Nut Plates Aux. Mat. DC MEASURENENTS mohm) % UNCRRTAINTY
{mohe) 10 kiiz 1 MHs 10 MHs
CFAP Ni-coated H
Tepe 4 plies Al-collar DRY 2.08% 11
CPRE Mi-coated 11
Tape 4 plies T4 screw DRY 1,72 )
AL Inox_wamher
CFRP Ni~coated 11
Tabrio 1 ply T screw Scotchcast| 2.87 28,02 97 1830 ]
AL Inox washer 103
Tab.4

Conductivity results on CFRP plus Ni coated graphite fibers/Al joints
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Vertical fin configuration to improve conductivity behaviour

NATERIALS - INPEDANCE CURRENT PUL3ES VISIBLE DANAGE
{ wohm ) (kA )
CFRP F263-7300 58
FABRIC 0+ 50 KMz 48 59 KA Tearing of the first
4 ply
195 ¥ith the maximm
current pulse three
plies have been dama-
ged in the attach zmone
CrRP F283-T300 58
UNIDIRECTIONAL 0+ 5 Kis 51 90 Ka Tearing of the first
(0.045.90.-45)2 } ply
]
132
CFRP F263-T300 64
FABRIC 0+ 50 kHs 24 100 XA Tearing of the
THORSTRAND “3SF & ‘ "horstrand
110
CrRP F263-T300 17
FABRIC 0+ 10 KkHs a7 Burning of the
Ni{ COATED GRAPHITE J surface
PIBERS FABRIC
184
Tab.5

Simulated lightning strike test results on CFRP panels
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TEST SPECIMENS FOR BEARING AND BY-~PASS STRESS INTERACTION
IN CARBON FIBRE REINFORCED PLASTIC LAMINATES
by
M B Snell
RARDE
Chriatchurch
Dorset
G P Burkitt
Materials & Structures Department
Royal Aircraft Establishment
Farnborough
Hampshire

SUNMARY

Compact teat 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 effectas in aluminium alloy
were found to be unsatisfactory because of the uncertainty in load transfer, and a new
apecimen 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
subsequunt bolt/hole deformation under load. However the specimens recommended are
capable of applying a wide range of bearing/bypass load ratios.

Sample strength interaction envelope: were produced for a Hercules IM6 fibre and
Ciba-Geigy Fibredux 6376 resin laminate o. “ypical wing skin lay~up, 5.5 mm thick. Both
tension and compression quadrants were studied, with two hole mizas, in both double
shear and single shear. The interesction 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 reliadle means of load tranafer; bolts bearing sgainet the supported axial fibres in
multidirectional laminates have been shown to achieve bearing strengths close to the
laminate compression atrength (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 bearing
into a stressed sheet. Examples abound, such as in aircraft wings where a combiaation
of membrane stress due to bending and bearing streas due to transfer of shear load at
the skin/substructure interface occurs., The ratic of bearing stress to membrane stress
varies widely across the wing but will generally be low for the skin/substructure joints
and high for the multi-hole joints at wing attachment fittings. Both membrane and
bearing stresses will give rise to streas concentrations at the edge of the hole which
may initiate failure and it is to be expa:ted that msome interaction of the stress con-
centrations will occur, leading to a reduction in strength.

The strength values used in serospace 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 requiies complex testing equipment.

The aim of the present work is to develop a simple method for strength intevaction
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 successaful, 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 sp:cimens were used to develop
strength interaction curves for a laminate made from Hercules IN6 fibre and Ciba-Geigy
Fibredux 6376 reain. Both tension/bearing and compression/bearing quudrants 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 conformal mapping
has studied various configurations of bolt rows. Finite element methoda 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 a | 2A181 P Pa = P4 = A2E2 )P
2A1E1¢A252 2A1E1¢A2E?
s, = ( 2aE, P s - o 5, = ( AE, )P (1)
2A1E14A232 2 2 151¢A252
For a aymmetrical joint, AIEI - AZEZ/Z’ then
Pl - P2 = P/2, P3 = Pd = P, S1 = S3 a P/2

These results apply to jointa of similar configuration with any number of holes per
row, is only the outer bolts are effective in load tranafer and the sheet between the
outer bolts 18 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.
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For other configurations, deformation of the bolt/hole will clearly redistribute
load between the bolts and, for ductile materials, experience has shown that shear
equalisation can tauke place with plastic deformation (5). This is shown qualitatively
in Fig 2. Given the occurrence of shear esqualisation from local yielding, a multi-hole
fastener would provide a convenient means of studying the bearing/membrane stress inter-
action problem, with a two hole specimen giving 50% load transfer, a three hole specimen
33% and mo on.

Shear equalimation is less likely with the relatively brittle characteriaiics of
CFRP and the high stiffness of the steel or titanium fasteners used. However, a number
of exploratory tests were carried ocut to assess the multiple hole specimen.

2.2 Exploratory Tests

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
IN6-6376 material. For this thickness it was found that the diameter of high-tensile
ateel bolt required to give bearing failure in the composite without bolt bending was
greater than 8 mm so the neareat standard size of 9.5 mm was used. The bolts in all
testas were torque tightened to a moderate level (7 Nm) to provide a poaitive 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 curvea are
shown, one (CO7) a bearing strength test, one (CO4) a filled hole tension test and the
remainder (€03, CO5 and CO6) combined bearing/by-pass tests with four, three and two
hole specimens respectively. The failure modes are shown in the photographs in Fig S.
CO07 and CO4 exhibit the normal bearing and notched tensile modes. Considering the multi-
hole specimens, CO3 shows tensile failure at the first hole with evidence of additional
bearing deformation at holes 1, 2 and 3 only. Hole 4 shows no visible sign of permanent
bearing deformation, The three hole specimen, CO05, 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, CO6, has the same failure mode, and shows evidence of bearing deformation
at both holes.

B 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 25X. This
indicates that the notched tensile strength (spt) is significantly reduced by bearing
streas and the reduction does not necessarily vary with number of holes in a joint. Fronm
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,

PR

2.3 Thermoelastic Investigation Using SPATE Equipment

An investigation of the load distribution in the steel side plates was carried out
using the SPATE aystem at RAE, general details of which are given in Ref 6. This equip-
ment detects adiabatic temperature changes, which for isotropic materials sre proportional
to the sum of the principal stresses, in atructures undergoing cyclic loading. Specimens
of type D were used, 30 mm wide, with 6 mm thick parallel steel plates either smide
fastened with four 6.35 mm bolts. Two specimens were tested, the first a static teat
and the second a residaal strength test after fatigue "shake-down", 1In tlhe 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).

P The fatigue tests were run up to 100,000 cyclea to obaerve load redistribulien
resulting from local bearing deformation in the CFRP coupon. During this time several
acans 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 atrength test, co the
bearing deformation under fatigue may have caused a significant equalisation of bearing

4 load and a consequent increase in net tensile strength. It should be noted, however,

v that even in the absence of bearing effects the net tenaile atrength would be expected

B to increase slightly as a result of fatigue (7)., Consequently the atrength achieved was
) closer to the notched tensile strength than that for the 9.5 mm bolts discussed in
secticn 2.2 (86% of spt for the 6.35 mm bolts and 75% of spt for the 9.5 mm bolts). A
photograph of the failed reaidual strength specimen iy shown in Fig 6. The bearing
fatigue caused elongations of the holes of between 3.1% (1st hole) and 1% (4th hole).

Photographs of the SPATE scans in Fig 7 show some increase of stress away from the
firat 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 jointas can be improved by using "weak" fasteners which yield and
80 equalise the fastener shears.
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3 PARALLRL PLATE SPECINENS
3.1 Specimen types and Potential Applications

The parallel plate spicimen types used in this investigation are shown in Fig 8.
Bearing load i3 generated at the CFRP hole by load transfer into the side plates. The
model shown in Fig 9 gives the lo:d distribution in terms of the member atraina and
stiffnesses for a symmetric three-plate specimen.

An upper limit to the bearing load, neglecting bolt/hole deformation is

P, = P/(1 + (AIEIIZAZEZ)) (2)

b

A practical minimum ratio of A1E1/A2E2 is about 1/£ and this yields, neglecting bolt/
holo deformation, a maximum bearing load of 12/135 of the applied load. As will be shown
later, this upper limit could only be expected for extremoly long specimens.

In practice the bearing loads can be determined from measured strains:
Fiom measured side plate strains,

P - 2A2B €

b 2°3

From measured CFRF coupon strains,

P = P - AE

b 1512

Thusa, the true bearing load can be obtained from strain gauge measurements on either
the side plateas 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 mo the
strains must be continuously monitored to obtaiu 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 trarafer of about 20%. This could be increased to about B85% 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 grigs of the test machine. The combination
of iacressed effective length and reduced clearance gives much higher load transfer
ratios.

In practice, predictions of load transfer are difficult because of non-linear
bearing deformaticn characteristics near failure. However, it has been found that the
two specimens, types E and F give sufficient range to cover the ralevant loading cases.
For a given specimen type, variability in initial clearance and bolt/hole deformation
will result in variabillity in load transfer at failure, This is no disudvantage since
it expands the interaction data over the range studjed.

Load transfer in single shear with countersunk fasteners can be studied using
specimen type G, backed with an anti-bending plate if necessary. The single sided plate
arrangement can also be used to study additional bending effects by adaing spacers
between the plat. and coupon, with atrain gauges attached to measure both load transfer
and additional bendiag.

Approximately fifty specimena of various configurations were teated to develop the
best type and to generate sample strength interaction curves for the CFRP laminate. An
essential prerequisite waz the Youngs modulus of the constituent plates. The larinate
Youngs modulus in tension and compression was measured as 71.1 GPa and 70.3 GPa,
respeciively., Both aluminium alloy (L65) and steel (EN8) side plates were used in the
trials, with modulus of 70 GPa and 210 GPa.

3.2 Teut Programme and Results

3.,2,1 Trials with short specimens using aluminium alloy and steel side plates

The tirst tests compared specimuns with L65 and steel 3ide platea, 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 clearance is
taken up and bearing pressure increarer. The curves for 3 im stecl plates indicate a
progresaive 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 Pyt respectively. The load-extenaion results for 3 mm and 6 mm
aluminium alloy and 6 mm steal are shown in Fig 11. Despitn the differences of up to
25% in total stiffness, assuming no bolt/hole deformation, there je very little difference
in measured stiffneas for the three specimens. In practice, clearance and local
deformation have reduced the stiffness contritution of the side pla%tes and limited the
bearing loads to about 20% of Py¢.
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3.2.2 Trials with long specimens

Long specimens using steel side plates sither 3 mm or 10 mm thick were inveatigated
to increase the achievable load transfer. The specimen type is shown in Fig 8, F, The
first studied, COl, was 30 mm wide with 3 mm side plates fastens:' with a 8,35 mm bolt.
Strain gaugea were attached to the side platas only. The losd-extension and lead-strain
curves are shown in Fig 12, Naglecting deformation the theoretical maximum bearing load,
from equation 2, is 78% 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 ratioc was caused by bolt bending and plastic elongation of the
holes in the side plutes. The bearing streas at failure in the CFRP coupon was 784 NPa,
71% of the bearing strength.

To overcoms the bolt/hole deformation problem and increase the load transfer ratio
a specimen, denoted CO02, 50 mm wide with 10 mm thick steel side plates fastensad with a
9.5 mm bolt, was investigated. The load-gxtension and load-strain curves for CO2 are
shown in Fig 13. The lower curve shows the variation of side 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 mm hole. Beyond initial failure, progressive beaaring failure occurred, resulting in
the reduction in total atiffness and strain rate shown. The failure modes of specimens
COl and C02 are shown in the photographs in Fig 14. COl has mostly tensile failure with
a small amount of bearing deformation whereas CO02 shows evidence of much wore bearing
deformation, corresponding with the load-strain curve.

3.2.3 Single shear specimuns

Specimens of type G (Fig 8) were used Lo study strength interaction in single shear
with 6.35 mm countarsunk fastaners. The asymmetry of this apecimen can cause secondary
bending, and this waa 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 addjitional 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 aecondary bending
strain was less than 5%.

3.2.4 Specimens in compression

The compresaion quadrant was studied using the same specimens as for tension,
types E and F in Fig 8, The wnide plates uaed were 6 mm or 10 mm thick steel which gave
adequate Euler buckling rigidity. Nevertheless, the apecimens were lightly clamped
using engineers clamps to prevent incipient buckling of the individual members. Strain
gauges were attached to the plates,

The load, diaplacement and strain response for a typlical short specimen (B09, type
E) is given in Fig 16, The strain curve shows three distinct phases, repressnting
friction effects, bolt bearing lcad transfer and progressive failure., Befora the bolt
clearance ia taken up a smull amount of load is transferred to the side plates *arough
friction. A linear phase of bolt bearing load transfer then occurs, followed by pro-
gressive faillure during which the side plate strain increases rapidly. Final .allure
occuras 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 atress. This point is shown on the curve at 380uc aside plate strain and
81 kN applied load., Above this point the side plate strain increases rapidly hecause
lateral expansion of the composite material around the hole under progresaive failure
causes increased friction load transfer, Nevertheleas, the point of initial failure is
clearly identified from the atrain curve.

The problem of friction effects in laterally conatrained compression bearing tests
ia known to give high values of bearing strength (8), and this ia shown by the strength
values obtained at final failure from the present teats., The apparent increase arinses
from friction locking of material round the hole, over an incresssd diameter of about
one bolt diameter.

3.2.%5 Conclusions from specimen trials

The resulta from the specimen triala established confidence in the parallel plate
mathod for combined bearing/by-pass strength measurement., For low lcad trcnafer the
short specimen, type E, with steel aide plates the same thickness aa 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 louble shear testing. strain
gaugew on the side plates only are sufficient, and the same side plates can be used for
several specimens uith resulting economy. However, the strains measured are of the order
of 100y~ 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 is preferable, but more expensive, to apply the atrain 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.

. L PPR— a 2 ‘
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The coupon must be strain gauged to monitor both load transfer and secondary bdbending.

The long specimen, pinned and bonded, was capable of achieving very high load trans-
fer ratios. With side plates about twice the coupon thickness, and a bolt of sufficient
diameter to prevent bdending, load transfer of up to 0.79P could be achieved., The speci-
men was shown to give a combined fauilure mode with conaiderable bearing deformation
before failure in a bearing/tensile mode, The specinmens developed were used to produce
the strength data for sample strength interaction curves.

4 STRENGTH INTERACTION CURVES

4.1 Tennion-bearing Interaction, Double and Single Shear, 6.°35 mm Hole

The results for tension-bearing interaction in double shear (plain hexagonal headed
bolts) for 6.3%5 mm holes are shown in Fig 17. The mean net tensile strength, from five
filled hole specimens, was 670 MPa with a coefficient of variation (CV) of 3.28%. The
bearing strength was determined for & 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 pointa were obtained from seven specimens identified in the diagram.
Specimen COl, discussed in section 3.2.2 achieved the highest beaing stress, limited by
bolt bending and hole slongatinn, A0S, AO7 and AO8 wer. discussed in wmection 3.2.1.

The other three, B03, B0OZ& sud BOS were tested with the same pair of &€ mm steel slide
plates. Am can be aean the bearing stress varied considerably for this group, depending
en the initial bolt fit and deformation characteristics. This has given a spread of data
points useful in constructing the curve.

A tenaion-bearing interaction curve for 6.35 mm counteraunk bolta in single shear
ia 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, ie ignoring the countersink aresa. 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,
$72 NPa with CV of 0.87%. Specimen type G 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 leas than 5% at the specimen centre. The lower group of pointa, B16 to B18,
were obtained from : specimen with a 6 mm steel side plate whereas the upper group, GOl
and GO2 used a 10 ¢« :teel side plate. As can be seen the points are grouped with
little scatter and an, interaction curve could be drawn easily through them.

4.2 Tension-bearing Interaction for 9.5 mm Bolts in Double Shear

The limited amount of teating with 9.5 mm bolta gave juat sufficient data to proaduce
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 initial failure occurred at 62% of ultimate load foliowed
by progressive deformation up to break. Referring to Fig 4, it can be meen that the
corresponding bearing strength apecimen, CO7, had the same type of progressive failure
characteristics, with initial bearing failure occurring at the same bearing atress of
about 950 NPa. Deperding on the deaign philosophy. the allowable atreas would be set
between initia)l fail.re and break, and it can be seen from Fig 19 that widely differing
strength envelopes could result. Specimen CO6 was used to give the other interaction
point, assuming equal bearing load at each hole. The tensile mode curve is therefore
an estimate and more resulta are needed to confirm its position. It nevertheless gives
a good indication of the atrength interaction characteriastica with high bearing streas.
Both strength modes were significantly reduced by interaction, but the initial bearing
failure characteriatics were unchanged by the presence of by-pass stress. Thus it asems
that the major strength interaction effect is the reduction of net tensile strength.

4,3 Compreasion-bearing Interaction in Double Shear for
6.35 mm and 9.5 mm 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, waa 702 NPa with CV of 3.14%.
Three apecimens of the type discussed in section 3.2.4 were used to give the interaction
points. An estimated curve for the compression failure mode (initial failure) was drawn
through the limited number of points. Comparing this with the tension mode failure in
Fig 17 shows tue behaviour in both quadrants to be virtually the same. The points shown
for final faillure show much higher bearing etrengths but are unrepresentative of bearing/
bypass interaction because of the "friction locking" mechaliism 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 (Fig 19) there is little apparent interaction in the
compression mode. Howsver, this may be masked by the high scatter present in the notchad
compression results. The CV from the 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 l
strength measured from one specimen.

The effent of bearing on net compression failure mode is shown in the photographs '
in Fig 22; the fracture sone has moved from the hole centre to a pnsition outside the
hole centred on the focus of desring deformation,

L] DISCUSSION

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
spscimens 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 jointa in aluminium slloy 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 most usefu) in CFRP testing alac since 1t
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 sssessed with CFRP/stesl specimens but the relatively brittle
nature of the material prevented appreciable squalisation of the bolt loads. It was
found that specimens with two, three and four holes failed at virtually the same load,
with the bearing stress concentrated at the first hole., A 4-hole specimen was fatigue
tested to "shake-down" the stress concentrations, and simultansocusly analysed using ths
SPATE syatem to monitor load redistribution among the bolts. Although there was sone
equali:ation of the bolt loads, the effect was not readily quantifiable. By sophisti-
cated design, such as tapering the loading plates and uaing "weaker" bolts, it may be
possible to achieve a more even load distribution. This would nevertheless be uncertain
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 as the
parallel CFRP coupon, which were varied in length to vary the bsaring/by-pass load ratio.
For double shear testing a symmetrical assembly of two steel plates was used, whereas for
single shear testing a single steel plate was used, supported against bending 1if
necessary. The load in the members was determined from measured strain, either in the
side plates or in the CFRP coupon. In double shear testing the side plates only need
be instrumented, and the same pair of plates can be used for many tests. For single
shear teasts the CFRP coupon must be strain gauged to monitor both load tranafer and the
incidence of secondary bending.

