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Abstract mechanism between the fastener and plate.
In the 1950's when aircraft fatigue problems
A series of tests on bolted single shear were being investigated, the major aircraft
joints was performed, the test parameters . companies were attempting to analyze the
being the bolt diameter and the. tightening shear splice flexibilities in order to obtain
torque on the bolts. The test results were (1-3).

the individual fastener shear loads
Fig.1 gives a comparison of fastener
Flexibilities obtained by different

recorded on load-deflection diagram. Two
distinct zones can be found on the typical
load~deflection diagram; a friction zone and

an elastic zone. It was shown that the amount companies.

of shear load transferred by the friction

mechanism is proportional to the tightening r

torque. A typical friction coefficient was e (* from Ref. 1)

computed from the test data. The elastic part
of the joint stiffness obtained from the
deflection curve was represented on a .
non-dimensional diagram from which the elastic

bolt stiffness can be obtained for any 2

geometry or material. When the interplate

friction forces were introduced into the plate

displacement equilibrium equation, the result

was to reduce, or truncate, the bolt shears, VOUGHT %

(and consequently the plate bearing and

hoop-tension stresses). . GRUMMAN %
w. BARROIS *

The test results may be used to improve the
accuracy of fatigue and damage tolerance
analyses of bolted lap joints.

A three dimensional finite element Doy

analysis using contact non-linear elements 5 Glag *

was performed to obtain the joint f .

stiffness, which showed good agreement with # = measured value for single shear

the elastic part of the test results. By 31 two-row Al. joint with 6 mm. dia,

means of this finite element model one can

also evaluate the loads at the bolt-plate 2 CSK. steel bolts.

interface, which are otherwise unmeasurable. 1.5 ] ~~ I.A.I. test results; no frictiom,

This will be the subject for further . 1 ih

investigations. 1 . clampe eids' Plate Thickness,T

1 1.5 2 3 4 6 81012 (mm)
I. Introduction

The accurate analysis of fastened joints is Figure 1. Comparison of Fastener Flexibility §
an important aspect in the efficient design of obtained by Different Companies
aircraft structures where minimum weight is a :

prime consideration. As a first step in such

an analysis, it is necessary to know the

distribution of the loads among the different It is well known that the flexibility is
fasteners in a mu%ti-fastener joint. An influenced by the fastener geometry and
important factor in the analysis of fastener material. From tests done at IAIL it appears
load distribution in a multi-row joint is the that the bolt tightening torque has a

shearing stiffness of each fastener in the significant effect on the apparent flexibility.
assembly, This shearing stiffness can be Since this effect is not uszzlly accounted foi.
obtained experimentally during tangential this may explain the large flexibility scatter
loading of a lap-joint from the resulting observed in Fig. 1. It is found that a high
load-deflection diagram. (See MIL-STD-1312). torque reduces the apparent bolt flexibility
The interpretation of this diagram can give because of friction. This friction effect is

valuable information about the load transfer
Copyright © 1988 by ICAS and ATAA. Al rights reserved,
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also mentioned in (4)' The approach in this
paper is to represent the apparent joint
stiffness as a function of the applied load.
For this purpose a series of tests on bolted
single lap joints was performed, from which an
accurate load-deflection diagram was obtained.
Parallel to this testing program, a three
dimensional finite element analysis was
performed.

II. Test Procedure

A series of tests was performed on 2-bolt
lap-shear joints, to measure the bolt shear
flexibilities. Eight joint configurations were
tested. Each configuration is described in
Figure 2 and Table 1. Seven configurations were
with countersunk bolts (1/4" to 9/16" diameter,
NAS 1972 series bolts and MS21045 nuts).

The plate thickness was 1/2" for all

the specimens. It was convenient to describe
the joint characteristics by a non-dimensional
parameter, Z, defined in equation [1] and
derived in Appendix A.
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Figure 2. Test Specimen Geometry
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Table 1. Test Specimen Dimensions

Each test configuration corresponds to a
different value of Z, which ranged from 0.2
(rigid bolts) to 2.8 (rigid plates).

3E?

?—

o (1]

z =(§
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and

Z - Non-Dimensional joint parameter ratio of
bending stiffness of the bolt to plate
bearing stiffness

T - Thickness of the plate

D - Diameter of the bolt

Ep~ Modulus of elasticity of the plate

Eg- Modulus of elasticity of the bolt.

The tests were performed on an INSTRON machine,
according to the MIL-STD-1312 method -4A.
Displacements were measured by extensometer as
shown in Fig 3. The test results were recorded
on load-deflection plots. In order to obtain
the effect of the tightening torque, the test
was carried out as shown in the flow chart,
Fig. 4. Three to five runs were performed on
each specimen with different bolt tightening
torques. The specimens were loaded up to 20%,
40%, and 60% of the expected ultimate load.
Finally, the specimens were loaded up to
failure.
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Figure 3.
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Figure 4.



