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..i.'· • - 1.. INTRODUCTION . . . 
~·-----------

' .. -· ,--

,., 1.1 General 
. .,, 

. ' 
.., 

One of the many variables--aff-ecting the behav;~:f;. __ 
1
~{, ~ 

. . ... li:-

structural connections is- the spa~ing_ of_ the fastene·rs parallel I ·. . . . . . , --·. 

to the-direction of the applied load~ This ,spacing is commonly 

called the pitch. Some investigations have been concerned 

with the eff·ect of fastener spacing on the behavior of the 
. d i 1 (l) b I h .O f . h 0 

• connecte mater a ut t e important actor 1.n tis case 1s 

the transverse spacing, called the gage. The pitch plays a 

secondary · role in cases Were '-the material failure may be a 
-tear alOD.g a sawtooth line through holes of the first and 

second rows • 

In the case of fastener performance, piteh plays a more 

important part. The design specifications of the American 
- . .. ~ . ~ 

Institute of Steel Construction(2) include a section on th~ 

minimum allowable pitch is set by such thing~_ as. c_l~arance , .. . . .. 

driv.ing eorrdition-a and Yabr1.ca~ion technique. Als-o, triere is · 

a maximum pitch for compression membet:-s which ls set to prevent 

local buckling in .built lip g1@mb·era, , HQwever, thei:e i• no . • • .••• 4 . 

\ . .., ' 

. ~ 

_._~.•\'"• . -,_ .. _, ... -... !:~···· .. , 

'03 .. 

-·····:·· ·:.;,· ... 

' 

. .-,., 
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-2 
) . - . t 

_ provision for maximum pitch in· tension members and ·it would 

be possible to design a connection with the fasteners at a 

·. twelve-inch pitch or more. 
,:,- - • "'a -· .. 

Silence· on· this subject· ·might lead one to believe · that 
/. 

the pitch, or overall length of a joint (which is a summa·· 

tion of the pitch distances) has no influence on the behavior 

of such a connection. Some would say that there should be 

no concern because a rivet possesses enough ductility to 
, ,· • '.,1 :,~. 

transfer load for any joint configuration. However, this 
•l 

' reason has not been substantiated adequately bJ test. 
6' • ' 

~. ... "' 

When design specifications were being prepared for,.the 
,. 

h~gh strength bolt, a question arose as to whether the bol..~ .. 
,' 

was ductile eq9,ugh· to allow similar assumptions. It. was -

reasoned that increased~strengths are often achieved ~,by 

To answer this, experimental investi~, 

gations were initiated at Lehigh University to evaluate the 
. . 

. behavior of long· bolted· eon·nec tio11s. Furt~ei; · t·e-~ s of •- .~-r...-•• -'-""' , .. •n •.-. . 
, ' 

' : , I ' ' . .. ·.: *: ·- ·- . . ' . .. .t ' , ~ • l I • . • -tJ • I H - .. ; . I l ; . ' , ' 

similar riveted connections were to provide comparative.data 

about the twu types of'fasteners. In these tests of full size 

structural joinFs the number 9£ fasteners in line was varied 
' 

bl.lt the pitch (with one exception) was always h«alc;l c<>Dft-r..t" 

:, 

. ... ... 

~ 
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__ ---£ 

· . 1.2 Review of Literature 

·· .~ · A s·earch of the literature shows that in both riveted'-

and bolted-coil.nectiori research~3, 4 , 5) a reduction in aver&ge 

fastene~ shear strength has been observed to be associated 

with increased joint length. This strength reduction is 

called the "unbuttoning" phenomena. However, from these 

, 

tests it was impossible to quantitatively evaluate the un­

buttoning effect because of the influence of other .variables. 

The Lehigh University program has been able to provide quanti­

tative information as well--as·qualitative results from long 

bolted joint tests~6 , 7 ,B) Some comparison tests have been 
. - (9) 

done with long riveted joints. 

A number of theoretical explanations of joint behavior 
. .. 

have also been proposed but unfortunately most of these deal 
, , . t 

• 0 

.. 

,, 
f 
I 

l 
j 

l 
i, 
i 

I 

i 

i 
I ' . ; ' 

' . ~ 

' 
l 
! 

\ 
( 

·~ --

,_,,,_ ... ·•,, ••.. -.,, •.... ,:a., .......... ,.,.,, .. ~,-·wi·th joints in the elastic range and are not applicable to 

"' -
.. . 

ultimate .~trength studies . 

