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Abstract

The structural integrity of critical aircraft metal structures, which include
bolted joints, has to be validated according to the certification require-
ments. The objective of the present work is to improve the understand-
ing of the static and fatigue behaviour of single overlap aluminium bolted
joints. Three joints were loaded in static with three different pre-tensionsin
the bolts. Strain gauges were used to measure strain distributions between
the bolt rows and calculate secondary bending at different joint locations.
Two instrumented bolts were employed to measure their axial and shear re-
sponse during loading. An optical measurement method, Digital Speckle
Photography (DSP), was applied to measure bolt movement at different
fastener locations. After the static programme, the same joints were tested
in spectrum until a different number of blocks. The same measurement
procedure was carried during spectrum testing. The load transfer between
the bolt rows was calculated using the measured strain distribution. The
achieved results were then compared with those ones obtained from mea-
surements done on the instrumented bolts. The overall test results indi-
cated that the friction forces between the joint parts affected significantly
the load-transfer distribution in the joints. The initial level of pre-tension

in the bolts was a very important issue influencing the load transfer as well
as secondary bending. The obtained experimental results could be imple-
mented in finite element modeling of mechanically fastened joints.

Keywords: Bolted joints; Static; Spectrum loading; Instrumented bolts;
Strain measurement; Load transfer; Bolt movement
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1 Introduction

Mechanically fastened joints provide the primary means for transferring
loads among components in the construction of aircraft structures. How-
ever, the presence of holes is associated with high stress concentrations,
which may lead to crack initiation from the hole boundary followed by
catastrophic failure of the joint structure. Therefore, the mechanical per-
formance of fastened joints has been the subject of humerous analytical
and experimental approaches for many years. There have been pointed out
several parameters that have to be taken into account when the mechanical
behaviour of aluminium bolted joints is analysed.

1.1 Fretting wear and fatigue in bolted joints

Aluminium bolted joints loaded in fatigue suffer from fretting damage

in the faying surfaces of the joined plates. According to the definition
given by Szolwinski and Farris, fretting is a contact damage process aris-
ing from surface microslip associated with small-scale oscillatory motion
of clamped structural members [1]. Fretting combines fretting wear, cor-
rosive, and fretting fatigue. Moreover, fretting fatigue is recognized as a
mechanism of the formation of cracks in structural joined members, which
often leads to multi-site damage in mechanically fastened joints in aging
aircraft. There have been reported three stages of the damage formation
due to fretting of the faying surfaces [1]. During the first stage the thin
oxide layer is removed from the plate surface due to mechanical wear pro-
cesses. At the same time, the origin metal of the contact surfaces starts to
adhere. This process results in the initial formation of wear debris between
the contact surfaces.

The next stage is characterized by the appearance of near-surface plas-
tic deformation in the contact areas, additional wear and the potential for-
mation of new oxide. The first event can result in the nucleation of grain-
sized microcracks. With further loading, these microcracks may either be
worn away or propagate below the material surface and merge with other
cracks.

The last stage in the three-stage damage mechanism is driven by the
transition from fretting wear to fretting fatigue, which is evidenced by the
propagation of such a crack or several of them into the bulk material. At
this stage, the influence of the contact forces becomes less dominant since
the crack growth is governed by the global stresses [1].

The role of fretting in the degradation of aircraft structures has been
studied extensively last years on both in-service aircraft and laboratory
specimens. There are several typical sites from which fretting fatigue dam-
age may start to propagate. Three failure origins were observed in an ex-
perimental work on the fatigue durability of aluminium bolted joints [2].
Fatigue cracks induced by fretting between the bolt shank and the plates
were observed in the hole surface at multiple sites. The next site was asso-
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ciated with the surface close to bolt holes, which were cold-expanded prior
to testing. In this case fretting of the out-of-plane protrusions on the faying
surfaces was the cause of the damage formation and propagation. The last
failure origin was located on a certain distance from the holes. In some
cases fretting was not the cause of the nucleation of surface cracks since
they originated from surface inclusions in grains [2]. Similar fatigue crack
initiation sites were reported in the obtained results of a fractographic ob-
servation of aluminium joints bolted by different fastener systems [3]. Four
types of fatigue crack initiation were divided depending on their location
relatively to the bolt hole, i.e. the net section or ahead of the bolt, and
the corresponding mechanism inducing the damage nucleation, i.e. high
stress concentration at the bolt hole and fretting in the faying surfaces. In
both experimental works the appearance of the fracture origins varied with
the assembly conditions. Moreover, as was pointed out in [3], the fatigue
durability strongly depended on the site of fatigue crack initiation.

1.2 Bolt pre-tension

An initial amount of clamping force in bolts has a significant influence on
the joint response to applied static and fatigue loading [4]-[6]. It is rec-
ognized that high initial pre-tensions in the bolts result in a larger part of
the applied load being transferred by the friction forces between the joint
plates. Therefore, such joints would perform better resistance to either
static or fatigue loading. As has already been mentioned, the assembly con-
ditions, which include the initial pre-tension in the bolt and different fas-
tener configurations, affect the site of the fatigue crack formation [3]. On
the other hand, since high clamping forces result in high friction between
the joint parts, this leads to fretting fatigue becoming more dominant in the
fatigue damage development in the joint. Therefore, an optimum amount
of the initial pre-tension has to be chosen depending on the assembly con-
dition and joint configuration. As was reported, due to the Poisson’s effect
of loaded plates, there was a reduction in the plate thickness, which, in
turn, could reduce the pre-tension in the bolt, and thereby caused a reduc-
tion in the clamping force experienced by the joined plates [6]. However,
this was not proved experimentally.

1.3 Secondary bending

Mechanically fastened joints may be implemented either with a single
overlap or double lap configuration. The first configuration is recognized
as prone to secondary bending during loading. This event causes bending
deflection of the bolt and joint plates which usually results in non-uniform
stress distribution through the thickness of the joined plates. As paper [2]
cites, after strain gauging 150 aircraft structural details, 86% exhibited sec-
ondary bending although they are quite often supported by stiffners, spars,
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or wing boxes. In order to eliminate the effect of secondary bending and
buckling out-of-plane deflection, an anti-buckling lateral support is used.
As the obtained results of a numerical calculation approach present, com-
pression loads and skin buckling of mechanically fastened fuselage panels
had a significant effect on the circumferential stress in the skin and fastener
loads, which would influence damage initiation [13]. The same parameters
had a comparable effect on stress intensity factors for the cases with mod-
eled cracks. This influenced the damage propagation rates and the residual
strength of the panel. As an experimental work on the fatigue resistance
of non-bending and bending high-load-transfer joints presented, secondary
bending could decrease the fatigue durability of the tested joints [2].

In experimental approaches the effect of secondary bending can be
studying using strain gauge technique [7], [8], [14]. Since this method re-
quires strain gauges to be glued on both sides of the inspected plate, it gives
rather limited information about secondary bending along all length of the
joint. Therefore, the application of special optical or thermal emissions
methods would be more effective in analysing the influence of secondary
bending [8], [11]. Moreover, from the literature review it seems that there
is no exact definition of how to determine secondary bending since it could
be different from one measured in the joint-overlap area and that obtained
in non-overlap region for the same joint plate.