Using the two configurationa of parallel plate specimen described in section 3,
sample strength envelopes were produced for two bolt sizes in an INE-6376 laminate. In
practice the 6.35 mm bolts were not strong enough to cause bearing failure and the
bearing streas was limited to about 70% of bearing atrength. Consequently the study was
limited to the elfect of bearing atress on net tensile strength. 1In the tension-bearing
quadrant for 6.35 mm holes, (double shear) bearing stress significantly reduced the net
tensile strength, up to about 18X for this hole size. Similar interaction behaviour was
shown for countersunk holes in single shear. The compreasion - bearing quadrant was alao
studied for 6.35 mm bolts in double shear. Friction effects after initial failure were
significant giving rise to unrepresentatively high bearing stresses at failure. Never-
theless the initial failure point was clearly detected from the load-strain curveas. 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 mm bolts in double shear. In this
case bearing mode faiiures cnuld be achieved and the interaction studies covered the full
envelope of bearing and by-pass atrength. It was found that the interaction behaviour
for high load transfer (bearing mode) was virtually identical in both quadranta. A
difference occurred in notched strength, with compresaion 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 ia 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. Counteraunk 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. Nevertheleas 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 meana of experi-

mentally studying the strength interaction of bearing and by-pass atresses, It is adapt-
able for use in double shear and aingle shear, with different fastener type. The bearing
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load ismost effectiveiy controlled b} varying the specimen length, since this reduces
the effects of initial clearance and bolt/hole deformation. Howsver, the important case
of low load transfer can be studied with a short specimen which is economicel of material,

A range of sample strength interaction curves were produced in INS-8378 aaterial,
for two hole sises in both tensmion and compressisn. It was concluded that the strength
envelopes for 6,35 mm bolts in double shear were virtually the same in either strass
quadrant. In the case of the larger bolts (9.5 mm) there appeared to be less interaction
in compression than in tension, although some of the differences was accounted for by
scatter in net compremwsion strength, Single shear (countersunk fastener) joints in
tension showed less 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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Type oy Test Result and Comments
b 1 P d 2
A AOO 30 180 Tension K = 71.1 GPa
Compression % = 70.3 GPa

B AO3 30 20% e/d= | 8,38 Bolt Sheared
B AOA 30 20% S 7.9 Pb = 49 kN ob = 1091 MPa
B A0S 64 | 208 s | 9.8 Pb = 57.3 kN b = 1089 NPa
B co? 30 208 .1 9.8 Pb = 69.8 rN ob = 1298 NPa
[ A09 30 160 6.3% Opp = 878 WPa
c 08 30 160 5.35 Gqp = 687 NPa
[+ BO7 30 160 6.3% Opg = 631 MPa
c BOS 30 160 6.38% Opp * 692 NPa
[+] Al2 30 160 6,38 o" = 374 WPa {C/s)
c A13 30 160 6.35 Oqp = 385 NPa (c/8)
[+ Al4 30 180 6.35 Gpr 568 NPa {c/s)
c coa 50 290 9.% Opp = 646 WPa
c Av2 30 160 6.3% Sec ==584 NPa
c mn2 30 160 6.3% LV =728 NPa
o] Bl13 30 160 6.3% LEY) »=721 NPa
o] Bla 30 160 6.35 Oq¢ =878 NPa
[+ Al0 3V 160 6.35 Iq¢ «=853 NPa (c/s)
[ All 30 160 6.35 P «=663 NPa (c/s)
[o} B1S 30 160 6.3% Src ==680 NPa (¢/8)
c co9 50 290 9.5 L) ==529 NPa
o] HOL 50 290 9.5 1 ==491 NPa
c | Ho2 50 290 9.5 Oqg =609 NPa
D ALS 30 205 4d | 6.35 6 St Opp = 541 NPa 4 HOLE
D 20} 30 20% 4d | 6,35 3 St |Test Stopped (O.n. = 430 NPa) &4 HOLE
D 2 30 205 4d | 6.38% 6 St Oqr = 572 NPa 4 HOLE
D | co3 50 205 ad ! 9.5 105t | opn » 490 NPa 4 HOLE
] cos 50 20% 4d | 9.% 108t °'l‘1' = 476 NPa 3 HOLE
D Cos 50 205 4 | 5.5 105t 9 * 490 NPa 2 HOLE
| 3 A0 30 160 100 | 6.3% 3 Al Cpe @ 586 NPa b = 298 NPa
E A07 30 160 100 | 6.35 6 Al Opp * 602 NPa ob = 239 NPa
E 208 30 160 100 | 6.3% 3 St Gopp = 542 Nra gb = 419 NPa
E BO3 30 160 100 | 6.3% 6 St gy ™ $68 NPa ob = 461 NPa
E BOA 30 160 100 | 6.35 6 St Opr * 564 NPa gb = 377 NPa
E BOS 30 160 100 | 6.35 6 St Opr * 581 NPa och = 638 NPa
E BO9 30 160 100 | 6.35 6 St L =621 NPa ob = 802 NPa
)1 B10O 30 160 100 | 6.35 6 St e =626 NPa ob = 863 NPa
E B 30 160 100 | 6.3% 6 St P =672 NPa ob = 873 NPa
B FO7 30 160 100 | 6.3% 6 St 3rc =615 NPa gb = 718 NPa
F co1 30 540 6.35 3 St opp ™ 543 NPa gb = 779 NPu
F co2 50 580 9.5 108t apr * 503 NPa gb = 1175 NPa
F cos 50 580 9.5 105t arc =514 NPa gb = 1213 NPa
G B16 30 160 100 | 6.3% 6 St opr 553 NPa ob = 636 MPa
¢ [B17 30 |60 100 |6.35 | 6 St (5. = 566 kPa ogb = 589 NPa
[¢] ns 30 160 100 | 6.35 108t Opp * 535 WPa ab = 597 NPa
* Qo1 30 585 6.35 105t opr * $17 NPa gb = 914 MPa
* Go2 30 $8% 8.3% 10St ogr * 498 NPa gb = 869 NPa

*Single side plate specimen of type F (C/S)

TABLE 1
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BEARING-BYPASS LOADING Nb BOLTED COMPOSITE JCINTS

J. N, Crews, Jr.
RASA Langlsy Ressarch Centex
Mail Stop 188X
Hampton, ‘nr.in::‘ 3665, U. 8. A.

R. A. Naik
PRC KRentren, Ine.
303 Butler Fara Read
Rampton, Virginia 23¢6€, U, 8. A.

SUMMARY

A combined experimental and analytical atudy has been conducted to inveatigste the
effects of simultanecus bearing and bypass loading on a graphits/epoxy (T300/3208) laminate.
Teats wers conducted with a teat machine that allows the bearing-bypass load ratie to be
controlled while a single-fastener coupon is loaded to failure in either tonsion or compression.
Teat coupons consisted of 16-ply quasi-isotropic graphite/epoxy laminates with a centrally-
located 6.35-wm bolt having a clearance fit. Onset-damage and ultimate strengths were
deternined for each test case. Naxt, a finite element atress analysis was conducted for each
test case. The computed local atresses wers used with appropriate failure criteria to analyze
the observed failure modes and strengths. An unexpected intersction of the effect of the bypass
and bearing loads was found for ths onset of comprassion-reacted bearing damage. This
interaction was caused by a decrease in the bolt-hole contact src and a corresponding incresse
in the severity of the bearing loads, The amount of bolt-hole contact had a aignificant effect
on local streases and, thus, on the calculated damage-onset and ultimate strengths. An offset-
conpression failure mode was identified for laminate failure under compression bearing-bypass

loading. This failure mode appears to be unique to compression bearing-bypaas loading and,
therefore, cannot be predicted from simple tests.

LIST OF SYMROLS

¢ bolt-hole clearance, a

qd hole diameter, m

!. applied load, N

’b bearing lead, N

!’ bypass load, N

’b nominal bearing strcass, NPa

snp nominal net.section bypass stress, MPa

x, ¢ polar coordinates, m, deg

t specimen thickness, m

- specimen width, m

»,y Cartesian coordinates, =

I} bearing-bypass ratio

U bolt-hole contact half-angle for single contact, deg
02 secondary bolt-hole contact half-angle for dual contact, deg
oy radial atress component, MPa

Y tangential stress component, MPa

INTRODUCTION

In the past, composite jolnts have often been designed using rather siwple metals-based
procedures without encountering serious problems. In meat such cases, the structural design
atrains have been limited by damage-tolerance considerations, and at low structural strain
levels, the joints have been adequate. However, as tougher cowposites come into use, the deaign
strains will rise and st_uctural joining requirements will become more critical. Amalytical
design procedures for joints should be bazed on a sound understandi.g of the veaponse of
composite materials under loading conditions similar to those in wulti-fastener joints.

Vithin sulti-f.stenexr joints, fastener holes may be subjected to both bearing loads and
loads that bypass the hole, as shown in figure .. The ratio of the bearing losd to the bypeas .
load depends on the joint stiffness and configuration. As the joint is loaded, this bearing- '
bypass ratio at .ach fastener remains nearly constant until damage begins to develop. In
gencral, different bearing-bypass ratios produce differant failure modes and strengths for sach
fastener hole. The lasinate response can be studied by testing single-fastener specimens under
bearing bypass losding, but such tests are usually difficult. The first cbjective of the
present paper is to describe a velatively simpla approach for the bearing-bypass testing of
single-fastenar coupons. This approach uses two hydraulic servo-control systems to apply
proportional bearing and bypasa ioads to a specimen with a central hole. Tha second objective
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of this paper is to present bearing-bypass scrength data for s wide rangs of bearing-bypass
ratios in both tension and compression. Previous data in the literature have been rather
limited, especially fur comprassion. The test specimens wers mads of T300/5208 graphite/ejoxy
in a 16-ply quasi-isotropic layup. The becaring loads wers applied through s clearance-fir steel
bolt having a nominal diameter of 6.35 mm. Tie test reeults are presanted as hearing-bypass
diagrans for damage-onset strength and for ultimate strength. The corresponding damags modes
wars determined by radiographing each spe:zimen after tecting.

The third ohicctive of this ctudy was the analysis of the bearing-bypass test results
using the local stresses around the bolt hole, computed for combined bearing and bypuss loading.
These stresses were calculated using a finite elemunt 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 damage-onset and ultimate strengths
for the range of bearing-bypass cest conditicons. The computed strengths were used to discuss
the test trends. :

BEARING BYPASS TESTING
‘tust Procedure

The test specimen configuration and loading combinations are shown in figure 2. The
graphite/epoxy specimens were machined frem a single (0/65/90/-45]2s panel. The bolt holes were

machined using an ultrasonic diamond core drill. They were then carefully hand-reamed to produce
a clearance of 0.07€¢ me with the steel bolts. This clearance, 1.2 percent of the hole diameter,
is typical of aircraft joints.

The test system used i{n this study is shown schematically in figure 3. The center of
the specimen ias 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® aud "lower" in figure 3). Any difference Hetween these
twe end loads produces a bearing load at the central bolt hole. This bearing load is measured
by the load cells under the hearing-reaction plates. The end locds are synchronized by a common
input sir:~l; as a result, = constant bearing-bypass ratic is maintained throughout each test.

A photograph of the apparatus is shown in figuxre 4. This photograph shows the friction
grips that load each end of the specimen and the head of the steel bolt that attaches the
specimen to the bearing-rsaction plates. Only a small portion of the specimen edge is visible.
Notice ths: the bearing-reactio: plates are bolted to the bearing load cells, allowing either
tension or compression bearing :oads. During compression, the bearins -eaction plates prevent
spreimen buckling. Although not visible in this photograph, hardens . steel bushings were used
between the bolt a .l the bearing-reaction plates. Thcse 12./-.um Luhings 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 tc 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 fingar 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 reportad in
terms of nominal bearing atress Sb and nominal net-section bypass strass snp' calculated

using the following equations:

S, = B,/ td

S“P - Pp /t(w - d)

where ¢t is specimen thickness and w s the width. The bearing-bypaas ratio g 1s defincd
as

£ - sb / Snp

Throughout each test, the specimen deformation was measured by displacement transducers.
These transducers vere mou:ted symmetrically on the front and back of the besaring-reaction
plates, see figure 4. (These plates were made from nonmagnetic 347 stainless steel so they
would not affect the transduci:.rs.) 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 S. 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 sscond nonlineuyity, which indicates damage
at the tolt hole, as mentioned in reference 3. An ofiset of‘-J.OOId was selected to define the
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Camage-onvet load, as indicated in figure 5. Some specimens were unloaded after the damage-
onset load level and ware then treated with an X-ray opaque cye-psnetrant and radiographed to
detaraine. the danagu-onsot mode. '

Test Results

Figure 6 shows xadioyraphs of four damage-onmet mudes. lor tension dominated loading,
tha damage developed in the net-ssction tensiou {NT) mcde, f£igure 6(a). The gray shadows show
delaninations and the dark bands indicate ply splits The tension-reacted bearing (TRB) and
compression -rasctod bearing (CRB) dumsge modes are quite similar, as expacted, and appear to be
dsiaminacict. dominated. The net-guction conp:ession (NC) mode involves r. :her discrete damage

‘.u{nn extending from the hole. This damage vas probibly caused by microbuckling in the Oo
Plies.

The msasurad sb and snp values corresponding to damage onset are plotted against one

another {n figure 7, as a mo-called bearing-bypasus diegram. Each open symbol represents the

aveTage ¢f three tests and the tick marks indicace the range of the measured strengths, plotted
along lires of constant p. The data in figure 7 iz also given in Table 1. The right side of
figure 7 shows tension results for four 3 values (0, 1, 3, =), The symhol on the sn axis

reprasants the all bypass loading in tension (8 = 0). The NT next to the symbol indicates net-
section tension damage. As expected, a)! the test cases with NT damage can be renresented by a
straight line and, thus, show the linear intsraction discussed in referanccs 3 and 4. This
linearity suggests that the local strasses dus to bearing loading and those due to bypass
loading each contribute directly to failure. The "bearing-cutoff® line was drawn through thz

B = @ data point. The damage-onset strengths fcr the all bearing tension case (8 = =) and the
all bearing compression case (f = -«) diffar 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 much lower strength level. The compressive bypaas load had a somewhat
unexpected effeact on the onset of bearing damage. The bearing failure for conbined 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 (8 = -0),
NC damage initiated at -422 Mia, which Is much larger than the expected compression strength for
this laminate. This suggests that "dual" bolt-hole contact developed, allowing the load to
tzansfer 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
8. Tu evaluata the progression of damage from onset to ultimate Ffailure, 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 vhen an all bypass loading (= 0 and
-0) was used. In contrast, for the all bearing loading (# = = and -e), the specimens fajilad at
considarably higher loads than rejuired to initinte damage. Also, when bearing and bypass loads
were conbined, 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 J = -3, the damage initiated in the CRB mode but the specimen
failed ir. a different mode, referred to here as the offset-compression (0SC) mode. Figure 9
shows a specimen that failed in the 0SC mode. The failure is typical of s 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 bsaring-reaction plates when the specimen failed. The
offset of the failure from the net section is believed to be caused by the CRB delamination
danmages extending bayond the clamp-up area around the hole, thereby initiating a compression
failure away from the hola. This transition from the CRB damage-onset mode to the OSC failure
mode could also happen in multi-fastener joints and, therefors, may be an additional
complication when joint strength predictions ars wade for compressive loadings.

STRESS ANALYSIS

In this section, first, the stress analysis procedures are briefly described. Then,
stresaes 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 damsge modes observed in the bearing-bypass tests.

Finite Element Proceduras

The finite element procedures used in this study were presented and evaluated in
referance 5. When a bolt clearance is used, as in the present study, the contact angle &t the
bolt-hole interface variss with applied load, as shown in figure 10. Using the inverse
technique described in veference S, this nonlinear problem is reduced to a linear problem. In
this technique, for a simple bearing loading, a contact angle is assumed and the coriesponding
bearing load {s calculated. This procedure is repsated for a range of contact angles to
establish a relationship between contact angle and bearing load. In the preaent study, this
technique vas extended to include combined bearing and bypass loading. For each bearing-bypass
ratio B, the combined bearing and bypass loading was expressed in terms of bearing stvesa Sb

and B, Thus, for a given §, the procedurs was identical to that used in reference 5. This
procedurs was repeated to establish a relationship between contact angle and bearing-bypass
loading for sach 8 value in the test program.
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These calculations were doane using the NASTRAN finite element cods, Thii codu is well
sulted for the Lnversa technique because the coutact of the bolt and the hole can be represented
using displacement constrainta along a portion of the hole boundary. Displaced ncdes or the
Yole bSoundary were conftrained to 1fe on a circular ai: correspcnding to the bolt surface. This
represent a rigid bolt kaving a frictionless interface with the hole. A very fine twve-
dimansional mesh was used to model the test specimen. Along the hole boundary, elements

°
subtended less than 1 of src. . As & result, the contact arc could be modelec very accurately,
Stress Results

Figure 11 shows the hole-boundary stress atstributions for three tension loidln; cases.
The first case is an all bypass tensivn loading (§ =~ 0); the holo-bound:ry tangential stress
% is shown as a dash-dot curve, It has the expectad peak at ¢ =~ 90 , the specimen net-

section, The value of thix % peak can be used to predict the applied load for damage onset

{n the NT mode, as demonstrated in reference 2. The sscond case in figure 11 represents an all

bearing tension lcading (8 = =) of 400 MPa with zero clearsnce between the bolr and the hols;

%, and Oy Ar8 shown as dashed curves. The peak value of the Op CUrve governs the

. °
.. hearing damage onset, The o curve also indicates a contact aungle of about 82 ; the peak

r
value in the Ogg CUrve occurs slightly beyond the end of the contact angle. The third case in

figure 11, the solid curves, alsc represents en sll bearing case with Sb - 400 MPa, bdur with

the 0.076 om clearance used in the tests. Comparison of the o, curves for the two all

0 .
bearing ceses shows that the clearance reduced the contact angle by about 20 and incroased the
%y bearing stress. Thus, clearanca tends tu decrease bearing strangth.

Hole-boundary stresses for tension bearing -bypess loading are shown in figure 12. These
results correspond to a bearing stress Sb of 400 MPa with three tension bypass stress snp
levels. Ths o rp SHEVes show that ifacreasing Sop che bypass load, caused the contact angle
to increase. Howsver, che peak o . value changed vary little for increasing § np' suggesting

that tension bypass loading has little influence on the bearing strangth. In contrsst,
increasing the tension bypass stress levels produced highar Yoa 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, was 400 MPa. The o, curves shov that increasing the
compressive snp value produced smaller contact angles and correspondingly higher peak %re
values. This shows that the value of Snp influences the bearing strength, as shown previocusly
in figure 7. The % tensile peaks ware nearly the same for the range of S - values but the

L compressive peaks varied widely. The curve for snp = SN0 ¥Pa {llustrates dual contact;

0
notice the L contact stress near # = 180 .

The contact angle trends discussed in figures 12 and 13 are summarized in figure 14.
The contact anglés, 01 and 02 defined by the insert, are shown for a range of tension and

compression bypass loadiugs with 5y, = 400 MPa. Increasing,the tensile bypass loading increased
01. while increasing the compreasive bypass loading had tiie opposite effect. The zmall jog in
the curve at snp = 0 {8 caused by the small differerce between tenrion-reacted bearing and

compression-reacted bearing. Notice chat dusl contact initiated for a compressivs bypass stress
of about 450 MPa. The secondary contact angle ’ increased rather abruptly as the compressive

srp exceaded this value. Additionally, the decreasing trend for 01 reversed vhen dual

contact develaped. Dual contact provides a path for rhe applied load to "bridge" across the
hole rather than divert around it. This reduces the stress concentration in the net section and
produces higher nut-section compression strength than with no dual contact.

STRENGTH <CALCULATIONS

As previously mentiuned, laminaty strengths for bearing-bypass loading wers calculated
uging the local stresses at the bolt hole. These calculations were used to study the strength
trends for the range of loading rombinations and the different failure modes. The damage-onset
strangths wers calculated using the peak hole-boundary stresses, as in refsrence 2. The onset
of damage was assumed to occur when the peak hols-boundary stress reached a critzical value for
each damage mode. For saLh mearured damage-onset strength, the pesk stress was calculatsd and
the average of the peaks in each damage mode was assumed to be the critical value for that
damage mode. The folloving critical values were calculated for each damage mods: 869 MPa for
NT; -750 MPa for TRB; -8C8 MPa for CRB; and -817 MPa for NC. The solid curves in figure 15
represent the damage-onset strengths calculated in this mannar, The average damage-onset

S
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strength data from figure 7 are replotted as open syabols in figure 15. The calculated curves
agree vwith the data irends for strength. Also, the calculated damage modes agroe with those
discussed earlier. This demonstrates that damage-onset strengths can be pradicted Zrom the peak
hole-boundary stresses if a critical stress value is known for each damage mode.

The ultimate strengths for bearing-bypass loading were calculated using tha well-known
point-stress criterion (refarence 6), The stress distribution calculated along the observed
direction of damage growth neaxr 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
detarmine an average characteristic dimension. The foilowing characteristic dimensions were
determined for each failurs mode: 2.44 mm for NT; 2.22 mm for TRB; 3.87 ma for CRB; 8.89 mm for
0SC; and 2,5 om for NC. The strength calculations aust agree with the dats averages for aach
failure mode. As expected, the calculations also agreed with the trends for the strength data,
as shown by the dash-dot curves and solid symdols in figure 15.

A The correlation between the strength calculations and the strength measurements in

&‘ figure 15 suggests that a combined analytical and experimental apvroach could be used to predict
bearing-bypass diagrams from a few tests. Such teats could Lo conducted for the sll bypass

(8 = 0) and the all bearing (§ = =) cases to determine the critical material strength
parameters, vhich could then be uscd with - 3tress analysis to construct curves for the more
complicated cases of bearing-bypass loading. This approach seems vinble for tension bearing-
bypass loading because only two failure modes are involved. But for compression loading, there
are three ultimate failure modes. The 0SC mode occurs only for combined bearing and bypass
loading, so this failure moda cannot be evaluatud using simple lcading. Therefore, strength
calculations for compression weuld require buaring-bypass tests for at least one g velue to
find the OSC material strength parmeter.

CONCLUDING REMARKS

A combined experimental and analytical study has been condvcted to {nvastigata the
effects of combined bearing and bypass loading on a graphite/epoxy (T3"N/5208) laminate. Tests
were conducted on single-fastener specimens loads. 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 atesl bolt havirg a clearance fit. Onset damage,
ultimate strengths, and the corresponding faiiure modes were determined for each test case. A
finite element procedure was used to calculate the local stresses around the holt hole,

A dual-control test system, described in this paper, was used to successfully measure
laminate strengths for a wide range of bearing-typass load ratins in both tension and
comprassion. The tension data showed the expected linear interaction for combined bearing and
bypass loading vhere the damags dsveloped in the nec-section teunsmion 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 severit; of
the compressive bearing loads. Compressive bearing-bypass loading also produced an off-set
compression (0SC) failure mode, not previously reported in the literature.

The present stress analyses showed tha: combined bearing and bypass loading car hava a
significant i{nfluence on the bolt-hole coutact angles. These contact angles had a strong
influence on the lonral stresses around the hole; they must, tharefore, be accurately represented
in strength calculation procedures that are hased on local stresses.

Although the trends in the bolt-hole str:ngth for combined bearing and bypass loading
were accurately calculated using local stresses together wiili failure criteria, some bearing-
bypass testing is required to predict the compression response. The laminate response under
compression bearing-bypass loading involved the 0SC failuve mode, which cannot be evaluated by
simple loading conditions. Therefore, predictions of laminate bearing-bypass strengths may neod
to be combined with selected bearing-bypass testing to account for the off-sei compression
failure mode.

e
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Table 1 Laainate strengths for bearing-bypass loading.
Bearing- Damage -Onset Ultisats Fallure
bypass
ratio, B sb (MPa) snp {MPa) Mode sb (MPa) snp (MPa) Mode
Isnsjion

0 0 304 NT 0 330 NT
1 237 237 NT 263 263 NT
3 468 156 NT 648 216 NT
- 542 0 TRB 812 ] TRB
Conpression
-0 0 ~422 NC o -422 NC
-1 314 -314 CRB/NC 461 -461 0SC
-3 498 -166 CRB 759 -253 [+1.o]
-o 528 0 CRB 853 0 CRB
"LLj/‘
Bypass load

O - Bearing load

©0CoO |

O0O0Q &

o 0l010

o Lad
0000
—‘—-‘——l——q
Applied load
/{\‘\‘_Av (b) Single-tastener coupon.

