ICAS PAPER
No. 84. 3.2.3

THE BOLTED JOINT STRENGTH AND FAILURE MODES IN
FIBER COMPOSITES

by
R.Barboni, 1.Peroni, O.Carlini
Dipartimento Aerospaziale

Universitad di Roma *La Sapienza”
Roma, italy

//, ~

m_»';ﬂ» &, {

The 14th Congress
of the
International Council of the
Aeronautical Sciences

Toulouse, France
September 9-14, 1984



THE BOLTED JOINT STRENGTH AND FAILURE MODES IN FIRBER COMFOSITES
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. A theoretical and exrerimental study of the strendth of Joints in laminated carbon
and dlass fiber reinforced rlastic rplates bolted to a steel fitting was conducted.
It is well known that the failure mode of a bolt loaded Joint in tension can have
four failure modes ! bearing failures shearing outr» net shear and net tension
failure.

Different tyres of comrosite specimens, obtained by desidning the Joint with
different edde-to-hole distancer were comrared in order to determine the failure
mode, The theoretical arrroach was carried out using two-dimensional analusis.
Desrite through-thickness stresses beind idgnored, some corresrondance has been
demonstrated between theoretical and exrerimental results,

I. Introduction

Low weight and hish strength make carbon and dlass fiber reinforced rlastic a
rarticularly interesting material for the sircraft industry, The anisotrory of the
material has so far limited its aprlicationy 8s difficulty arises when Joining the
comrosites both to itself or to other materisls [1].

Bolted Joints rerresent an attractive method of attachment for composite mesterials
but the effects on failure predictions of substantial combined stresses and mixed
mode fracture are not wet thoroudhly krnown. This is due to the fact that the "hole
size effect® is more rronounced for materials of significant orthotrors and comrosed
of relatively brittle matrices. In addition most comrosites have low in-rlane shear
strendth which is detrimental to mechanical fastening., Eddge effects at holes or other
discontinuities rnot only can cause local interlaminar failures but the effective
stress concentration factors can rande from below to well above those occurring in a
similar metal rieces derending Frimarily or laminate’s fiber orientation with resrect
to load direction [2]. ’

It is well known that the failure mode of* comrosite srecimens with oren holes
subJected to far-field ternsile load is usually tension failure at the net section
whereas the failure modes of bolt loaded Joint in tension can have four modes ¢
bearindgs shearing outs net shear and net ternsion failure.

Net shear and shearing out failure in bolted Joints can generally be avoided by
choosing correctly the ratios e/d and w/d.

In order to determine the failure modeé of comrosite laminated subdected to bolt load,
some exrerimental tests and 3 theoretical aprroach was carried out.

The tensile strendth test srodram includes srecimens with and without holer with
loaded and unloaded holes for laminates with a different number of lauers.

Stress distribution around 3 circular hole subdected to sinusoidal law bolt-load for
finite-width plate was determinated via numerical method bw using finite elewment
stress analusis computer erodram.

I1. Exrperimental rlan

The tensile strendgth test prodram for glass—eroxy and srarhite-eroxy at room
temrerature condition includes laminates with and without holer with far-field
tensile load and bolt loaded Joints.

Srecimens of 15x150 mm were cut from flat plates fabricated from foury eight and
sixteen lavers of pPrerred by rressing it in 8 heatedr» matched-die mould.

The rrerred used was R-dlass fiber and COURTAULDS E/HM~S-fiber with CIRA-GEIGY eroxu
resin ! the characteristics are shown in Table 1.
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' CHARACTERISTICS : CARBON FIBER ! GLASS FIBER |
i FIBER TYPE COURTAULDS E/HM-S R~GLASS !
! FIBER DENSITY (KG/m3) 1860 2500 H
i RESIN TYFE 920 920 H
! RESIN DENSITY (KG/m3) 1260 1260 H
! RESIN CONTENT (wt) 42% 33% !
! NOMINAL FPLY THICKNESS (mm) 0.1555 0175 :
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TABLE 1 - FIBER AND RESIN CHARACTERISTICS



The data relative to unidirectional lamina for #lass and carbon fiber are rerorted in
Table 2. ’

! UNIDIRECTIONAL LAMINA ! E11 [GPal | E22 [GFal | E11/E22 |
{ GLASS 39, 7.8 5.011 !
! CARBON 160, 5.7 27.960 !

