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Why Study Clearance? RC

University ;E Limerick Composites Research Centre

* Bolt-hole clearance results in 3D variations in stress/strain
distributions

» Good parameter to study for validation of 3D FE

 Clearance is inevitable in any practical manufacturing process
— cannot be avoided, so effects should be understood

* Has not been studied experimentally in multi-bolt joints before

* Previous models of effects of clearance have been analytical
or 2D FE
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Quasi-Static Loading
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Joint Geometries ARC

Composites Research Centre

* Single-lap joint S o
» HTA/6376 carbon/epoxy _I Y &
» Quasi-isotropic lay-ups T‘ Tt T ‘
* Titanium alloy bolts | | - | |
 Double-lap joint | Y,
B
4.16'1— - }3’1 T l 2.0¢
! ‘ Fou ¥ F |
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Controlling Clearance RC

Composites Research Centre

Four nominal clearances

Clearance I'Tumina]\{leamm‘ diam]fer Bolt Dihmeter Pussihl\ﬂlearance

Code Clearance

(um)  |Min Min | Max Min \ Max

_ mm) fmm)  Gum) |mm)  @m) \ (um)
0 985 7994 |7972 7987 2 22

$ a0 /8065 8074 " " 78 102
3 160 /8145 8154 " " 158 182
4 240 /8225 3234 " : 238 262

I
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Clearance Cases ARC

Composites Research Centre

Nominal Clearance (um)
Case Code Hole 1l Hole2 Hole3

Cl C1 C1 0 0 0
ClCl1C2 0 0 30
Cl C1_C3 0 0 160
Cl.Cl1. C4 0 0 240
Cl. C3 Cl 0 160 0

IC1 C3 C3 0 160 160
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Centring/Aligning/Drilling Jigs C

Composites Research Centre

University of Limerick

« Manufactured to very high precision

REF for jigs/fixtures: McCarthy, McCarthy, M.A., V.P.
Lawlor, W.F. Stanley, 2004, An Experimental Study of
Bolt-Hole Clearance Effects in Single-Lap, Multi-Bolt
Composite Joints, Journal of Composite Materials, in-
press.
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Measuring Load Distribution RC

University of Limerick Composites Research Centre

Axial strain gauge

% Faying surfaces

Single-lap joints:

WY

- Instrumented bolts

I : i I
ﬁm L/-S" ]/ \{ ° .
-«— A 0 i I +/-45" strain gauge
7 | s | :
L
Plan view .
7 T i | 1
| | -
. . Hoie 1 Ho;e 2 Ho_lle 3 i
Double-lap joints: L L !
48 [ -3 IS 1~ SO G ER i
I [ |
: N | dieEm | @ieED i
—> Strain gauges I A |
x ; 6 e SG.0 i 6 :§34 ' !
i S T BN TR TR

120mm over lap region
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& sLJoints — Load Distr.  %C
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6 6

5 Instrumented Bolts 5 3D FEM
z Bolt 3 (C1) 3 Bolts 1 and 3 (C1)
= 4 Bolt 1 (C1) =41 \
§ 3] Bolt 2 (C1) 831
= 5 :'. 5 Bolt 2 (C1)
° ‘ )

)

g, C1_C1_C1 ' C1_C1_C1

0 T T T 0 I T T T

0 0.1 0.2 0.3 04 0 0.1 0.2 0.3 0.4
Corrected Stroke (mm) Joint Displacement (mm)

° Inst ted Bolt 8

7 | Instrumented Bolts 7 | 3DFEM gy o ¢y
Z 6 a Z 6
= 5 | Bolt 2 (C1) X =3 5 \Bolt1 (c1)
3 Bolt 1 (C1) o
S 4 - . S 4
-l 3 L - -l 3
.| o~ c1c1c C1._C1_C4
e Bolt 3 (C4) @ Bolt 3 (C4)

0 L A 0 | ~

0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 0.3 0.4 0.5

Corrected Stroke (mm) Joint Displacement (mm)
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Load (kN)

SL Joints - Failure RC

Composites Research Centre

No clear effect on ultimate strength

90 —C1.C1.C1(A) )”' N
80 7—c1 c1 c1(B) = ‘“’L/
70 {l—c1.c1.c1(© e —
60 1| —C4C1c1 (A %
—C4_C1_C1(B) |z Al

20 7—c4 c1.¢1(@©)

