Mechanically Fastened Joint
Outline

* Joint Overview

e Overview of Metal Joint for Comparison
e Single Fastener Joint

* Joint with Single Strip of Fasteners
 Multiple Row of Fasteners

* Fastener Loading

* Questions and Discussion
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Types of Joining Methods

 Mechanically Fastened Joints

O Cylindrical Rods: bolt, rivet, pin, or stable
O Primary load bearing
O The load transfer through the fastener is localized

* Adhesively Bonded Joints

O Structural Adhesives
O Primary load bearing

e Welded Joints
* Friction Joints
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Joining Methods

Joint Type Advantages E Disadvantages
Straightforward Design i Many Parts
: Inspectable i Stress Concentrations/Weak
Mechanically . b :
Repairable ! Fatigue, fretting Prone
Fastened : . : :
No Thickness Restrictions i Prone to corrosion
Can be disassembled i Must be sealed
Few Parts, Full Load Transfer i Difficult to Inspect, Surface Prep
Repairable, Fatigue Resistant | Environmental effects, design
Adhesive Sealing, Stiff Connection i Required Skill, Thickness limited
Bonding Light-Weight, Smooth Contour, i Residual Stresses
corrosion resistant i No Disassembly
No Stress Concentrations i Shear Loading Only
Weldi Permanent, Inspectable i Permanent, Microstructural change
€lding Load Transfer, Continuous i Residual Stresses, Trade Skill
Friction Simple i Friction Dependent

RBB
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Joint Design Considerations

* Joint Geometry

O Hole diameter, plate width/fastener spacing, plate
thickness

e Clamping Area
O CAUTION: Through the Thickness compliance/weakness

* Ply Fiber Orientation and Ply Stacking Sequence
* Hole Stress Concentration

 Moisture and Temperature Conditions

e Applied Stress

RBB Mechanically Fastened Composite Joints



Simple Joint Analysis:
Homogeneous and Isotropic

* No Stress Concentrations
O Static Loading: Factor of Safety of 3
O Fatigue Loading: Factor of Safety of 4.5

 Multiple Rows of Fasteners
O Each row takes equal proportion of the applied load

* Failure Stress Analysis
O Individual Failure Modes
0 Good design promotes preferred failure condition

 Assume Each Fastener in a Row Shares Equal Load
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Typical/ldealized

Bolted Joint Configurations

Complex

Shear

Tension

Mechanically Fastened Composite Joints

RBB



Nomenclature for Basic
Shear Joint Geometry

— Worp ———»

d — Hole Diameter

w- Plate Width

p- Fastener Spacing

e- Edge Distance

t,and t, — Plate Thickness

P- Load

RBB Mechanically Fastened Composite Joints



Basic Shear Joint Geometry

Single Lap Configuration Double Lap Configuration
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Net Tension Failure
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Bearing Failure
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all ,bearing
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Shear Out Failure
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Combined Net Tension
and Shear Out Failure
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Cleavage Failure
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Fastener Failures

Fastener Shear Failure
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Fastener Pull Through Failure
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Fastener Bending Failure
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Composite Joint Analysis Neither
Perfectly Elastic or Plastic

e Single Bolt Joint orm of Curve

0.7
if analysis based on

¢ comPOSite Response Simple Bearing Stress,

6 - DUCTILE METAL

d Net-Section — |
Betwee n gsresseAlloisalslr;s 05 o
O Window Glass | § sion
O Ductile Metal JOINT o4y FAILURES
) STRUCTURAL 5
e ONLY Fiber Glass EFFICIENCY (.| &
. [P/(F gy wt) (F:ltl)axl?gssﬂs
comes close to ideal 02

O massive delamination
prior to failure
e Failure in composite 0 ——L oi, 05 05 10
O @Gross section Failure RATIO OF BOLT DIAMETER TO STRIP WIDTH
O Not net section failure

0.1
BRITTLE MATERIAL

RBB Mechanically Fastened Composite Joints 17



Inhomogeneity of Composite
Failure Dominates Behavior

Composite Failure Modes

e Tension SRS
O Fiber/matrix bond broken
locally
O Delamination
O Splitting of resin between

0
DELAMINATION

DELAMINATION

NO CHANGE IN
FIBER STRESS

. 7 THROUGHOUT
fibers HIGH PEAK iz | P
TENSION STRESSES - REGION
IN FIBER

O No Fiber Damage ADJACENT TO HOLE
O Relieves Stress Concentration
e Compression

O All tensile modes
O Micro-buckling

REDUCED PEAK FIBER
STRESS BECAUSE
STRAIN SPIKE IS
AVERAGED OVER
FINITE LENGTH
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Comparison of Metal and
Composite Bolted Joints

RBB

Simple Comparison between the weights of
equivalent metal and composite structures

e Superiority of composites over metals typically
based on unnotched specimens
e Sometimes deduced from monolayer properties

For a Common load per unit width, P

P P
P=o,'t,=0,tt = t =—andt, =—

O, Oy

The weight ratio is given by
We pc°tc Pc 0, Pc 04

W, _pa°ta _pa'ac _pa'Ec'gc

Mechanically Fastened Composite Joints
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Implications to Structural Design

w, p.t. p.o, p. 0o,

Wa_pa'ta pa°o-c_10a°Ec°gc

Composite Structures are preferred

* Aluminum stress ¢, is Low
 Strain in composite €. is kept High

Aluminum Structures are preferred

* Aluminum stress o, is High

RBB Mechanically Fastened Composite Joints
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lllustrations of Trade-Offs on a
Lay-Up Suitable for Wing Skins

[+ 4
MATERIAL — T300/N5208 GRAPHITE-EPOX o 4 4y
EPOXY e a3 3 NOTES: 1. FAILURE STRAINS ARE LESS FOR LARGER HOLES.
PATTERN — TYPICAL WING SKIN az f: ; 2. FAILURE STRAINS ARE LESS FOR USING STATISTICAL
(37.5% 0 DEG, <0 O BASIS INSTEAD OF AVERAGE.
ENZ Zz
50% — 37.5% -45 DEG 50 ksi Sc4 & 3. MULTIPLE ROWS OF BOLTS INCREASE STRENGTH
12.5% — 25% 90 DEG) Jud o ONLY VERY SLIGHTLY.
o
E = 9.7 x 105 PS| B z2amo 4. FURTHER STRAIN LIMITS FOR DAMAGE
: , o W, u TOLERANCE AND IMPACT RESISTANCE ARE NOT
p = 0.057 LB/IN. woda < YET ESTABLISHED.
62393
=22
oL <s 2
1.5 |- ITEL
- Z2 - w
-
o3
i /: w Wtmmpmlh _ pc 0"
w __composite _ Fe
; w‘alumh\um p.| Er. €
1.0 e i =
COMPOSITE WEIGHT o w3
oQ
ALUMINUM WEIGHT 22
w @
0.5 i~
SOKSI | @ MU
40
| N | KSI 1 OPERATING
I 20Ksl | sTREss
0 1 1 | 1 1 1 1 1 1 !