1.4 Load transfer

Since the main objective of mechanically fastened joints is to transfer ap-
plied load from one part to another via fasteners, the load distribution be-
tween the joint members is a very important issue. This subject can be stud-
ied using strain gauges and the following integration of the measured strain
distribution between bolt rows [3], [8], [14]-[16]. According to several ex-
perimental works with the application of strain gauge measurements, bolt
rows carry different amounts of applied load [15], [16]. The same result
was achieved using a thermo-elastic stress analyzer to measure the stress
distribution between different fasteners in riveted joints [4]. However, the
strain gauge method does not represent the influence of friction on the
load transfer since the friction forces are considered to be included into the
measurement results. Therefore, the application of special bolts, instru-
mented with specially oriented strain gauges, should give a more accurate
analysis of the load transfer between the joined plates and the friction [8].
This measurement method has been successfully used in static and spec-
trum testing to observe the load-transfer distribution in bolted joints with

a different configuration [9]. It was reported that the load transferred by
the friction forces between the joint plates increased substantially during
fatigue loading. This was due to an increase in the coefficient of friction of
the plates as a result of fretting wear between them.
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1.5 Obijectives of present study

The main objectives of this work were to collect experimental data on the
behaviour of aluminium bolted joints subjected to static and spectrum load-
ing. The influence of different fastener systems and clamping forces on the
joint performance would be studied. Strain gauge measurements would be
carried out in order to measure secondary bending and calculate the load
transfer between bolt rows. The achieved results would be compared with
those ones obtained from measurement in instrumented bolts. An optical
measurement method would be employed in order to measure bolt move-
ment on different fasteners. The overall experimental results gained from
the experimental work could be used in future finite element modeling of
mechanically fastened joints.
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2 Testing procedure

Figure 1. Specimen geometry
and configuration.

in [mm].

Figure 2.
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Table 1. Specification of strain

2.1 Specimen configuration

In total, three joints were prepared for static and spectrum tests. Each
specimen was assembled from two aluminium alloy AA7475-T761 plates

using four countersunk Hi-Lok fasteners to implement a single overlap

joint configuration. The geometry of the plates and the joint configuration

are shown in Fig. 1.

0S

The fasteners were manufactured from 6Al-4V titanium alloy material with
a shank diameter of 6 mm.

2.2 Specimen instrumentation
2.2.1 Strain gauges

In order to analyse load transfer between the bolt rows and secondary bend-
ing during quasi-static and spectrum loading, the plate with countersunk
holes was equipped with strain gauges as shown in Fig. 2.

SG13

= ™ Tagy | o
P SG8 SG1 | N
EDEp "
° | sG3
seid 5% sea|_
Squ(S‘ié_l,ses L
: '_‘(3615!‘
O sG1 SG1!
1Y (scis QG S
] SGL 275 al
= strain gauge on outer surface <2
—a Strain gauges on outer and 40
faying surfaces
57.5
== strain gauge on edge surface

Technical data of the strain gauges are summarized in Table 1.

Type: HBM 3/120LY13
Gauge resistance: 120 Ohms
Gauge factor: 2.04
Dimensions: 1.4« 3.0 mm

11
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To accommodate the wiring from the strain gauges located on the faying
surface, 0.6 mm deep slots were milled in the joint part with ordinary holes.

2.2.2 Instrumented bolts

To be able to analyse bolt axial and shear forces, two fasteners were instru-
mented with strain gauges (instrumentation numbers: CSK 1 and CSK 2).

Each bolt was equipped with two rosette strain gauges located in such a
way to measure shear strain in the plane of the faying surface of the spec-
imen. Figure 3 shows an instrumented bolt with an external rosette strain

gauge. Another strain gauge of the same type was glued on the opposite
side of the bolt shank as well.

Figure 3. Instrumented bolt with Jf "
rosette strain gauges.

12

A special external bridge was used in order to collect data on the strain
gauges. The rosette gauges were connected in such a way to be able to
measure either axial or shear deformation during loading by setting up the
external bridge. During loading measurement data from both rosette strain
gauges were recorded as one balanced signal.

2.3 Optical measurement

An optical measurement method, Digital Speckle Photography (DSP), was
applied to measure bolt movement on different fasteners (see Fig. 4). A
metal plate with a pin was glued to the head of two bolts as shown in
Fig. 4(b).
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Figure 4. Application of Digital
Speckle Photography. Dimen-

sions in [mm].

¥ ; )
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CCD - cameras’

(b)

A spray paint was applied onto the plate surface in order to create a random
pattern [11]. Before loading the initial position of the plates was recorded
using two CCD-cameras (CCD - Charged Coupled Devise). Through this
it was possible to carry out displacement measurements in the Miée,

Z, directions. During loading the plate displacement was recorded after a
certain increment in the applied load. Further, three points were chosen on
the plate surface (see the flag with marked pding 3 drawn in Fig. 4(b)).

Using the data analyse tool the displacement of the points was represented
and used to observe bolt bending and bolt rotation.

Bolt movement may consist of several events. So, that bolt move-
ment measured in th¥-Y plane, is further referred as bolt bending (see
Fig. 4(b)); whereas bolt movement, which was observed irvilelane,
corresponds to bolt rotation.

13
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Table 2.

Specified pre-torque

2.4 Loading configuration

2.4.1 Calibration of instrumented bolts

The instrumented bolts were calibrated in tension and shear. A special
load fixture, which was developed and used frequently for the calibration
procedure of instrumented bolts at FFA [9], being subjected to compressive
load, introduces tensile load in the instrumented bolt.

Two plates of the same thickness and aluminium material as the joint
plates were used for shear calibration in the form of a single bolt joint. The
plates were fastened with a finger torque applied to the instrumented bolt.

2.4.2 Static testing

Each specimen was quasi-statically loaded several times with different pre-
stresses in the bolts for each loading series. Table 2 shows three levels of
the initial pre-torque applied to the fasteners.

levels and installation methods Pre-torque level Fastener installation
of fasteners for static experi- Finger tight Ordinary nuts and washers

ments.

Table 3.
gramme.

Spectrum test pro-

Pre-tension of 3.5 kN  Ordinary nuts and washers
Maximum torque Hi-Lok nuts and washers

During the calibration of the instrumented bolts, a relationship between
the applied tensile load and axial deformation was obtained. Then, during
the joint assembly the instrumented bolts were tightened until the specified
axial pre-load had been achieved.

2.4.3 Spectrum testing

After the static tests had been performed, the specimens were subjected to
spectrum loading. The standard load spectrum FALSTAFF (Fighter Air-
craft Loading STAndard For Fatigue evaluation) was used to test the bolted
joints in spectrum. A gross section stress level of 150 MPa was used for
the testing. There were three different load sequence lengths, SHORT,
MEDIUM, and LONG to which the specimens were subjected (see Ta-
ble 3.)

Specimen Spectrum test Number of FALSTAFF sequences

1 SHORT 20
2 MEDIUM 60
3 LONG Until visible crack

The SHORT life test corresponds to a single life for a fighter aircraft,
i.e. 4000 flights, which is equivalent to 20 FALSTAFF sequences. The
MEDIUM life test is based on the design life according to the standard
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Figure 5. Anti-buckling support.
Dimensions in [mm].