40
30

/ 8

20 B ¢|B
10 AlIC

0

0 1 2 3 4 5 6

Machine Stroke (mm)
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Most Interesting Failure (RC

Composites Research Centre

C1_C1_C4 Specimen B

University of Limerick

Two bolts failed simultaneously

Usual design rules (ignoring But with clearance in one of
clearance) - middle bolt NOT the outer holes — failure of
under any threat of failure middle bolt becomes possible
/
° Instrumented Bolts ?7 Instrumented Bolts ’ g
gi Bolt 3 (C1) Z6- @ #
g 5 Bolt 1 (C1) Bort2 (G1) é 451 '\Bom 1)
22 = ~" C1_C1_C4
a C1 C1 C1 821 7 monsca—
0 w w S — —— e
0 0.1 0.2 0.3 0.4 ’ 0 0.1 0.2 0.3 0.4 0.5

Corrected Stroke (mm) Corrected Stroke (mm)
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&, SL Joints — Failure Initiation U3C

University of Limerick Composites Research Centre

C1_C1_C4 joint exhibits sharp losses in
stiffness earlier thaqI C1_C1_C1 joint

[=c1_cict
—C1.C1 c4

.........................................................................................................

~ Slope of load-deflection curve,

i.e. joint stiffness

0 ; ; ; ; ;
0 10 20 30 40 50 60

Load (kN)

Slope (kN/mm)
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Measure of Failure Initiation RC

Composites Research Centre

30

30% Loss

................................................................................

—c1c1ct
—C1.c1 c4

........................................................................................................

_________ Lo'ad at 30% stiffhess Ioés
C1 _C1_C1 case \

Slope (kN/mm)
. O NN
OO O O O O O

o

10 20 30 40 50 60

REF: McCarthy, M.A., V.P. Lawlor, W.F. Stanley, C.T.

Load ( k N ) McCarthy, 2002, Bolt-hole clearance effects and strength

criteria in single-bolt, single-lap, composite bolted joints,
Composites Science and Technology, Vol. 62, pp. 1415-1431.
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Failure “Initiation” Loads J*C

i
University of Limerick Composites Research Centre

Specimen Load at 30% stiffness drop (kN)

C1.C1_C1(A) 51.06

C1_C1_C1(B) 47.26

C1 C1 C1(C) _A4-0Q_
Average 49.77

C1 C1.C4 (A
C1 C1_C4 (B)
C1 C1 C4(C)

Average

Failure initiated earlier in C1_C1_C4 joints
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Double-Lap Joints (RC

Composites Research Centre

Again, no clear effect on ultimate strength

80 —]
70 s />
60
= 50 “ls
i.« 40 —C1.C1_C1
® 74 —C1_C3_C1
S 30 / —C1_C1.C4
20 / C2_C1_C1
/ —C4.C1_CH
10 / C3_C3_C1
0

0 1 2 3 4
Machine Stroke (mm)

(n
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DL Joints — Failure Initiation <3¢

University of Limerick Composites Research Centre

Ay 3
Ny o
4 B

N
o

N

o

w
(6}
!

C1 C1 C1 Significant

Z 30 failure eventf g 3 |75mas 4 - Max Stiffness

0 25 Bolt 3 (C1) J § / 30% droﬁww

B 20 | /},/ KV Eietets et ettt o e ate

S s Bolt 1 (C1) = p” \m\

= : 1N

A 12 s # 10 “Load at 30% drop in stiffnsA

O LA I L L I ) B BB 0 I L L L L L L L L L L L L L L L
0 10 20 30 40 3 60 70 80 0 10 20 30 40 50 60 70 80
Applied Load (kN) Applied Load (kN)

* Strain gauge method of load Load at 30% loss of stiffness
distribution measurement much matches load at interruption of
cheaper - can test to failure strain gauge pattern very well

» strain gauge readings interrupted
at a “significant” failure event
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Bolt Loads (kN)

:g i C1 C3 C1 S\i/ger;]i;‘icant failure

209 Bolt 1 (C1) >

25 A o

20 Bolt 3 (C1) \

15 1

10 A

- Bolt 2 (C3)

0o =-—rr—r—r—r"r—rrrr--rr—trr
0 10 20 30 40| 50 60 70

Applied Load (kN)

Slope (kN/mm)

= N w ELN
o o o o
!

o

DL Joint-C1 C3 C1

ARC

Composites Research Centre

Load at 30% drop

in stiffness \

0

10 20 30 4

50 60 70 80

Applied Load (kN)