... . ......... . ....... _..,.. 
..... ~.,.,,.._. . - ,.., ...... """ -... -··· ..... ~~"-..... ...... ... ........... ,·:. 

~ The most extensive work relating to the ult.imat·e· strength . : ---

of connections was·that done for the Aluminium Development 
(10) 

·Association of England:- - ' Although this work per't·ained· -to 

, aluminum connections wi.th aluminum or steel rivets, it is 

of great value in .understanding the mf!chanics <1 · joint b,t&4.vlg1; 

\.. . .,,., 

"""I .. ·• ..... ".~•oo• .... ,, ... ., ••• , .... -····-··--

,. ' 

E 

f 

----···--------------·----·------.. --_,, ______ '-- ----··----- . --· 
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.-4 

~eyo~d the elastic range. The effe~~ o~ pitch was discuss~d. 

A portion of the Lehigh University ··program has been the 

development- of an analytical solution for the post ela,tic 
. . . . . (11) 

behavior of steel joints joined with high strength bolts. 

This solution has been used to predict successfully the ultimate 

strengt~ of joints tested in the experimental part of the pro• 

gram. The method can be used for a theoretical analysis of 

the effect of varying pitch without the necessity of an ex­

, tensive ful 1 scale test program • · 

' . 

1.3 Objective of the Thesis 

It has been shown that there is a lack of information 
o. 

''!' ,,·: ,, 

on the effect of pitch and what its contribution to unbutton-

ing phenomena is. Because unbuttoning is vitally important in 
. ' 

long connections, there is a definite need for· data on its 

effects. Nor are there provisions in design specifications 

) 

,. ....... 

·-""" 

I . .. ' I' 
,. l . . • • • • I 1 , f • f .I, • ~ ol. I • ~ I ' • ,, ' ... -

.. -~-

The objective of this thesis is to utilize the theoretical· 

solution(ll) to study the effects of varying pitch, to compare 

these results with a limited number of tests of large bolted 

joints; and to make general recoOiilendations for the control 

of pitch in design practice. . . 

. :~~ - . . . - ---- '--------~~-·--~·--- ·-~-----·------·--·-·--- -- -· -
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2. ~ IHE-°UTICAL SOLUTION, . -·- - - ... . 

2.1 Origin 

''""''"'"'" 

The method of theoretical investigation was presented 
(11) .. 

previously and most of the explanations and developments 

offered in this chapter. have appeared in the original p~per. 

Im ortant equations and developments are repeated in con­

densed form for convenience of reference and to support c•the 

validity of results obtained. 

\ 

2.2 Development of Eguilibri~ Equation 

The connaction to be dealt with is an axially loaded, 

double shear, butt type tensj_on splice (Fig. 2 .• 1). The 
---,z-.~::,;,-~-·-,--.~-~-·· . ~·-·.,.-,--,c.-~-- ........ ---·~---· .. ,. ..•.• ~-~--- ,..--.-~ ..•... ,. ,- --- ~~ 

i 

'. 

T 
;: 

' 
! 
.r,_ 

,, 
.,. 
:,; 

1 ·,. 

" "' 

analysis will deal wit~·a single gage strip only since it 
·.,, 

has been shown that the cap~eit·'t1 o·f ·u· .. ·large-- .. ~oiat p . tr· '• .... ,e ..••.• ,. ,, . J .· ' J' 
.... ·---- · equal ~o' the s\llD Of the loadS, PG, carried ·by each gage strip. 

The joint has two ou-ter or ·1ap plates, both of thickness t, 
• c 

and an inner or main plate of thickness 2t • · 

Each·pitch is designated by a subscript of the number., 

of the bolts on either side of that pi.tch, bol~, being nllfflb~red 

.. 

:.: -,--_--- ' 

.,. 

ft ... 
fl,: f -~ 

I
r 
. 

. . 

' 

j 
~I 

I I ; .·· 

I 

I. 

I . . .. 
i .. 
1· 

I 

I 
I 
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' -

,.· 

- ..... __ 

. ~ . 

j 
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-6 

1 to n from the free end of the lap plate. Prior to . slip' 
. ' 

the holes are aligned through the plies of · each _plate. The· 

· · . hole dia.meter, d-H, is larger than the fastener diamete~, 
. ~ . _,. ~ ~ .· " 

. - . I '' ~, . by an amount C , th(! hole clearance (usually 1 16 for 
.. .~s 

structural~connections). 

The ultimate load of a bearing type connection is 

assumed as independent. of the slip behavior of the joint. 