= the coefficient of static friction
between the plates and can be

(5)

III. Test Results

The test results were recorded on derived from Data Sheets
load-deflection plots of extensometer
deflections versus the applied load. Then U= P, /N [3]
In a typical load-deflection diagram, there where Py 1s measured during the test.
are three distinct zones (see Fig. 5). The test result gave the following :
After the first cycle,p = 0.3.
i° This value of u can then be used to
’ calculate the value of Py for any similar
bolted joint.
?aam 7 ™, is the elastic bearing joint stiffness,
{ BEARING | ; /\&I- and 35: equals the compliance d.
%
FIRST & /'& RASTIC Zote ie. &2 4]
SUBSEQ. / X2
EzL::glc ﬁ&g‘(ﬁ“ o4 / The test results are represented by the non-
dimensional diagram in Fig. 6.
/}/7_,L 1‘ & SUBSEQUENT :
< ?///_ V- =8 E.7
d /’, A ’ ) r
gl B R ' Al
! " 1
—d SUIPPAGE et PLASTIC DEFORMATION OUE TO NASTRAN BEST FIT a
PLASTIC BEARING OF THE PLATE *
n
Figure 5. Typical Load-Displacement Curves " TEST BEST FIT
1]
¢
* YEST RESUTS
At the commencement of loading, the . - stea s g
displacement slope, Xy is very steep. 7= Ey@fi
In this zone, the displacement between the ! Ey D
plates is restrained by the friction between . P Y R—r——re— }, bbbt
the plates. When the applied load reaches '
value Py (the transition value), the slope
changes to ®y. This slope is the bolt elastic
stiffness when the sliding friction is Figure 6. Non-Dimensional Diagram of qoint
exceeded. &y is the apparent friction stiffness Compliance H vs. Configuration
of the joint. The value of Py is significantly Parameter Z
affected by the tightening torque.
Up to P¢ , the load is transmitted by
friction between the plates. The nondimensional joint compliance is given
Pg is therefore the static friction force. by
Above this value, the load is transmitted H = EP,&' T o [5]
entirely by elastic contact between the plate
and the bolt. From Fig. 5 one sees that the and this is plotted against the
elastic joint stiffness is unaffected by the non-dimensional joint parameter, Z,
tightening torque. The slippage occurring equation [1].
during the first cycle is caused by the When friction is taken into account, the
tendency of the bolts to align in the load apparent joint compliance is equal to the
direction and to close initial gaps. displacement divided by the load, and this
After the first cycle, the slippage effect is value changes continuously with the load.
very small and can be ignored. Different literature sources (see Fig. 1)
The third zone is a zone of plastic bearing have used different methods to derive the
deformations, where the slope is further compliance, i.e. with and without the
reduced. friction part of the load-displacement curve.
If the load were reversed, the slippage would
be expected to be twice the value of the The Vought and Grumman curves in the figure
slippage of the initial loading from zero. agree with our test results in the
In this paper, there is no load reversal and frictionlesss elastic zone (Fig. 1).
the joint behaviour is considered only after The Douglas and Boeing curves agree roughly
the first cycle. with the IAI apparent joint compliance at the
As stated sbove, the force Py derived from bearing yield load.
the tests, represents the static interplate
friction.
Now Pg =M.N (2]

where N is the normal force due to the
tightening torque
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IV. Calculation of Net Bolt Shear Load
Distribution

Consider a 3-bolt single shear lap joint with

friction (Fig. 7).
P A C
-— —
B D P
Bolt No. 1 2 3

Figure 7. Bolt Lap-Shear Configuration

Let R{ (i = 1-»3), be the net shear forces
for bolts 1,2,3 respectively (without
friction).

These are the unknowns which must be
determined.

Rov (i=143) are the interplate static
friction forces, due to bolt tightening
which are assumed to be concentrated at bolts
1, 2, 3 respectively.
These forces are identical to Py which
is determined experimentally
When the external load P exceeds the
total static friction, ZRcﬁ. interplate sliding
occurs., The friction forces are assumed to
remain constant, and then P =ZR,; +3Ry

Three equations are written to solve for
Force Equilibrium :-

Ry + R, + Ry =P

= Rey - Roa = Roz  [6]

Displacement Compatibility for segments
A and B :

(Fg+d | +Fp )R ~6)Ry = R FptPFp+R | Fy  [7]
and for segments C and D :-.
§,Ry+(-Fp-F~d3)R3 = —PF+R,3Fp+Ro3Fc  [8]

where 5\. Jl., and 3‘3 are the bolt shear
flexibilities, and Fy Fy , Fc , and Fyp

are the segment flexibilities for segments
A,B,C and D respectively (Fig. 7).

The friction effect is shown schematically in
Fig. 8. When friction is present the bolt
shears, R} are reduced by the interplate
friction, Ret.
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Without  With
friction Friction
Ri Ea
Bolt 1 Bolt 2 Bolt 3
Figure 8. The Effect of Friction on the Bolt

Shear Force R

Therefore under a fluctuating external load, P,
the bolt shears, R, , R2 , R3, will exhibit a
truncated and slightly lagged version of P.
This effect is shown schematically in Fig. 9.