REPAIR POSSIBLE WITH MECHANICAL .
FASTENERS ALONE

RBB

0 0.0010.0020.0030.004 0.0050.006 0.007 0.0080.009 0.01
OPERATING STRAIN IN COMPOSITES

|———+ REPAIR REQUIRES ADHESIVE BONDING

Mechanically Fastened Composite Joints
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lllustrations of Trade-Offs on a
Quasi-Isotropic Lay-Up

MATERIAL — T300/N5208 GRAPHITE-EPOXY

PATTERN - PSEUDO-ISOTROPIC
(25% 0 DEG, 50% 145 DEG, 25% 90 DEG)

E = 7.8x1068PS|
P = 0.057 LB/IN.3

COMPOSITE WEIGHT

ALUMINUM WEIGHT

REPAIR POSSIBLE WITH MECHANICAL

20 r

1.5 p

TYPICAL DESIGN ALLOWABLE FOR

== ™= NET FIT BOLT HOLE (0.25 IN.)

FAILURE AT LOADED 0.25-INCH HOLE

(OPTIMUM W/D = 3)
= “FAILURE AT UNLOADED 0.25-INCH HOLE

1.0 o= uNTo nire

FAILURE STRAIN FOR INTERFERENCE-FIT

LOADED p.19-IN. TAPER-LOKS

1.

FAILURE OF

FAILURE STRAINS ARE LESS FOR LOADED HOLES.

FAILURE STRAINS ARE LESS FOR USING STATISTICAL
BASIS RATHER THAN AVERAGE.

FAILURE STRAINS LESS FOR LARGER HOLES

RELIANCE ON BENEFIT FROM INTERFERENCE FIT
FASTENERS REQUIRES ABSOLUTELY NO NET OR
LOOSE FIT BOLTS. OTHERWISE, STATIC STRENGTH
WILL BE REDUCED BY FACTOR OF TWO.

MULTIPLE ROWS OF BOLTS INCREASE STRENGTH BY
ONLY A FEW PERCENT

FURTHER STRAIN LIMITS FOR DAMAGE TOLERANCE
AND IMPACT RESISTANCE ARE NOT YET
ESTABLISHED.

w‘composile

w =
w aluminum p..| c[c

BASIC LAMINATE

0.5 60 KSI | ULTIMATE
i ALUMINUM
| YOS opERATING
I 20 KSI ' STRESS
0 Y (NN TR SR SRLY I
0 0.0010.002 0.0030.004 0.005 0.006 0.007 0.008 0.009 0.01

FASTENERS ALONE

RBB

OPERATING STRAIN IN COMPOSITES

—
REPAIR REQUIRES ADHESIVE BONDING

Mechanically Fastened Composite Joints
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Recommended Fiber Patterns for
Bolted or Riveted Joints

Pattern Recommendations 4,
2%
* Quasi-Isotropic Pattern 0N G X |
o o 90 s Fiber Patterns to be Avoided
0O 0" > 25% 0 Particularly for Structures with
O 90° — 25% 80 k5 High Fastener Loads
0O 145° — 50% " 70 : > Expanded Design Regime
. . 9 0 For Lightly Loaded
e Dispersed Plies = ol o
o
* Ra nge % 50 s Recommended Fiber
O No more than3/8 of the ¢ X N Patterns for Highly
fibers in any one of the : “No N Loaded Structures
. ope y . * 30 \ Quasi-Isotropic
identified directions 2 NN > Fiber Pattern
O No less than 1/8 of the 20 K3, (N
fibers in any one of the 0 K
identified directions o 12

0 10 20 30 40 50 60 70 80 90 100
Percentage +45° Plies
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Elastic-Isotropic Stress
Concentrations for Single Holes

-.—Worp—a.

A Wealth of Data Exists

e Single Fastener
e Single Lap/Shear
* Double Lap/Shear @‘/—r

Theories Developed to Explain Data ]
e Performance/Design of

more complex structural

joints checked against data Q”Cgﬁgiiggi‘érvsgfb'e
e THIS IS A LOGICAL PLACE TO

START THE DEVELOPMENT
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Elastic-Isotropic, Single Hole
Net-Section Tension Stress Concentration

| i EXPERIMENT
o '; ; £ROCHT AND HILL
1 ® e/w 1
A e/w 12 e
| | e/w 1/3

Stress Concentration
Based on

& COKER, STCLTENBERG
THEOCRY

- O  KNIGHT -
\ | | ¢ KOITER

|

 Experimental data
e Analytical results

W

kte:(ﬂ-f'l)—ﬁ- d j
d

2 W+1)

THEORETICAL AND | XPERIMEMTAL STRESS COMNCENTRATION FACTORS AT LOADED BOLT HOLE

2 2 b e &
2 \ i i : 3
e RATIO CF EDGE DISTANCE | | R !
®=1 for —<1 | _TO STRIP WIDTH e/w -‘ 1 | | [
- 1 \ | 1 ] | I
W l i ‘ ELASTIC ISOTROPIC MATERIAL
| | |
P 9 3 w8 B A s gl M
Omax = kte d/w
t- (W— d ) RATIO OF BOLT DIAMETER TO STRIP WIDTH

RBB Mechanically Fastened Composite Joints 25



Elastic-Isotropic, Single Hole
Average Bearing Stress Concentration

? i5| EN[T : ] : ' [
EXPERIM *
Stress Concentration . L SSAepme T
Based On % I g Eé?(ER,}éé'OLTENBERG ‘ / i
z4 T theosy ! : | / ‘
e Experimental data - D i i B 1
. Analytical results ; : J
k Umax _ 1 %ngj | | Ei:i(]/i
m/ 0 Y £
Vy -1 2 Vy+1 | N
- “ RATIO OF DGE DISTANCE | | ) {
W o ;:é | TO sOtr DlA.:AETER‘/d ! /o
>_— 12 < £9 | 73 |
@22(]forwl of A
-_/%/