» Again load at 30% loss of stiffness matches load at interruption of strain
gauge pattern very well (true for all six clearance cases)

* Load is significant lower in C1_C3_C1 case than C1_C1_CA1

* From consideration of bearing yield allowable, the “first significant failure”
was found to be bearing failure at one of the holes
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Effect of Clearance on first bearing failure ( | {(

Composites Research Centre

Code Load at first bearing Percentage
failure (kN) Difference from
Cl1 C1_C1
Cl Cl1 _ClI 50 0%
Cl C3 ClI 44 12%
Cl Cl1 C4 44.3 11.4%
C2 Cl1 ClI 43.2 13.6%
C4 Cl1 _Cl1 40 20%
C3 C3 ClI 37.2
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Conclusions — QS Loading CRC

University of Limerick Composites Res

* Clearance:
» No significant effect on ultimate tensile load
» DID affect ultimate tensile mode
» Small effect on failure initiation load in SL joints

» LARGE effect on failure initiation load in DL joints (load at
first bearing failure affected by 25%)

« Strain gauge load distribution method cheaper than
instrumented bolts — can be used up to failure (cannot easily
be used for SL joints though)

« Load at 30% loss in stiffness appears to be a good measure
of first “substantial” failure
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Fatigue Loading
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Fatigue Cases RC

G G
University of Limerick Composites Research Centre

Nominal Clearance (um)
Case Code Hole1 Hole2 Hole3
C1 C1 _C1 0 0 0

C1 C1C4 O 0 240

* Both Single-Lap and Double-lap joint
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Test Set-up (RC

University of Limerick Composites Research Centre

» Constant amplitude fatigue loading, R = -1 (o =-1)

m|n max

 Anti-buckling guides

M3
'

Brass backing plates

Anti-buckling
guides

Cooling system

(compressed air)

Thermocouples

J on bolts

e N &
Profile of anti- bucklmg guides ‘ J H

« To avoid temperature rise, frequencies between 0.66 and 5 Hz

« Temperature of each bolt monitored — maintained < 25°C
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Failure Criterion RC

University J Limerick Composites Research Centre

* Hole elongation criterion for failure (Starikov and Schon, 2002)

* Increase in peak-to-peak displacement As of 0.8 mm

Tension (+
Upper peak &
i o R N |
8,=Peak to Peak | e
displacement 8 |
measured initially 2 5
= e s &y g E
AS =5-5, 0 Time -
= change in Peak
to Peak displacement QIR
: A Lo_wer péék_ """""""""""" i TR v
Compression (-)
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Ultimate Failure Modes aRC

University of Limerick Composites Research Centre

* However, in single-lap joints, other failure modes occurred on
continuation of tests beyond the hole elongation failure point

Bolt failure Net tenS|on fallure

* Double-lap joints exhlblted only extreme hoIe elongation
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Ultimate Failure Cycles RC

University ;E Limerick Composites Research Centre

 Cycles to “ultimate failure” were also recorded
« “Ultimate failure” — displacement to + or — 10 mm

« Reached suddenly in catastrophic failure modes and
gradually in extreme hole elongation cases
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SL Joints — Hole Elong ~ {%C

University of Limerick Composites Research Centre

350 : :
—_ i o0 C1_C1_C1
& 300 - S
o AC1.C1.C4
g 20 T A

| A O | | |
£ 200 |t
Z a a a a a
§ 150 A B
g A aoa_ o
B 100 s e e s e
3 | | | | |
QDO o
O
0

1.E+00 1.E+01 1E+02 1.E+03 1.E+04 1.E+05 1.E+06
Cyclesto A Pk Pk=0.8 mm

Joints with loose-fit bolt have shorter fatigue life in general
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L Joints — Ult Failure

N

a

o
|

200 -

150 -

100 -

Gross Section Stress (MPa)

a
o
|

nC1_C1.C1 |

AC1_C1_C4
r
A O
___________________________________________________________________________________________ P
ANE | O
0

0

ARC
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1.E+00 1.E+01 1.E+02 1E+03 1E+04 1.E+05 1.E+06

Cycles to ultimate failure

Joints with loose-fit bolt have shorter fatigue life in general
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Temperature (deg C)