Table 4. Matrix of data acquisi-
tion on instrumented bolts.

damage tolerance approach. The design life corresponds to two times the
aircraft service life. Thus, the MEDIUM life was chosen as 3/4 of the de-
sign life, which corresponds to 60 FALSTAFF sequences. In the case of
the LONG life test, the specimen was supposed to be loaded until a visible
crack would be observed.

Since the spectrum testing involved compressive loads, an anti-buckling
fixture was used in order to prevent global buckling of the specimen. Fig-
ure 5 shows the geometry and configuration of the anti-buckling support.

85 12

75

40
205

To reduce the influence of the friction forces between the specimen and
the lateral support, they were interleaved with Teflon sheets of a 2 mm
thickness. The specimen bolts were assembled with Hi-Lok nuts. During
their installation, the axial strain in the instrumented bolts was measured.
Data acquisition from the instrumented bolts, the strain gauges, and the
optical system was taken after a certain number of FALSTAFF sequences
specified in Table 4 for each specimen in particular.

Life test length Number of FALSTAFF Measurement
sequences in bolts
LONG, MEDIUM, SHORT 1 Shear + axial
LONG, MEDIUM, SHORT 2 Shear
LONG, MEDIUM, SHORT 5 Shear
LONG, MEDIUM, SHORT 10 Shear
LONG, MEDIUM, SHORT 20 Shear + axial
LONG, MEDIUM 60 Shear + axiar
LONG 95 Shear
LONG 120 Shear + axial

* Axial measurement only on SHORT life specimen
** Axial measurement only on MEDIUM life specimen

15
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The sequence of data acquisition is illustrated in Fig. 6.

Figure 6. Sequence of data ac- -
9 a Sequence of data acquisition

quisition.
L e BRI S
facquisition iéb'q'u'i's'i'ii'd'riﬁ'"'"'"W’”%i’c’d’d’i’sli’t’i’éh?
Focycle i i cycle i L _cycle
Eo A first A N
F spectrum spectlrum
Efo N\ block L /N “blocks -

The maximum and minimum load levels in a data acquisition cycle cor-
respond to the maximum and minimum load peaks from one FALSTAFF
spectrum block, i.e. 150 and -39 MPa of applied stress.

16
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3 Experimental results

Figure 7. Results of calibra”
tests: (a) and (b) calibratiot
tension; (c) and (d) calibratio
shear.

3.1 Bolt calibration

Each instrumented bolt was calibrated in tension and shear. The obtained
calibration results are presented in Fig. 7, where bolts No. 1 and No.2
correspond to instrumented bolts CSK1 and CSK2, respectively.

Bolt No.1 Bolt No.2
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,2\5;,,4}Test3 E| = 5k -
< ,E < ,F v
s 5 4k S\l
g ﬁ €3t /ow
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of * i 08
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] El
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€Y (b)
Bolt No.1 Bolt No.2
7 ET —O—Test1 ‘ 7 }
6 Li| —®—Test2 00— ] 6 Ei ?,,
N —O—Test 1
Test3 Ei|—4—Test2 ‘ ¥
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i : i pres
o] 2 g( 4 2 jo)
1 1 ;
—
o bry==E_" o Fioe i
0 800 1600 2400 3200 4000 0 800 1600 2400 3200 4000
microVolt in shear microVolt in shear
() (d)

In general, both instrumented bolts performed similar calibration charac-
teristics since they showed almost the same value of the measured tensile
and shear deformations during loading. As can be seen in Fig. 7(a) and
(b), the tensile curves show a linear behaviour during static loading. The
loading curves for the shear calibration tests show some nonlinearity at
the very beginning of loading. At this stage the instrumented bolts were
settling themselves in the bolt hole under loading. When the applied load
was further increased, they started to transfer load and the strain gauges
measured a linear increase in the bolt deformation until the maximum load
level was reached.

Along with the calibration of the instrumented bolts in tension and
shear, they were subjected to a tightening torque versus axial deforma-
tion calibration. Through this the required level of clamping force in non-
instrumented bolts was possible to achieve. Each instrumented bolt was
tightened with a different torque moment using a torque wrench. During
this procedure the axial deformation of the bolts was observed. The appli-
cation of each torque moment was repeated five times. Figure 8 shows the

17
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applied torque versus axial deformation lines for each instrumented bolt.
Marks in the plot are an average value of the axial strain measured for the
five repetitions.

Figure 8. Applied torque vs axial

strain calibration results.

Torque, Nm

400 450 500 550 600 650 700 750

Pre-tension in microVolt

Although the lines show a linear relationship between the axial deforma-
tion and the applied torque moments, there is a difference in the bolt re-
sponses on the tightening torque, which might be due to the influence of
friction between the bolt and the washer during the tightening procedure.
The obtained linear relationship between the axial deformation and ap-
plied torque moments was used together with the axial calibration results,
see Fig. 7(a) and (b), to estimate a torque moment to which the ordinary
bolts should be tightened in order to achieve their initial 3.5 kN pre-tension.

3.2 Static tests

3.2.1 Measurement in instrumented bolts

Figure 9 shows the measured results of the axial strain for the first joint
tested in static with the three different initial pre-torque levels in the bolts.
For each pre-torque level loading was repeated two times. The arrows
indicate the direction of the curves. In the plots, the bolt numbers reflect the
location of these bolts in the specimen, see Fig. 4(b), i.e. bolts Nos. 2 and
4 in Fig. 9 correspond to bolts Nos. 1 and 2 in Figs. 7 and 8, respectively.
The axial measurement results for the other two specimens are presented
in Fig. 10(a) and (b). Figure 10(c) and (d) shows the obtained results of
the axial measurement done on the third specimen tested with the lateral
support.
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Figure 9. Specimen No.1: axial
measurement in instrumented
bolts.
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Figure 10. Specimens No.2 and
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In general, all plots show that the measured axial strain decreased during
loading. One of the reasons of this behaviour would be the influence of the
Poisson effect in the aluminium plates. The same observation was pointed
out in the conclusions of a FEM investigation on composite-to-aluminium
single overlap joints [12]. However, this could not have been in the case
when the bolts were installed with a finger torque since it did not create
any pre-tension in the bolts. This case was not studied in [12]. Therefore,
a more realistic reason of the decrease in the axial strain in the bolts is the
influence of the contact forces between the joint plates and the bolt shank
on the strain gauge measurement in the instrumented bolts (see Fig. 11).

Figure 11. Influence of contact P
forces on axial measurement in

instrumented bolt.

P = A
- LA

When the loadP, is applied to the joint, the shearing contact forces start
to act in planeA-A, thereby inducing compression there. This affects the
axial measurement in the instrumented bolt. The same result was achieved,
when the shank of an instrumented bolt was compressed in plakes-
ing a mechanical wrench. The strain gauges showed negative readings.
As the curves in Fig. 9(c)-(e) show the initial pre-tension in the bolts
has dropped during the loading cycle. The initial pre-tension of 3.5 kN in
the bolts was achieved each time before to proceed static loading by reasse-
bling the fastener system. In the case of Hi-Lok nuts it was not possible
to do it. Therefore, once the Hi-lok nuts had been installed, the specimen
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Figure 12.