Therefore the joint is assumed to be assembled in bearing 

(slipped condition). Behavior where load is transferred by 

friftion is regarded as nonessential to the study of the 

effect of variable pitch on behavior near ultimate load • 

0 

. The bolt is loaded by bearing on each plate and .transfers. 

that load across the plane of shear via the shear resistance 

of its shank. The total load carried by any bolt is equal 
..... 

Figure,2.2 indicates the bolt forces and the forces acting 
.... ,........... ·- - ·-· 

in the vartous region.s of ·the main ... and __ lap pl~te.a ... 
• . .. ... • .. .. - .. • .t>.,.-, 

' . 

.• 

I 

~ "'11 ....... -, .... 'ft" 
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Taking either the main pl~te or the lap plates as a free 

body (~ig. 2. 2) , the equilibrium equation for .fore es in the. 

horizontal direction is written as follow1; 

(2 1) 
• oo,· • , 
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.. 

To solve for these forces,_ n-1 additional, independent equa--

. -- tions are needed ...... Tbese -'will come, from deformat'ion condi~· 
' . . : . .' .~ _,,,. . . .... 

I • 

tions .. 
1'1-· • •. 

;i· -~. 2. 3 Developme~t of Compatibility Equations · 

Certain reference points are set up to help develop the 

n-1 deformation equations required in solving for the un-

knQwn bolt forces. The plate reference points are shown in 

Fig. 2.1: as--solid dots. These points are on the edges of 

the gage_ ~trip at the centerline of each aligned hole. 

) 

When the inner and outer plates move with respect to one 

~ ••• ·1 

'· 

another, the hole reference points are misaligned by an amount 

called the hole off set, A . Connections assembled 1n bear-
• 

ing with no _applied load will have all hole offsets eq\lal 
- ~ :"' - . ,- . ~· . 