Temperature and Displ. History ArC

Composites Research Centre

40 10
— Temperature - Bolt 1 | g
35 — Temperature - Bolt 2 Si o
30 | — Temperature - Bolt 3 Ingle-lap joint 18
— Delta_Pk_Pk 17 £
25 4 ﬂl\ 16 X
o
20 | - 15 &
o
15 C1_C1_C1+/-27 kN K=
1 3 =
10 Hole elongation |9 a
5 initiates here | 1
O ! A ! LA ! IR ! \ LA IR O
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

No. of cycles
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Temperature (deg C)

Temperature and Displ. History ArC

Composites Research Centre

40
— Temperature - Bolt 1
35 1 — Temperature - Bolt 2
30 | — Temperature - Bolt 3, Single-lap joint
— Delta_Pk_Pk
25 n ~/
R
e e e 4
20
5 C1 C1 C4 +/-30 kN
10 1 | Hole elongation
5 initiates earlier
.
O T L B B B B e e B R I B B BB

10

Y
(mm)

Delta_ Pk_Pk

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

No. of cycles

1.E+05
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SL - Cycles to small hole elong {J3C

University of Limerick Composites Research Centre

350

0 C1.C1_C1
A C1.C1.C4

98]

o

o
|

N

Ul

o
|

200 v
T e

([0 ] E— —— — R

....................................................................................................................................

Gross Section Stress (MPa)

9]
o o
|

1.E+00 1.E+01 1 : E+04 1.E+05 1.E+06
Cyclesto A_Pk_Pk=0.2 mm

* Clearer distinction between clearance cases
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DL Joints — Hole Elong

ARC

Composites Research Centre

University of Limerick

400

[\ w w

N o N

o -] -]
|

N

o

o
|

150 -

100 -

Gross Section Stress (MPa)

| oc1_C1_C1|
| | | | | ac4_c1_c1

n
() ()
|

"_'\Run—out

1. E+00 1.E+01 1.E+02 1.E+03 1.E+04 1. E+05 1.E+06 1.E+07 1.E+08

Cyclesto A Pk Pk=0.8 mm

Joints with loose-fit bolt have shorter fatigue life in general
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DL - Cycles to small hole elong JC

University of Limerick Composites Research Centre

400

| 0c1.c1. ¢

____________________________________________________________________________________________________

| aC4 C1 C

s

o)

o
|

W

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

on -
o o
| |

____________________________________________________________________________________________________________________________________

[\

[\

-

o
|

TSR AN SRS W S S N N

100 bk

Gross Section Stress (MPa)

N
o ]
|

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1E+05 1.E+06 1.E+07 1.E+08
Cyclesto A PK Pk=0.2 mm

* Again - clearer distinction between clearance cases
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Load distribution during Fatigue {J3C

i
University of Limerick Composites Research Centre

C4_C1_C1 200* Cycle C4_C1_C1 20000t Cycle

C4_C1_C1 200th Cycle - '\ C4_C1_C1 20000th Cycle i

// %,fi//
30 -20 -10 0 10 20 3P -30 -20 == 0 10 20 3P

~ —— =
/ —Bolt 1 (C4) . —Bolt 1 (C4)
| 10 —Bolt 2 (C1) - -10 —Bolt 2 (C1)

Bolt 3 (C1) Bolt 3 (C1)

Bolt Load (kN)
Bolt Load {kN)

Joint Load (kN) Joint Load (kN)

 Due to hole wear, clearance has less effect as wear
progresses (load distribution evens out) =» clearance
most affects initiation of failure, less effect on final failure
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Conclusions — Fatigue Loading RC

University ;E Limerick Composites Research Centre

 Joints with a loose-fit bolt had shorter fatigue lives than joints
with all neat-fit bolts (SL and DL)

« Clearance had a particularly strong effect on failure initiation,
l.e. cycles to a small hole elongation

« Effect of clearance less pronounced as failure progresses
since failure causes elongation of the neat-fit holes in the
C1_C1_C4 joint causing the clearance to even out over time
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Finite element Analysis
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Model Creation Tool: BOLJAT (JRC

Composites Research Centre

g4 MSC.Patran

File Group Wiewport  Viewing Display Preferences Tools  Insioht Control  Help  BOLJAT | BOLJAT Three Balt (PH)