Specimen No.1:

shear measurement in instru-

mented bolts.

was loaded two times. Figure 9(e) corresponds to the first loading, whereas
Fig. 9(f) reflects the second loading. The decrease of the initial pre-tension
shown in Fig. 9(c)-(e) could be due to the bolts settling themselves in the

bolt holes during the first loading. As Fig. 9(f) shows, there is no decrease

in the bolt pre-tension during the second loading.

In addition, as Fig. 9(e) shows, although the same Hi-lok nuts were
used on both instrumented bolts, their installation resulted in different ini-
tial pre-tensions in the bolts, i.e. pre-loads of 8.1 and 6 kN were achieved
in bolts No. 2 and No. 4, respectively. As the plots in Fig. 10(a) and (b)
show, the assembly of the instrumented bolts with Hi-lok nuts resulted in
bolt No. 4 was more pre-loaded than bolt No. 2. This could be due to the
influence of friction between the nuts, the washers, and the plate during the
assembly of the fastener system.

Figure 12 shows the shear measurement results obtained on specimen
No. 1. The arrows indicate the direction of the curves. Due to a technical
problem with the data acquisition system, data were not recorded during
the first loading of the specimen with a 3.5 kN pre-tension in the bolts.
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Figure 13.  Specimen No.2:
shear measurement in instru-
mented bolts.
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As the first two plots show, during both static tests, when the bolts were
fastened with a finger torque, bolt No. 2 was less loaded than bolt No. 4.
When the bolt pre-tension was increased up to 3.5 kN, the bolts transferred
almost the same amount of loads. In the case of the Hi-Lok nuts, bolt No.
2 was more loaded than bolt No. 4.

Figures 13 and 14 show the shear measurement results for specimens
No. 2 and No. 3, respectively. Specimen No. 3 was tested with and without
the anti-buckling support.
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Figure 14.

Specimen No.3:

shear measurement in instru-

mented bolts.
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As can be seen, bolt No. 2 was more loaded in shear than bolt No. 4
in most cases. The higher pre-tension was created in the bolts, the more
applied load was transferred by the friction forces between the joint parts.
As a result, the instrumented bolts with the highest pre-tension measured
less shear deformation at the maximum load than in those cases, when the
bolts were installed with either a finger torque or pre-tension of 3.5 kN.

As Fig. 14 shows, the use of the anti-buckling support caused a more
evident influence of the friction forces on the shear measurement in the
bolts with the maximum pre-tension. As a result, the maximum shear de-
formation measured at the maximum load was less than in the case when
the support was not used.

3.2.2 Secondary bending

Secondary bending of the joint plate, SB, was measured using the strain
gauges which were located on the same position on both outer and faying
surfaces (see Fig. 2). Figure 15 shows the measurement results from two
pares of strain gauges, which were located between the two bolt rows and
on the plate centre line, SG4/SG17 and SG6/SG18, plotted for specimen
No. 1.
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Figure 15. Specimen No.l:
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As the SG4 and SG17 curves in the plots show, the initial pre-stress in
the bolts affects very much the strain gauge measurements. The higher
the initial pre-tension is, the less difference in the measured strain on both
strain gauges is observed. Since strain gauges SG6 and SG18 were located
between two bolts, their measurement were affected by the bolt behaviour
in the bolt holes during loading. Although the specimen was loaded in
tension, the strain gauge curves do not show any positive increment in the
measured strain. This is due to the contact forces from the bolts compress-
ing the area where the strain gauges were located. It can be seen that, as
the initial pre-tension increased, the measured strain shifted slightly to-
wards to the positive values. This is caused by the more influence of the
friction force between the plates on the load transfer as the clamping force
in the bolts was increased.

Figure 16 shows the measurement results for the same strain gauges
obtained on specimen No. 3, where Fig. 16(b) and (d) corresponds to strain
gauge measurement when the specimen was tested with the anti-buckling
fixture.
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Figure 16.  Specimen No.3:
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As the strain gauge curves for those tests, when specimen No. 3 was
loaded without the support, show their behaviour looks very similar to
the corresponding curves for specimen No. 1. In the case when the lat-
eral support was used, as the SG4 and SG17 curves show, there was less
difference in the strain gauge measurement than in the case when the spec-
imen was tested without the support. Therefore it seems that the use of the
anti-buckling fixture provides more uniform stress distributions through
the thickness of the aluminium plate. However, for those tests when the
specimen plates were fastened with the highest pre-tension in the bolts,
the use of the support did not affect the strain measurement so much (see
Fig. 16(c) and (d)).
Figure 17 presents the measured data collected on strain gauges SG10/SG1
and SG11/SG16 on specimen No. 1.

Figure 17.  Specimen No.l:
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Figure 18.
strain
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Those strain gauges, located on the faying surface of the plate, measured
almost a linear increase in the strain up to the maximum applied load. As
can be noticed, the maximum in the measured strain by these strain gauges
decreases as the bolt pre-tension increases, which is due to the influence
of the friction forces being more pronounced when the bolts were installed
with an initial pre-tension.

However, the strain gauges on the opposite side of the plate showed a
different evolution in the measured strain. There is a non-linear decrease
in the strain only down to 80 MPa of applied stress. After that the strain
gauge curves do not show any change in the strain measured further to the
maximum applied load.

The obtained measurement results on strain gauges SG10/SG15 and
SG11/SG16 for specimen No. 3, which was tested with and without the
anti-buckling support, are shown in Fig. 18.
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As can be seen, the presence of the anti-buckling fixture decreased the
absolute difference in the measured strain on the strain gauges located on
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Figure 19. Comparison of mea- Specimen No.1

both sides of the plate. On the other hand, the maximum strain measured
by strain gauges SG15 and SG16 is less when the support is used. This
could be due to less influence from secondary bending on the strain gauge
measurement and the higher friction forces acting between the joint parts
due to the presence of the support. In addition, from an analyse of the strain
data in Fig. 18(b) and (d), it can be seen that when the initial pre-tension
in the bolts was increased up to the maximum using the Hi-lok nuts, all
strain gauges measured less strain deformation than in the case of the bolts
being assembled with a finger torque. This is again due to more load is
transferred by friction between the plates at high clamping forces in the
bolts, which affected the strain gauge measurement.

The obtained results shown in Figs. 15-18 can be represented using the
following equation [7]:

_Ef—€u

SB ,
Ef+ €y

1)
wheree; is the strain measured on the faying surface ani the strain
measured on the upper surface of the plate. Figure 19 shows only those
values of the calculated secondary bendi@g, which correspond to the
maximum applied load.
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As can be seen, secondary bending based on the strain measurement on
strain gauges SG4 and SG17 decreased as the initial pre-torque increased,
which can be explained clearly by the corresponding strain curves in Figs. 15-
16. As the calculated results for SG10/SG15 and SG11/SG16 show, there
is no clear relationship between the degree of secondary bending and the
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comparison of strain measured
on strain gauges SG4 and
SG12.

initial pre-tension in the bolts for these strain gauges. Moreover, as the
shown results suggest, secondary bending was less in the joint overlap area
between the bolt rows, i.e. where strain gauges SG4 and SG17 were lo-
cated. This could be due to the nature of secondary bending of single over-
lap joints, when this joint area becomes more consolidated than the area
where strain gauges SG10/SG11 and SG15/SG16 are located. This is even
more evident when the initial pre-tension in the bolts is increased. Yet,
as the calculated results of secondary bending in Fig. 19(c) suggest, sec-
ondary bending can be decreased drastically when the anti-buckling sup-
port is used.