(a) Muiti~tastener joint.

Figure 1

Bearing-bypass loading within a multi-fastener joint.
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(48.4 mm)

k
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_L b
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Tension~reacted Compression-reacted
bearing (TRB) bearing (CRB)
(a) Teat specimen (b) Bearing-bypass loading
Figure 2 Specimen configuration and bearing-bypass loading.
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Bearing-reaction piates
Bolt
1 input
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Grlp/
- — Lower
servo-control ——
: Load cell . < N system
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Figure 3 Block diagram of the bearing-bypass test systenm.
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Figure 4
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Bypass
8

Photograph of bearing-bypass teat apparatus.
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Specimen displacement, mm

Figure 5

Typical load-displacemant curves.
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‘ Figure 6 Radiographs of damage at fastamer hols.
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Figure 7 Bearing-bypass diagraa for damage-onsst strangth. i
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Bypass stress, 8, MPa

Bearing-bypass diagram for ultimats and damage-onaet strengths.

Figure 9

Phetograph of a failed specimen showing an offaet-compression (0SC) fallure.
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Figure 10

Noalinear relationship betwesn bearing stress and contact angle.

p=o snp= 400 MPa
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Figure 11 Stress distributions along hols Loundary for all bearing and all bypass tansion
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Figure 12 Strass distributions for temsion bearing-bypars loadirgs.
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I
Y
o 180
\ -
‘~~---—‘—

elm

8m= 500 MPa

Strsss diatributions for compression bearing-bypass loadings.
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Figure 14 Contact angles for baaring and a range of bypass loadings.
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Figure 13 Strenyth calculations for damage-onset and ultimate failure strengths.
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Bolted Joints in Composites
Primary gtwctuns

y
A, Ruiz
CASA 0.7,
Avda. John Lennon s/n, €etafe, Madrid, Spain

ABSTRACT

In the design of composite parts im primary structures, it is necessary to use holted foints because
of inspection requirements and the need for partial disassesbly, repairability, access to the stru.ture
and for manutacturing breaks.

The proven methodology for bolted *oinn in metallic structures cannot directly be applied to bolted
Joints in composites decause of: material anisotropy, susceptibility to the enviromment and, specially,
due to the brittle behaviour of typical carbon/epoxy joint members up to ultimate feilure.

In typical highly loaded multirow joints, & tension type failure genarally occurs. Peak tangencial
stresses  at the edge of fastener hole produces fibres break-out. Strass concentration factors governs
the failure, as in metal joints under fatigue loads.

A methodology for composite bolted joints amalysis must be able to size any particular joint desige,
svotding the need for detail design tests. The approach under the present work it Lased on & ntnodolo?:
developed by J.L. Hart-Smith (Douglas. Long Beach) which correlates stress concentration factors in
:lcﬁl:;l:}ot:@pic materials with those which appear in composites, by means of an empirically determined

relief" factor.

A has developed a4 test plan which includes saveral hundreds of coupons. Basically, bearing
strength allowables and stress concentration factors, are invutirm. The plan co/ers double and single

shear specimens, environmental effects (cold-dry and hot-wet), different resin systems and fasteners, and
various losding conditions. Provisions for evaluating hole size effect are also made.

LIST OF SYMBOLS AND SUBSCRIPTS

Srbols

C ! Correlation coufficient between stress concentration factors in comoosites and elastic isotro-
pic materials,

a

: hiameter

¢ : End margin (measured from the center of the hole to the plate end perpendicular to the load).

»
v

Stress concentration factor.
- alastic isotropic matarials (e)

Kbne : temsile stress concentration factor due to buaring toad and based on nat tensfon

stress.
Ktne t:nsnc stress coventration factor due to tensisn bypass load and based on nat
stress.
- composites
Kbp @ t:nsi\e stress concentration factor due to baaring load and based on net tension
stress.
Ken ¢ t:nsne stress concentration factor due to tension bypass load and based on nat
stress.
P : Lonad
t : Loninate thickness
w : Width
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Subscripts
b : Bearing
t : Tension bypass

INTROOUCTILN

The increated application of advanced composites in aircraft structures has resuited in a substantial
recuction of the “part count™ and subsequently a reduction of attachments and joints. However, joints,
and specially bolted juints, ar« still required because of inspection requirements and the neeu for par-
tial disassembly, repeivabilit  access to the structure and for manufacturing breaks.

Mhile methodology for bolted joints in METAL structures i3 well-established and supported by many

%of tests and Mardware ¢ .perience, a direct adaptation of design policies and analysis procedures to

ITE bo1ted joints i3 no. possible, mainly bacause of: material snizotropy, iafiuence of layup, dif.
ferent fallure modes ond envirotmental susceptibiiity.

Due to the comparatively brittle behaviour of 1cal carbon joint mewbers up to ultimate fat-
Ture, the “forgiving* features of metal joints at ultimate load are missing, 1.e. high ductility and lo-
cal redistributions and essentially no stress risers. The load-sharing ma‘ysls for composite joints at
ultimate load therefore requires a careful modelling of the joint under consideration, of joint members

:nddfntomr stiffnets, conceptually similar to the enalysis of metal joints under operating (fatigue)
oads .

KNOW YOUR LOADS

Many atrcraft structures, specially those made of composite materials, are currently being analyzed
using finite element modelling, This structural analysis account for gross slement stiffness to solve re-
dundant intermal load distribution. It is common, tn such amalysis, to model bolted joints areas without
including fasteners and associated flexibilities, because of economic limitations and the small contribu-
tion of local Joint structure to overall s*ructural deformation.

Once external loads which act on joints are obtained, a conventional amalysis will determine the load
distribution at fasteners. It could require, as in the perticular multirow joint '» Fig. 1, & load sha-

;iv‘ngtmnysis which can use analytic clcse form procedures or finite element mode!iing for more complex
oints.

This analysis will account for the flexibiiity of each fastener as a function of fastener stiffness,
joint member stiffness and load eccentricity.

Fia. 1 LAMINATE DETAIL LOADS

The 10ad sharing analysis will provide the analyst with the load transferred by tha fastener (Pp) and
the bypass loads (Py) on the laminate. Then, a detailed stress analysis must be performed. This amalysis
deals with the determisation of the stress distribution at the vicinity of the ho

.
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STATE~OF-THE-ART ON JOINT ANALYSIS

Stress analysis

iThe vork under Reference 1 considers theoretical and empirical approaches to determine stress distri-
bution,

State-of-Lhe-art theoretical approaches include analytic, finite element and strength of materials
approximation methods.

The analytical methods aré formulated from a iwo-dimensional anisotropic elasticity tneory. One of
these methods is the "Bolted Joint Stress Field Model (BJSFM)" which has been developed at McDonnell
Afrcraft, This method accounts mainly for material strength anisotropy, stiffness anisotropy, general bi-
axial inplane 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 fasiener flexibility,
head rotatton 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 appro.ches is the establishing of failure directly by test in the first case while in
the second one a failure critecia must be assesed. An empirical approach based on Hart-Smith's method
will be widely commented iater in this paper.

Failure analysis

The previcus 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 urnotched material failure,

Detailed amalysis 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 introduces 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 heen established:

- Finite elenent 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 fatlure with a theoretical value situated at a certain “distance* on the stress distribu-
tion curve. (Reference 3).

- A linear elastic fracture mechanics mods' which assumes an “intense energy region® must be stres-
sed to a critical level before fracture rccurs. (Reference 4).

The “characteristic dimension* approach have widely been followed all over the world. The methodology
under Reference 1, uses this approach. Springer 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 compression (R¢) must be determined.

The use of theoretical approaches to determine stress distribution is associated with the need for
establishing a theoretical failure criteria and a composite “relief* factor. Nome 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 pracedure has been
followed by CASA io develop fts Bolted Joints Methodology.

THE_EMPIRICAL APPROACH

The approach used here {s 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 ip
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the literatura. Tests on composite materials permit the assesment c¢ composite “relief" factor to ac-
count for the effective strass concentration at failure. Influence of material anisotropy on that factor
is also empirically deduced.

Limited test data are generalized to other geometries, evaluating the interzction between siress con-
Jentrations caused by bearing and bypass loads in an uniaxial load case. This methodology is also exten-
ded, with adequate limitations to the biaxial load cases,

Stress concentration factors in elastic isotropic materials are well known, specially for fatigue

analysts, Peterson (Reference 9) attributes to Heywood an empirical formula for stress concentration at
unloaded holes in a strip (bypass load).

Ktpe = 2 + (1-d/w)3

Some corrections are introduced when a hole in a row of an infinite 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:

(w/d - 1)
K s(wd+1)-215_ "
bne (W/d )
being H defined as:
@ = 1.5 - 0.5/(e/w) for e/wgl
® =1 for e/w 1

Once elastic isotropic stress concentration factors are estadlished, 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
Refarence 7, shows this relationship.

0 4.0 ma (0.17 Ia.) HOLES TEISTS CONDUCTED AT O 4.8 mm 0,10 Ia,) HOLES
[ D 6.3 mn (0,23 in.) HOLS 500M TEMMAATUR % Q 4.3 am 0.2 in) HOLES a
— LEAST-3quAMS (INE OF a3t It —— LAST - SQUARES Ling OF BaST Y
g ondione 0 pass THEOUSH 1, 1) g CONSTRMAINID TO MASS THROUOH (4, 1) k] A
vl e " N o
§ 4 oot WATINAL: z COMPONTL MATENIAL, I
MOMGANITL (I GRAMITE FINES g MOAGANITE Il GRARKITL P188rs s
g L5 NANCO 134 EFGRY MIIN . 3 NALMCO 1004 EPOXY AES(N
® L]
MR PATHERN: L HIR PATTEAN 1
g [ XYY LR L V) ) Il Bow 0, %% v 5&
) ) ° 1
& 6,3 = ORN HOUS O\/ ® 4.3 w ORN HOVS /
E; (NACO 3208) e 29 (NAMCO 9204 -
; ? G ga T
L] )/ 18578 CONOUCTED AT
s- P}/ /" ; » YOOM TEMMATU
2 o = PPt
1 - < 1 -
4 s . ? [ ] 4 N 3 K L]
h" -
[ stass racton st sTss racION

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 1n
the vicinity of 0.25.
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A 1inea® interaction between tangential stresses has been demonstrated to occur in the case of com-
bining a bearing load with a bypass Voad (Figure 3).

I =TT,

Gy
TENSION BYPASS/

"E BEARING

TENSION FAILURE

Ct

Fig. 3 INTERACTION BETWEEN BEARING AND SYPASS LOADS

Biaxial load cases are more complex than the uniaxial ones, beczuse 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 PLAN

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)
and fasteners (HILOK, 6.35mm) commonly used in main CASA structural applications. As an appendix to

the main body, specific aspects such as big bolt sfza, highly matrix dominat layup, blind fasteners and
different resin system, are also included.

The programme covers Bearing (loaded hole, w=8d), Bypass (unloaded hole, w=44) and "Tension-Through-
the-Hole* (loaded hole, w=3d) tests.

Bearing Tests

A bearing type failure {s desired in the Bearing Tests. The maximum bearing strength will be achieved

with the Doudle Shear specimen. Several iayups are tested, maintaining the same sp:icimen 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
(untoaded hole). The aim is to asses composite “relief" factor for this load case. The following parame-
ters are investigated:

. Layup . Bolt head
. Open/filled hole . Environment
. Torque

[ &
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Tension-Through-the-Kole Tests

A narrow, lcaded hole, specimen (w=3d) is tested to determine the compasite ".wiief" factor corres-
ponding to this load case. A tensfon type failure under bearing loads is desired. Saveral layups are in-
vestigated with the Uouble Shear spucimen. Additional parameters are then also investigated:

. Single shear ., Torque
. Bolt head . Environment

Some compression bypass tests, open and filled hole, are also performed. Acitionally, *pull through*
tests are included.

Specimens configuration and test fixtures, e:tensively descridbed in Reference 10, are not contained
in this paper. ’

Test programme firished in October 85. Tets results have been regorted in Reference 11.

TEST RESULTS EVALUATION

Analysis of Test Plan Results wil! permit, by means of adequate data reduction to achieve the appto-
piate understanding on how destgn variables affect performance of bolted joints in composites.

In this paper only main conclusfons ard general trends will be included. A detailed description of
test results (under Reference 12) s not the alm of this publication.

Two main types of failures appear in bolted joints: bearing and tension. Therefore derivations must be
adressed to obtain bearing strength values and stress concentration factors.

Bearing Strength Allowables

Cloth material is used for testing., Empirical evidence shows that bearing strength, for double shear
specimens, remains_constant within a wide range of layups around quasi-isotropic. Average values are al-
ways over 800 N/um2, when tests are performed under room temperature,

Bearing s.rength is tremendously affected by eccentricity and environment. Strength can drop up to
50% when hot-wet fs combined with a high eccentricity.

A bearing failure is very easv to analyse and is not a methodology type dependant analysis.

Stress Concentration Factors

Under the Empirical Approach a composite “relief" factor which correlates elastic-isolropic materials
and non-elastic-anisotropic ones (composites) mus. be derived from tests.

Test results show (Figurz 4) a linear relationship between stress concentratiorn factor in metals and
composiies, For the same iayup (quasi-isotropic) and holt diameter, the results of the tests carried cut
under different load conditions (bearing and bypass) and geometries (w/d = 3,4,8) follow a straight line,
The slope of that line is the “ralief® factor C. Hole size effect produces higher slope, which mears
higher peak str.sses, when 12.70mm aiameter spe.imens are tested.

O PaL TORUE AT © AaL o
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Fig. 4 CORRELATION BETWEEN STRESS CONCENTRATION FACTORS (CASA TEST3)
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Correlation factor C is Jayup 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 rclationship whoen plotted
against 0° fiber percentage (Figure 5). Scatter associated to these tests is considered to be usual in
?gapgs;t:si ;’his inear behaviour is found when bypass load (unicaded hole) and also when bearing load

oaded hole).
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Fig. 5 COMPOSITE RELIEF FACTOR (C) VERSUS LAYUPS (CASA TESTS)

The above conclusions permit the derivation of stress concentration factors in composites, based on
those which Jppear in elastic-isotropic materials, for any geometry (w/d), layup and bolt diameter, wit-
hin a range tipically used in structural design. This deriiation, in case of bearing loads, will be go-
veriied by the following formula:

(Kon = 1) = C ("pne - 1)

A similar formula spplies for stress concentration factors due to temsion bypass loads.
For uniaxial load cases combiring bearing and bypass loads, a linear superposition is considered.

Environmental conditions greatly affect stress concentration factors. Critical values for (p have
been obtained with a cold-dry environmeni.

Another parameter affecting significantly 7p is eccentricitv. Tests carried out under single shear
specimens with high t/d values rave shown Cp values twice those vound under double shear tests. Influenca
of this ’pa:'aetor- is specially significant whan countersunk head fasteners are combined with high
eccentricities.

Analysis under biaxtal loads roquires knowledge of not only the criticel peak stress, but all the hoop
stress distribution around the hole, in order to find the hole location w.ere 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 programmes to provide them with the answers they
need for having an adequat: understandiny of a particular phenomenon. Test results will permit them to
support theoretical assumptions, establishing a desiyn methadolagy.

Sometimes, major efforts are dedicated in defining a test plan, testing and deriving conclusions,
butd these conclusfons are not stated in a user friendly way for non-expert enainesrs working on
hardware.

In the programme, under this paper, big efforts have been made in develuping 2 Design Manual easy to
use for engineers having a relatively 1ittle experience in bolted joints or composites.
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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 engingers, during
different stages of design, from preliminary studies to formal analysis for certification.

A computer 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.

g The dmpiricn approach, based on an empirically determined composite “relief® factor (C) is widely
scussed.

A CASA Test Plan, with 500 test specimens, has permitted C value derivations for CASA materials and
fastener systems. C is geometry-non-dependant, while varies linearly with the 0° 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. MATTHEMWS
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
‘Keviar' 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 20X below those for CFRP.
The best lay-up is judged to be 0/:85°, with 60% of the niies at t45°, 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 is restricted;
only 0/90, t45° are tested. Bearing strengths are generally in the range 500-600 Mi/m2,
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 low bearing strenath.
Surprisingly, although very large hole distortions are scen at failure there is very
little evidence of resin cracking.

The strengths obtained for CFRPeek are of a similar level to CFRP.

INTROCUCTION

It 1s well known that the mechanical characterisation of fibre-reinforced plastics
(FRP) is compiicated by the very large number of variables involved. The situation is, of
course, very much worse for joints since, in addition to the riaterial 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 3 and 'Kevlar' fibre-reinforced
epoxy rather less so {A.SE. There is little data available on carbon fibre-reinforced PEEK
(CFRPoek) [6]). Collings [7] presents an excellent survey of the tonic.

Because the number of variables for each fibre/resin system under evaluation pre-
cludes, on economic grounds, a complete characterisation, experimental programmes have
corcentrated on single hole joints with a few fastener types in a restricted range of lay-
ups and stacking sequencec, 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 60X of £45° fibres,
depending on the fibre type, the balance being oriented at 0°, i.e. parallel to the load.
Stacking sequence also inrluences joint strength, although to a lescer extent than lay-up.
Fibre volume fraction, fihre type and form (woven, unidirectional, etc), matrix type alil
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 1imited by the small head
and tajl size, which in turn 1imits the clamping force imposed by the rivet ia the througn-
thickness direction, This clamping force has a significant influence on joiut 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 1cad magnitude, will ?enerllly decide the joint type
(single lap, doubie lap or step). Laminate thickness 1s clearly related to the load for a
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 distaace is large
enough, However enforcing bearing failure, the most benign mode, may not provide the most
effictent joint.
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uther factors that may influence strength are load direction, loading rate and lgad
type (static or dynamic). .

Whilst 1t 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 data will
refer to double-ended specimens similar tc that shown in Figure 1, the load being applied
by & 1inkage such as that shown in Figure 2, where the 1oad cell is used to monitor bolt
clampi:g force. Unless otherwise stated 1aminates will have been made from preimpregnated
warp sheet,

200 mn_approx.
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Figure 1. Specimen Configuration and Lefinition of Divensions
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Figure 2. Representation of Loading Mechanism
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FAILURE NODES

Machanically fastened joints in composites display the same basic failurc modes as in
metals, i.e. tension, shear out and bearing. Failure is alsuv possible by pull-out or in
:1combiged tension/bending mode referred to as cleavage. Théese modes are {lTustrated in

gure 3.

AN

S
.
NN

Tension Shear out Bearing Cleavage Pull-out

Figure 3. Sailure Modes

a) Tension

As with conventional materials the tensile load required to fail a laminate througha
section at which holes occur !the net section) is less than at a section with no holes
{the gross sectinn).

The corresponding failure stresses may be defined by:

P
o =
N (w-nd)®
P
and [} . -—
& wt

where P is the maximum load, n the number of holes and the width w, diameter d and thick-
ness ¢t are dafined in Figure 1. It is conventional to express the above siresses in the
form of stress concentration factors

ky = °u!t/on and kg * °ult/aG respectively,
where 9t is the ultimate tensile strensth of the plain laninate.

Because FRP are essentially elasuvic to failure th.{ cannot take advantage of yialding
at the hole edge and hence the stress concentration will lead to a low net failure stress.
Tha latter depends strongly on the degree of anisotropy, and hence fibre orientation, in
the vicinfty of the unole.

For CFRP a.d CFRPeek laminates tensile failure will be governed by the 0° fibres, i.e.
those parallel to the applied load. GFRP failures are more complex due, mainly, to the
tow modulus of the fibre resulting in higher shear strains being imposed on the laminate.
As 3 consequence failure propagates by fn-planz shearing between 0° and 45° plies, leav-
ing only the 45° fibres to react the load.

'‘Kevlar' fibres have high tensile ctrength and it is thought that fibrillation af the
fidbres may provide a mechanism for the relief of stress concentrations at the hole edge.

3
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b) Shecar Out
The shear out strength of a bolted joint i3 usually given by:
L
2et
where the end, or edge, distance ¢ iy defined in Figure 1. Because of the difficulty of

measuring the approprtiate shear strength, it is unusual to quote shear stress concentra-
tian factors.

It 1s clear that, as with tensile strength, fibre orientation will play &n important
part in determining shear out strength. 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.

9 "

¢c) Bearing

Bearing of a fastener inahole gives rise to compressive stresses around the lToadcd
portion of the circumference, These compressive stresses cause tensile stresses i the
through-thickness direction which, because of the low strengih in that direction, can
lead to earty failure if adequate restraint is not provided. For this reascn pin joints
have the lowest and bolted joints the highest strengths, with rivets in betwatn.

The compressive strcn?th of the 0° plies is a vital determinant of the joint's bear-
ing strength, as is the stiffness of che fibres.

Bearing stress is defined by:

d) Other

Cleavage, a combined bending and transverse tension failure, can be avoided if suffi-
cient non-axtal (8 or 90°) fibres are included in the lay-up.

Pull-out failure is normally associated withrivets, particularly those with o :ouater-
sunk head; it should not occur xith bolted juints.

RAIN FACTORS AFFECTING FAILURE

a} Fibre Orientation

The importance of fibre orientation has already been mentioned. A3 might be expected
the ratio of 0° to off-axis (45 and 90*) fibres is a key factor. At low concentrations of
0° fibres shear out failure will predominate. The shear strength will increase with the
inclusion of off-axis material (say, 45°%) until bearin? becomes the critical mode,
Continued increase in the preportion of #45° layers will change the failure mode to tensicn
with a consequent drop in strength,

Fortunately for design consideraticns, joint performance is reasonably insensitive to
lay-up over juite a wide range of composition As a general recommendation the 0°
plies should constitute between 35 and 65X of the total (?2,3].