N ' | EwsTIC ISOTROPIC MATERIAL
! I H I |
w 0 § 2 <3 4 .5 4 7 .8 9 1.0
d/w
RATIO OF BOLT DIAMETER TO STRIP WIDTH

o —_— %] ) o~
t\
[N N1
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Elastic-Isotropic, Single Hole

Average Bearing Stress Concentration

Stress Concentration
 Well behaved for small d/w

K, =1+

e d/w—0
k, =1

 d/w—0, accounting for e

RBB

2 3. 1 4
wi-1 2 W41

THEORETICAL AND [XPERIMENTAL RATIOS OF MAXIMUM TENSILE STRESS

ALONGSIDE LOADED BOLT HOLE TO AVERAGE BEARING STRESS

14 p—

o —_— %] ) o~

! l I I
EXPERIMENT

FROCHT AND HILL
® e/w 1

— A e/w 1/2

| e/w 1/3
&  COKER, STOLTENBERG

THEORY

= O0& KNIGHT

< BICKLEY
| |

I‘;! [

i

| J
|

|

RATIO OF EDGE DISTANCE |
TO BOLT DIAMETER e/d |

| /P/’éf | /
-_/%‘“ "

i

| ! i :
i ELASTIC ISOTROPIC MATERIAL
i i | I

Q0

.1 .2 .3 .4

5

. -] . .8 o7
d/w

RATIO OF BOLT DIAMETER TO STRIP WIDTH
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Elastic-Isotropic Stress Field
Around a Bolt Hole

For Nominal Net Fit Fastener

e Bearing Stress Peaks 27% i r i
higher than average 1A
e Peak Hoop Tensile Stress S

O Equal to average Bearing Stress SR GhEae

e Distance to Edge Not
Accounted for ﬁT
e Potential Failure Sites L

O Bearing L
O Back Side of Fastener —

O Tension on Side of Hole

e With Shorter Edge Distance
O Cleavage Failure Possible
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Impact of Stress Concentration
on Strip Strength

Solving k., and k, (k.. ) for
Joint Strength P

Max Load at d/w=0.4, bolt pitch p=2.5in

P.<02l.0. -w-t (Advanced Composites are NOT this brittle)
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Net-Section Strength of a Strip
Containing UNLOADED Hole

k.. for UNLOADED Hole K =2+(1—3j

Net Section Strength of Hole - P . B o B o),

o

9 T 1 ] 1 J T T

¥y 3 EXPERIMENTS )

- o) ® WAHL AND BEEUWKES

Z ., 1c g O FROCHT

©3 A  HENNIG

5 - s THEORY

= L kte Q a O KIRSCH

z @ ! \\_ a O KOITER

BHe, O

ik e

. 3 \'\\QL._‘

“ . o o 4

g 7 | a o

- 0 h 2 .3 4 5 .6 o .8 .9 1.0
d/w

RATIO OF BOLT DIAMETER TO STRIP WIDTH
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Differences Between Isolated
Hole and Wide Seam of Holes

Differences Small for d/w—0

Differences Substantial as d/w —>1
! i b t t

WIDE
(INFINITE) [
PANEL
iy > ‘
]
|

CENTERLINE
REMAINS
STRAIGHT
ASd-—p

NARROW
STRIP

EDGE CAN BEND
L.~ HERE WHEN d — w
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Isolated versus Seam of Hole
Comparison, Unloaded Hole

Suggested Form of Seam k., N T
2ﬁ_
d) d ) 24 CONCENTRATION b
K., =1+(1——J + 1—(—] FA;:TOR i O 0O
p p te A
P I N N N N N
b Y Y
k.. for UNLOADED Hole F s
STRUCTURAL bt
dy EFFICIENCY  g,| E
Ko = 2+(1——j P/(Fy,wt) O
" 01— f o
Difference Between the Two o T T T PR
o o o 0 01020304050607080910
Significant, (d/w<0.5) d/w ,d/p
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Isolated versus Seam of Hole
Comparison, Loaded Hole

Suggested Form of Seam k, ol L
5
241 P/
) T ( by 1) _A
kte:E-f- 1- B —E’ y xQ) 4
1 TRE r
( d * ) CON(S.‘.EI:ITiiTION gL
FACTORS

k,. for LOADED Single Hole ™ :

- | 1
W Y0 01 02 03 04 05 06 07 08 09 10
—+1 d/w, d/p
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Impact of Stress Concentrations
on Strip Strength, Updated

—
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H
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N—
o
b
|
| / \\
2

_3._6© B p=

STRUCTURAL
EFFICIENCY
P 1 P/(Frwt)

02—

. . phal | [ I
Optlmum Bolt Spac|ng Changed 0 01 02 03 04 05 06 07 08 09 10

d/w,d/p
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Open Hole Composite Laminate
Stress Concentration Factor

Characteristics of Composite Laminates

 No local yielding

* High Interlaminar stresses induced at hole boundaries

 Above conditions result in greater and varying stress
concentration effect

Ultimate Stress in a Composite Structure
ktc ) I:)app

(w—d)-t
k., = Composite Stress Concentration

O-ult —

RBB Mechanically Fastened Composite Joints
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Open Hole Stress Concentration
for Orthotropic Laminate

Net Tension Stress Concentration Factor Dependent
On Ply Angles

k., =1+,(2- E—v21 +i
E2 GlZ

E, =longitudinal Young's Modulus
E, =transverse Young's Modulus
G,, = lin-plane shear modulus

v,, =Mmajor in-plane Poisson's Ratio
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Composite Laminate k.. Vary
with Ply Geometry

° —
k. =7.5for 100% 0° plies A O -
i '
* k,=1.8 for 100% +45° plies = N\ 0% 90 Plies
% 4 ;\6(}\\ -
e k=3 for 50% t45 ° plies § \4‘1\<
Isotropic Value g 3 20 I
S Ny RSN
3 0% O“iPlies ”""‘E‘“**H—-—_.g
0 20 40 60 80 100

% +45° Plies
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Stress Concentrations in
Composite Materials Bolted Joint