TABLE 2 - LAMINA YOUNG MODULUS

For each fiber ture there are three different summetric laminate constructions !
£0/90/90/03y [0/90/90/01x2y [0/90/90/01I%4y as indicated in Table 3.

FIBER TYPE
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TABLE 3 - SPECIMENS GEOMETRIC CHARACTERISTICS

Drilled and reamed holes» of same diameter d = 4mm were Fositioned to give the
various Joint deometries. The width» wrwas the same for all srecimens {(w/d = 3.735)

and the edde-to-hole distancer er was chosen ( e/d = 2 3 &6 ) in an attemrt to observe
the different initial and final tures of failure. The srecimens were bolted to ensure
that the loads which was arelied summetrically with resrect to the rattermn of holes:
should act on the mid-line of the thickness. All tests were carried out by & testins
machine of 50 KN caracity at a crosshead sreed of 0.5 mm/min.

At least three srecimens were tested for each dgeometrical configuration.

.

II1. Exrerimental results

Three tures of analuses were carried out. The first set was asccomrlished in order to
evaluate the ultimate strendth of the srecimens used., The srecimens without holes
were clamred into grirs with serrated-Jaw twre end connections and alidrned by
universal Joints.

The results are summarized in Table 4.
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SPECIMENS ! YOUNG MODULUS [GFal
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' {  ULT.STRENGTH [GFal |
! frmm e e e b o !
! ' EXFER. ! THEOR. | EXFER. |  THEOR. !
! ! ! oo fmmmm fmmm e b !
! ! ! ! INIT.! FINJIINIT.! FING!
fmmmm e b § e f—m———- = o R !
! Vi 27 24 .56 75 46 .75
! v2 27 24 .43 78 46 .75 !
! V4 27 24 .45 71 46 .75
: ci 75 83 .57 «57 60 .60 !
' c2 75 83 .58 .58 .60 .60 !
t c4 75 83 .58 .58 .60 .60 !
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TABLE 4 - CHARACTERISTICS FOR SPECIMENS WITHOUT HOLES

-

Theoretical values were obtained for comrarison using a3 computer rrosram made at
Aerosrace Derartment of Rome [3]. For the ultimate load» both for theoretical and
exrerimental datar» two values» indicated a8s "inmitial® and *final®s are rerorted., The
value *initial® refers to the load at which failure on the first lamina arrearsé the
other indicates the comrlete failure of the srecimen.

It is imrortant to note that, in carbony the above said values are the same» whereas
in dglassy theu are auite different, As a matter of fact, the E11/E22 ratio» for
srecimens testedr is higher in carbon than in glass lamina [Table 21].

This different characteristic causes two different modes of failure for dlass and
carbon laminater as indicated in Fig.1l.
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As to carbon laminater tension failure on net crosshead section is observedi as to
glass laminatesr the failure starts at different roints of fiber, This rhenomenon is
more rrorounced as the srecimen thicknese decreases.

A second set of analuses was selected to investigate the effects of 3 circular cutout
on strength of comrosite srecimenss subdected to far-field tensile load, The failure
mode observed was tension failure 3t the net section as shown in Fig.2y» and the*final
loads® are rerorted in Table 5.

5 SFECIMENS ULT. LOAD CGFal | SFPECIMENS ! ULT. LOAD CGFal !
: Vi 0.69 i Ci 0.46 :
H v2 0.56 H cz2 0.38 H
H V4 0.54 ! C4 0.34 :
i H !

TABLE S ~ SPECIMENS SUBJECTED TO FAR-FIELD TENSILE LOAD

It seems that the reduction of ultimste strenght as the number of lavers increasess
is due to growing effects of interlaminar stress.

A third set of analuses was selected to roint out the rrosress of each Jdoint failure
at different values of e/d ratio for bolt losded Joints.

Tyrical load-disrlacement aualitative diadrams are shown in Fig.3 for different
values of e/d and the rrogress of each Joint failure is shown in the same fidgure.