Contrary to what might be expected from the compressive behaviour of $45° laminates,
the bearing strength of such laminates is high. This is due to the constraint offered by
the washers. [n 0/145° lay-ups the 145° plies enhance bearing performance by inhibiting
longitudinal splitting in the 0° layers [7].

b) Through-Thickness Constraint

It is well known that the bearing strength of a plain in is very low, This is
because the 'broonin?' of the 'aminate on the loaded side of the pin is not prevented.
Even 2 bolt with a finger-tight nut produces, at least, a 100X increase in strength
Uecause the washer suppresses the through-thickness failure, Tightening the bolt produces
further increase in strength until a 'plateauv' is reached, for most materials, at a
clamping preassure of around 20 MN/m2, Such pressures are achieved with bolts tightened
to normally-recommended torques.

¢)  Stackiag 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 retated to the
associated stress distributions. For a fully tightened holt the failure can change from
local bearin? at the hole edge to ‘vemote-bearing' [9] at the edge of the washer, Yhe
latter mode s essentially one of buckling of the surface ply (or plies) and will again
be related to the stacking sequence.

The above comments apply to 8 or 16-ply laminates (with 0/90/:45° plies) in which
the plies are 'intimately mixed'. With thicker laminates, or those with high proportions
of fibres in one directiyun, 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 50%) than a laminate with an intimately
mixed or ‘homogeneous' sequence [3,7,10]. Although wider considerstions make the use ofa
blacked lay-up unlikely, the above remarks about strength loss could be important when
dealing with local reinforcement.
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d)  Joint Guometry
1) wdth

Ths essentially Vinear elastic behaviour of FR® means thati net tensile strength is
strongly dependent on width. Also, gross strength 1s related to hole size¢ and both net
and gross stron?ths dogcnd on lay-up. The effect of width is most marked for 0/20" lamin-
ates and least for 245° lay-ups.

For Jesign it is usval to chooss a geometry (w/d) which givas equal likelihood of
failure in tension or bearing. Precise values will dspend on the material and it could
be that the tensile mode will be the stronger [10].

Whatever the failure mode, strength is normally axpressed in terms of the bearing
stress. Typical curves of experimental data [7,6] are shown in Figures &-6, where it is
seen that tha behaviour oi the various materials {s essentially the same. Thus, failure
changes from tensile at low values ¢f w/d to bearing at high w/d. The change over point
4nd the ‘plateau' value depend on fibre, matrix and lay-up.

i) End Distance

Varying end distance has the same cffect on shear out strength as varying width has
on tensile strength., Curves cf bearing stress vartation with ¢/d are, hence, similar to
those for w/d and only data for CFRP are shown tc illustrate the sityation (Figure?)[7].

An interesting feature of woven KFRP laminates is that, even for high value; of w/d
and e/d, failure was always in a tensile mode for bolted joints. Pinned joints, in con-
trast, showed mooe changes as described above [¢].

111) Nole Stize and Thickness

Net tensile stretgth is largely insensitive to hcle size although gross strength
readuces as hole size is increased [1,3,6].

Shear out strength appeirs not to b. sensitive tuv hole diameter, as does the bearin
strength of CFRP and CFRPcek. However, the hearing strengtk of both GFRP [3] and KFRP (4
are reduced at large diameters (ov smal) thicknasses for a given diameter). The reauction
is due to gross bending of the laminate on the loaded side cf the hole, in what is effect-
ively an iastability phenurienon, Tne effect {s most marked for pinned joints but is aiso
present in bolted joints, becoming marked if 4/t > 3. A further source of stremgth redus-
tion, at high d/t ratios, is brought about by bending of the fastener imposing high
stresses on the surface dlies.

;
1000 4
XAS/914 CFRP
] 1 M8
- 2 'a00, Janst
K] 1 3 200, V2 ms*
E CFRPeek
L)
£ ¢ 200, 2 2450
w -
2
s
3
/g
0 T T Y Y T “r— u
5
Figure 4. Variation of Failure Bearing Stress
. with ¥/d for Carbon Fibre Laminates
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Figure 7. Variation of Failure Besring Strens
with @At for Carbon Fidbre Luminates

STRESS DISTRIBUTIONS

Nany workers have investigatad the stross distributions around a louded hole and
attempted to relate these to failure. A pcrt!culcrl¥ detailed discussion iy given by
Smith [9), who alco reviews the work of other investigators.

The important average stresses in the laminate plane around the hele eadge wild he:
maximym comprassion at 8+ 0% (see Figure 1 for cefinition of ©), 2animum tension at
0= 290°, maximum shear on radii at 6= $45°, 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 bearing fatiure at the hole edue (at
0=0%) for a pinned joint changes to remote bearing (at the washer edge) for a boited
Joint (9,11]. Also the way in which sticking sequencs can change the through-thickness
direct stress from tension to compression correlates well with expecimental results and
tedggitcs that the fibres in the two plies nearest the surface shtould not be oriented at

Further development of such stress analyses is importaat as they offer the possibil-
ity of strength prediction, once the failure process ard associated failure critaria can
be more accurately modelled [12].

OTHER FACTORS

a) Joiat Configuration

The experimental data quoted above derives rrom single hole specimens loaded in
doutis shear, by an arrangement similar to that shown in Figure 2, whers the bolt clamp-
ing force is transmitted to the laminate via washers, Apart from the question of symmetry
gf‘loldiug. this situation is relevant to a laminate which forms the outer componcnt of a

oint.

Also of interest are doudle shear arrangements where the laminate is sandwiched
{without intervening washers) either between metal plates or similar laminates. Stress
analyses performed Dy Smith (9] inoicate that the first arrangemunt should bring about an
increase in strength of 5 - 10% and the second somewhat lass, but still higher than the
washer arrangement. This latter assessment is confirmed Ly experimental data.
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A fucther consideration is the joint type, 1.e, single or double IAE. Experimental
results here are scarce but there 1s evidence that for CFRP and CFRPeek [647], 2 single
hole single lap Joint s about 10X weaker than tne double shear arrangement, tre reduc-
tion g rather less for two-hole {paralle) to the loadi single lap joints. For KFRP the
strength reduction ror single l1aps s closer to 20X (8], and {t appears that the strength
hierarchy of Yay-ups can change compared to joints loeaded in doudle shear.

b) Muitiple Fastemare

For a row of fastenears (1.e. normal to the load) there s generally no interaction
between holes provided the spacing Spitch) is greater than 4d. This means that test data
for single hule spaciment of width 40 can be used to design such muliti-hole joints.

Jatnts 2ith Vines of fasteners (i.e. parallel to the load) are more complicated
because of the pretence of the by-pass stress. As noted by Hart-Smith (10], 1t s diffi.
cult tn such circumstunces to improse on the optimum single hole joint without resarting
to consideradle complaxity, such as a stepped or tapered lap joint.

¢) Bearing Sterains

Although irveversidle damage {3 cpgnront well before final fatlure, probablyat about
60X of u'timate load for CFRP [2], the load-carrying capability of the laminate it not
tmpatired. Because tigniTicant dearing strain {hole elongetion) occurs before failure,
caretul consideration must be given to choice of design strain levels. This is espectally
%0 if hammering in fatigue i3 to be avoided. A factor of 2 on ultimcte stress isprobably
adequate. Even at the associated stress levels FRP are still competitive with metals on
A strength-te-weight basis (see below),

GENERAL CONMERTS

It is clear from the information already presented, Figures 4 -7, that CFRP and
CFRPeek have virtually identical bearing strength with 8FRP about 20%'weaker and KFRP
about 50X weaker than the carbon fibre materials,

S8ecause of the large number of variables involved there is a vequirement for a
predictive capability that will reduce the need for exiensive 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 CFRPesk. Unfortunately the method adopted by Collings
dunz :of1;spcnr to work for GFRP, a more complicated description of failure seems .to be
neede .

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,

Bearing Sirength Specific Specific
Material (anni) Gravity Bearing Strength
Stewl S96 973 7.88 124
Alunin;u- Alloy 425 2.1 187
n
CFRP XAS/914 1070 1.54 695
$0% 0%, 50% »ras*
GFRP E/913 900 1.90 473
33% 0°, 67X :48°
KFRP Woven/913 A£0 1.38 3133
0/90°

Table 1. Comparison of Specific Bearing Streagths
(1.e. stremyth ¢ specific gravity)

concLus10NS

a) Carbon fibre-reinforced epoxy and PEEK are equa\lg strong, with a bearin
strength around 1000 MN/m2, Glass fibre-reinforced e¢poxy has about 80%, and ‘Kevlar'
fibre-reinforcad epoxy about 50X, of the strength of the carbon fibre materials.

b) For a given fibre/matrix combination, lay-up is a k!{ factor in determining
strength, Lay-upsi should not be stron l% anisotropic. A 0/245° comdination is ganerally
to be preferrad, with between 35 to 65X 0° fibres.

¢) The stacking sequence should be as homogeneous as possible, i.e. plies of the
same orientation should not bte grouped together.

d) Through-thickness clamping strongl influences behaviour. B8olts must be fully
tightened if maxinum strength is to be obtained,

¢ —— .- . em e ] o !

.




d o e o At A A - o - . rT AW A T ememee s - - - O - X
r—v——'——-.——.——v———-— L N - AN AR i ——

TECHNICAL LIBRARY

e

to obtain optimum performauce,
f) For GFRP and KFRP 9/t should be less than 3.

e) As u general rule width (or pitch) and end distance should be approximately 4d f}ﬂ
o
1
J
g) Single lap joints are from 10 to 20X weaker than joints loaded in double shear.

h) Design stresses limited to about 50% of ultimate should provide adequate protec-
tign]lgainst permanent damage, whilst still offering a strength-to-weight advantage over
metals,
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MECH‘NXSM OF SINGLE SHEAR FASTENED JGOINTS

2 e 8 Y

J. Bauer

MESSERSCHMITT-BULKOW-BLOHM GMBH
. Helicopter and Airplane Division B
8000 Munich 80, P.O.Box 801160, W~Germany ¢

SUMMARY

The problems &zrising 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 naterial its brittleness and relatively low
bearing strength lead to new problems.

Experimental data were produced with a 100 % load transfer specimen using a CFRP to
mnetal 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 =i diagrams
based on theoretical investigations.

INTRODUCTION

Mechanically fastened single shear joints are used extensivsly in any aircraft struc-
ture. With the increaaing use of composites, the question of the strength of these
joints with CFRP becomes more and more important. Single shear bolted loints are used
to connect spars, ribs or frames to skins. Concentrated load introductions, like fitting
joints, are usually ccrried out in double shear. Single shear joints can nevertheless
offar extarasive advantayes in ajircraft structures in respect to waight, aerodyramic,
costs, design and production purposes. To make more use »f these advantages, even for
high load trinsfers, a more detailed knowledge about the mechanism and the strength of
those joints is ns.waasary. The final target is, to find a reliable method, considering
strength requir.iments, 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
answerau, mMo:e ox less, by experience and previous data from netal structures. It is
rwd, that tnis gives sufficient accuracy and reliability. The low bearing strength
of UREP, toanther with ity brittluness, leads to incruased thizknesses and to a different
glastic behavi. v, The engineer using COMPOSITES neuds more Jdetailled information about
theea phenon- .a acling together. To kv able to make wsw of .dvantages a more sophisti-
ceted method foo . '*ing single shear joints is nacuusary.

BRSIC REALI2ZATIONS OUT OF TEETS

70 investigate the problems of single sheaur bolted joints with CFRP-laminates, a test
profyram was pertormed. The objactives of the tesi: had heen to clarify the basic mechanism .
iith apecial vecpect to the cenzviour of the UFRP. Wa wanted to produce as much informa-~ i
tion 1s possible, to create a dnta-bane for ths devaelopment of a prediction method for

the strength vf single shear bolted juints.

The test method/configuration wiz daaiyned to avoid ary cffects, which could in-
fluence th: beshaviour of the CFRP during txe static and dynamic tests. As shown in
Figure 1 we used a CFRP-lap fastened onto a uteel piate, which was chosen to be relatively
thick. The bolt is therefore supported very st I. puring the tests this prevents, that
the bolt failas hefore the CFRP-plate was dznagad,

The secondary bendinc moments introduced -nte the plates, tended to raise the edge of the
CFRP-specimen frem the steel plates, It secemed rragsonzhle to avoid such bending by a
clamping ri.g, because in application of aircral¢ structures this cannot take place in
mos* cases. To simulate the worsat case, the boliz were only finger-tightened.

Measurements were carried out, to investigate the load displacement behaviour of the
joint in an accurate way. Therefore the di.jlacements between cthe two plates were
measured in the vicinity of the bolt. Typical lozd displscement curves are shown in
Figure 2. Three different physical events &y.. characterizing the slope:

1.) Firet nonlinearity
2.) Beginning of nonlinear behavious
2.) Ultimate Failure.

The first nonlinearity is the sign of the first failure at the inner aide of the ¢
CFRP-plate and it marks the end of the initial linear bchaviour. This effsct leads to g
a more unitorm load distribution in the CFRP-pluate and results in a nuw ranges of linear
behaviour in the load displacement curve. Finally a range of nonlinearity occurs,
superimposed by plastic bolt bending and destruction of tha laminate. The result of
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such a destruction is given in Pigure 3 as photomicrograph. The example shows a counter-
sink 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.

THEURETICAL INVESTIGATION

The main problem of single shear bholted 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 bended 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:

. Proparties of Plate 1 Thickness ¢ t
? Modulus of Elasticity : E,
i

: Diameter : q

Properties of the Bolt :

Modulus of Elasticity : Eg

e e ——— .. e 3
. kb ] A 12t # P =

Thickness ' : t,

£ .
Properties of Plate 2 : Modulus of Elasticity Eq

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, Such 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 sowe 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 thlckness alone will not protect from uncritical loading and
local damages.

Further information is offered by the theory, the hending 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 che 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 used and then the following properties are
found to remain constant:

Thickness of the CFRP-plate : t; = 6. mm
Diameter of the bolt H d = 8§, mm
. Material of the bolt : Eg; = 210000. N/mm’
: Material of the metal plate : E;, = 210000. N/mm?

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 lccal bearing is normalized by the
average bearing stress: (;
k, = lbmax
LI < TS
- The maximum local bearing stress of the steel-plate With v
thickness is divided by the transferred load: plate h variable
. C2bmax
2 3
These two factora give a representative value for the maximum bearing stress, in-
dependant from the loading.

{ E c The bolt bending moment can be separated from the loading of the joint by the
i actor:

i Mpo1e.max

N by * ]
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In Figure 5 the hehaviour of these three parameters (k1, 8,/ bﬁ) is shown.

We are starting with a thickness of 15, mm and try to reduce the weight of ocur
specimen configuration by sizing the steel plate with smaller thicknesses. It is obvious
that the maximum bearing stress does not incraase extensively, as long as the thick-
ness remains above apout 7. mm. With a smaller uteel plate the local maximum bearing
stresses increase steadily in both laps.

To procesd to lisht weight constructions Figure 6 was created. The steal plate is
changed to light alloy ard the bolt material bacomes titanium. In comparison to the
heavy metal configuration, the (FRP-plate is then aubjected 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 strosses within the CFRP-plate.

The light metal plate itself distributes loading in a more optimal way than the
stiffar but heavy configurstion, And the titzaium bolt does not carry as large a bending
moment as the stiffer steel polt,

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 chem,
This knowledge is necessary for the interpretations cf 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 festened 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 shear fastened joint seems to be when both
plates, the metal and the CPRP-plate are ¢f 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 dianeters lead to higher local bearing stresses for
the CFRP~plate, but also to higher b:ading moments of the bolt.

- A CFRP-plate with a low modulus of elastic’ty is not affected by
such high local bearing siresses, but the other plate has to
withstand higher local bearing loads.

- For thz bolt the slope of (PFigure 5+6) shows, that for a thinner
metal plate, its maximum betiding 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 2 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 strasses are allowing only a small
load to be transferred.

REFERENCES

1) William Barrois
Streases and Displacements due to Lozd Transfer by Fasteners
in Strutural Assemblies
Engineering Fracture Mechanics 1978, vol. 10
pp. 115-176, Pergamon Press

2) D. Schutz, H. Lowak
Die Berficksichtigung des Einflusses der Sekunddr-Biegung
auf die Schwingfestigkeit von Filgungen
Bericht Nr. FB=-113 (1974)

AN e ey s e SRR AN S+ kb SR 1t KAy e rnr ™

B |

e T

B



rem v T | e

TECHNICAL LIBRARY

l_l HINLE SHEAR PEN BLANING STALNOTH

[LIY] .
sLLcintld l-u-l[

Figure 1 : Specimen Configuration
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Figure 2 : Typical Load Displacement

Curves of Single Shear Bolted Joints

I'igure 3 : fhotomicrograph of a Countersink
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JOINING OF CARBON FIBER
COMPOSITE WITH  FASTENERS

by
Salvatore Pagliuso
AERITALIA GVT
Viale dell‘'Aeronsutics
80038 Pomigliano d'Arco(Napoli)
Italy

H
¥
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SUMMARY

This paper deala with the Aeritalia experience on driiling techniques and fastener selection for ad-
vanced composite assembly, Details are provided on fabrication techniques., Informations are given on cor-
rosior prevention, M

e Tew s e

1.  INTRODUCTION

Aeritalia's experience pertaining to carbon composite structures going back to the early 70's when
curing of lab-acale carbon composites was started followed by experimental G 222 spoilers.
Aeritalia‘'s knowledge was built-up on aeveral 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 is 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 ia the
area of advanced composite structures,
This experience was completed and furtherly enhanced through the development of Aeritalia ATR 42 program
and partecipation 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 atructures.

o3 T S XSRS YRR

! 2. DRILLING

A few bamic recommendations iust be taken into account.during drilling operations,to guarantee good
quality. Clamping pressures should be well distributed 1o avoid damaging perts.

: Once the cut im started, it should not be atopped 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 plastica are poor conductors, heat builds up on the cutter causing tools to bresk down rapidly,
Besides dull tocls generate edge delaminations, chipping, crazing, and tearing of fibers.
In fact, dull toolg generate higher cutting forces that will tend to delamination.
Back-up strips are helpful in preventing delamination, mainly with unidirectional tapes.
K A fiberglass layer, used as & c- lon protection layer,is also helpful in preventing delamination du-
ring drilling. During drillir. .- _cnerally 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./EP. parts. Aeritalia's experience and manufacturing
research selected a tungsten carbide drill patented by Aeritalia and shown in Fig.l
The minimum drilling speed utilized with this cutter is 4500 R.P.N.
C./EP. parts must often be drilled together with the structure components made in aluminum or titanium ma-
terial to avoid holes misalingment.
To drill theae assemblies traditional helix drills in tungsten carbide are used starting from the C./EP.
side and using a drilling template.
The metal is used a8 back-up to avoid the delamination.
Aluminum - C./EP. assemblies are drilled at 400" - 4500 RPM. Titanium - C./EP. assemblies are drilled at
150 - 300 RPM. Cloge tolerance ho!: are mad 1 0,8 mm minored drill point and than completed by res-
ming. A peculiar problem i: . - Ji.iiung of ..+ of a sandwich structure for blind fasteneras inatalla-
tion ( see Fig.2 ), The dri iing operatici. s accomplished with the same technique plus an inside cleaning
operation to provide a suitable mating 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.
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SEC.A-A
(NO SCALE )
L = 100 mm
T= 50 na
R = 250 ma

r «D/2 x 15 mm
D TOLERANCES = 40,025 -~ 0,000 mm

FIG.1
ABRITALIA'S PATENTED CARBON/EPOXY MATERIAL DRILL POINT

o+—HONEYCONE CORE

e A

DRILLING INSIDE CLEANING

i L
),_—-SOLID LAMINATE

FIG.2
DRILLING OPERATIONS IN SANDWICH STRUCTURES
FOR BLIND FASTENER INSTALLATION

3.  FASTENERS

Three types of fasteners are generally utilized for C./EP. assemblies : typical, blind and hollow en-
ded. Typical fasteners are very similar to the ones utilised for metallic assemblies.
Particularly intereating is the utilization of fasteners with ahi-lok type pin on K-fast type nut,
In fact this type of fastener has the following advantages :espect the traditional hi-lok :
=K fast nuts generally have lower purchase prize than collars.
~Thern is no broken callar or pin to contend with,
~The low profile allows easier inatallution in limited access areas.
=K fast nuts are reusable according to military specificatior. NIL-N-25077.
-The oversized nut counterbore configurstion allows standard K-fast nuts to be used un eiiher standard or
oversized pins, sliminating the need for duplicate inventory.
=Cloaely controlled setting toi'que sliminates prossible surface damage and gives a more consistent pre-lvad,
~They can be retorqued after sealant setting.
Blind fasteners for composites must provide a large blind side upset to reduce posaible delamination.
The large blind side permits the fastener to exert very clamp-up loads to the structure,without damage.
The two mostly used types of blind fasteners are the "big foot" and the one with an expandible wagher.
The "big foot" is shown in Fig.3 and its installation procedure shown in Fig.4 is :
1) The fastener is inserted into the prepared hole.Thc installation tool is placed over the screw tc aimul

[ |
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tanecusly engeging the wrench flats and the drive nut.

7 WRENCH FLATS

f T

FIG.4
" BIG FOOT " FASTENER INSTALLATION

FIG.3
“BIG FOOT" FASTENER

RN

% 2) Torque is applied to the screw while the drive is held stationary.