RBB

Composite Laminates

O Do not behave as
brittle as Fiber and

Matrix would suggest

O Bolted joints are
stronger
O Joint structural

efficiency a result of

stress concentration
relief

Mechanically Fastened Composite Joints

JOINT
STRUCTURAL

EFFICIENCY
[P/(F ,, wt)]

0.7
06 I DUCTILE METAL
05 é,”
S
g TENSION
04 |- é,‘“ FAILURES
<
<
- Ly
0.3 @/f FIBROUS
COMPOSITE
0.2}
0.1
BRITTLE MATERIAL

| | | I I |

0 0.2 0.4 0.6 0.8 1.0
d/w

RATIO OF BOLT DIAMETER TO STRIP WIDTH
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Proposed Relationship Between
k.. and k.., Loaded Holes

Experimentally Determined Relationship
ke —1=C-(k, —1)

Assumptions

e Joint geometry will cause NET-TENSION failure
* Fiber pattern will cause NET-TENSION failure

Experimental Measurement of k,_
ke =F, -t-(w—d)/P
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Composite Joint Efficiency versus
d/w, Single Hole in Narrow Strip

RBB

TH AWAY FROM HOLE

SIREMNGTH

COMPUTED RATIO OF
10 BASIC LAMINATE

RATIO OF EDGE DISTANCE
TQ STRIP WIDTH

Elastic-Isotropic
Material

d/w

RATIO OF BOLT DIAMETER TO STRIP WIDTH

COMPUTED RATIO OF JOINT STRENGTH TO BASIC LAMINATE STRENGTH

-~

w

COMPOSITE STRESS-
CONCENTRATION FACTOR
- L

0
N1
i
.4
o
-
-~
':‘-I}
I
- .3
3
a| =
L
ok
il
[¢]

5
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| oY L 09
g e |
P %/ / ' —E
N = ] —
< R i F
thf( .__"-'-_: 1 | —
l PERFECTLY PLASTIC l
0 1 2 3 4 5 & 7 ] 9 10
ELASTIC - ISOTROPIC STRESS CONCENTRATION FACTOR Kk
K Fully-Plastic Curves C
Behavior A 1.0
| B 0.8
C 0.6
D 0.4
E 0.2
F 0.1
G 0
|
e/w>1 ‘
Perfectly Elastic
. Behavior
| f i
| H Fbr=Ftu | }
| F,=2F,, { i i
47 ) Fy=3F, — :
K F,=4F, | ;
! | ' |
SOLID LINES - TENSION STRENGTH S\
CHAIN LINES - BEARING STRENGTH 3y
| ;) 3 4 .5 5 7 .8 K] 1.0
RATIO OF BOLT DIAMETER TO STRIP WIDTH d/w
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Composite Joint Efficiency versus
d/w, Single Hole in Narrow Strip

’ gfj + Clk,, - | n %o“l‘c A7l _s C";/ D

L& ! ) . 7
Egs k %gﬁ/g [ G

H [ [ < ' T
Eventually Bolt Spacing s e —m—— e
B I. §§ : | | PERFECTLY PLASTIC | °7]
ecomes Large, S0 e

ELASTIC - ISOTROPIC STRESS CONCENTRATION FACTOR kta

 No-longer Net Tension r ; VI B

e Bearing Failure Dominate 7%\ Be“?“‘” 5 o8

3 i | C 0.6

I . 1 ! D 04

To use this figure all that is i /// . 1 E Si

needed is the Experimental A / // / 7 | I\\\ ew1
Determination of 3 A | ggfhf;;:yf'ast'c

* Laminate Strength, F,,
 Bearing Strength, F,
e Correlation Factor, C

B
/

! ' |
SOLID LINES - TENSION STRENGTH N\
CHAIN LINES - BEARING STRENGTH &
0 5 2 3 4 5 % T 8 5 1.0
RATIO OF BOLT DIAMETER TO STRIP WIDTH d/w

COMPUTED RATIO OF JOINT STRENGTH TO BASIC LAMINATE STRENGTH
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Proposed Relationship Between
k.. and k.., Un-Loaded Holes

k, ~1=C-(k, 1)

Elastic-lsotropic Composite
3 A 7 L0 ———"
O 8
. A
STRESS £ Y Gl
CONCENTRATION o8 = c | s
FACTOR 1 {:(\):/\\(5) O D | 04
kte E | 02
b ' F | o1
o O O (N O O IO O 0.6 |- g ;
RATIO OF SECTION ] G| o
AT T T T T T STRENGTH WITH HOLE \
} TO BASIC UNNOTCHED FULLY PLASTIC
GROSS SECTION BEHAVIOR
03} O O O) STRENGTH 94
STRUCTURAL "
E:SIEENS)Y 02— -y PERFECTLY ELASTIC
(Fruw O 02 |- BEHAVIOR
¥
01— + E -t v O,
0 T O 1 O OO O O i S e
0 0 0.2 0.4 0.6 0.8 1.0
10203040506 070809 1.0
W BLAke °3d(/’: ?j’/p RATIO OF HOLE DIAMETER TO STRIP WIDTH, d/w
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Experimental Program
Conducted to find C

.
20 &,
All Tests Conducted 10 Ne %% %
) Fiber Patterns to be Avoided
. ° 90 . .
W|th 1] Recom mend ed L Particularly for Structures with
0 High Fastener Loads
[ ] eo
Reglon w 70 Expanded Design Regime
9 % [\ For Lightly Loaded
2 60 Structures
(=) )
% 50 — Recommended Fiber
£ X \ Patterns for Highly
S 40 ~ Loaded Structures
() % \ \
% 30 Quasi-Isotropic
> b .
% \ C Fiber Pattern
20 N
10 X -
N
o L2

0 10 20 30 40 50 60 70 80 90 100
Percentage +45° Plies
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Quasi-Isotropic Gr/Ep:
Thornel 300/Narmco 5280

RBB

OBSERVED STRESS CONCENTRATION FACTOR

AT FAILURE OF COMPOSITE

bl

-
3]

w

O OPEN-HOLE TENSION FAILURES

® | OADED-HOLE TENSION FAILURES

0O LOADED-HOLE BEARING FAILURES
{SHOULD LIE ABOVE LINE)