,. 

~~~-~=,··~=v-~,_,,.~~~~;~::·~-·=-·or~~~-e.-"', .. 1.~-~,-:--~)~ c,_,E~-~-~-~,!~~---·;-£~!·~l~,~~~.~~ !. . ~! ·.:!-~~~ .~~,.- ~pplie.d, the h~le. 
. ""f' ),... . . . t- • 

.. 

offsets are no longer equal because each pitch ·elongates a 
" 

' 

•.•1;•r,•,r·,i··t·.r-•,' 

·-,di£ f ere·nt. amow1t • . • .,s .......... ,.,., "o"'!""·-~ .. ··,(-tttl•-.a• 4 -..·1• 
• .. • • • • -,, • /Ii, • " > •· • ~ .• • . ...,. ... _ ...... , ~- . 

..,_ ,,.. 

-- . _ .. 
.,... , .. •, ,., t t, )llfl t t j t ~ 11. > 'I.;. Jt t >,II),.,. l ~ ~, • • 3 , '• i • • • •) • ,._, •') • ) , I• l ... t t •. ' ) • t· • ! t · J •, •·t O 't • l .,.. " ~. t • ,. I It,, t \, • t · • •. , .. ·' ~ • ,. · • ? t ,. t •I 1 • , . 

.. •-: 

1 . 

The hole of £sets, f::l, are not equal to the bolt deforma­

tion. It is clear that when slip occurs the .hole offsets 

. equal the hole clearance, c ~ but the bolts have no deforma~ 

tion •. The bolt deformation, actually due to shearing and 

ben~ing is -ideillized as shown in fig. 2~3. 

____ .._...~--......... -·------·-- .. 4 

{/ 

' 
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It has been shown fhat a hole of £set A and a bolt 

offset 8 are related by the fOllowing expression: 

. ,--- .. ,. -- . - . 

A =c 
~ '-1, . . " + bl + Ail +~01·,. (2.2) 

e 

.. ,, . - ' ' -

' ' 

- :;'.), 

. -·· ., .... "'·~-- - . - ··- ' ..... 

"11 
t where· - the hole elongation due to tensile load--

\ 

' ing in the • main plate 

and A = the hole elongation due to tensile load-ol . . 

< ing in the lap plate 

and where b includes bearing deformations of the 

plates and bolts. 

The deformations of the bolts and the longation of the 

plates in the vaiious pitches must be compatible with one 

another. The compatibility equations are d~veloped _with 

the help of Fig. 2.4 that sh6h,.,,the edge view of a joint and 

the plate reference points. The elongation of the pitch be-
•-···. ·~···,i;·~-- -'S ,. _.,r·.- '•* -. • 

tween any two bolts is denoted by the letter e • 
• I •. ~- • " • .• - • 

... El ............ 
. .... · · · · Equating:,_ dimensions along the upper· ~itd 'lower .Aim!!)sion · .............. -- . 

i . . • , 
--

· lines and elimillatillg the pitch lengths there result n-1 

eq11&tions of the form: 

--1 
i 

I • . -,..}:-,J· --_:{ ."'-·· 

fl . 
• ..... -.-·•·-<f"- --'\, -·--·--··-- ... --- .. ·-·-·-~-·;:-

(2.3) · 

'-.: .' 
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• · rt·~s been shown (ll). that these equations .invOlving 

ho-le offsets ·can be· wr.itten- as follows:· . ~·:, 

~ .. 

··-····. 

c 

• ,.I 

-b + e' = - ' + b el2 1 21 2 
. .' ·., 

. K 

...... ··- ;,., ' .. ,.. . .... ',._ :.~. ~- .... , .. : .:. --~ ;:·,;,• , ..... ,•. ··:·· .. , .. ·:· -· - .. ··." .. - .. 

6- + e' = e' + ~3 2 32 · 23-

• (2.4) 
.lj 

• 
• 

bn + e' = e' + ·b nm mn n 

whe~e e' = the pitch elongation, measured between 

the bearing surfaces of any two -d-
. ' 

jacent holes. 

·"· 

Equations 2.4 are the n-1 compatibility equations which, 
. '"-..}\ . 

expressed in terms of R's, may be solved simultaneously with 

the. equilibrium;rcondition (Eq.· 2 •. 1) to. provide .the unknown 

/ 

~ . 

.... 

bolt forces R. To effect such a solution the functional -_,., ., ,, • :·.•4":""'-,! • ..;J)C.",·•"!!\:,"~~~:, ..• ;,.,~.·~. ,..,.,,...,n-~ _ f-.:.-·-.·-·,;-,~---;,i•,•, •'•" , ._ • • • • , _, ,.. t ._,, • .._ • V • ·• • • _ ,: • -,-i: -. - .-_- -~-• ,•.;," -• I • _. _ • ,-----., __ , • f , .. _..:,;.:.,: .•.. _._;.;.·.,.:;,, !,:;•:.;,·.-,-,) ~-·-····• · • ; •-•, J::O ••. • .• ~C .;,c•; .. .;---.-.-, ·--;"-~ic·-_;-'s·,; -~••• .. , . ....).". ;--··;.;_•, .•.. ·; ,f • ·r_·, ·,· ·; ·• - ·- • t.l;~.--.-·. ,:::.:;~·.-.c:=.1..~;' ... :,-;•'., ·••-~· "·• ,:c:Cl:C""-<-'..i..~---,'· ,;_~.,:;..., ·,-,,. ··:,·• ·.-..·•"f'","r j"••::..r.-•.I .•;,J..~'-••"•.,._.,-,·<·=.:.·=:::'""'·-t~~l•"''""'-"'-.C..'4--"-•-L..~._,lf'='°' 

relation of loads and deformations for bolts and plate must 

... _ ~. ~ .. .. R.~ .. d.e.~,ermined. These relations are found through calibration 
. -..,,... - ...-.--· . . .. ' ... -~ . 

~· - • .. • ,i,o-. - -~ • !t• _.. • • a, 14' .-,. .... /IO " !II • • • 91 II ""' "" j ii> WI -. I' • • w "" .. tests of s~ngle bolts and plates._ 
! / 

- '.., :':- . 

. 2 .4 Calibration Procedui;es 
·.-·· ·,. 

' 

a. Bolt Shear Calibration 

Bolt shear calibration must be done on bolts of the same 
' . 

' l_ ... ' 

--~----·----~-----·-------·--. . --.:.-......---~·----.------··· 

,. 
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- di.nlensions, basic properties·, -and -heat treatment as 

u~ed in a prototype joint. Because the bolt offset 
~ 

.those 