An alternative illustration of the influence of the lateral fixture and ini-
tial pre-torque on the strain measurement is shown in Fig. 20. Here, the two
curves show how different pre-tension in the bolts and the presence of the
support affected the strain measurement on strain gauges SG4, which was
located between the bolt rows, and SG12 placed at the end of the overlap
(see Fig. 2).
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As seen, the most non-linear behaviour of the curves corresponds to that
test, when the specimen plates were fastened by the bolts with a finger
torque; whereas the most linear behaviour, shown by the strain gauge
curves in Fig. 20(d), was experienced, when the specimen was loaded with
the anti-buckling support being mounted and the joint plates were fastened
with the maximum pre-tension in the bolts.
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Figure 21. Specimen No.1: Finger torque Pre-tension of 3.5 kN

strain distribution plots.

Figure 22.

Measurement on strain gauges

3.2.3 Strain distribution

Figure 21 shows strain distributions on the outer surface across the plate
width for specimen No. 1. The obtained measurement results of the strain
gauges are plotted as a function of their position and zero position corre-
sponds to the specimens edge, where strain gauge SG13 is located in Fig. 2.
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At the beginning of the static test, strain is more evenly distributed than
afterwards. This could be explained by the influence of the friction force
between the joint plates. Examination of the strain distribution plots in
Fig. 21(a) shows the strain maxima at the plate edges) mm andv =50

mm. It should be taken into account that the corresponding strain gauges
are located on the plate edges. Moreover, these strain gauges do not show
a similar measurement result in comparison with that strain gauge located
in the middle of the plate. This could show how the event of secondary
bending affected the strain measurement (see Fig. 22).
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Due to secondary bending, there would be a linear strain distribution through
the joint thickness. The strain gauges, glued on the plate edges, measured
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Figure 23.  Specimen No.3:
strain distribution plots.

strain on a half of the joint thickness, i.e. the measured strain should be
an average between those strains measured on the top and faying surfaces.
This is illustrated by the corresponding strain gauge curves in Fig. 22.

The minimum in the strain distribution plots corresponds to those strain
gauges, which were located between two bolts. The influence of the con-
tact forces from the bolts is the cause of the strain minimum (see the SG6
and SG18 strain gauge curves in Figs. 15-16).

The strain distribution plots for the other two pre-tension levels show
a new maximum in the strain distribution, that is at the middle of the joint
plate (v =25 mm), along with those ones on the plate edges. This indicates
a more uniform strain distribution through the plate thickness in the overlap
area as the bolt pre-tension was increased. As can be noted, there is almost
no difference in the stress distribution in the plots for pre-tension of 3.5 kN
and those ones for the maximum torque (see Fig. 21(b) and (c)).

The measured strain distributions for specimen No. 3 tested with and
without the anti-buckling fixture are shown in Fig. 23.
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Comparison of the first two plots, see Fig. 23(a) and (b), points out the
substantial influence of the lateral support on the strain distributions. In
the case when the anti-buckling fixture was used, there is no difference in
the strain measured at the hole edges and at the middle of the top plate.

Examination of the next two plots, see Fig. 23(c) and (d), shows that
the combination of the maximum pre-tension in the bolts and the use of
the fixture did not result in any additional improvement in the strain distri-
bution. As seems, the maximum pre-tension in the bolts, without having
the lateral support, significantly reduced secondary bending in the overlap
area of the joints.
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Figure 24. Specimen No.1: dis-
tribution of applied load between
bolt rows.

Figure 25. Specimen No.2: dis-
tribution of applied load between
bolt rows.

Figure 26. Specimen No.3: dis-
tribution of applied load between
bolt rows.

3.2.4 Load transfer

The ratio of load transfer, LT, was calculated by integrating the strain dis-
tribution measured by strain gauges located between the bolt rows using
Simpson’s formula [17]. It is determined as a ratio of load transferred by
each bolt row and the applied load to the inspected plate. The load-transfer
calculations were performed only for those joints which were tested with
3.5 kN and full pre-torque since secondary bending of the joint was mini-
mal in these cases (see Fig. 19). The calculation results of the LT-ratio for
the bolted joints are presented in Figs. 24-26. In the discussion, the top
bolt row with bolts Nos. 1 and 2 in Fig. 4(b) is further referred as “first
bolt row”; whereas the bolt row with bolts Nos. 3 and 4 is further named
as “second bolt row”.
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As the LT-curves show, in most cases the first bolt row transferred up to
60% of the applied load. Moreover, there is no influence of the initial pre-
tension on the distribution of applied load between the bolt rows when the
bolts were installed with either 3.5 kN or full pre-tension since the LT-
curves show the same distribution of the applied load. However, as was
already pointed out, high levels of the initial pre-tension decrease drasti-
cally secondary bending in the joint overlap, thus providing a more uniform
strain distribution through the thickness of the inspected plate.

Examination of the LT-plots in Fig. 26(c) and (d) shows the same dis-
tribution of the applied load in the cases when the specimen was tested
without and with the anti-buckling support being mounted. It is not clear,
therefore, that there is any significant effect of the use of the support on the
load transfer. However, as was already noted, high levels of the initial pre-
tension in the bolts reduce secondary bending in the overlap region only;
whereas the use of the anti-buckling support decreases secondary bending
along all length of the specimen (see Figs. 19 and 20).

The shear measurement results obtained on the instrumented bolts can
also be used to calculate and analyse the load transfer in the tested joints.
Figures 27-29 present the calculated load-transfer distribution between
different bolts and friction.
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Figure 28. Specimen No.2: load
transfer based on shear mea-
surement in instrumented bolts.

Figure 29. Specimen No.3: load
transfer based on shear mea-
surement in instrumented bolts.
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As the LT-plots for the case of 3.5 kN pre-tension show, the redistribution
of the applied load between the bolts and the friction forces was up to 30-40
MPa of applied stress. After this the bolts carried between 85 and 90% of
the applied load and the rest of load was transferred by friction between the
joint parts. Moreover, as the bolt LT-ratio plots show, bolt No. 2 from the
first bolt row transferred more load than the bolt from the second bolt row.
The same distribution of applied load between the bolt rows was shown
by the LT-plots based on the strain gauge measurement. When the bolts
were assembled with the Hi-Lock nuts, the initial pre-tension in the bolts
increased. Since there is a direct relationship between an initial amount of
pre-tension in the bolts and the influence of the friction force between the
joint plates on the load transfer, the LT-plots in Figs. 27(b), 28(b), and 29(c)
show that the load transfer by friction was dominating up to 100 MPa of
applied load. As the LT-curves show further, in two cases, see Figs. 27(b)
and 29(c), the applied load was equally distributed between the bolts and
friction. In the case of specimen No. 2, see Fig. 28(b), approximately
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Figure 30.
movement.

34

lllustration of bolt

25% of the applied load was transferred by friction when the specimen
was subjected to the maximum applied load. Examination of the bolt LT-
curves show that bolt No. 2 from the first bolt row was more involved into
the load transfer than bolt No. 4 from the second bolt row, which agrees
with the LT-results based on the strain gauge measurement.