- —— LEAST - SQUARES LINE OF BEST FIT

FOR TENSION FAILURES

COI'\I.ISTRAINED TO PASS THROUGH (1,1)

l
COMPOSITE MATERIAL:
THORNEL 300 GRAPHITE FIBERS

TESTS ON 6.35 mm (0.25 in.) HOLES

AT ROOM TEMPERATURE Bearing
k [ & Failure
o
u 1
I‘ﬁlet Tensioﬂ
Failure

NARMCO 5208 EPOXY RESIN

FIBER PATTERN:
(25 % 0, 50 % +x/4, 25 % =»/2)

C=0.25

[*]
m
/

et

1 2 3 4

COMPUTED ELASTIC - ISOTROPIC STRESS CONCENTRATION FACTOR

5 6

k

te
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Orthotropic Gr/Ep:
Thornel 300/Narmco 5280

OBSERVED STRESS CONCENTRATION FACTOR

AT FAILURE OF (COMPOSITE

RBB

| Padamme Y s — ~— v
A A& OPEN-HOLE TENSION FAILURES TESTS ON 6.35 mm (0.25 in.) HOLES
O @ LOADED-HOLE TENSION FAILURES Bearing AT ROOM TEMPERATURE
00 @ LOADED-HOLE BEARING FAILURES Failure -
(SHOULD LIE ABOVE LINE) W .
| LEAST-SQUARES LINE OF BEST FIT S i :
FOR TENSION FAILURES .
CONSTRAINED TO PASS THROUGH (1, 1)
o uzn ol ‘ | et Tension °
COMPOSITE MATERIAL: :
THORNEL 300 GRAPHITE FIBERS | ~ Failure
NARMCO 5208 EPOXY RESIN 3
FIBER PATTERNS: %0 %tx/d % u/2 TR
SOLID SYMBOLS 37.5 37.5 25.0 #
OPEN SYMBOLS 37.5 50.0 12.5 o
e e g S §""“ LIE o d .
C=0.4 & & Bearing L]
LR g L SRR |
3/ & O o { /r
.
- L_NetFension~—~—_ /"
= [ R it
) 2 3 4 6 10 n 12

k

te

COMPUTED ELASTIC - ISOTROPIC STRESS CONCENTRATION FACTOR

Mechanically Fastened Composite Joints

c~

45



Quasi-Isotropic Gr/Ep:
Morganite II/Narmco 1004 |

5 i
O 4.83 mm (0.19 in.) HOLES TESTS CONDUCTED Al
& O  6.35 mm (0.25 in.) HOLES ROOM TEMPERATURE
O —— LEAST -SQUARES LINE OF BEST FIT
o CONSTRAINED TO PASS THROUGH (1,1)
ak 4 1 [] 1
4 4 4 + H
0o COMPOSITE MATERIAL:
(> MORGANITE Il GRAPHITE FIBERS C=0.25
2k NARMCO 1004 EPOXY RESIN o
E < e %
o = FIBER PATTERN: °
zQ 3 F 25 % 0, 50 % /4, 25 % u/2) >
O 'E i ' Q (o]
=0 ® 6.35 mm OPEN HOLES & @ |
G (NARMCO 5206) /m .
o’
'*58 2 e |- G
=g :
Q - /
O < 2, -_d'-
i = z
] 2 3 4 ; 5 6 7 8
te
COMPUTED ELASTIC - ISOTROPIC STRESS CONCENTRATION FAC

TOR

RBB Mechanically Fastened Composite Joints 46



Orthotropic Gr/Ep:
Morganite II/Narmco 1004

DBSERVED STRESS CONCENTRATION FACTOR

AT FAILURE OF COMPOSITE

RBB

[%4]
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I 160 A
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nuiLco I

O 6.35 mm (0.25 in,) HOLES
—— LEAST -SQUARES LINE OF BEST FIT

CONSTRAINED TO PASS THROUGH (1,1)
| | |

e a

COMPOSITE MATERIAL:

T

MORGANITE Il GRAPHITE FIBERS

NARMCO 1004 EPOXY RESIN

FIBER PATTE
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6
I
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C as a Function of 0° Plies

RBB

0.5
O
0.4~
0.3
COEFFICIENT C

0.2}

' HTS CARBON-EPOXY LAMINATES
0.1 0.25 INCH DIAMETER LIGHTLY-TORQUED BOLTS
v  ALL PATTERNS HAD CLOSE TO 50% + 45° PLEES
s 1 1 » ;

0 1¢ 20 30 40 50 60

PERCENTAGE 0° PLIES
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Quasi-Isotropic Values of C
versus Fastener Diameter

- 10
0.8

0.8

STRESS-CONCENTRATION
RELIEF COEFFICIENT, C

03

K

RBB

% NO STRESS CONCENTRATION RELIEF FOR LARGE HOLES

=1-e

d= 11 = non-dimensional diameter
‘ in

k. ~1=C-(k, -1)

: s i
) 2 LS
FASTENER DIAMETER. d 7({NC§§E$}

i
H

-
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Stress Concentration Around a
Hole Complex

e Peak stresses actually occur at 45° to the hole
0 k=2 for common laminate configurations

e Individual ply stresses will vary with orientation
e Complex Three Dimensional state of stress

* Interlaminar stresses result in delamination
O tends to reduce k, through local softening

e Compressive Loading Even More Complex

RBB Mechanically Fastened Composite Joints 50



Shear-Out Failures

In Metal Structures
P
Tult = 2 =
-e-t

Relationship Holds in Composites as long as

* % of £45 plies significantly large
e optimal 50% +45 plies

Variations in ply percentages will cause changes in
Shear Out strength

RBB Mechanically Fastened Composite Joints
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Failure Mode Results for Short
Edge Distance, e/d=2

90

70

60

50

40

30

PERCENTAGE 0-DEGREE PLIES

20

RBB

/- PERCENTAGE 90 - DEGREE PLIES
o
% SHEARQUT STRESS CONTOURS (KSI)
\2 4
Y SHEAROQUT FAILURES
N
P~ \—'_'Ib*ﬁ
g N
7] 18
e 20
7 BOLT DIAMETER = 0.25 IN,
| D2 e/d =2.0
% o (TORQUED BOLTS)
_ ] (55 e
AN
» TENSION FAILURES 30\
]
% N \ %
AN
p NARMCO 5206 et 18\ 24
O | * GRAPHITE - EPOXY (R.T.) |
e . " L | 26
0 10 20 30 40 50 &0 0O 8O 90 100
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Failure Mode Results for Large
Edge Distances, e/d>8

100 4 / PERCENTAGE 90 - DEGREE PLIES
90 o
©
BEARING STRESS CONTOURS (KSI)
80
130 /
1 SHEAROUT FAILURES
2 ¥
W60 k—
o k b /e
3 o o~ 0 "
o & e
3 S ~ e BOLT DIAMETER = 0,25 IN.
o (7] 145,\ (TORQUED BOLTS)
< 40
[ % /
z BiARING FAILURES
2 0 ¥
(%)
w X4 .
20 o
% l45
: &>
10 f— NARMCO 5206 W N
O| GRAPHITE-EPOXY (R.T,) X\np NS ©
0 NCNLN N o

0 10 20 30 40 50 40 70 80 90 100
PERCENTAGE *45 - DEGREE PLIES
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Multiple Rows of Fasteners

FEA

inear

Non-Li

requires

.....