ITAEEB M.« K G

& & o g

&4

W E5 T

& 5 ¢ B = L E= &

Geanmekry

Elements Loads/BCs Materials  Properties Load Ca... Fields Analvsis

i Test2.db - default_viewport - default_group - Entity

Flate Solid Model

Bolt Solid Model

Washer Solid Maodel

Joint-Plake Mesh Seed Definitions
Bolt Mesh Seed Definitions
YWasher Mesh Seed Definitions
Finite Element Mesh For the Jaink
Define Contact Bodies

Define Boundary Conditions
Flate Makerial Properties

Bolk Material Properties

WWasher Material Properties

REF: Padhi, G.S., M.A. McCarthy, C.T. McCarthy,
2002, BOLJAT — A tool for designing composite

bolted joints using three-dimensional finite element
analysis, Composites, Part A, 33/11, pp. 1573-1584

THREE BOLT JOINT-PLATE SOLID MODEL

Length
| 152.0

Width
[45.0

Thickness
| 52

Hole-1 radius
| 3995

Hole-2 radius
[3.995

Hole-3 radius
| 3995

Edge Distance
| 240

Pitch
[36.0

Washer Contact Zone Radius
| 85

Apply I Cancel
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University of Limerick

Contact analysis performed between all parts

ITDp_washer_C_lap

holt

L)

Taop

washaer

|
1

NN

AN

S

/

c

B {-s#;:rax__

—_——

Bottom

lap=

bolt
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Contact Area Development RC

University E Limerick Composites Research Centre

Single-Bolt, Single-Lap Joint
C1 Clearance (Contact Area)

Increasing Load

COMPTEST 2004: Composites Testing and Model Identification
University of Bristol, UK, Sept 215t — 239, 2004



9. Model of Double-Lap Joint RC

University of Limerick Composites Research Centre

Fixedin X, Y and Z
(U,Vand W =0)

Z-Symm
(W=0)

Quarter Symmetry assumed

Prescribed X displacement Point B

Fixedin Yand Z
(Vand W =0)
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Stress Distribution ARC

Composites Research Centre

Stresses vary through
thickness of each
laminate even in DL joint
(due to bolt bending)

Net tension stresses in central laminate
highest at this hole (i.e. bypass stresses
correctly accounted for)
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Progressive Damage Analysis (RC

University o_f Limerick Composites Research Centre

‘ Begin Analysis ‘

"r“I Start Increment ‘ o
Get Stresses/Strains from

I revious v cremen | Re-establish Equilibrium i

___________________

‘ Evaluate Failure Criteria ‘

USDFLD -

Is Failure
Detected?

Degrade Material
Properties

M Start of Tteration 4

Non-Linear Analysis to Establish .
Equilibrium including contact

Converged
Solution?

No Convergence After Set
Number of Iterations

v

‘ Predict Ultimate Load ‘

Increage Load
Pi="Pi+ APi STOP
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Bolt Loads (C1_C1_c1) URC

Composites Research Centre

Experiment Simulation
40 ‘ 40 ‘
35 —¢1.c1 ¢ Significant failure event | & el () -
— Bolt 2 (C1) Significant
— 30 _ 30 Bolt 3 (C1) Failure Event
EZS LS I 3 Y, g 25 sl
—Bolt 2 (C1 -
20 1 Bolt3(C1) e g 1
' ) (C1) == - ,//
=15 5 15 T
=} [+ L
® 10 e el ® =
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 &0 70 80
Joint Load (kN) Joint Load (kN)
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Bolt Loads (C4_C1_c1) (’C

Composites Research Centre

Experiment Simulation
40 40
35 —C4_c1_C1 35 — Bolt 1 (C4) -
—Bolt 2 (C1) Slgnlflcant

230 Significant failure event .0 Bolt 3 (C1) e Failure Event
R — g »
T — Bolt it
o | ™ ]

20
9 Bolt 3 (C1) ¥ § >
515 = s -
0 L~ 0
m o0

10 /// 10 /

d
5 / 5 - ¥
e
ot - }——+——""F"""""F+"— 0/
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 90
Joint Load (kN) Joint Load (kN)
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Compressive Matrix Damage CRC

(C1_C1_C1)
Hole 1 Hole 2 Hole 3
Applied Load (0 um) (0 pm) (0 um)
10 kN
30 kN
50 kN
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~ Can,
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Conclusions — FEA CRC
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« 3D FEA with contact can account for: variable contact in
each hole and through thickness; bypass stresses; non-
uniform bearing stresses through thickness

« PDA gives insight into failure processes at each hole and
gives prediction of initial failure (bearing failure in one hole)
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