§_ Screw advances through nut body to cause slesve to be drawn up over the tapered nose of the nut,

-4 Blind head formaticn is started. .

? 3) Continued thightening removes sheet gsp, completes the large blind head and clamps the sheets tightiy

% together.

s\ 4) When the sleeve forms tightly againast the blind side of the structure, the screw will fracture in the ‘i
i break groove.

: The tool is pulled mway snd the pintail drive nut assembly is diacarded,

§ In this fanteners the slaeve buckling is accomplished directly against the cormposite structure; this could 1

¥ result in iocal crushing of the compouite material, but this has never heen experienced by Acritalia,

Very critical is the formation of the correct head on the blind side. Aeritalia's experience is that the

i installation of "big foot" fastenera is reliable providing that a constant driving tool is usad without ac-

N tion intsrruption to sllow the thermoplastic ring correct fusion. If during the installation the driving i=s

x interrupted, the head formation can be affected and dissemitry will result (see Fig.5). a{
13

INCORRECT
'g.
§ FI16.5
g’ POTENTIAL PRORLEM FOR "BIG FOOT" FASTENER INSTALLATION
a-» The installation shall be accomplished by hand or automated machine at 30 RPN minimum.
: The “expendible washer fastener" is shown in Fig.8,ite installation procedure is :
% 1) The fastener iz inserted into the prepared hole and the inatallation tool is placed over it.
f 2) The advance of the corebolt forces the wagher and sleeve over the taper,expanding and urncoiling the wa-
4 sher to its maximua diameter,
: ? 3) Continued advance of ‘he corsbolt draws the washer and sleeve againat the joint suiface,preloading the
&

structure. At a torque level controlled ty the break groove, the slabbed portion of the corebolt stpara-~
tea, and installation ia complete.

Though this type of fastener has not given the potential problema of the "big foot",it is not being utili-
zed at Aeritalia. In fact the following problems were encountered during its laboratory vulutation { on
4 mm dismeter famteners ):

~Shank bearing over the head

T o FATCI QIO & S SR T S T S 4 s e At s
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The hollow ended fauteners are shown in Fig.?7

174
- ~Shenk bresking btelow the hoad
«~Shank breaking without gripping
o COREBOLT _
-
»SLEEVE
a—VYASHER
- Wt v
{
3
-
} § 1 H 3
1] \e
H FIG.6
i ; EXPENDIBLE Wi SHER FASTENER INSTALLATION
! {
P )
% [ 1'

BEFQRE AFTER
INSTALLATION INSTALLATION

F16.7 1
LLOW ENDZD FASYENERS

They are utilised in areas were double side asrodynami~ curfaces must be onsured. They are made out of an-
nealed titanium-columbium alloy or bimetallic matcrials (body heat treated titanium alloy ard tail annua-
led titaniua - columbium alloy) so that after positioning the fastener from the countersunk head side, the
manufactured head can be easily swsged to its required shape.

They are meinly utilized at Aeritalia to join trailing ¢dges of control surfaces vhose parts are mechani-
¢ally assembled, No particular problem is caused hy their installation,

el

4. CORROSION PROBLENS

‘ Joining C./EP. partsgivea gulvanic compatibility prublem. This problem has been reduced with the ri-
H ght asslection of fastensr matorials and insulating with particular cars the elementa of the joints,

. The fastenera material must be as leoss dissimilar as possible to C./EP., [rom a galvanic stand point.

W The mostly used type ia titanium, which couples the specific strength characteriatics to the low galvanic
disaimilarity with carbon,

The fastener is also insulated with an organic coating.

: The higgest potentisl corrosion problem ia encountsred when a carbon structure ia joined to a metallic one,

§ mainly aluminua components that is strongly anodic to the carbon,

3 The solution was to insulate both the cerbon structures (that usually are a large cathod) and the aluminum .

i parts fastened to them. The insulatiun of the C./FP. parta is guaranteeu by a ply of fiberglass spplied du- i r
¥ ring the lay-up on the side coupled to the cluainum component,

§ The aluminum parts sre insulated by a layer of primer and one layer of enamel and installed tc the mating ! !
F surfaces with fnying seslant. Fastenara going through the joining surfeces will be wet installed with sea- f-

% lant, Laboratory tests and mainly service experience certified the relisbility of this protection. : L
P
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% CONCLUSION
Nectanical asswmbly of carbon/epony cosponants is an operation that sppears not too far from the tra-

ditional one. Obviously it requires the knosledge of aome essential precavtions and the need of following
SOM6 recommsndations that only can guarentee the reliobility consintency and quality of the parts.

Bbin s ¢ bt o Hlen

7 Nl bt i e e e e . ' N T o . R ,;,.<<._,__,, N



T R R o 7 o

T T

Rt a7 R g AN et o s s & St n st et e eem o Bt ) md Eeee et

TECHNICAL LIBRARY

ENTURE!, AOULONNERS EN MATERIAUX CUMPOSITE CARBONR
COMPARAISON ENTRE MONTAGES A INTERFERENCE ET MONTAGE A JEU
Par Danle. CHAUMUTTE
Avions Marcol Dassault - teAviation

Saim-Cioud - FR,

RESUME

Dot wasaits ant éié effectuds de enue Camemblage carbone avec visseriss montées avec ou aans intectérence,
Les rdoultats montront que, contraicement & ce des calculs de surcontrainte élastique auraient lalseé espérar,
linterférence ra pas dintivence signilicstive sur la réslatance siatique des dprouvettes, mime apris chargement en

tatigue.

Ce réeultat paut faxpliquer par le mode de rupture réal des piices en conipoaite troudes qui fait intervenir
um adaptation par délaminage.

1 GENERALITES

Dans je cadre des différents programmes de structures compotite quelle a conduit, du MIRAGE 3 au
dimonsuateu RAFALE (voir planche 1), la Sociésd Avions Marcel Daseult-Bregust Aviaion a ét¢ amnde &
[ dus méthodes de calcul wis complites intégrant les assemblages {contraintes ¢t critdres de
rupty loa calculs de ¢ post-critique on compression, les méthodes dloptimisation automatique, et les
Composites dits de deuxidme ation (tibres & moaule intermédiaire (IM), & matrice bismaléimide (BML),

Le présent papier présente, extrait de cotta base dlexpirience, les résultatr détudes et d'essais sur les
performances dassemblages par visseries montdes i interférence.

2-LE ROLE DE LINTERFERENCE DANS LES ASSEMBLAGES METALLICUES

L'inmtérét du mon & intertérence pour la tenue on fatigue das métalliques eat conaw depuls
trds longtemps ot cette methode est pratiquéke de fagon extensive sur un cectain nombre de structures,

La méthode la plus souvent utilisée ast Je montage de visseries cylindriques standard de diamitre supérieur au
troy, mals aussl de visecles spéclalisées (par exemple vis conloues) et Je systimes axe coniquu-bague pour les

.

La r8la de Minterférence est double
« de limitor le teetting en limitant les micromouvements
+ de réduire la contrainte maximale et Famplitude du cycle de fatigue.

Ce deuxidme point est explicié dans la planche 2 (tirée de In rétérence (1) zu‘i montre le résultat du calcul
par élémenty finis dun trou criqué avec différentes longueuts de crique (calcul par éléments finis non lindaires avec
contact variable entre la tixation et e trou).

Cette planche mantre clairement qud partir Fune certaine charge, “intertérence riduit la contralnte en bord
de trou. Par ailleurs, elle rédult ausst l'amplitude de variation de contraintes.

Sur les matériaux métalliques, cet effet ne joue quien tenue on fatigue et propagstion de criques, et non en
tenue atatique du falt de 'adaptation plastique de ces matdriaux,

Pour les matériaux compaosites qui n‘ont pratiquement pas dadaptation plastique, 'interfdrence pourrait donc
% peésanter comme une solution puur wméliorer auss! la tenue statique, Clest ce qui a {ait Mobjet d'une véritication

expérimantals sur éprouvettes & fixations non chargées.

ou Le matériau utilisé est une fibre de carboine & module intermédiaire (IM) dans yne ratrice bismaléimide
.

L.98 visserias utilisées sont montrées en planche 3,

On compare le cay de base du la vis fraisée avec les fixations i interférence HUCK TITE, Ce; fixations
utilisent une bague lubrifiée pour éviter de délaminer le composite lors du montage.

Des eyspls 20Nt aussi faits avec des rivets MLGPL i thte fraisée, similaires au HUCK TITE mais inontés i jeu
*t sans bague.
Ces résultats serony aumi és des résultats dessais statiques faits il y a quelques anndes sur des

comparé .
éprouvettes en T300-914 et utilisant des vis & tite hexagonale montées soit i jeu, soit i interférence avec bague,
3. BSSALL AVEC INTERFERENCE DANS LES COMPOSITES : CAS DES TROUS NON CHARGES

L'éproyvette utilisée est une éprouvetts standard 23 plis cu standard AMD-BA montrée planche &,
La planche 3 mantre I'éprouvette utilisée lors d'essals antérivurs en T300-914,

LA el e s e — L s AV R, YA
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o ummm‘ mu\w".l‘rum .r?n ﬁm: Tepporn “h?;. mm ent l‘.inmm dl(" °".»°n:"‘a"n
contt then, ot
ﬁnm on traction orcl auesi ben sur IMI-BM] que um.-!u. v .
L'infiuence de Mntertdeence sur it tenus an fatigue a aussl dté dtudide :

LcadoﬁmhuwnqdutmcydovdpvvdMM‘mRAG!mmdlﬂwlcthhlpk:l
10 g tous lee 600 voi

Mrur‘!&m umprmquﬂhd\upammmtma"ﬁrmnmmmnum

l ugu- ssion), 25000 vaw ‘:‘pllqﬁl "mq'u ‘t‘m' "“‘&‘1‘:......."‘ ten u.u- lrih:ivin
A compre s ont ce ue ce t en fa ot trés hnt m
niveau de contraints qu'en nombre de » 4

Aucune éprouvetiuc Wayant Joé rompue Jors de ces emais de fat ou«mtiﬁuﬂnmmumnr&udul.
dans trols cas de chargement 1 résiduel en traction ar éprouvette fa traction, résiduel on compresion sw
dprouvette fatigue an waction (pour mettre en Svidence une dventuelie Infmcm de délaminage) et rédsiduel en
rompression sur éprouvette fatigue en compression,

Lus rdouitats de ces exsals sont montrés planche 7, en comparaison avec les éprouvettes non fatigudes,

On constate que malgré la sévéritd du chargement de fat appliqué, la fat ‘a trés dinfluence
et pwit midme dans gorul:.as amdéliorer ﬂﬁnmm s r‘mtmlc‘::‘ &m . e o't e pet
4 - ESSAIS AVEC INTERFERENCE DANS LES COMPOSITES @ CAS DES ENTURES

- luli” oNais ont porté sur des entures du standard AMD-BA (voir planche 8) adaptées aux matériaux composites

Les essals ont été faits avec vis & jey, rivets HUCK TITE montés avec deux niveaux dintecférence et rivets
MLGPL montés & jeu,

La planche 9 mcatre los résultats de tenue statique on traction sur éprouvattes neuves (ni vieillies, ni

fatiguées),

On constate que les éprouvettes HUCK TITE tisnnent nettement mizsux que les éprouvettes avec vis (e mode
de rupture étant le matage, avec diverseent et rupture de la vis)

Mals et écart n'est pas dif & Mnterférence, En effet les éprouvestes équipées de rivets MLGPL (samblables
aux rivets HUCK-TITE mais montées i jeu wans bague) tiennent encore minux,

Cette constatation est recoupée par des résultats dessals plus anciens s entures en T300-918 & vis
hexagonales (voir planche 10) qui montrent qu'a iso-fixation, Pinteriérence ne jous pratiquement pas.

La planche 11 montre les résultats en compression,
On conatate li aussi que Pinterférence n'a pas dinfluence sur la tenue statique,
La planche 12 montre Vinfluence de la fatigue.

l..;s cycias de fatigue appliqués sont difinis de la mdme fagon que gour les éprouvettes monotrou de la
planche

On constate que le cycle de fatigue appliqué qui est pourtant trids sévire n'a aucune influer.ce défavorable sur
la tenue statique résiduslle et souvent mime 'améliore, dans certains cas de 10 %.

3 - INTERPRETATION ET CONCLUSIONS

Contrairernent & ce que l'étude du champ de contrainte £lastique en bord de trou peut lsisser penser, le
montage & interiérence de fixations dans des assemblages composite-composite n'apporte aucun bénéfice significatit
en tetwe statique, que ce soit sur pléce neuve ou sur plece fatiguée.

Ce résuitac est décevant (encore qu'il recontirme la remarquanie tenue en fatigue des matériaux composite

carbone), 1l peut cependant s'interpréter si i'on considive 12 mécanisme particulier de 18 rupture au bord dtun trou en
traction.

Une étuds alfectufe ner AMD-BA (référence (2) ) a porté sur l'identitication des dommages et délaminages
on bord d'un trou & un niveau de chargement trds pris de la rupturc statique, dans ditférents cas de drapage.

La planche 1) préssnte dans un cas particulier une sdﬁmausnlnn de la nature et de Ntendue des
délaminages en bordure de trou. On corstate, autour des a0 ha umultanée de délaminages
interlaminaires entre piis 3 0° et plis dautres directions et de délaminages translaminaires cans les plis & 0°.

Liersembis dz ces délaminages a pour effet pratique de décharger pa-tisllement les fibres & 0° tangentielles
- trou,

Coelmdémmtr‘pvnﬂmd\tu qul présente les calculs par éléments finis falts & r de la planche 11
(avec différents degoés de simplification B partl
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On constate que la fibre & 0° est déchargée de fagon notable par les délaminages, et ce calcul recoupe de
facon tris correcte la valeur expérimentale de la rupture, )
' Compte tenu de ce ‘mécanisme d'adaptation, on peut penser que l'effet du montage & interférence est en fait
‘ masqué par le mécanisme dtadaptatisn 3 rupture,
‘: En compression, on peut penser que de toutes facons une partie importante de la charge passe en appui sur la
tixation, quielle solt montée & jeu ou non, et que Mnterférence a peu de rbie. g
’ | Il en résulte que le montage & interférénce n'a pas d'intérdt dans le cas de liaison carbone-carbone, Par :
) contre, il reste probablement intéressant dans le cas de liaison carbone-dural chargée en fatigue, du fait de son
effet bénétique sur la tenue en fatigue de la partie dural,
REFERENCES 1
! g (1)  Interference fit and crack growth prediction by D, CHAUMETTE, R. CAZES and C. CZINCZENHEIM -
; . AMD-BA {2 th ICAF SYMPOSIUM - Toulouse - May 25-27 1983, '
; (2)  Calcul des délaminages dans les composites - D, GUEDRA - V. POGGI - AMD-BA -
: [ Actes du Troisiéme Colloque Tendances Actuelles en calcul de structures - Bastia ~ 6-8 Nov. 1985.
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COMPOSITE MATERIAL IN AMD-BA AIRCRAFT
FROM “MIRAGE 1" “RAFALE" TO “HERMES”

‘).1
| mmm ’:_:,e =,

i/

Planche | - Programmes de structures composites aux AMD-BA.

EFFECT OF INTERFERENCE

ILACY
301 _With nterfarencs

ab di‘mi
Withsut shtstisrdnce

Planche 2 - Etfet de l'interférence sur les contraintes en bout de crique d'un trou criqué.
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Vis et MLGPL HUCK-TITE
ToU

Planche 2 - Type de vis utilisées cans Métix.c.

COMPRESSION GUR DRSFE TROUE
U (S TERABTE) .
Y Eprouvatte type @ S. 22
Kappage 2 28 plis » 12.6.6.4

;

Vis 122875 -
‘ﬁi TCROU 87 19886

SN INA TN N BTN

t
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Planche & - Bprouvette de trou non clargé 28 pils.
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INFLUENCE DB LA FATIGUBR SUR MONOTROUS
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Planche 7 - influence de la fatigue.
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ENTURES EN TRACTION STATIQUE

IM=-BMI HON-VIIRLI NAPPASE I8-0-0-¢
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ENTURES EN TRACTION L 4

Planche 9 - Essals en traction sur entures IM-BMI.

o, N s i SR s i R e W08 A7 o DRI i

asde

Svbimmn. Ton it

MATERIAU TS00-814

CODE DE SEARASE n's

R,
L

£XN) coDE DE SERPAOR n'1

Planche 10 - Essais en traction sur entures T300-91%.
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ENTURES EN COMPRESSION STATIQUE
IM-BMI NOW-VIRILIZ BAPPASR 18-0~0-4

o5 B88s8838sBERNEE

Planche 11 - Essals en compression sur entures IM-BMI.

BEFORY DE RUPTURRE (X de REfSrene)

-
s 88s883cssiEEBEEE

ENTURES INFLUENCE DE LA FATIGUE
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Planche 12 - Influence de 1a fatigue sur entures IM-BMI.
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Planche 13 - Schématisation des délaminages au bord d'un troy en traction.
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Effect of Environment and Imprevement Meosures en
Stetic end Fatigue Strangth of Bolted CFRP-Jeints

J. J. Garhorz ond M. Huth
Frounhofer-Institut fue Betriebsfastighelt (LBF)
Bartningstr. 47
6100 Datmnstadt
Germony (FRG)

This paper documents sffects of environment, loodh? bushings, local reinforcements and joint lominate
talloring on the off of CFRP-joints. Tlnnhymjdnt efficincy ot static, residual and fotigue s 1s
coraidered. The lﬂl\ll;% the fostensr aystem, fustener fit ond clomping stresses were not The
mm tal w:: was $14C/T fe;' Fiberite ’me % :lﬂ"ﬁ h"’wl::poud mm c’l:h mle.md‘udmd' “bll;t
efflclenc t preloading on i design with super! per not.
lm'talluﬂ:n of nﬁ:ol bushings lmo’f:hm holes, local reinforcement by cdding layers to the hole section, and joint
lominate tatloring through sirip design were Intruduced 1o reveal their ability te improve composite Joint efficiency.
They proved o be successful deponding on design constraints cnd required Joint psrformancs.

Introduction

As in metal structures mechonicully fastened joints are critical elements in composite structures too. From
rumaerous expstimental onvd theoretical investigations / 1; 2; 3; 4 / optimal geometty patameters (e/d; d/w; d/t) and
lominate loy-up structure have evolved. Howwver, joint strength still remeoined low compared to the strength of the
basic laminate. This i3 represented by the 2 colled Joint Efficiency (JE) which is the ratic of gross section joint
m-T to laminate strength away from the hole. This paper considers JE as a functlion of cycles to failure, where
the ot N = 1 is the ratio of static strength data, The effects of fatigue loading with ond without superimposed
envirownental conditions one' of methods to increase JE are presented. These Improvement measures include

= bushings installed in fastener holes,

- local reinforcements by adding loyers to the basic laminate in the hole areq, ond

- joint lominate tailoring by dividing the laminate in to soft ond stiff strips rumning parallel to the local
direction.
The lominate used contained 47 percent 0°, 47 percent » 45° and 4 percent 90* layers,

The investigation of joint tailoring begon with stress onalysis by a finite element method to provide a nearly
optimal strip geometry for the specimens. The andlyticol ond experimantal results are documented.

Joint Efficiency os a Function of Cycles to Fallue

The SN-curves in Fig. | ond Fig. 2 show typical results of laminate and joint fatigue testing respectively / 5 /.
Corresponcing to definition of Joint efficieny (JE):

e Strength of Joint = 5
Strength of Basic Lominate spldn N
the "joint efficlency curve® Ir Fig. 3 was derived, representing the fatigue strength ratios which also by expres-
sed as 1/Kf. A comparable JE-curve for metal joints Is added to illustrate the most Important difference in static
strength ot N 2 1, where ite joints exhibit the lowest and metal joints the lorgest JE. With increasing number
of cycles to fallure the JE of metal joints typically decreases. The Increasing JE of the composite joint seems to be

speciflc for this joint configuration. JE-curves for 100 percent load transfar composite joints for example show a
neutly constant JE / 6 /.

The Influence of Epvironment on Joint Efficleny

Far two conventicnal catbon/epory systems the effect of environment ond flight-by-flight loading on JE wos in-
vastigoted / 7 /. Both the environmental and fo'fgn loading conditions corre: to deaign criteria for composite
structure In o fighter alreroft. Fig. 4 shows the JE's at N 2 1 for the loading conditions:

- RT; “os received”,
-« 120° C; equilibrium moisture content corresponding to 85 percent relative humidity (hot/wet) ond
-~ hot/wet after preloading.

The preivading wos four li.es (16000 flights) with FALSTAFF loading sequence ond superimposed temperature
cyclus per flight.

Note thut tensile louding is critical; It leads generally to lower joint efficiencles than compressive loading.
There is a sigwficont drop In joint efficlency due to the hot/wet condition but no further reduction due to the
additi>nal preloading; instead it that preloading at fatigue design load level was beneficial. This correlates to
with ol"h,n ol/a.m'vod Increase of residual strength after preloading of notched composite laminate specimens, ses for
excmple / 8 /.
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The Effect of Bushings on Jint Efficiency of CFRP-Jaints

Installation of bushings In fostener holes wos orlginally introdvied as o measute and os u cest saving al-
ternative to clese tolucance holas / ? /. Cylindical ond tapered bushing are s on Fig. 3 were bonded (EA-934,
Hysol} (nto the hole, Besides bonding, cylindrical bushings wiere cold worked to receive an Interference fit of the
bushing in the hole. The installed bushing hod been exponded by pushing o tapersd mondeel through the bushing, The
expansion wos such that the low alloy stesl bushing received o tight fit In the CFRP laminate and there wos just
enough clearonce to install the fastener by hond.