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

G B B
W SRR e |
G A0 BB
& G l01O b O
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First Estimate of Joint Strength
for Multiple Rows of Fasteners

—_—

6 5504 dd444

 Divide Panel into Strips of Equal Width
O Strip Width = Fastener Pitch p
O Strip Load P P— &
O m =number of Strips/Fasteners m
O Total Load P,

 Each Fastener in the Strip will take a Portion of

the load P 5

Total Number of Fasteners

P =

fastener

RBB Mechanically Fastened Composite Joints



Assuming Linear Interaction
between Bearing & By-Pass Loads

Linear Interaction Initially Assumed

1 TOTAL LOAD
BEARING CUTOFF

(P BTHING LOAD
BYPASS LOAD
TENSION-THROUGH-
THE-HOLE FAILURES

maX

o. =k -0 +k -0 <o
b b T t tu BF?";G
LOA

o, = fastener bearing stress

o, =nettension stress causedby — mssion
load not reacted by the fastener

k., k, = constants of proportionality

o,, = ultimate gross (far field)

strength
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Interaction between Bearing and
Bypass In Multi-Row Joints

1\ : TOTAL LOAD
BEARING CUTOFF

c.. =k o, +k -0 <o,

BEARING
LOAD

Alleviation Factors and

Stress Concentrations Factors THEHOLE FALURES
1+C ~1)-1 — - —  _ _ _eveasstoan _
el 04 -
- _ 2 31 4
% d / 1 Vy‘ 2 Wi+t
k. =1+C-(k, —1)

3
K, = 2+(1—Ej
w
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Experimental Conformation of
Linear Relationship

c.. =k o, +k o <o,
120
® @
® [ ]
¢ g 2 ° o TEST VALUE
100 + (TENSION ALONE)
a, (KSI)
TOTAL INDUCED 80 | -
TENSILE STRESS
“e=%, ke *%% Ky
g c avg c
60 |
® - PREDICTED COMBINED STRESS (BASED ON
MEASURED TENSION AND BEARING LOADS)
40 |
B i) et
20 +
O | | | | ]

0 20 40 60 80 100 120
AVERAGE BEARING STRESS 7 (KSI)
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Interaction between Bearing and
Bypass In Multi-Row Joints

TOTAL LOAD
? H]JRING LOAD
BYPASS LOAD

TENSION-THROUGH-
THE-HOLE FAILURES

Even if w/d too large to e t/{b
exhibit tensile failure under
pure bearing load it will still
do so for bypass load

BEARING
LOAD

Gb:Ftu_kt'GtSFbr - -

Most Efficient Joint: One bolt subject to a o7
pure Bearing load (no Bypass) with
minimum Bearing Load

JOINT 04~
STRUCTURAL
EFFICIENCY

LE]
[P/ (F . wt)]

Maximum Joint Strength: Proportioning asf f ]
the joint to cause tension (rather than ol
bearing) failures at all bolt holes R L

RATIO OF BOLT DIAMETER TO STRIP WIDTH
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Interactions for Compressive
Loading Has Different Form

UNFILLED HOLE
CONSTANT wmt—-—w\ |

e maas = - I = -
— BEARING STRESS 1 "W = *
I br - Gb | GC ENVELOPE vpass ~ oy
CONSTANT TOTAL | CONSTANT TOTAL LOAD
GROSS SECTION FAILURE ENVELOPE

STRENGTH CUTOFF 7

}‘_ }_ Poypams —‘I

COMPRESSION TENSION

'bypm

Ultimate Compressive Load, F_,
Tight Fitting Bolt
Loose Fitting Bolt

6. = Gross-Section

Compressive Stress
F,. = Bearing Strength
o, = Bearing Load
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Multi-Rows of Fasteners Show Small
Improvement Over Single Row

RBB

GROSS SECTION
STRAIN,

AWAY FROM
HOLES

(.006.

0.008

Q008

Q003 |
0.002 .
AL SIGLE-ROW i
f o BEARING FALURES
f i WERKCER THAN NEY
oy TEMSION FARLLSRES
G001 b g
ﬁ"
W . N S W SSROL NUOL U N
g 0.4 a2 0.3 g4 o8 o8 8.7 .8 0.4

oo 1F, FOR MULTIROW BOLTED JOINTS

[FARUKE 87 BEARING/BYPASS INTERACTION)

STROMGER BOLTED JOINT twid » 51,
s WITH UL TIPLE ROWS OF BOLTS
TO REDUCE BEARING STHESS

STROMGEST POSSIBLE
SINGLE-ROW
BOLTED JOINT {wi = 3)

GUTER ENVELOPE

RATIO OF BOLT DIAMETER TO STRIP WIDTH, diw

Mechanically Fastened Composite Joints

= GROSS SECTION

STRUCTURAL
EFFICIENCY
30 (PERCENT

ot

10
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Impact of 0° Plies on Stress