Examination of the LT-plots for the tests done with and without the
anti-buckling fixture, see Fig. 29(c) and (d), shows that the use of the sup-
port resulted in more friction was involved into the load transfer. When
the specimen was tested without the support, approximately 25% of the
applied load was transferred by friction; whereas in the case when the sup-
port was used, the friction forces carried approximately 35% of the applied
load. However, since these results are based on one test, an additional ex-
perimental work might be needed in order to approve them.

Looking at both methods of the load-transfer analysis, one based on
the strain gauge measurement and that involving the application of instru-
mented bolts, the first one seems to be less informative since it presents
a general picture of how the applied load is distributed between the joint
bolt rows, meaning that the influence of friction is already taken into ac-
count. The use of instrumented bolts lets perform a more accurate analyse
of the load transfer since it allows to measure the distribution of applied
load between each joint member and friction in particular.

3.2.5 Optical measurement

Bolt bending and bolt rotation were measured using Digital Speckle Pho-
tography (DSP) method. Figure 30 shows an example of bolt-movement
measurement done on bolt No. 1 from specimen No. 1 joined with a finger
torgue in the bolts.

2
5 %posilion of flag
° 1
o) *
. \!
x

3

position of flag
at maximum load

Y, (mm) -60 -0.6

Z, (mm)

The bolt displacement is based on the dislocation of pdint3 and3
located on the flag (see Fig. 4(b)). The positions of the points were taken
at different load levels during loading and unloading. In Fig. 30 the loading
stage up to the maximum applied load level is presented. As can be seen,
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the end of the flag, which was glued to the bolt head, changed the initial
position during loading (see Fig. 31(a)).
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This was due to the out-of-plane deflection of the specimen that occurred
during loading. During bolt-movement measurements the relative dis-
placement between the aluminium plate and the flags was not taken into
account. Since secondary bending is found to have been influencing the
measurement of bolt movement in the plaf¥ the obtained results may
represent only a relative picture of bolt movement in this plane. In order
to calculate bolt movement in the plaX®, the measured displacements

of point (1) were used (see Figs. 4(b) and 31(a)). Figure 32 presents the
calculated bolt movement for the tested joints.
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As the bolt-movement curves show, there is a relationship between the
measured bolt displacement and the initial pre-tension in the bolts for all
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Figure 33. Measured bolt rota-
tion in YZ plane.

specimens. The higher pre-tension in the fasteners was, the less bolt move-
ment was measured. This was due to the higher influence of friction on the
load distribution between the joint parts at high levels of pre-tension in the
bolts. The higher initial pre-torque was, the more load was transferred by
the friction forces, and as a result the bolts were less loaded, which affected
directly their movement during loading.

Further examination of the curves shows that bolt movement measured
for the same pre-tension level on the different joints was more or less the
same. In the case of a finger torque, as shown in Fig. 32(a) and (c), dif-
ferent displacement of bolts No. 1 and No. 3 was measured. However,
the same bolts performed almost the same amount of displacement while
specimen No. 2 was tested (see Fig. 32(b)). For other pre-tension levels,
the measured bolt movement on both bolts was more or less the same. As
the plot in Fig. 32(d) shows, the use of the anti-buckling support resulted in
less bolt movement than was measured on the bolts when the specimen was
tested without the support. On one hand, the anti-buckling fixture induced
more load transfer by the friction forces, thus the bolts were less loaded,
and as a result they performed less movement. On the other hand, the use
of the lateral support resulted in lower secondary bending than in the tests
done without the support. As was pointed out above, secondary bending,
inducing the out-of-plane deformation of the specimen, could affect the
bolt-movement measurement in tK¥-plane.

Bolt rotation is another event in bolt displacement, which may take
place during loading of the bolt (see Figs. 4(b) and 31(b)). It can be calcu-
lated using the measured displacements of pdiatsd3 and the following
equation:

/ !/
a = arctan Z‘? Z} , (2)
Ys — U
where« is the angle of bolt rotation in Fig. 31(by;, y'3, Z1, andZ;
are theY andZ coordinates of pointd and3 measured at the maximum
applied load (see Fig. 31(b)). The calculated results of bolt rotation are
presented in Fig. 33.
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In Fig. 33 the first two plots show that an increase in the bolt pre-tension
lowered rotation of the bolts. As has already been mentioned, an increase
in the bolt pre-tension resulted in the bolts were less loaded since a larger
part of the applied load to the specimen was transferred by the friction
forces. On the other hand, the bolts mounted with an initial pre-tension are
less prone to rotation than the bolts assembled with a finger torque since
the friction forces between the fastener system and the plates are higher
when a certain pre-tension in the bolts exists. As both plots show, in most
cases bolt No. 1 performed more rotation than bolt No. 3.

Figure 33(c) shows the obtained results on bolt rotation for specimen
No. 3 tested with and without the lateral support. As seen, the use of
the support decreased bolt rotation as well as an increase in the bolt pre-
tension. However, in comparison with the first two joints, in specimen No.

3 rotation measured on bolt No. 3 was larger than for bolt No. 1. This
could be due to the bolts installed with a different pre-tension although the
same type of Hi-Lok nuts being used. As the axial measurement results
from the instrumented bolts have shown, after the bolt assembly a different
axial pre-tension was measured in both bolts (see Figs. 9(c) and 10(a) and
(b)). This should result in different friction between the fastener system
and the plates, which would affect bolt rotation of different bolts.

3.3 Spectrum tests
3.3.1 Tested joints

The specimens were tested in spectrum according to the experimental pro-
gramme specified in Table 3. After the spectrum tests, the joints, which
were subjected to 20 and 60 FALSTAFF blocks, were visually inspected
for the presence of any visible damage. The faying surfaces of the joint
plates were subjected to wear and fretting during testing. Figure 34(a)-(d)
shows the faying surfaces of the plates for both joints.

37



FOI-R- -0441- -SE

Figure 34. Plates of tested
joints: (a) and (b) 20 FALSTAFF
blocks; (c) and (d) 60 FALSTAFF
blocks.

38

(b) plate with ordinary holes

i

(c) plate with countersunk holes (d) plate with ordinary holes

As examination of the faying surfaces shows, there are areas of wear around
the bolt holes, which indicate fretting wear between the contact surfaces of
the aluminium plates. Moreover, the size of the worn areas is larger for
that joint, which was subjected to 60 spectrum blocks.

The third joint was supposed to be subjected to spectrum loading until
any visible crack would be observed on the plate surface, that was esti-
mated to take place after 120 FALSTAFF blocks in the course of previous
spectrum testing of aluminium joints with the same geometry and config-
uration [10]. However, the joint broke after 105.13 FALSTAFF blocks as
shown in Fig. 35(a), i.e. net-section failure had occurred in the plate with
ordinary holes.
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Figure 35. Joint broken af-
ter 105.13 FALSTAFF blocks
(a). Faying surfaces of the joint
plates (b) and (c).

(b) plate with countersunk holes

(c) fractured plate with ordinary
holes

(d)
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During the last visual inspection after 95 blocks no damage formation was
observed in the specimen from outside. The faying surfaces of both plates
are presented in Fig. 35(b) and (c). As visual observation of the fracture
surface showed, the cause of the fracture was a fatigue crack nucleated
from the faying surface of the plate with ordinary holes. Moreover, a
more detail examination shows that the crack initiated at a certain distance
away from the edge of bolt hole No. 1. This location is typical for alu-
minium joints bolted by fastener systems with high clamping forces since
the fretting mechanism is recognized as dominant in the nucleation of fa-
tigue cracks [1, 3].