For small values of e/d» cracks were first observed at A and By followed shortlu bu
cracks at C. The cracks cause discontinuities in form of 8 ster in the load curve.
The cracks at A and B grew towards each other as 1oad increases. Ultimate failure was
by shear out,

In the rande 2.5 < e/d < 5.0s discontinuities of load-disrplacement rlot, took the
form of 8 distinct change of slore. Simultaneous initial cracks at A and B were
observed. These cracks gradually Joined, and after the crack at C» the ultimate
failure was primarily in 3 shear out mode on 3 wider zone of the srecimens. For large
values of e/ds simultaneous initial cracking wss observed at Ay B and C with ultimate
failure as tension through hole.

Pictures of failed srecimens are shown in Fig.4 for dglass and Fig.5 for carbon
srecimens.

Whilst ultimate failure was again either tens:le or shear outr there was alwaus
evidence of bearing failure. '

In view of the difficulty in determining the load at which bearing failure occursy
only the maximum load will be used here as 3 measure of Joint strensth.

The maximum load at which the failure occurs in each ture of Jo:nt are comrared in
Fid.é and 7y resrectivelu for sglass and carbon fibers.

The ultimate load for bolt loadeds are considerably lower than far-field load» due to
the higher stress concentration sround the hole. The ultimate load increases with
srecimen thickriess.

IV. Theoretical arrroach

Stress and strength rredictions for comrosite laminates with a circular cutout are
imrortant in a3 study aimed at understanding the characteristics of a crack drowth
during failure.

Stress distribution around 3 circular hole subljected to sinusocidally distributed
radial bolt-load in an infinite rlate with homodeneous anisotroric rrorerties» may be
calculated from Waszezak’s solution [4].

For finite-width rlates» solutions are also available either via comrlex sprrosch
£S53y or via numerical method» such as the finite element arrroach [41,(71.

Stresses around circular holes are obtasined here by using NASTRAN comruter srodram.
Exrerimental results [8] and theoretical stress [9] investidgations indicate that the
interlaminar normal stress is a factor to initiate delaminationi then it is necessary
to undertake a three-dimensional analusis.

It is krown howewer [101 that when the laminate is constrained transversalluys ac by
washers in bolt-loaded holess the three dimersional effect can be nedlected.

In the rresent rarer two-dimensional rlane stress elemernts are used to rerresent an
homodgeneous orthotroric material for the rurroses of stiffness czslculation.

A turical network for Joint is shown in Fidg.8.

The bulk data deck for NASTRAN prodram is automaticallu dgenerated bw an ad hoc

'Prodram when the followindg rarameters are dgiven! wr» e» o» and the numbher of elements.

The arrandement and number of elements was altered according to the rarticular
situation under investidgation.



The load arrlied bu the rin was rerresented as sinusoidal distribution on the element
rnodes at the tor half of the hole boundarys the vertical resultant being a force of
2.9 kN,

The bulk of the work undertaken investidgated the effect of changing the end distance
of a8 single~hole Jdoint.

The material srorerties used in the stress analusis are divern in Table 6.

i YOUNG MODULUS [GFa]l ! FOISSON RATIO i SHEAR MODULUS C[GFal i
H Eil = E22 H vi2 = v2i : G12 H
' 83.11 0.022 3.09 :

TABLE 6 -~ INFUT DATA FOR NASTRAN FROGRAM

The dgeometrical rarameters used are w/d = 3.75 and e/d = 2 ¢+ 6.

Fig.? shows a3 turical diasgram of stress distribution sround the holes @= 0 +J0).
It was seen that the maximum tensile load in the fiber direction drows as e/d
increases. The maximum comrressive load was seen to chande little with e/d.

These variations in load carn be related to the failure mode that becomes closer and
closer to net tensiony a3s e/d increases.

V. Conclusions

The two~dimensional theoretical study must be seen ac an attemrt to well understand
rhysical pheromensy but this information 2lone does not exrlain comrletelw the
failure modes occurring at different e/d ratios.

The precise nature of failure mode derends critically on many rarameters» such as
stacking seauencer fiber tuyrey dimensions ...

A more realistic schematization reauires a three-dimernsional analusis and more
confidence with composite materials.
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