12.5% 0° Plies

40
12.5 PERCENT 0-OEGREE PATTERN
= CARBON-EPOXY LAMINATES
£ = 446 < 104 P31
30 i MULTLAOW BOLTED JOINTS £, = 38.25 ks - 0.007
10 c-0.125
o UNLOADED MOLES - 0.006
A
30 -
GROSS SECTION 35 Eim 0.005
STRESS (KSh} o
Fheg \ - 0.004
i~ SINGLE-ROW
BOLTED JOINTS - 0.003
A BERRING TERSION - 0.002
FAILURES FARUNES
0.25-NCH BOLTS - 0-001
0 L 13 L i H ! ! 1 L 0
0 0.2 Q.4 0.6 0.8 1.0
DIAMETER-TO-WIDTH RATIO (d/w)
% 0° Pli
25% 0° Plies
40 3 0.006
23 PERCENT 0-DEGREE PATYERN
\ CARBON-EPOXY LAMINATES
b 3 €~ 482108 P8t | 0.005
\ F, = S8.50KSt -
C -0.2%
0% o MULTLROW BOLTED JOINTS
90 UMLOADED HOLES - 004
GROSS SECTION ~ I
v ~ 0.003
STRESS (KS) 20 e SMGLE.ROW
BOLTED JOINTS
- 4 0.002
TENSION
10 FAILURES
BEARING - 0.001
L. FARURES
0.25-INCH BALTS
o i { il i 1 1 . 13 i 4]
L+ 0.2 0.4 0.6 c.8 1.0

RBB

OIAMETER-TO-WIDTH RATIO (d/w)

GROSS SECTION

STRAIN

GROSS SECTION
STRAIN

GROSS SECTION
STRESS (KSh)

GROSS SECTION
STRESS (KSI)

Mechanically Fastened Composite Joints

3

7.5% 0° Plies

GROSS SECTION

STRAIN

GROSS SECTION
STRAIN

50
17.5 PERCENT 0.0EGREE PATTERN
CARBON-EPOXY LaMNATES | 0.005
-] E=9.194 104 P51
L ¥
Or
_XW - WULTRROW BOLTED JONTS il Jo.004
~ i
- e, ! L7
I UNLOADED HOLES
ELT Y] ~
| 7 0.003
F 12 |
- !
20 POy |
SINGLE-SOR = 0.o02
BOLTED JOINTS
Todion
10 o b FALURES 0.001
" FALURES
Q.IINCH BOLTS
o 1 i i 1 i 1 1 L 1 o
a 0.2 0.4 0.6 0.8 Lo
DHAME IE'R-_TO-WW RATIO (d/w)
% 0° Pli
50% ies
s0 — — —
. 50 PERCENT Q.ORCREE PATTERN | o oo
x CARSON£70XY LANINATES | O
L] E= 1155~ 10% PSI
wl —— Fou = 79,00 K5
“ —— MULTI-RUW BOLTED JOINTS g
- (Il 0.003
/'v,_j. - UMLOADED HOLES
30 -
7 I
Tore | -{ 0.002
29 SMNGLE-ROW
BOLTED JOmTS /
- TENSION
N p— FAILURES
10 FALURES o
V.234NCH BOLTS
0 3 L : L i ' i L 0
[+] 0.2 0.4 0.6 0.8 1.0

DIAMETER-TO-WIDTH RATIO (d/w)
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Multi-Row Improvements Only
Until Bearing/Tension Transition

- UNIFORM
/  SPUCE PLATES
S-R?W ! D o .é, bk,
TENSION. SINGLE-ROW g s
50 - £ ™ f? 4 i ;
m( IDENTICAL *
FASTENERS
W"""‘"
40 iy 0.0(35 & -O' §
GROSS j
SECTION ~{ 0.004
sTRess SO [T
{KSh
20 SECTION
—1 0.002 STRAIN
10
- -t 0.001
HIGH-STRAIN CARBON.EPOXY -

W . . N T . 0
0 0.2 0.4 0.8 0.8 1.0
DIAMETER-TO-WIDTH RATIO

RBB Mechanically Fastened Composite Joints



Comparison Between Narrow
Strip and Wide Panel

(BEARING LOAD PARALLEL TO BYPASS LOAD)

0006 — 11— 71T T T T T 1
% FOR PO
0008 |~ o (o e e g) 1%
) 0.25Y
BN
S~y \\\ Ip(/@ *0.5
0004 = 0.75 \\\\\\\ /)
: TN, o| |04
GROSS SECTION| A ‘\;\\\ “%% GROSS SECTION
STRAIN, 0.003 5 SN STRUCTURAL
AWAY FROM 5 \:\ O ' EFFICIENCY
HOLE(S) & N
0002 |- 3;5 SINGLE-HOLE ™)
p JOINT STRENGTHS 3, —102
> \
g \
0001 |- /¥ WIDE PANELS R
£ NARROW STRIPS — — — — N\ |01
7] N\
A\
gl 01 1 1 1 1 1 1 1 No
0 01 0203 04 0506 07 08 09 10
d/w,d/p
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Joint Configurations Have Effect
on Bolt Loading

4-ROW BOLTED JOINT e -
B sl 3 i t E
14 |- /e, 112, 1/2,5/8 1 W —
0.50 IN,
CONFIGURATION D
121~ Ewom * 0005 INJIN.
1 g 3 ‘4
osgw| | 1 8T
10 b i t
{ I
T LOAD y 142, 142, 12, 142 o ; ; el
s . A CONFIGURATION C
{1000 L8)
: € = 0.0045 INJIN,
& g
1 2 3 4 02%5iM.
. 0OIN. =
4} Ly, CONEIGURATION A e WD UL NN Lt
Geevereed CONFIGURATION B PR R R I Bl e S s
§om v~ CONFIGURATIONC CONEIGURATION B
b B e = 8 CONFIGURATION D € pom = 0.0045 1N /1N,
1 2 3 & 0I5IN.
o { i H i G‘SD}H‘(. L
1 2 3 4 el i S T g
BOLT NUMBER vz vz i

CONFIGURATION A
€ pom = 00041 INJIN.

FIGURE 6.32. Effect of Joint Configuration on Bolt Load Distribution.
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Preliminary Estimation Fastener

Load Sharing, Basic Parameters

Plate Stiffness
A-E

L

Fastener Bending Stiffness
K, = 1

C

K

C = Fastener Effective Compliance

_2:ty +t, =
av 2
E. = Fastener Modulus of Elasticity

d = Fastener Diameter

L

RBB

Mechanically Fastened Composite Joints
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Parameter Summary

RBB

Inner Outer
Plate Plate

1
2
3
4
5
6
7
8
9

Al

Al

Al

Al

Al

Al
CFRP (Ql)
GFRP (Ql)

Al
Al
St
St
Al
Ti
Ti
Al

Al
St
St
Al
Ti
Ti
Ti
Al

0.13
0.13
0.13
0.13
0.13
0.133
0.1325
0.1325
0.13

Mechanically Fastened Composite Joints

2.12
2.12
2.12
2.12
2.12
2.06
2.06
2.06
2.12

1.0
1.87
1.43
0.84

1.242
1.1125
1.1125

1.0
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0.45P

0.40P

£
& K=0.1K; ﬁ
8 030P .
K= 04K~ \e///
0.25P ;