The site of the crack propagation is shown by a visible black area (see
markA in Fig. 35(d)), which reflects the fact that the crack was filled in by
oxide debris. A similar nucleation site of another crack is observed near
bolt hole No. 2 (see marB in Fig. 35(d)). This evidences the transition
from fretting wear to fretting fatigue, when one or more surface microc-
racks initiated due to the near-surface plastic deformation in the contact
surfaces transform into a fatigue crack, which propagats into the bulk ma-
terial [1].

3.3.2 Grip displacement

The grip displacement, corresponding to the peak to peak elongation of the
specimen during one acquisition cycle recorded after a different number of
spectrum blocks, is presented in Fig. 36.

Figure 36. Specimen elongation
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As the plot shows, during the first stage of spectrum loading there is a dras-
tical decrease in the relative displacement between the aluminium plates.
According to Ref. [1], at the beginning of spectrum loading the thin oxide
layer covering the surface of the joint plates suffer from degradation due to
mechanical wear processes. This leads to the removal of the protecting ox-
ide layer and the origin metal of the contact surface starts to adhere. This
results in the initial accumulation of wear debris between the aluminium
plates, thus increasing the coefficient of friction of the aluminium material
during the first spectrum blocks. As a result, this decreases the relative dis-
placement between the aluminium plates. As the grip-displacement curve
for the first joint shows, the spectrum loading of the specimen was com-
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Figure 37. Axial measurements
in instrumented bolts: (a)-(b)
specimen No.1; (c)-(e) speci-
men No.2; (f) specimen No.3.

pleted (i.e. after 20 FALSTAFF blocks) precisely after this loading stage
characterized by the high influence of the wear and fretting processes on
the relative displacement of the plates.

The next stage in the degradation of the contact surfaces is associated
with additional wear and the potential formation of new oxide, through
the oxidation of either wear particles or the origin metal, and near-surface
plastic deformation [1]. The latter event can lead to the nucleation of grain-
sized surface microcracks. In the specimen elongation plots, their horizon-
tal part corresponds to this stage in the loading history of joints Nos. 2 and
3.

Additional spectrum loading leads to the surface microcracks grow into
the bulk material. As they propagate, they could link between each other,
forming one or several large cracks. At this stage the further propagation
of such cracks is more dominated by global stresses, whereas the influence
of the contact stresses is less important [1]. It could be that an increase in
the grip-displacement curve for joint No. 3, measured after 95 FALSTAFF
spectrum blocks, reflect this damage development in the specimen. This
joint broke after 105.13 spectrum blocks.

3.3.3 Measurement in instrumented bolts

The axial and shear deformations of two instrumented bolts were mea-
sured after a different number of spectrum blocks as specified in Table 3.
Figure 37 shows the axial measurements in the instrumented bolts for the
tested joints.

After one spectrum block After 20 spectrum blocks

150 ——Bolt 2 150 —+Bolt 2

olt —O—Bolt4

D k\ I%Bolm \ (L\(\ [
100 \D\

— ~100
S0 3\ : | |
o X g L1 Lt
@ @ \
@ o AN \Llj \ B 0 !
.50 i L -50 \&
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
microVolts in tension microVolts in tension
@) (b)
Before spectrum loading After one spectrum block
150 T 150
T Bolt 2 49\ —{1Bolt2
,m\lOG | —0O—Bolt4 ,m\lOO N —O—Bolt4
a a
= » = A
~ 50 - 50
@ @
NN 0.0 |
s \ e BN
50 L i 50 i
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
microVolts in tension microVolts in tension
(©) (d)

41



FOI-R- -0441- -SE

Figure 38.

Shear measure-

ments in instrumented bolts for

joint No.1.
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It has already been pointed out that the contact forces between the bolt
shank and the plates affected the axial measurement in the instrumented
bolts (see Fig. 11). The obtained results shown in Fig. 37(a), (b), (d), and
(e) are a combination of measurement taken during one acquisition cy-
cle and the initial pre-tension measured during the bolt assembly. During
spectrum testing before each data acquisition the strain gauges on the in-
strumented bolts were calibrated. Therefore, it was not possible to see the
actual change of the initial pre-tension during spectrum loading. However,
it would be possible to do this if the axial deformation of the bolts would
have been tracked constantly during the test. In this case, the bolt pre-
tension should be taken at zero load after a specified number of spectrum
blocks.

Figures 38-40 present the obtained shear measurement results for the
instrumented bolts in the joints.
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Figure 39.

Shear measure-

ments in instrumented bolts for

joint No.2.
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In general, the plots show the same evolution in the shear response mea-
sured after a different number of cycles for all tested joints. As Fig. 38(a)
shows, until point the load was mostly transferred by the friction forces
between the joint parts. When the friction stage was overcome, the load
was carried by the bolts. Moreover, bolt No. 2 was more loaded at the
maximum load than bolt No. 4. The unloading part looks almost the same
except that at the minimum load both bolts carried the same loads. The next
plots in Fig. 38 show a more pronounce influence of the friction forces on
the shear measurement in the instrumented bolts after the spectrum loading
was started and continued. The increased load transfer by friction resulted
in the bolts were less loaded than during the first data acquisition cycle.
As the number of spectrum blocks increased, the coefficient of friction be-
tween the joint plates became higher, which would increase the friction
forces and their influence on the load transfer between the joint parts. The
load transfer in the joints is further discussed in details.
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Figure 41. Secondary bendir
after a different number of spe:
trum blocks.
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3.3.4 Secondary bending

Secondary bending, SB, was calculated after a different number of FAL-
STAFF blocks for each specimen using Eq. 1. As for the static tests, sec-
ondary bending was calculated only for the peak loads. Figure 41 shows
the obtained results of SB for the specimens. It should be noted that despite
the logarithmic scale used in the plots, the horizontal axis starts from zero,
which corresponds to the first measurement before the spectrum loading
was started (see Fig. 6).

20 FALSTAFF blocks 60 FALSTAFF blocks
—O— SB4/17 MAX 1 T —O— SB4/17 MAX
—@— SB4/17 MIN : —@— SB4/17 MIN
----1 —{1— SB10/15 MAX 1 ,,O—Q"’ —{— SB10/15 MAX
—Jl— SB10/15 MIN R S e s —Jl— SB10/15 MIN
--O-- SB11/16 MAX : --O- - SB11/16 MAX

- -4--SB11/16 MIN - -4--SB11/16 MIN

Secondary bending, (SB)
Secongdary bending, (SB)

.2 -
0.1 1 10 100 0 1 10
Number of blocks Number of blocks

@) (b)

105 FALSTAFF blocks

1,2E Bl

: > /= —O— SB4/17 MAX
- @ i —e—sBar7mN
—{— SB10/15 MAX

—Jl— SB10/15 MIN
.| --0-- SB11/16 MAX
--®--SB11/16 MIN

0 ’ :
4 i

100

10
Number of blocks

(©

The SB4/17 curves show that secondary bending was similar at the max-
imum and minimum load peaks. These curves show also that secondary
bending measured after a different number of spectrum blocks did not
change so much from those values measured before the spectrum load-
ing was applied. This indicates that secondary bending in the joint overlap
area was more or less the same during the spectrum tests. When secondary
bending corresponding to the measured data on strain gauges SG10/SG15
and SG11/SG16 is considered, it is seen that at the minimum load peaks
secondary bending was larger than at the maximum load peaks. More-
over, the curves show that secondary bending at the minimum load peaks
increased with the number of spectrum blocks; whereas at the maximum
load peaks it rather seems to have been more or less constant. Out-of-plane
deformation of the specimens was larger at the negative load since such a
loaded joint is more prone to buckling. In addition, a possible decrease in
the initial finger torque in the bolts, fastening the support plates, could be
the reason of the increased secondary bending at the negative load peaks
during the spectrum tests.
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Figure 42. Distribution of ap-
plied load between bolt rows af-
ter different number of spectrumr

blocks.