Fatigve testing of CFRP-joints with and without bushing led to the joint efficlancy data shown In Fig. 5. The re-
sults revealed that bushings had increased JE of 100 percent load tronsfer joints (pure bearing) ot v 2 105 and N =
104 and the beneficiol effect was eniorged with tighter fitting bushings. Joints with by-pass loading howed equal or
somewhat less Joint efficiency when bushings ore Installod. It td be noted thut bolt diometers wace kept constant
ond therefore holes In joints with bushings where larger corresponding to the wall thickness of the bushings which
were .73 to 1.15 mm. It appeors that bushings tightly Installed In fastener holes have the ability to hnprove the JE
of 10C parcent load tronsfer loints permunently. .

The Effect of Locsl Reinforcamant on the Joint Efficiency of CERP-Joints

Local reinforcement In the area of high stress concentration is @ conventional method to improve performonce
of the overall structure. It con also be practiced with composite siructures by udding layers in the critlzal reglon.
The reinforcing loyers are elthor cocured with the laminate curing process or bonded to the cured laminate. With

respact to geomeity the additional lavers are either placed symmetrically on béth sides or just on one side of the la-
minate, see Fig. 4. .

Fatigve and statie testing of compasite joints with und without local reinforcements / & / revealed the JE im-
ts shown in Flg. 4. The v part of the igure shows the Impcovement by additional + 43° and 0°-loyers
increasing the critical saction by a factor of 1.5, At N = 1 the § vern=nt factor is close to reinforcement focter;
however, at N = 106 ti.q local reinforcement hod become ivss of fective o8 the improvement factors hat dtqm'd to
1.2. This correlates with the shope of the SN-curves in Fig. 7 showing larger slopes with reinforced joints. s It
oppeures that the bene”iclal effect of local reinfoccement diminishes with increasing number of cycles to failure. Byt
the improvemnent reraining ot N = 104 is stress-wise ond life-wise still lorger thon thot reacliad by bushings. From
the literature even lorger improvements are krown when the critical ssction it more cigorously enlarged as for
ax e by a foctor of 4.0. This led to on Improvement {actor of 2.5 at N = 1 as lllustrated In the lower part of
Fig. 4. Here all reinforcing layers whare added on one side of the quasi-isotropic lominate. This may have contri-
buted to the fallure me’gnmhm thi detachment of the reinforcement with subsequent secondary net section
fracture. It is assumed that symmetrical reinforcement would Increase the improvement efficiency; however it should
also be tumembered thot in the quosi-isotropic lominate stress concentration Is Jess than in the more anisotropic
lominate / 2/ opplied 3o fur. Generally improvsments are more euslly reached with detalls of high stress
concentration than with datalls of lowar stress concentration.

The Effect of Joint Lominate Tailoring

Local reinforcement is not always practicoble becouse of design constraints with respect to available space or
aerodynamic requirements. Fortunately, designing composite lominates allows tailoring aleng the width of the joint
resulting In a so called "strip lominate" which is schematically illustrated in Fig. 8. In essence the ("-layers of the
basic lominate were transferred outside the hole aren, where they took the place of + 45%-layers which were concen-
trated in the hole orec. Between the stiff strips containing the 0%-layers ond the soft strip with the looded holes,
strips of bosic laminate were introduced. The widths of the strips were such, that basic ond strip lominote hod the
some complionce (strain/lead) ond thick This gims af on Improvement through reduction of stress
concentration, To prove this and to estoblish on optimal strip design for the specimens a stress analysls, applying on
experimentally verified FE-methed was conducted first. Fig. ? shows the FE-model at the critical hole; load was
introduced the central nodal point of the bolt mesh. Load distribution wes calculated through simulation of
outer joint ports by a simple rod elemeni. Speclal contact alaments were placed baiwean adjocent nodal points across
the bolt-lomingte Interfoce. These contact elements could only trunsfar radial compressive loads; thercby a
frictionless interfoce was produced and developing gap >utween bolt and hole surface determined.

Fig. 10 and 1! show results of such a FE-stress analysis in form of stress contour lines around the critical hole In the
taslc lominate and the strip lominate with optimal strip widths. The strip design is easily recognized by the pattern
of the strers contour lines displaying that the strips pick up loads corresponding to their atiffnasses.

Through the strip design the maximum strass in the joint was 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 « 2.0. It was found that
load wos more uniformly distributed to the holes In the strlp laminate but hole deformation was twice of that in the
besic lominate as demeonstrated by the difference in gap sizes shown in Fig. 10 and 11,
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The ressits of the stress onolysis ond the otiginators of the joint laminete tallering meihed / 11 / suggest that
the efficiency of this lmwcm't“mmu increases with the numbar of fustensr rews. Therafers engerimental
invastigation en the effect of optimal strip design on joint strength cemprised double shear Joints with three ond
four fostenees. Strength od uitimate lood of basic and sttip Jarninate joints were plotted in Pigr. 12 ond 13, The re-
sults confirmed Increasing efficiency with Increosing number of fasteners. The expetimental results 1o for indicate
thot Jaint toliering successfully Insracsed the lood transfer capacity of bolted composits loints as shown In Fig. 12.
However, it did not exhibit much advantoge when JE is to be improved, as thown by the dota in Pig, 13,

Investigutions should continve to disclose more detalls of tha effects of joint laminate tolloting on the
mechonies! behaviour of .composite joints. » ™

Canvlvslons
Effect of ted environmentol service conditions ond of | * tatic and fat! th
o s, o e o e b S oty 55, e o e s

- In controet to metal oint behaviewr JE of CFRP-joints wus found to be low at statlc strength (N = 1) ond in the
low Tife reglon,

= JE dropped ot hot/wat setvice condition of fighter oireraft,

- moufﬂg on fotigue design lood level with superimposed tamperature cycle per flight did not causs a further
of JE.

= Maetal bushings with o fight fit improved JE of 100 parcent load transfer joints In the high life region (N > 109),

- Lacal reinforcement by adding 0°- and + 45°-layers to the basic lominate in the hole sagion improved JE ficst of
all ot N 2 ) (static strength), o N = 105 improvement wos less but still larger than Hiat reached with bushings,

- Joint laminate tallocing reduced struss tration and improved load tronsfer capacity; the efficiency of this
measure increases with number of fas*ener rows.
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STIFFNESS AND RRSIDUAL STRENGTH VARIATIONS
ON NECHANICAL JOINTS
IN CFRP SPECINENS IN CYCLING LOADING

by

C.Caprile -~ G.Sala
Dipartimento di Ingegneria Aerospasiaie - Politecnico di Milano - Italy

Susmary

An experimental study of the fatigue bdehaviour of jointed specimens made of carbon
fibre reinforced plaatic has been carried out. Four different configurations and four

laminations have been taken into account, to
transfer load ratio end stacking sequence
frequence has Leen mantained at 20 C.P.S. irn
with dry test conditions. Fatigue loads have
of failure load) superimposed on a constant

point out the influence of by-pass load /
on spescimen fatigue behaviour. Loading
tension-tension tests at room temperature
consisted in an alternate component (20%
tensile force (60% of failure loac). The
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influence of different sequences of constant amplitude load blocks have been also
investigated. Residual strength and stiffness versus number Jf load cycles have been

-5 - compared for the same stacking sejuence by varying specimen configuration, and for
E different stacking sequences and equal configuration, Elastic and tensile
] characteristics have been monitored on-line by means of load-cells, LVDT transducers i

CE and strain gaugea. Damage growth has been inapected by making use of N.D.,T. 1like
" X-rays radiography with opaque enhanced penetrant liquids and electronic microscope
5 photography. The final results have consisted in a correlation between damage growth
and residual strength and stiffness of Jjointed specimens.

INTRODUCTION '

Rt

Nowadays, the relatively poor static strength of composite Jjoints forces the
designers to keep stressec at low levels, so that joints fatigue does not emerge as a
design problem (1).

It is well known that importany 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 lvoad, the
¥ test temperature and moisiture (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 cnly to few quantities and keeping :
constant the other ones (5), (8), (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 1
absence cf holes, with or without fasteners installed, and percentage of by-pass load H
(8)). ’

Other parameters,
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like the type of material, 1load amplitude and frequency,

temperature, moistuve, clamping torque, kolt clearance or interference, have been kept

%-; conatant, 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
L’ 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 atacking sequence and spocimen
f configuration.

A MATERIAL, SPECIMENS AND FATIGUE LOADS

Al]l specimens, supplied by C.A.G. AGUSTA S.p.A., nave been made from the same i
pre-preg system, that is graphite-epoxy T300-5208, with 0.18 mm layer tkickness,

Laminates have been prcduced by pressure bagging techrology, and specimens by
sawing. So some initial edge dslamination may have occured; anyway tris damage has
been detected by X-rays inspection on specimens befors any static or fatigue test.

Four different simmetrical stacking sequences have been taken into consideration,
each one made of eight layers:
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202
~ (04/90'/0'/90¢)s (eross-ply)
- (+45' /45" /ea8" /-48" )8 (engle-ply)
- (0'/0' /448" /=45' s (stringer type)
= (0'/90"/+43' /a8!)e {(quasi-iaotropic)

with a total of thickneas ol 1.44 mm.

These different stacking scquences have been chosen first to compare the differant
beahaviour of satrix dominated fatigue loads, and then to point out how typiecal “joint
lamination" quasi-isotropic (0'/90'+4%:/-45')s or typical *“atringer Ilamination"
(0'/0' /445 /-45')s behave if notched, dolted and subjected to cyclic loading.

Geometry of specimens is shown in Fig.l; these are plain, notched, with idiing
fastener installation, and 100X load tranfor witn two laps of the same thickness and
laminction,

All apecimens weres 280 mm in langth and 28 mm in width, with end reinforcements made
of glass fiber NARMCCO 3200-7781, 2.5 mm in thickness and 65 mm in length, bonded to
specimen aurface with NARNCO 1113 adhesive.

Hole for notched apecimens was 5 mm in dismeter, 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 5 Nm, corresponding to a pre-loading for the HL 20 tension head
equal to 5000 N.

Mounting of the hy-lock was carrisd out with a slight clesarance, 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 fect thu meximum level of temperature measured during testa at 20 c.p.s. has been
of 35 °C.

EXPERIMENTAL ARRANGEMENTS

Loads were provided by a servocontrolled hydrsulic system able to apply forces up to
50,000 N.

Loada were munitored by strain gauge 1load cells, and specimen elongation by
differcntiel transformer transducers.

Inspections were carried out by means of a GILARDONI radioclight Be X-rays tube,
making use of opaque enhanc:d 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 wultimate tensile strength as
statically measured on plain specimens.

For every kind >f specimen, characterized by a particular combination of stacking
sequence and geomatry, fifteen gsamplezs 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 O.50E6
cycles), because the greater scatter typical of tnese conditions requires a larger
base (18), (19).

Tab.2 shows the parcentages of apecimens 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 geometrical configuration
(20), (21).

Af:er each ststic and fatigue test an opaque dye penetrant ehanced 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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ABSULTS
Resigral stiffness

The residusl stiffress of (+4%3°'/-48'/.+45'/-45')a lamination does not deorease
strongly with an increasing number of 1oud cycles in the case of plain specimens,
witile for notohed mpecimens, such decrease reaches a value of about 20% at one million
tytitd,

On the orher hand, specimens with no load transfer show & 8light improvement in
dtisrfness (Fig.3), while the load transafer ones show a large decrease.

Ar tar as Jointed specimens with load tranufer are concernsd, decreasing in
stiffness ‘s grester then provious cases.

Anyway the ocattar of results suggests & wider investigation, on a larger
scatistical baaia, in order ts obtain more reliable results.

The (0'/90'/0'/90')a lamination shows a behaviour qualitatively similar to the
(45" /=45 /445" /=45 )y one (Fig.4),

It has to de noted tnat, in general, (0'/90'/0'/90')s lamination seems to be less
sensitiva to fatigue than other atacking sequences,

Stringer~type and luasi-isotropic laminations have & behaviour different from the
previocus ones: in fact a slight increaae in ¢lastic modulus was observed at 1.00E6
¢cycles for notched (0'/0'/+45'/-45')s, for load tranafer (0!'/90'/+45'/-45')s and for
no load transfer specimenz of both laminations (Fig.5).

From the previoud resulta it appears that, for each gtacking soquence, plain
specimens do nut suffur considersble conssquences from fatigue cycling (Fig.6).

Viceversa, nearly any kind of notched sample shows an increase in compliance; this
phenomenon seems to be divectly dependent on the number of +45'/-45' plies 1ia the
stacking sequence: in fact stiffness reduction is about of 10% for (0'/90'/0Q'/90')s
lsininate, and 20X for (+45'/-4%'/+45'/-45')s (Fig.7),

Firally, for jointad specimensa, the scatter in results is much greater than for
plain and notched cnes, and the trand of residusgl stiffneas versua the number of
cycles i3 more strongly non linear,

In any case, nc 1cad transfer apacimens are iess sensitive to fatigue (Fig.8), than
load transfer specimens, the latter being much more sensitive than the plain and the
notched ores. .

Moreover sich sensitivity depends on the number of +45'/..45' oriented plies. In
particular :he stiffness reduction at one million cycles reaches about 25% of statical
stiffness for (+45'/-4%'/+45'/-45')s ply and 5% for (0'/90'/0'/9C')s ply: viceversa
elasiic modulus of quasi-isotropic specimens seems to increase of about 5%, as shown
in Fig.9.

Residual stresngth

The residual sirenght of each kind of spenimen considered is only slightly dependent
on lamination: it mostly depends on specimen type.

In parsicular, for {+45'/-45'/+45'/-45')s stacking sequence, 3pecimens seem to be
slightly influenced by fatigue if plain, while the notched ones show a slight increase
in scatin atrength, about 4% at one million cycles {Fig.l0).

The same qualitative behaviour is shown by stringer-type, quasi-isotropic and
(0'/90'/0'/90')s specimens.

As far as fastened 8specimens are concerned, a small desrease 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 (Figg. 11-12),

Oon the other hand, alsv for residuval strength, (+45'/-45'/445'/-45')s lamination is
more sensitive to tension-tension fatigue than (0'/90'/0'/90')s, atringer-type and
quasi-isotropic.

In fact, in the case of plain specimens, while (+45'/-45'/4+45'/-45')a lamination at
on® million cycles shows a decrease in residual strength of about 3%, (0'/90'/0'/90')s
lamination 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'/-45')s and (0'/90'/0'/90')8, respectively of 7%
and 5%, while, for quasi-isotropic lamination, the same decrease was about 9%
(Fig.1S;.

It muat 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, scatte¢r in results
is much greater for Jointed specimens than for plain and notched cnes.
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FRFLURNCR OF INCOEASING AND DRTREASING AMPLITUDE LOAD BLOCKS

A teat program is now going on to investigate the influence of increasing and
decreasing amplitude load blocks, taking into consideration transfer load specimens of
four aifferent stacking sequences.

Built-up load sequevnces include $ equal dblockas of 200,000, esch of 4 inereaning and
decraasing sub«blooks (Figg.17a,b).

Related results are not yet completely available, but, only for some quas’-isotropic
specimens, it is possible to note that increasing load sequences have a stronger
influence on fatigue bahaviour, expecially over 500,000 cycles (Fig.18).

CONCLUDING RRNARKS

In conclusivon it ocin be asserted that, in jeneral, tension-tension fatigue for plain
CFRP specimens, does not modify in a considerable way neither the residual strength
nor the residual stiffness, up to one million load cycles.

Notched specimens subjected to fatigue loading undergo two different kinds of
modification in elastic characteristics, opposite in sign. A strong decrease in
longitudinal stiffness haa been observed, 10N for (0'/90'/0'/90')s lamination and 20%
for (+45'/-45"/+45'/-45")g,

On the contrary, the same kind of specimen has shown a alight but appreciable
increase in resicual strength, gqualitatively similar for wach atacking aequence and
quantitatively stronger for (0'/30'/0'/90')s and stringer-type.

Also notched specimens with fastener installed and no load transfer show the same
stiffness decreasing trend with load cycles.

On the other hand specimens with load transfar ahow a rreat rensitivity to fatigue
cycling: in particular both residual streagth and residual stiffneas decrease for each
lanination, except for the quasi-isotronic one,

To sum up it seems apparent thai tenaion-tension fatig: on CFRP specimens does not
lead tO0 considerable negative .ffecta if specimens are plain., On the contrary, if
specimens are noiched, they undergo remarkable fatigue consequencies, but oppoaite in
sign as far as residual strength anc residual stiffnaas are concerned: in fact
increasing the number of fatigue cycles, the residual stiffness strongly decreases ani
the residual atrength slightly increases. Such a behaviour may be Jjustified examining
Figg.19a,b,c,d,e¢ and micrographs 20a,b,c,d,e,f, which show delamiration growth with
the number of cycles. Such delamination, near the hole contour, firstly increases the
longitudinal compliance and, at the same time, seems to play & 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 change in specimen shape due to this effect is shown in Fig.&d,

Examining Figg.22a,b, diffarent fallure modes, corresponding to different fatigue
lives, seem to confirm this hypothesia,

The most sensitive stacking sequence for tension-tension fatigue is
(+45' /-45'/4+45'/-45' )8: its loas in stiffness is impressive, while the corresponding
gain in strength is not significant.

Thanks to these observations it appears that the presence of "matrix-dominated
behaviour" layers holds a notable influence on global fatigue behaviour of laminates,
that is: the more CFRP specimen has +45'/-45' plies, the more it suffers fatigue (28).

In general it is possible to asaert that "fiber dominated behaviour" seems to confer
good fatigue perfurmances to plain and notched specimens, while quasi-isotropic
siacking sequence is more suitable for Jjointed specimens, as damage growth shows
(figg.22a,b,¢, 23a,b,c, 24a,b.c).
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Fig.2 Experimental arrangement
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Fig.4 Residual stiffness for cross-ply lamination
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1.5+ STRINGER TYPE -QUASI ISOTROPIC LAMINATION

——
—
—— —

a_—-——-—;fe:__._q, ——8

—— PLAIN
--—0 —- NOTCHED
----0---- IDLING RIVET
--—0--— LOAD TRANSFER
L L L] )
) .25 5 75 1

NUMBER OF CYCLES (x10 E6)

Fig.5 Residual stiffness for stringer-type and quasi-isotropic laminations

1.5 PLAIN SPECIMENS
./'o—_"‘*-_.“_ ——— _
P
5
-d
é .54 ———— 457-45°
d ---0--- 0790°
« —=0--— 070745}-45"
o 25 5 5 1

NUMBER OF CYCLES (x 1056)

Fig.6 Residual stiffness for unnotched specimens
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1.51 NOTCHED SPECIMENS
= T————— RN s
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s T
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- t Fig.7 Residual stiffness for notched specimens
15- IDLING RIVET SPECIMENS
-
&
: &
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5 o
B e Y00
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(4] .25 5 75 1
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¥
H Fig.8 Residual stiffrcas for 1009% by-pass load specimens
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1.5 LOAD TRANSFER SPECIMENS
E 1
3
§ 5 ——— 487-45°
@ ---0--- 0790°
« —~—0-— 0)0)45)-45"
o 25 5 .75 1
NUMBER OF CYCLES (x10 ES)
Fig.9 Residual stiffness for 100% transfer load specimens
1.5- ANGLE -PLY LAMINATION
:
[3
=
®
-
3
'9’ 5 —3— PLAIN
u —--0-—- NOTCHED
----0---- IDLING RIVET
—-—0—— LOAD TRANSFER
L V L 1
(0] .25 1

-5 75
NUMBER OF CYCLES (x10 E8)

Fig.10 Residual strength for angle-ply lamination
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Fig.11 Residual strength for cross-ply lamination

STRINGER TYPE-QUAS!I ISOTROPIC LAMINATION

~—%— PLAIN

—=—0—— NOTCHED
---~0---- {DLING RIVET
——<0--— LOAD TRANSFER

' T ——

.25 5 75 1
NUMBER OF CYCLES (x10 ES)

Fig.12 Residual strength for stringer-type and quasi-isotropic laminations
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Fig.13 Residual strength for unnotched specimens
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Fig.17a~b Increasing and decreasing built-up load specimens
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Fig.19b
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Fig.19a—¢ Damage yrowth for quasi-isotropic notched specimens (.00, .25ES, .S0E6. .75E6, 1.00E6 cvcles)
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Fig.20e

Fig.20f i
i

Fig.20a—f Micrographs (48X) showing point of view, non cristallizing penetrant Liquid and damage growth
for quasi-isotropic jointed specimens at 25E6, .SO0ES6, .15ES6, 1.00Eo cycles
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1a

Fig.21 Change in shape for angle-ply specimen subjected to 1.00E6 cycles

Fig.22a

Fig.22b

Fig.22a—b Different failure modes for .00 and 1.00E6 cycles
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Fig.24a

Fig.24c

Fig.24a—c Damage growth for cross-ply jointed specimens (.00, SOE6, 1.00E6 cycles)
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Fig.25a—c Dumage growth for ange-ply jointed specimens (.00, SOE6, 1.00E6 cycles)
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Table 1 Static characteristics

LANINATIONS (0°/90° ). ('45’/—45'). atringer type

E (MPa) 88954 19015 91776
o (MPa) 221 121 641

Table 2 Number of specimnens for various lifle steps

NUMBER Of CYCLES 0.00 0.25E6 0.50E6 0.7SE6 1.00E6
No. of SPEC. (%) 33 27 20 13 7

Table 3 Mean values and confidence levels for elastic moduli (MPa)

NUMBER OF LOAD CYCLES
C. 250000 S00000
Mean value and confidence levels
M.V 9% 95% 90% R.V. 99% 9% 30% N.V. 99% 5% 90%
PLAIN
0/90 107272 - - - 102956 4415 2403 1776 | 102142 11144 4827 3375
245 16393 2082 1795 1373 | 181%6 3332 2082 2207 15873 13106 2609 1295
0/0/+45 96383 9912 S362 4258 [ 102209 37061 16324 11085 94883 20346 BBI9 5984

NOTCHED
0/90 112481 32010 17432 12881 | 111187 - - - 11472 - - -
243 21906 643% 3502 2580 25584 11968 7750 5208 | 21543 14087 6102 4140

0/0/445 134838 9306 S73C 4395 | 118014 334T2 18217 13459 122448 28214 12223 8299
BY PASS
0/90 137163 33864 18443 13826 | 123148 - 30578 20788 | 123214 - 25506 17316
445 25496 3993 2168 1599 | 2361) 13734 747% 5523 | 2186808 - - -
0/0/445 144325 19031 11497 8809 | 136948 42448 23112 17079 | 133639 - - -
TRANSFER
0/90 82708 0199 13881 11183 | 80874 25653 17295 13930 | 83277 24290 16039 12704
445 17952 2099 1462 1177 | 14274 1389 1010 795] 13008 QGBI 2011 1481
0/90/ 245 81560 13911 9378 7554 y 72039 16481 10536 8280 | 73349 20434 12351 945/
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SUMMARY

In this report, experimentai rezults obtained to date fromn an on-going test program are presented. The purpose of
this program is to evaluate the performance of mechanical fastener syssems in Narmco IME/S203C, a high strain/tough
resin composite identitied as a prornising material systemn for new aircraft designe. Preliminary results obtained trom
tensile tests on mens and Nnummdwdumtulnhmmlwwmum
strength as influenced by the effect of design parameters involving tetric ratios, l.ole size and fasterar torque.
constant amplitude tension-compression (R = -lrt:tl.u test was performed on a double-lap cor te joint to aseess a
simple and effective technique based on hysteresis measurernents for monitoring progressive tinn cf a fastener
hole. It was found that the hysteresis measurement technique uncerestimates the actual hole slongation by as much as
26% at the end of the fatigue test. This was explained by the observation that graphile particles forined during the
fatigue test reduce the clearance between the hole and the pin. Single-shear te/titanium joints wei s tested to
evaluate three fastener systems designed specifically for composite applications. Four single-shear joints were tested to
date to the uitimate tensile strength. It was found that the Huck interference tit locxbolt fastener system provides a
single-shear joint strength 30N higher than that provided by the Cherry Maxifoot blind fastener system and 44% higher
than that provided by the SPS COMP-TITE blind fastener system respectively. The single-sivear specimers tested were
strain-gauged for th2 purpese of measuring the load transier and secondary bending. However, the analysis of the stra'
gauge data has not been completed and the results are not reported in this paper.