=000

st
o
i

s
Va
k!
i
b el
>
l e
Fastener Load
=]

0.20P
E=ky o
0.15P
0.10P
1 2 3
Row No.
Number Inner-to-Outer Fastener Row Load Shear Expression
of Rows | Plate Stiffness Ratio RLF-Relative Load Fraction
3 Kirner=Kouter RFLg,=RFLgy=-0.0167(K,/K )?+0.0803(K,/K_)+0.3362

RFLg,=0.0333(K/K,)+0.1607(K,/K,)+0.3275
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0.40P

035P

0.30P

0.25P

a p.20p

V)
s
bt

3 P
]

e
(=)
1

e

8y

o
Fastener Load

0.15P

0.10P

Number Inner-to-Outer Fastener Row Load Shear Expression
of Rows | Plate Stiffness Ratio RLF-Relative Load Fraction

4 K. =K RFLg,=RFLg,=-0.0556(K,/K )2+0.1678(K,/K,)+0.258

inner— "Mouter

RFLR2=RFLR3=0.0556(Kt/Kp)2-0. 1678(K,/K,)+0.2471
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0.40P T

0.35P Ck
0.30P 3\

K ou.,, ;‘

Fastener Load
B
A%
.

g
S
Ny

.25
& o.20p /

0:10P w
ESZaN

K=0.7K; ‘[
o i |
i 7 3 4
Row No.

Number Inner-to-Outer Fastener Row Load Shear Expression
of Rows | Plate Stiffness Ratio RLF-Relative Load Fraction
5 Ko oK ter RFLg;=RFLgs=-0.1389(K,/K )*+0.2994(K /K )+0.202

RFLg,=RFLg,=0.0694(K,/K,)2-0.1581(K,/K,)+0.1994
RFLg3=0.1389(K,/K,)2-0.2828(K,/K,)+0.1954
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0.45P

1 - 3 £.40P o
S ""Ki I e [—R’_]} -5 | — i B 03sp K=04K; /
L -] :J G\ /
eiiii%eé %o_mp AN
E 0.25F
0.20P
1 2 3
Row No.
Number Inner-to-Outer Fastener Row Load Shear Expression
of Rows | Plate Stiffness Ratio RLF-Relative Load Fraction
3 Ko or=1.5 K ter RFLy,=-0.0278(K,/K,)?+0.0194(K,/K )+0.3128

RFLg,=0.0138(K,/K,)?-0.1064(K,/K )+0.3205
RFLg3=0.0139(K,/K)2-0.0869(K,/K,)+0.3776
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0.35P
3 0.30P s /
?g 0.25p re - /
f':i: 0.20P \ ‘; /
0.15P \‘t f‘j /
0.10P ’\k‘/
$.03P
1]
1 2 3 4 5
Row No.
Number Inner-to-Outer Fastener Row Load Shear Expression
of Rows | Plate Stiffness Ratio RLF-Relative Load Fraction
5 Ko or=1.5 K ter RFLg;=-0.125(K,/K,)2+0.2692(K,/K,)+0.1551

RFLg,=0.0417(K,/K,)?-0.1142(K,/K )+0.1618
RFLgs=0.1167(K,/K,)?-0.2677(K,/K,)+0.2008
RFLg,=0.0972(K,/K,)?-0.1953(K,/K )+0.2383

RFLgs=0.1306(K,/K,)2-0.3079(K,/K )+0.2441
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0.60P

cL\ K=0.1K
0.55P .

i 2 'g
i = = : ; e
P 3L K K _¢— 5 045P "
. | & oaop
0.35P
1 2
Row No.

Number Inner-to-Outer Fastener Row Load Shear Expression
of Rows | Plate Stiffness Ratio RLF-Relative Load Fraction

RFLg,=0.0333(K,/K,)+0.5267

2 Kinner= I(outer

=2/3 K, ier RFLg,=-0.0333(K,/K,)+0.4733

Kinner
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Number Inner-to-Outer Fastener Row Load Shear Expression
of Rows | Plate Stiffness Ratio RLF-Relative Load Fraction

3 K K

inner— "Mouter

Kinner=4’/5 Kouter

=2/5K

Kinner outer

RBB

Fastener Load

0.50P

0.45P

0.40P

G.33P

Q.30P

6.25P

Row No.

RFLg,=-0.0148(K,/K)>+0.0852(K,/K,)+0.3430

RFLg,=0.0116(K,/K,)?-0.0638(K,/K )+0.3471

RFLg=0.0032(K,/K)2-0.0213(K,/K,)+0.3039
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Fastener Load
Lan]
3
i
5
L
.

i 2 3 4
Row No.
of Rows | Plate Stiffness Ratio RLF-Relative Load Fraction
5 4.5 Kipner=Kouter RFLg,=RFLg,=RFLg3=RFLg,=RFLy=0.2
4 Kinner=K0uter
15 Kinner=Kouter
2/3 Kinner=Kouter
e S
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Bolt Stager Patter Parameters

Ssp

Fastener s, Fastener Psp

Diameter Single Row Stager Stager Distance
(in) Spacing Spacing
5/32 1.0 0.39 0.63 0.34
3/16 1.18 0.47 0.75 0.41
1/4 1.56 0.63 1.0 0.53
5/16 1.8 0.78 1.19 0.66
3/8 2.35 0.94 1.5 0.78

AR ey

_m.“\‘fim_._‘._““._.’{&; _________ é _____ ; - — -
i D

o ;.;L,'_ = .;M,, I

; 2 2
)W _.n._‘___j‘i IS_p — 2. pSp _ Sﬁ
- | D D D
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Stager Distance for a Single Row
of Fasteners
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Fastener Stagger Spacing-to-Diameter Ratio
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Two Rows of Staggered Fasteners

RBB

Net Tension
P P

oM 2:t(p,-D) t-(l, - D)

Shear Out
F
2-(2-e+s,)

Tso =

Mechanically Fastened Composite Joints
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Three Rows of Staggered
Fasteners

Net Tension
P

2-t-(p3p—D)

Ont =

Shear Out
F

2-(2-e+3-s,,)

Tso =
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Questions and Discussion
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