3.3.5 Load transfer

The ratio of load transfer, LT, for the bolt rows calculated at the maximum
and minimum load peaks after a different number of spectrum blocks is
shown in Fig. 42 for the tested joints. It should be noted that despite the
logarithmic scale is used in the plots, the horizontal axis starts from zero,
which corresponds to the first measurement before the spectrum loading
was initiated (see Fig. 6).
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As the LT-ratio plots show, the distribution of the applied load was the same
in all three joints. At the maximum load peaks the first bolt row transferred
more load than the second bolt row. However, at the minimum load peaks
the distribution of the load between the bolt rows was opposite, i.e. the
second bolt row was more loaded than the first one. However, during the
first measurement done before the first spectrum block was performed, the
first bolt row carried more load during both maximum and minimum load
peaks. These results agree with those obtained during the static tests and
presented in Fig. 24-26 for the cases when the joints were tested with the
maximum pre-tension and the lateral support used.

From the grip-displacement plots in Fig. 36, the significant influence
of the friction forces on the relative displacement of the joint plates was
pointed out. The friction forces, which were increasing during the first
twenty spectrum blocks, should affect the load transfer between the bolt
rows in the specimen. Since the aforementioned LT-ratio results already
include the load transfer by friction, it would be of interest to analyse the
influence of the friction forces on the load transfer with help of the shear
measurement in the instrumented bolts (see Fig. 43).
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Figure 43. Distribution of ap-
plied load between bolts and
friction based on shear mea-
surement in instrumented bolts.
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As seen, during the first measurement the load was mostly transferred by
the bolts. However, this load distribution changed already after the first
applied spectrum block. As the number of spectrum blocks increased, the
load transfer by the bolts decreased. It can be noted that at the maximum
load peaks the load transfer by friction is more dominant than at the mini-
mum load peaks. After 20-60 spectrum blocks, depending on which spec-
imen is considered, the same portion of the applied load was transferred
by the friction forces at both maximum and minimum load peaks. At this
stage up to 80-90% of the applied load was carried by friction and the rest
of it was transferred by the bolts. These results point out the significance
of friction in the load transfer during spectrum loading.

3.3.6 Optical measurement

Bolt movement after a different number of spectrum blocks was measured
using the optical system. Figure 44 shows the obtained measurement re-
sults for the tested joints. They are based on the measured displacements of
pointlin theXY plane (see Figs. 4(b) and 31(a)). In the plots the displace-
ment of this point at the maximum and minimum load peaks is presented
after a different number of spectrum blocks.
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Figure 44. Bolt movement dur-
ing spectrum loading.
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The bolt-movement curves can be characterized by three different stages
of evolution as well as the aforementioned grip-displacement curves. At
the beginning of the spectrum tests, the curves show a decrease in bolt
movement. This is due to an increased friction coefficient of the aluminium
plates. This was due to fretting wear between the plates. As a result,
the friction forces increased resulting in a larger part of the applied load
transferred by them. This led to the bolts were less loaded, and thereby
their movement decreased.

The next stage of the shown curves is presented by a more or less con-
stant bolt movement measured between 10 and 20 FALSTAFF blocks. This
stage may be characterized by the transition from fretting wear to fretting
fatigue, when fatigue damage start to nucleate. The last stage in the evo-
lution of the curves is associated with a slow and steady increase in bolt
movement measured after 20 FALSTAFF spectrum blocks. This loading
stage is believed to be dominated by fatigue damage development in the
specimens. A decrease in the bolt-movement curve shown for bolt No. 3,
see Fig. 44(c), was caused by the flag on this bolt had been attached to the
bolt head since it became unglued after 50 spectrum blocks.

Additional examination of the presented curves shows that the bolt
movement measured on bolt No. 3 at the maximum load peaks was slightly
larger than that measured on bolt No. 1. However, this is not the case for
the minimum load peaks.
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4 Conclusions

This report has presented an experimental investigation on the behaviour
of single overlap bolted joints tested in static and spectrum loading. Sev-
eral conclusions gained from the obtained results are summarized below
regarding to different subjects of the present study:

Instrumented bolts: The axial measurements in the instrumented bolts were affected by

the contact forces between the bolt shank and the plates during load-
ing. Therefore, it would be of interest to study this event in future
experimental work. The shear measurements in the instrumented
bolts allowed to perform an accurate analysis of the load transfer
between different bolt rows and friction forces.

Bolt pre-tension: An initial amount in the bolt pre-tension has a significant influence

on the joint performance during loading. The higher pre-tension was
in the bolts, the more load was transferred by friction as well as the
less secondary bending was observed in the joint, which resulted in
more uniform strain distribution through the plate thickness.

Load transfer: The calculation results of the load transfer, based on strain gauge

measurements, show that bolt rows transfer a different amount of
the applied load. However, this method to analyse the load-transfer
distribution does not represent the influence of the friction forces.
Those calculation results, which were based on the shear measure-
ment in the instrumented bolts, show that up to 30% of the applied
load was transferred by friction during static loading. During spec-
trum testing, the influence of the friction forces on the load transfer
was rather dominating. Due to fretting wear the coefficient of fric-
tion increased during spectrum loading, and as a result, a larger part
of the applied load was carried by friction.

Secondary bending: Secondary bending depended on the initial amount of pre-tension

in the bolt. Joints fastened with a finger torque in the bolts per-
formed the highest out-of-plane deflection, which resulted in a non-
uniform strain distribution through the plate thickness. The use of
anti-buckling support decreased drastically secondary bending of the
joints. The highest torque in the bolts provided less secondary bend-
ing in the overlap area only, whereas the lateral support lowered sec-
ondary bending along all joint length. Secondary bending in the
overlap area was almost the same during spectrum loading, whereas
secondary bending, based on strain gauge measurements located at
the end of the joint overlap, was larger at the minimum load peaks
than that measured at the maximum load peaks.

Bolt movement: The use of Digital Speckle Photography (DSP) method to measure

bolt movement allowed to obtained accurate measurement results on
both bolt bending and rotation. However, a relative displacement of
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the bolt and the plate surface should be taken into account since the
out-of-plane deflection of the joint affected the optical measurement.
The obtained results on bolt movement show that bolt bending and
bolt rotation depend on an initial amount of pre-tension in the bolt.
The higher pre-tension was introduced, the less bolt movement was
measured. Bolt movement measured during spectrum testing was

influenced by friction between the plates and fatigue damage in the
joint.
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