1.8 INTRODUCTION

The use n! compoaites in aircralt structures has increased considerably over the past decade. Composite structural
components can be found in the fuselage, wing And emp ge of modern aircraft. A mnajor requirement for the
assernbly of composite structural components, especially in primary siructu-es where the load tranafer is high, is the
usage of mechanical fastener systems. This poses a challenge for efficient joint design because of the inherent
interlaminar shesr and compression weaknesses in composites which not aonly render them extrenely susceptible to
bearing and delamination failures but also render them much less capable to resist secondary bending resulting from
eccentric load paths.

Atteinpts to reduce the stress concentration produced in a loaded lastener hole of & compaaite joint by including
*45° plies in the lay-tp and to minimise interlaminar stresses in “n fastener hole by adopting a more homogeneous
stdthnmhﬂymﬂhdinlmmmiu( . But these design measures, when applied to tirst
generation composites which consist of low strain carbon reinforcing tibers and brittie epoxy resin, are not producing
optimum results as evidenced by the low dcsign strain levels in the r rl 4,000 to 3,000 pm/m imposed on the
composite wings of the P-13 and the advanced Harrier aircraft (Avmz. These strain levels have been
developed to accommodate stress concentration effects of tastencr holes and environmental etffects. They also serve to
provide an inherent damage-tolerant structure.

Improvements in the structural efficiency (load transfer per unit weight) of a mechanically fastened composite
joint can be realised by incrsasing the allowable design strain level. One promising way to achieve Jh‘: is by selecti
high strain/tough resin tes for structural components. A survey conducted by Canadair Ltd(3) on the types of
advanced composite material systems currently being investigated by the aircraft industry indicated that both the tensile
and comgrestive properties of these second generation tough composites are significantly higher than those of the
conventionzl baseline systermns. The most important improvement of thess ngwer composites over the conventionsl
compotites appsurs to be in damage-tomrance. A recent literature review(¥) found that there is a lack of data for
machanically fastened joints in these newer composites. Also, improvements n both static and fatigue properties of a
composite joint can be achieved by optimizing the fastener system, Important design parameters to be considered
include interference fit, clamping preasure and configuration of the fasteveer.

State-of-the-art design analysis procedures for mechanically fastened composite join*s sre highly apu\da?t upon
empirical data. Thus, it is important to establish a data base for these advenced composives. A test am(3) was
launched at the Structures and Materials Laboratory for this purpose. Experirmental data coliected to date from testing
ot mechanical fastener systems in IM6/3243C are presented and discussed in this shurt contribution.

29 SPECIMEN PREPARATION

The compusite material selected for this test program was IME/3203 .. a high strain/ resin composite
manufactured by Narmco Materials inc. The resin system, Nermco te *.43C, is a 189° to 190°C curing modified

bismaleimide r-3in with an intended service temperature r. of -59° to 177°C. Neat resin and machanical
awwthwoﬂddbyﬂhmw(mmmmhf I, The Hercules Magnamite is & continuous and
termadia

MW!MMmhwlnm:{nm Typical tiber properties are given in Table 2.
Typical mechanical properties of IM&/5203C are given in Table This material was procured in rectional tape
prepeg form for use in this program. Machanical properties of th. procured material obtained by an in-house
characCterization program are also presented in Table 3.

v S, W

T
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Tahie | Neat Resln for Narmoe
Typical Prepartios Rigidite 3M3C

(Manutecturers Date)
Cared density .23 lec
Tg, dry um‘.m’
Gel time at 177°C 8 2 % minutes
Heat distortion temperature 199°.210°C (dry)
163°C (wet)
Molsture pickup 1.7% (72 e boil)
Tonsile R.T1) 83 MPa
Tensile .1.) 3.3 Gkl
Elongation (R.T.) 9%
Temperature Ory Wet (80 he boil)
Flexure strengtn R.T, 143 MPa 112 MPa
93°C 113 MPa 97 MPa
132°C 107 MPa 33 MPa
Flexure inodulus R.T. 34 GPa 31 Gh
93°C 2GR 3.0 GPA
132°C 2.8 GPa 2.7 GPa
Strain snergy rate, Gy 0.157 k)/m?

Unnotched izod impact energy 10,8 )

T
'able 2 WMICWWNMM

(Manutacturers
Typice! Fiber Properties Sl Units
Tenaile th 4,378 MPa
Teraile 278 GPe
Ultimate elongation 1.30%
Carbon content 9°.0%
Density 1.7? g/emd
Specific heat at 75°C 0.22 cal/g (*C)
Specific heat at i73°C 0.27 cal/g (*C)
Electrical resistance 0,32 ohm/cm
Blectrical resistivity 1404 x 106 ohm-cm

Table 3 Typical for Narmos INMG/5205C Companite
mmommummnm)

Temparature

Paperties R.T. 93°C 163°C 77°C
Elastic Conatants
0° tensile modulyy GPa 170(173)* 14 167 163
0° comnpressive modulus, GPa 130 - - -
90° tensile moduluy, GPa $.%8.9)* [ 8 ) . -
Allowablss
0° rensile strength, Mpa 2620(2806)* 2634 2379 2206
0° compressive & MPa 161) 1517 %3 35
90° tensile strength, UPa sl(c0)e 1] - -
0° tensi’a straln, m/m 16000 16300 14200 13500
0° comprestive strain, m/m 10100 11300 - -
In-plane shear strength, MPa 1I%l13)* 107 - -

* Data obtained trom an in-house characterization program (Ref. 9)
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dimensions. plies were lald up by hand and vacuum-bag cured by an autoclave process. During the ley-up, the
were compacted & temporary vman temparature. After cur the panels were
by an uitrasenic systam. Specimen wore cut frem esach panel using an sbrasive cutting wheel.

fiber-dominated and w:«xﬂd of ond 10% of 0°, %3° and %0° respactively,
°/0°/83°/0°/-434/0°123. Rither dowel pins or henagonal heed steel fastenars (NAS 46a-
1200 MPu) were wed in the double-lap joints, The third type, ilhstrated in Figure 3, was a single-shear
composite/titenium joint with two fasteners in tandem. The composite plate had the same lay-up and staciking sequence
for the double-lap join*. The composite/titanium joint was used to evaluate mechanical fastener systems
g*n‘ wwumkaucm. Theee fastener systerme were selected for . Rastener system (1) was the SPS
B.TITR titanium fastener with & 100° countersunk haad configuration; fastener systemn () was the Cherry
Maxifoot A<286 stalniess steel blind fastener with a 130° countersunk head contiguration, and lastener system (3) was
the Huck titanium inurference-fit lockbolt with a 1UO® countersunk head cenfiguration. All tastensrs were intalled

using squipment and procedures provided by the fastener manutecturers.

Only ane strain gauge was mounted on the apen-hole tension specimen or on the double-lap \!umlw
grose atrain in the composite. Six strain gauges were mounted on the single shear composite/titanium joint. ie
locations are indicated in Figure &,

39 TEST PROCRDURE

Both atatic and fatigue tests wers conducted on a 300 kN capacity MTS $30 test syatem equipped with hydraulic
fﬂlﬂ- Gripping pressure can be increased to a maximum level of 69 MPa. Fur all composite joint tests, both static and
atigue, a gripping pressure of 21 MM was found to be adequate against specimen slipping. For open-hole tensile tests,
the gripping pressure was increased to 45 MPa because of the much higher failure loads. The compmite appeared to
resist this clamping presaure very well and not a single failure occurred in the gripped region. The MTS 380 test system
is tully computer automated and has nine A/D channels for data tion. The first three channels were used tor load
cell, extensometer and hydraulic actuator LVDT data gathe ing. remaining six channels were used for strain Jata
gathacing, All data collected were stored on floppy 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 tendlle strength
at a loading rate of 730 kN/second or less. For the constant amplitude fatigue tests, specimens were subjected to cyclic
loads at & of two cycles/second.

4.0 RESUL TS AND DISCUSSION

Three open-hole tensile tests were parformed. Specimens iliustrated in Figure | were loaded until tensile failure
occurred in the notched section. The average notched tensile s th at the net section for M6/3243C laminates with
quasi-isotropic lay-up and a €.33 mm diameter, hole was found to 330.8 MPa. The unnotched tunsile strength was
calculated based on clamical lamination My“) and found to be 373.3 MPa. Basic unidirer tional laminate properties
obtained by the in-house chlucterMﬂm program were used in calculating the unnotched strength. The net stress
concentration as defined by Collings'/) was determined to be 1.39 by dividing the unnotched strength with the notched
strength. Wien compared to a conventional graphite/epoxy system, Narmco T300/3208, with notched strungth and
unnotched strength of 290.3 MPa and ¥94.4 MPa {(caiculated) respectively (stress concentration factor s 1.39), IM&/3203C
was fourd to possess much improved notched tensile stren 'th and similar stress concentration factor.

Twenty-sight double-lap joints (Fig. 2) were tested under static tensile loading at room temnperature tu investigate
the eifects of geometric ratio, fastener size and fastener torque on the dearing strength of IME/S20%C. An
extensometer, with a gauge length of 102 mm, was attached across the fastener to measure the relative detiection
between the steel plate and the composite plate. A typical load versus deflection glot is given in Figure 3. A method
was propased to measure the initial failure load in u consistent manner. The slope of the linear portion of the load versus
deflection curve wai determined. This linear portion of the curve was extended to intersect the horizontal axis at point
A as shown in Figure 3. Then a straight line, with a slope equal to 93% of that of the linear portion of the curve, was
drawn frcin point A until it intersected the load versus deflection curve. The load value at this intersection point was
the initial failure load, Pi. Although this method is arbitrary, it .nay indicate the onset of tailure of the first ply which is
typically used as an analytical failure criterion. In the case shown in Figure 3, as well ar in most other cases, P;
identified by the above method corresponds to the first loed reversal. At this load level, acoustic emissions from the
specimen ware often heard during teating. Mwhlhtmm.MMImhmtwwth,
but its stifines was reduced. As the fastensr plowed further into the laminate, more load reversals along the
way which indicated progressive failures of remainung plies. At this stage, the load ievel only increased slightly. At the
ultimate faiiure joad, P, grom laminate failure or fastener tailure had occurred which was indicated by a sharp drop in
toad level. The bearing strengths are calculated as tollows:

[
Oy = initial bearing strength =
D.T
Py
Gp, = ultimate bearing strength =
D.T
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where D » hole diameter
T = laminate thicknes

T™he stfect of the spacimen width to hole diameter (W/D) ratio on the bearing strenth of IME/3203C is shown in
Figure 6. The edge distance W hole diameter (E/D) ratio was 3 end the dlameter of the hule was 6.3 mm. A single
mwwmmmmm The clamping presture was kept reasonably coratant by & fastener torqe of
% It la ditficult 1 draw any conclusien beceuse of the limited s slae tested to date and the large voatter in
the data, however, \t appears that the W/D ratio of ¢ resulted in the t bearing strengtha. An examination of the
tallure mede found that all specimens tested for W'D ratio effects falled in a shear-out/bearing mode (vee Mg, 10(a))

The etfect of B/D ratio on the bearing strength of IM6/3203C is shown in Figure 7. the limited sample vize

tested 10 date had made it ditficuit for firm conclusion to be drawn. Specimens with ratio = 2 had the lowest
in total shear-out made (see Fig. 10(b)) and there is a talling off at higher B/D

on the bearing » th of IME/3203C s prezented in Figure 8. Specimens with hole size =
had the highest ultimate bearing strong Again, this conclusion is only preliminary because of the limited

The effect of tastener torque on the uitimate bearing strength of IM6/3524>C is prevented in Figure 9. A dowel pin
was uied 10 transter icad in the double-lap joint for aero fastener torque test Casts where the steel plates maintained a
small gap between the composite iaminate. Even though the sample size was small, a trend was obvious: cornpotite
laminate loaded by a dowe! pir without lateral constraint had the lowest uitimate beuaring strengthy while increasing the
fastensr torque alwo increased the uitimate bearing strength but at a diminished rate. The trend for the effect of
fastensr torque on the initial bearing strength was lem obvious (Fig. 9). The highest initlal bearing strength was obtained

Only one constant amplitude fatigue test has been performed to date on & double-lap joint with fastener hole size =«

W/0 ratio = 8 and E/D ratio : 3. A dowel pin with a diameter = 6.330 mm was used for load transter in the
double~-lap joint. This resuited in a hole clesrance of only 0.23) mm. A bolted joint was simulated by wairng & C-clamp
and two hexagonal nuts. Lateral clamping pressure in the dowsl pin region was applied by clamping the nuts against the
stes! plates. The end of the screw in the Cclamp was modified 30 that & torque wrench could be used to apply a
o load approximately equivalent to thet obtained trom using a torque level of 5.6 Num on a similar slae fastener.
Maximum cyclic load level of 13.6 kN with & R ratio (minimum load/maximum load) of -1 was used to test the double-lap
joint. The test was conducted in laboratory air environment.: An extensometer with 102 mm gauge length was mounted
on the specimen for hysteresis measurements befure the atart of the fatigue test and at pradetermined numbers of cycies
after the start of the fat test.  The purpose of the hysturesis meawrement was to determine the amount of hole
elongation under cyclic ing. The amaunt of hole elongation was determined as fallows:

4Aj = hole elongation 4~ ith cycle = §; - &1
&) = total detlection measurad at 13t cycle

{

§; > total detlection measured at ith cycle

A summary of the constant amplitude [atigue test reaults is presented in Figure il. A plot of hole elongation, A,
versus the numbar of cycles, N, is presented in Figure 12. Significant hole elongation (0.1 mm) was measured by
hysterenis meaturernent technique at 85,000 cycies. At this point the joint was disassembied and the hole was measured.
It was cbesrved that the hole was elliptical with the major axia paraliel to the loading direction. The length of the major
axis was found to be 6,540 mm or a hole clongation (6,380 mim - 6.333 mm) of 0.i58 mm. The actual hole elongation was
0.028 mm ar 22% higher than that deterniined by hysteresis mossurement. At this point, the composite jaminate was C-
scanned and beur damage was fuound around the fastensr hole. The fatigue test was continued until the hole
elongation was { 10 be more than 1% of the hole diamater. At this stage, the fatigue test was stopped. Again, the
joint »as disassernbled and the hole was measured. The length of the major anis of the elongated hole was found to he
7.30) mm, The actual hole elongation was deterinined to be 0.92 mm. The hysteresis meg urement indicated an

tion of 0.73 mm which was 0.19 mm or 26% lower than the atual value, Again, the specimen was C-scanned
which indicated the bearing damage “ad grown by approximately 30% since the last measurement at 83,000 cycles.

When the joint was disassernbled, it was chesrved that graphite powder formed mrlt‘ the fatigse test was
compremed into “flales” that stuck to the pin surface as well as to the fastener hale surface, This graphite had reduced
the clesrance hetween the pin and the hole. When the joint was disanseinbled, these graphite layers “tiaked" off the
surface before thw hole was meanred. Cansequently, the actual “ole clongation iv always less than that measured by the
hysteresis measurement technique because of detris accumulation. However, the hystereals measurernent technique can
detect hole elongation reasonably weil and it is a good techrique 10 use in cases where the joint cawnot be disassembled,

Three (astener systerns specificaliy for composite applications ware selected for static testing in this
program. The single-shaur te/titaniun joint shown in Pigure 3 was 1used for evaluating these fastener systems.
Figure {3 shows the characteristics of fastener systems after installation in the composite laminate. The fastener
systema selected are designed for gelvenic mﬁuﬁuim te=tiber te, To accomplish this titanium or
A-286 stainines steel arw used in these fastenars. The P-TITE and tive y Maxiioot are blind fasteners with
significantly improved blind head diameters which are essential 1o develop Ngh clamping lcads without crushing or
delaminating the composite materisl during installation. Also, enlerged blind heads are red in composite fastening
0 resist pull-through loads and tn resist fastener cocking amociated with eccentric loads. Huck titanium lockbolt is
a two-plece fastener system casigned spocitically for interference fit installation in composites. The fastening principie
is based on a swaging action which fills the locking grooves on the lockbolt with collr material to form a permanent
lack. ‘The stesve expanaion process in the hole during installation is the ey to developing an interference fit. When
applying this fastener system m%ﬂ?ﬂ mm tolerance holes, an interference tit range of 0.0254 ram to 0.1528 mm is
postible, Tests performed &t dermonatrated that no damage occurred in the composite whan this fastener system
was installed with interferances up to 0.!77L.mm on the diameter. Fastener removal tests damonstrated
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thet thete waa 10 significant plastic deformation or crushing in the hole as the hole returned to within 0.023% mm of its
original diameter for all interference lavels. Interference fit is now becoming an mw\t design cecnalderation In
mack  .cally tastened composite ts for a number of potential performance gaim as improved structural static
and fatigue properties, improved tranefer In multi-tastener joints, electrical continuity and water/tusl tightness
with no sealant.

Four compoaite/titenium jeints have been tested to date. These four specimens were tes’sd in static made up to
the ultimate tensile strength. Six strain gauges were mounted on these specimens as per the locations indicated In

Figure D), TMMswahmnmhwnmnMhmnlmdnvﬂhﬂumwm o each
titanium plate indicated the load teansfer as a result of tastener bearing and plate friction. Analysls of strain
data have net been completed, 30 the results are not included in this short contribution. A constant itude

atigue mﬂmmhlno«mo-u\cycnc loading (R = -1) is now underway, This test is on a joint fabricated with the
SPS COMP-TITE fasteners. s joint was strain gauged according to the locations shown in Figure ¥a) to determine the
amount of secondary bending.

The ultimate tensile o for the joints uk‘::km-ﬂm Hucke Interference-fit fasteners was by far the
highest. The average failure of the two joints with fasteners was 34.2 kN. This was 30% and 4% higher then
the failure load of the blind ‘oints using Cherry Maxifoot fastenwrs and SPS COMP-TITE fasteners nmctlvoly. The
witimate {ailure of all the joints tested was caused by shear failure of the fastener at the junction of countersunk
head and the fastener shaft. Significant fastener cocking under high tensile loading wes observed for all fasteners which
ultimately led to failure. Also both titanium plates were cbeerved 10 band cutward at the free end under the influence of
eccentric . Examination of the te plates after the fallure of the joints revealed bearing damage at both
fuatener holes. and tion of the 43° surface ply with of fibers were obesrved on the
blind alde or the collar of the composite plate in the nelghbourhoad of the fastener (ome Fig. 18),

Experimental data obtained to date from an on-going test pragram evaluating the performance of mechanical
fastoner systems in IMG/3203C wers presented in this short contribution. Preliminary conclusions are as follows:

()  The notched strength of IME/S2N5C was found to be higher (71%) than that of the conventional T300/3208
graphite/epoxy system.

(2 Results from double-lap tensile tests indicated that the bearing strength was the highest when W/D ratio = 6.
Decreasing the E/D ratio to 2 resulted in a change in failure mode from shear-out/bearing to total shear-out and
also & decrease in bearing strength by 22%.