APPLIED APPLIED
y LOAD LOAD
TIME
TIME
Figure 9. Truncated Bolt Shear Spectrum due to

Bolt Torque Clamping Friction

This truncation due to friction means that the

bolt shears and consequently the hoop~tension

stresses around the bolt holes, are reduced,

which improves the fatigue life of the joint.
V. Finite Element Model for Single Bolt

In parallel with the testing program, a three
dimensional finite element analysis was .
performed. The finite element model (Fig.10)
used HEXA solid elements. The plates and the
bolt are represented by three free bodies
interconnected by a contact element, GAP.
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Finite Element Model of Single
Bolt Joint

Figure 10.

The mode).,was run with the NASTRAN non-linear
option (6}, The non-linear solution

was needed for the gap elements (see

Appendix B), to solve for the bolt~to-plate
contact.

The bolt and plates were assumed linear
elastic, so that the finite element analysis
gave the elastic zone behaviour. The results
which are represented in Fig. 6 compare the .
analysis to test results. Good agreement is
obtained for the joint stiffness comparison.
This gives a high level of confidence in the
accuracy of the analysis, which can then also
be used to evaluate the otherwise unmeasurable
loads at the bolt-plate interface, as shown in
Fig. 11.

Figure 11. Pressure Distribution on the Bolt

as obtained from F.E. Analysis

VI, Conclusions

A series of tests on bolted single

lap shear joints was performed, the test
parameters being the bolt diameter and the
tightening torque on the bolts. Two distinct
zones can be found on the cypical
load~deflection diagram; a friction zone and an
elastic zone. It was shown that the amount of
shear load transferred by the friction
mechanism is proportional to the tightening
torque. A typical friction coefficient was
computed from the test data. The elastic part
of the joint stiffness obtained from the
load~deflection curve was represented on a
non-dimensional diagram from which the elastic
bolt stiffness can be obtained for any geometry
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or material. When the interplate friction
forces were introduced into the plate
displacement equilibrium equation, the result
was to reduce, or truncate, the bolt shears,
(and consequently the plate bearing and
hoop-tension stresses). The test results may
be used to improve the accuracy of fatigue and
damage tolerance analyses of bolted lap joints.
A three dimensional finite element analysis
using contact non-linear elements was performed
to obtain the joint stiffness, which showed
good agreement with the elastic part of the
test results. By means of this finite element
model one can also evaluate the loads at the
bolt-plate interface, which are otherwise
unmeasurable. This will be the subject for
further investigations.
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APPENDIX A

The Non-Dimensional Representation of
Shearing Stiffness

In order to simplify and organize the test
results, it is convenient to make a non-
dimensional representation of the shearing
stiffness as a function of the joint
parameters. This representation is based on
the assumption that the interaction between the
bolt and plate is determined by the ratio of
the bending stiffness of the bolt to the
bearing stiffness of the plate. The
non-dimensional value Z defined below contains
both geometric and material properties of the
plate and bolt that characterize the joint :

- Bending Stiffness of the Fastener

Bearing Stiffness of the Plate

Consider two limiting cases (see Fig. 12).

(a) Low plate stiffness or infinite bolt
stiffness; Z —» o0

(b) Low bolt stiffness or infinite plate
stiffness; Z - O

— Dl —+|D le—
< T ﬁ N
I
e A A N\
P P

NEN N

(a) z -»o0 (b) z =0

Figure 12. Limiting Cases of Bolt-Plate
Interactions

Let K = 1/5 = Joint shearing stiffness.
If K (Z-w)= D.E,. Cy = Bearing Stiffness of

Plate
where Cl is a constant (= 1.25 for infinite
plate)(3)
and K (Z+0) = 3Egly = Bending stiffness

of Bolt
3

4
where IB = Moment of Inertia of Bolt = !%%'

and T = Thickness of Plate, as previously
defined, then :- 4
3EQND

K(zZ=+0) =
6413

From equations,

K(Bearing,zvw) _ 64C, gg§3 3
Z= = =
3EgRD EgD %

K(Bending,z - 0)

where Co = 64C, /3
and H "= Non=Dimensional Joint Flexibility
= Ep,T/K = Ep.T.§

The joint compliance will therefore be
represented in the non-dimensional form
in the table and figures of this paper.

APPENDIX B

Contact Element GAP

The GAP element is intended to model surfaces
which may come into contact with each other.

It is used to connect two points of different
bodies in contact. When these bodies
disconnect, the GAP element transfers no loead,
and when the bodies approach, the GAP element
connects the two points. The GAP element (Fig.
13) has two springs, A and B, and an initial
gap U. In our case we assume U = 0, K -wigand KB
-+ 0, where K, and are the spring constants
of A and B respectively. When the two points,
G, and G, , tend to separate, U tends to
increase and only the spring B transfers load.
Since K, = 0, the resistance will be close to
zero. ahen the two points G, and G, tend to
approach, U tends to decrease and tﬁe two
springs, A and B, will transfer load. Since K
+wthe GAP element represents a rigid contact
between the two points. This contact will
depend on the geometry and stiffness of the two
bodies in contact.

In our particular case we assume that U
represents the contact of the bolt shank with
the hole in the radial direction, and the
contact of the bolt head with the plate in the
vertical direction.

it
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Figure 13. Schematic Diagram of a GAP Element