() The bearing strength was ‘ound to be slightly higher for joints with a hole diameter of .35 mm than thoee with a

hole diameter of 6.33 mm or 12.7 mm. The lowest ultimate baaring strength was cbtained by loading with a dowel

g.;h and without any lateral clampling constraint. The bearing strength was found to increase by increasing the
attener torque,

® A based on hysteresis measurements was found to be a simple and effective way to neasure the amount
of hole tion und.xr cyclic loading. This technique is extremely useful in cases where the joint cannot be
disassembled during testing.

(3)  The Huck interference-£it lockbolt fastener system was found to provide a single-shear joint & th 30% and W%
higher than that provided by the Cherry Maxifoot blind fastener system and that provided by the SPS COMP-TITE
blind fastenar system respectively,

(6) A method based on the concept of 3% offset slope was proposed to obtain the initial failure load from a load versus
detlection curve of 2 tensiie joint test.

ACKNOWLEOGEMENT
This work is accomplished by the support of the Department of National Defence Canada Financial
Encumnbrance No. 323-F-09). The C-scan inspection services provided by Mr. T. Chapman, the cal support

provided by Mr. T. Bensk and the amistance provided by Mr. M. Tratt of Canadair for the installation of Huck
interferonce fit fasteners are gratefully acinowiedged. Alw, services provided by the NAE Materials Laboratery and
machine shop are acknow!

1. Cnilings, T.A,, "The Sirength of Boited Joints in Multi-Directional CFRP Laminates”, Composites, Vol. §, No. 1,
Jarwary 1977, pp. 43-33,

2. Weinberger, R.A., Somoroft, A.R. and Riley, B.L., "U.S. Navy Cartification of Composite Wings for the F-13 and
Advanced Harrier Aircratt®, AIAA Paper, No. 77-866, 1977, ne

3. Lee, A, "A Material Selection Review for the PILP Contract on Develapment of Advanced Composite Materials
Technology™, Canadair Memorandum No. MCM-000-118, November 1988,

4. Poon, C,, "Literature Review on the Design of Mechanically Fastened Composite Joints®, National Ressarch
Councii Canada, Report No. 23442, February 1986,

5. Poon, C., "Eveluation 0! Mechanical Fastener Systems in Advanced Composites”, National Asronautical
Establishment, Laborstory Memarandum, ST-4L1, April 1986,

m.‘&i‘-ﬂ e




216
; 18
!

1 3

TECHNICAL LIBRARY

Butler, R.). and Butier, AL, "LAMANAL! A Program for the Design and Analysis of a Laminated Plate", Crantield
Institute of Technology, Crantieid, UK, 1984,

Co;l,l‘m. T.A, *Toe Strength of Bolted Joints in Multi-Dircctional CERP Laminates”, ARC CP No. 1380, December
19

Phillips, J.L., "Manual and Automated Fastening of Composite Structures®, SME Paper No. ADE3-07, 1983,
Scott, R, and Lz2e, S,, unpublished repor .




m — v v A 3 STw L - SRR s SN S 2

NOTE: ALL DIMENSIONS ARK IN mm

80.8 o
~» [ 264
. ;/ 77 ]
anir)
i
. 1
/" AXIAL STRAIN
/ GAUGE
¥
- Bai |- exmommnoe
84
20: iy —ig—
MIN I
' 1824
7, -7
“/GRIP
AEA
yi
1

.35 NOMINAL —»]  |e-

FIG. 1: OPEN-HOLE TENSION TEST SPECIMEN

Pi2 P2 HYDRAULIC GRIP
OF TEST MACHINE CRIP AREA
¥
SPACER BLOCK 28 mm
_____ 4
|_——— STEEL PLATE
e
FASTENER ool - o
oR +
DOWEL ® _\
PIN
EXTENSOMETER EXTENSOMETER
GA_.UGE LENGTH . ATTACHMENT
102 mm POINTS
COMPOSITE S . + e
PLATE
¥
3 mm
4
NOTE: NOT TO SCALE
D
AXIAL STRAIN GAUGE —\ /

! N
i b

j+——101.8 mm———> fe € samm o |-
203 mm -——H‘
1MO/5245C, (48°/0°/-45°/0°/90°/0°/48°/0°/-48°10°) 3¢
GEOMETRIC RATIO DIMENSIONS, mm
wio_ | ED ] E o__

4 ] 284 | 18 8.38

4 5 38.1 47.8 .83

4 s 808 | 835 | 12.70

[ ] -3 38.1 3. 6.35

o s 508 | N3 838

8 3 508 | 191 s.

8 2 508 | 12.7 8.35

F1G. 2: DOUBLE-LAP JOINT FOR EVALUATING BEARING STRENGTH

[l B

e



Jre
gt @
N

1778

OVERSIZE HOLE
189 DIA.

TO ASSURE
SINGLE-BHEAR
LOADING ON
FASTENER
TITANIUM
PLATE
THICKNESS = 4.1

NOT TO SCALE
ALL DIMENSIONS IN mm

MATERIAL SYSTEM: IM8/B248C
LAY.UP: B0/40/%0

THICKNESS: 5.18 mm (40 PLIES)

STACKING SEQUENCE: (+48°/0°/-45°/0°/90°/0°/48°/0°/-48°/0%) 24
TITANIUM ALLOY: ASTM B28S GRADE 5 (Ti 6A1-4V)

FASTENER SYSTEM

SPS COMP-TITE CT-410-3400
HUCK CIL-8SC-vC08-08

CHERRY MAXIFOOT
CR-88863-6

HEAD

CONRIGURATION | HOLE DIAMETER | FASTENER DIA. DIMENSION C
100° FLUSH 6.004 - §.680 6.563 - 6.501 2.4
100° FLUSH 6.680 - 6.788 6.042 - 8.688 288
130° FLUSH 6.617 - 8.600 6.541 - 6.004 148

FIG. 3: SINGLE-SHEAR COMPOSITE/TITANIUM JOINT FOR FASTENER EVALUATION

THROUGH HOLE
FOR STRAIN GAUGE
N

SHALLOW RECESS
LENGTH = 8 mm
WIOTH =8 wm
DEPTH =1mm

1401+ e [T 14
TANGENT ——§ 49}
TOHOLE |[-==="-1

e = = = -

R

(a)

TITANIUM

COMPOBITE LAMINATE
————————

NOTE:

NO. OF STRAIN GAUGES = §/SPECIMEN
O = DIAMETER OF HOLE

F34 pe

(]

FIG. 4: LOCATION OF STRAIN GAUGES FOR COMPOSITE/TITANIUM JOINT

s mrrm e P = ey b



E
3
3
|

ST RV

{

P

LOAD, KN

10

TECHNICAL LIBRARY

BELRING STRENGTH, MPa

SPECIMEN # 188.7 ]

6% OFFSET SLOPE

A ) ] ] 1 1 1
04 o8 12 14 20 24
DEFLECTION, mm

FiG.5: LOAD va DEFLECTION CURVE FOR DOUBLE-LAP JOINT

I
&
1000 |-
L
%00 |- i
s00 [~
700 |-
000 |- {
500
L LEGEND
400
'll
——y o * —
L D7
300 |-
P
—e—{ op = -—
v opeY
w01 IMa/s245C
50/40/10 LAY-UP
ED~8
100 [ DOUBLE-LAP JOINT
100% BEARING LOAD
L 1 1 1
° 2 P s .
W/D RATIO

F1G. 8: EFFECT OF W/D RATIO ON BEARING STRENGTH

21-9

Bk G S TP e



21-10

TECHNICALI

1100

REARING STRENGTH, WP
8

100

FIG. 7:

7"

SEARING STRE( ITH, P
g

100

FiG. 8:

]
[ ]
o
LEGEND
'.
—.—ia,t oh
”
—e—ioy, = o
MIBNEC
B0/40/10 LAY.UP
Wb =8

DOUSLE-LAP JOINT
100% BEARING LOAD

1 1 1

3 4 1 2
E/D RATIO

EFFECT OF E/D RATIO ON BEARING STRENGTH

LIGEND
’.
—e——ig, » ==
YT
——o h
% oer
MBS MEC
90/40/10 LAY.UP
WO - 4,808
DOUBLE-LAP JOINT
100% BEARING
A S ") ' 'y
" w v o
HOLE DIAMETER, mm

EFFECT OF HOLE SIZE ON BEARING STRENGTH



A Bl DB T Lk ]

TECHNICA

NARMCO WIS/B248C OOUBLE-LAP JOINT

SINGLE FASTENER

N 90/40M10 LAY.UP
. D W/D+8,0~638 mm
ONm SON™ 168Nm
FASTENER TORQUE el I §

g
i

INITIAL BEARING STREMGTH, MPs

-
8

3 ]
E/0 RATIO

ULTIMATE BEARING STRENGTH, MPs

21-11

NARMCO IMS/5248C OOUBLE-LAP JOINT
SINGLE FASTENER

\ 99/40/10 LAY-UP
- N D20 63
ONm SONm 18PHm oy = L_
FASTENER TORQUE “w DT

3 8
€/0 RATIO

FIG.9: EFFECT OF FASTENER TORQUE ON BEARING STRENGTH

(s} SHEAR-OUTEARING MODE

e

(b) SHEAR-OUT MODE

FIG. 10: FAILURE MODES FOR IM8/8248C DOUBLE.LAP JOINT

Luiin

.

S et T — e ——— L



- o P

21-12
SPECYMEN NO. 1088
" L
1) f I
" - "
| W .
-
i
-5 F
-1
KT S 1 2 3 OI’O'I.O,W w la i F]
|—0.6 mm—

NARMCO IMB/RMEC, LAY-UP (45°/0°/-48"/8°/80°10° 148°10°/-48° /8" )py, DOUBLE-LAP JOINT
HYSTERESISCURVE # | 1 2 [ s 4 s . 7 N » [ " [} [T
it cyCLE 1 | 0 | 100 {1000 |5.000 | 10000 20,000 | 30000 | 40.000 |es.008 | 08,000 | 100,000 | 120,000
DEFLECTION, 5, mm [033{0353 |033 [ 033 | 033 | 033 [ 093 | o 03| o | oaes (Y} 108
m';:_':'“._m"“ 0.00 [0.00 000 | 090 | 000 | 000 [ 0" | 00s | 002] 0se [ 013 | 0m2 | om

FIG. 11: CONSTANT AMPLITUDE FATIGUE TEST RESULTS
SPECIMEN #1808
10 [ DOUBLE-LAP JOINT (DOWEL PIN)
1MS/3248C
$0/40/10 LAY-UP
09 [~ CONSTANT AMPLITUOE FATIGUE TEST
R=-1, MAX. LOAD = 15.6 KN
08 -
<1: 07 - 1
'§ os
2 o8
-
2
g 04 [~
5 03 [
-
02
01}~
or -—
. . | 1 1 1 1
1 0 " 1.000 10,500 109,000
NUMBER OF CYCLES, N

FiG.12: A w N CURVE

¢ o —— A A £ pa O

Bhaen wre



't
i

PUTE P R R,

L T

o

TECHNICAL LIBRARY

o) HUCK mnrg:ru-m ) CHERRY MAXIFOOT FASTENER {s) 3P% COMP-TITE FASTENER

FIG. 13: SINGLESHEAR COMPOSITE/TITANIUM JOINTS FOR FASTENER EVALUATION

FIG. 14: COMPOSITE DAMAGE ON THE
BLIND-HEAD SIDE

T ea s s et e s+ eem e

21-13




\ e i . et
|

TECHNICAL

LIBRARY

REPORT DOCUMENTATION PAGE
R Relwnce | 2. ‘s Relorome | 3. Further Rolvronce 4. Clansification
Reciglents Originater :u-hy
AGARD-CP-427 ISBN 92-835-0431-3 UNCLASSIFIED
S, Origlnater

Advisory Group for Aerospace Research and Development
Organization

North Adantic Treaty
7 e Ancelle, 92200 Neuilly sur Seine, France
6. Title BEHAVIOUR AND ANALYSIS OF MECHANICALLY FASTENED JOINTS
IN COMPOSITE STRUCTURES
7.Presemted st the Structures and Materials Panel Specialists' Meegint held in Madrid, Spain
on 27—29 April 1987
8. Auther(s)/Editer(s) 9. Date
Various March 1988
10. Author's/Editor’s AMdress 1. Pages
Various 316

12, Distribution Statement

This document is distributed in accordance with AGARD
policies and regulations, which are outlined on the
Outside Back Covers of all AGARD publications.

13, Keywords. Descriptors

<
b

3 Joints (junctions) ,

Composite matcrials ,
Mechanical properties ,

Life (durabthty)
Mechanical tests

Research projects CTE‘S) &

identification of
ists’ Meeting.

of composite structures in NATO aerospace has intensified inter-
mdhfemalymAtﬂleamenmedlemtroducnon of new tough

. A number of NATO nations have built up data bases and
and life analyses; in order to take advantage of_thm

id, Spain on Z7th—29th April 1987, under the chairman-
iavotto, to provide a focus for methods of analysis and the
needs. This volume contains the papers presented at this Special-

," rer?

=

4 -




_.i...!e..&as_-!_u&_o p pue soseq mep dn pue (13ua1s 30) spoyow PIdoAIP pue saseq eep d

NG ARy SHOUNU O LV A JO 33quinu v “ondne ut ipSuans ..E?«.:S_.ao:zsfa..:ﬁafsﬁﬁ:.
guﬁ-&g&ﬁagg SupuodsoLios ap o) suoneoyduwl N N MNOGWOO
10 1pSuans JEs N POsEILIUl sy sUIsdI ydnoy mdu jo Jo gduons dueEls Y PITEILOUT Ty SN YBN0Y MU JO
UVORINPO.LNN ) U IS I 1Yy ‘sishpeve 5 pun‘pivons LOUINPOLUI Y NUTI NUES 21 1y “SisAfeue 3 pre pdvons
10 PO By w3soMn pIpSEON sy 208080158 OLVN 3%5:&»5855&.!.8&.8885
n scomponugs apsodwsoo jo 2 Jueasom Agpudes aq) sasmpnis asodwod jo asn duseaiom Apsdes

n33:03d yoreasny 515960d yoreany
1153} OO safed 91 ¢ 1991 [T saded 91¢
(Ampqusnp) o9y 8861 YOI PNYSIQnd (Aunqesnp) oy 61 Y2 PAYSEInG
sansadoad reameon STANIDNALS sar3dosd peonseyoop STUNLONAULS
oI amodec) | 1ISOJNOD NI SINIOf GINALSYd ATIVONI spunew anodwo) | FUSOJNOD NI SINIOf QINALSVA ATIVONI
(mopoeal) smof | -NVHIAW SO SISATYNY (INV UNOIAVHIH {suogsunf) srnor | -NVHOAW 40 SISATYNY ANV MNOIAVHIH
OLVN ‘namdopaaq OLVN ‘wowdopasg
pus  wueaedy vedeowy 365 dnos)  Koswpy pue ey oedwony 1) dnaln  Kosapy
LTy 'ON SSapaopasy U0 TUVOY LUr-dD-QUVOV LTy ON SBIpapoLy 3000N) (TAYOY
.!lﬁ..a:a_aseﬁv&o_u;%inn! wep dn pue Sraus 10) spoyaw padopAap pue soseq eep dn
3N SAl YODRU O | YN JO J3qums y “anSar) w @iuoss 5322:320.52.885:%_5559!:
guﬁ-&gﬁsgg Supuodso1103 ap soj suonesdusn gum sunof ausodwod
Jo wleans spers o poredsom By 13 @inoy mau Yo Jo yiuaas oues X posen sy sursdl yino) Mau Jo
giuﬂo:!u!ﬂuﬂ-(.ﬂ? .eamueqpiuans :oau..vo u_._uﬁauﬂ_uuoﬁ v ‘ssAppue o pus ipfucns
10 SPOPIAN U1 1S24DK1 PIYHUNUL !_8&852 !9_.8. | 153190 poytsuINA sey oedsoise OLYN
aggfﬁs%ﬁxaﬂgé NN 382_...8 ua_.u..ggn:.

s13afosd ipseasry safosd yoressay
TI5) ORRY W saded 91¢ 1591 @YW sided 91 ¢
(Apqesnp) 2] 8861 YorW papsnqad (Aupqunp) o] 8861 PIEW poysqng
qdosd pamesop] STANLONMULS soruadosd peonmyoop STUNLONULS
seudsm modwo) | LSOO NI SINIOf GANAISYY ATIVONI spuamw Amodwo) | JIISOJNOD NI SINIOf JANALSYA ATIVONI
(swonswnl) smor | -NVHOAW 40 SISATYNY ANV ¥NOIAVHEL (swog>unf) mor | -NVHOAW 4O SISATYNY OGNV MNOIAVHAE
OLVN ‘mawmdopasg OLVYN ‘wowmdopas(y
pos ey vekony kg dnosg  osapy poe  yueIsy oedsozay 103 dnos)  Kosapy
v ON SSIP3P0I4 IO AV P-d-QAVOY P ON s8uns39p03., 30U12790) (TUVY)




00804595 OLIOWIA, S0982901 J0 daeLInenpd e 3open ‘861 1sdY P6T—PLT woumds | o8
iu!!gﬂ!ijg.iail , »

€-(€90-$£8-T6 NESI

LIV DU TAMOANG PUE SIOMOSS 2 10 IEWRAPE TR 08 1IPI0 11 ‘sankpeue I | s " y
€-1E90-SE8-76 NESI £90-§¢"-76 NIS!

Sugaopy weweods ) e Powosasd Kiaded g sEEmE0O Bunoogy e ds SR 18 Donsmasd 1,204 g SURmID
!ﬂndli!;l‘%saiﬁle.ﬁsa U | IDIOU YIIEIEAL JO UOTEI SBIPI AR P8 kI JO SPOTINI 104 80009 ¥ Ip1a0ad
08°0NOAEN) CUCEIA J08Sag0IG JO SapaureLIIgS 2 s3pwn L 96| 1dY W67 —PLT uoTeds 01°010ASIE) OLIOT A JORINO1 J0 SRETRRLIARP 7., 13p8N ' . 86 | EIY N6 —L T VO BRdS
PUPENY 8 TaNIVW PURJ Pe9 H P MURFERN0O 1 Tendopy S € pRY Pesd ‘PuUpEsy 13 SOOI PUR] P9 NP s BORINANCO B TG S ods § PR PUR.
APUINSPY PUS SANEING PN SIOIMOSH ) J0 INEMBADE TP} OF 2OP7< B SHAUE 298 LW PRE SAMORNG PIE SN0 Y, J0 WERNAPS TYNT OF SIRI0 W ‘SIAUS iy




TECHNICAL LIBRARY

AGARIRD
mar @ oTAN or
\ DISTRIDUTION OF UNCLASSINED
oy Y
7 e Ancie ¢ S2900 NEULLY-SUR-SEINE AGARD PUBLICATIONS
Telaphors (1)47.95.67.00 - Telo 610 178
Mh:ﬂﬂﬂdAwp“-l~ address for distrsdwtion. lastial dicteibmtion of AGARD
H publiontions 0 following Netional Cantres.Further copies are sometimes
* “MMMhIm-’h—m fa Microliche or Photocopy form from the Purchass Agiacies Noted balow:.
: NATIONAL DISTRIBUTION CENTRES
BELOIUM ITALY
waumm Utiicio del Delegato Nasionsls sl AGARD
Quartier Reine Ellsabeth 3 Plasasle
Rus €Bvere, 1140 Bramiies 00144 Roma/EBUR
CANADA L
Disector Scientiic Informetion Services Sov Dolghom
Dept of Netionsl Defence
Ouwawe, Ontario K1A 0K2 Netherinads Dalegation 10 AGARD
P.0, Box 126 v.NLR
WMR’H&M 2600 AC Deth
2106 Copenhagen @ NORWAY
Ao Do oosreh Bt
: P.O. Box 28
29 Avenue do la Laclerc N-2007 Kjelier
m&mwwcm ACGARD
A w0
OERMANY Enecgis, Gebisole o Eotudos
Physik, Mathematik GmbH W..‘_w
D-7514 Eggeasteia-Leopoldshaten 2 2700 Amadora
Hallenic Air Forcs General Staff
Equipment Anoammfm}s)
of Ressarch and Development
mlm
UNITED
Defence Resesrch Information Centre
Disector of Avistion Kentigern
c/oT 63 Brown Strost
Reyja Glmegow G2 8EX
srAAﬁ-ia-uuuspmmm«
N l )
Hampton, Vicginia 23665
THE UNTTED STATES NATIONAL UI'DNGN‘I;&‘NASA DOES NOT HOLD
STOCKS OF AGARD PUBLICATIONS, AND APPLICATIONS SHOULD BE MADE
DIREZT TO THE NATIONAL TECHNICAL INFORMATION SERVICE (NTIS) AT THE ADDRESS BELOW.
PURCHASE AGENCIES
NWTM ESA/Information Retrieval Service mmm
Informatica Service (NTIS) Europeen Agency m%
$285 Port Royel Road 10, rue Nikie Boston Spe,
'ISOISPIB.M West Yorkshire 78Q
22161, USA
WWGWdA AR&MWN\NAOAID“I-N mmmm-:
mmmhﬁmm .
Sclentific and Technical Asrospace AR Goversment Reports Annouscements (GRA
byNASASd-&ndTmm ) by 1 Notoma Teckaoas " (ORA)
NASA Virginia 22161, USA
Wﬂh’us.c.zo .USA
Prinsed by Specielised Printing Services Limised
40 Chigwell Lans, Losghwon, Essex IG103TZ

ISBN 92-835-0431-3

R

i " e o imm < e e - e iime v A e N e am