and 
" 

bearing deformations alway_s oc~ur ~ogether_, they are lumped 
. '· 

I 

t~gether.in~ the qu~tity c.alled the ''calibration.-bolt ~off .. -

set", ~. 

A single hole connection called a shear jig is used to 

shear the bolt. The sheax- j·ig shown in Fig. 2.5 was loaded 

in a testing machine a~d· corresponding deformations or 
.. ,, 

'\ 

i 

c( 

"calibration bolt offsets" were determined from the relative 

movement of the testing machine headso Further explanations 

of the test procedure may be found in Refs. 11 and 12. 

An average of results of bolt sheax- calibration for D-
. (12) · r. 

Lot bolts is plotted in Fig. 2.6. This curve provides 

the relationship between bolt offset and load. -•• 

b. Plate· Calibr.ation 

Plate calibration is done by t.esting a duplicate section 

. i 

·~ 

: - ~-. 

{. 

i 

I 
I 

f I 
{ 
i 

< 
,' 

~ · · · af .~-one gage strip · and recording t·he tension - elon_gation 
~· .... ~ ........ i!,ri> "'"'i . I 

behavior of one pitch lengtho Since the load is uniform 

along the length, the quantity e i is equal to th~ value of 

e. 

. - -·- - .. - - -, .. -~ .. ·::··-" ;;_· ...... 

-- -- --------------------------- - -- ----~---- -- -- ------ -- - -
r 

---- ---------- -~-----~ - ------ - --
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The- dimensions of the plate ·calibration specimens ~re 

tabulated in ~ig. 2.7. The main and lap~plates of the proto­

type joints were always ~wo one-inch plies so the load on 
- . 

the calibration test specimen was doubled to. give the load 

pG·for the two inch strips. 'The results are plotted in .Fig. 

2.8. 

2.5 Solution of Equations 
I "' • -

~ 

- ' 0 

Knowing the load-deformation relations for bolts and 

plates, one may procede with a graphical trial and error 
~ 

solution· of forces within the hypothetical joint. Since 

the joint is syametrical, one need only solve for one-half 

of the joint though the solution may be continued through 

' 
the entire connection. An-illustration of the method is 

shown in Fig. 2.9 using assumed calibration curves. 
1 ~ .P 

,._; . - , ........ - .. ' ., . .. . . . - ~ 

''' ' 

The pl~te and bolt calibration curves are plotted:,. ~o the 

same scale on a large sheet of graph paper. The plate curve, 
~ 

~ .-..._ .. - .... .,....,.. r . . ~ . .,,,, .... ....,.. ................. .- .. --ti!'•-~ ... , • ..-.-..~..._.__. __ ·-•? ..-..... -
... • .. ~- "' "' ... ... .. ~ . .. • ·~ . • • • ...,... ....aat,• ......,..... --- .. c • • 

· !i1 · traced on a sheet of transparent paper· and iriver.ted as 

shown in Figo 2-o 9. The inverted curve corresponds to the - . 

main plate, IvI, in the con11ecticn a.111.d it~ urigin is set at ,. 

·the ordinate, PG (the desired gage load). 

-~-

--·-~---
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-For an assume~ value _o~· R.1 (the first bolt\ in the con- ~ 
nection), the corresponding bolt offset, ·. 0 1 , is determined 

from the bolt calibration curve,, B. The elongation of the 

first pitch in( the· lap plate, · e21 , is read for· thf! same 

ordinate since the load in that pitch is R1o This ordinate 

,11.lso corresponds to the inverted ordinate (PG - R
1), which 

is the load carried/i>y the main plate in the first pitch, 
and the main plate elongation, ei2 , may be read from M. 

·\ Th~s, the dimensions above and belot~ the horizontal line 
-~i -

represent the compat~~ility condition (Eq. 2.4) and .b2 m~y 
, 

be determined algebraically • 
• c, ..... ~ 

, 

w~th a, known O 2 , R2 is read from B and the sum of ~ 
and a1 is laid off as an ordinate. The pitch elongations 
e23 and eJ2 are found at this ordinate and a3 is determined 

. from 6 3• This procedure is continued to the center ef th~_ . 
. ,,·•,·••" 

jc;,int. 

. ~ 

The sum of the bolt forces, R, are compared wit.b.~ one-llalf .. . , .. .,. •' . ~ 

. ....... ... .... ~ 
of the gage loa~:i, PG/ 2, . and these should be equal in w:der ·to 
satisfy the equilibrium conditio~ ·(Eq ~ 2 .1) • The dif f e+en~e of . 
the two represents one half of the ~otal error in equilibriwa 

. (>. 

and the original ass~ption for R1 should be modifie~ accor4t~gly, 
t"· • 

- . - ~ ·~--.... ·'. ~~--- ---~___,.,- "---'-'·---- ~~-----,------... ·-· ··-
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· With a new yalue of -a1 , -the solution 

. I 

is repeated µntil the 
••"> • I , ' 

·error _is __ within acceptable limits. 
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3. BEHAVIOR OF LONG BOLTED JOINTS. 

3.1 Theoretical and Experimental Work 
. 

--- ,-.,. ----~--~-- ----~----

-A theoretical· "'and experimental program was . pianned _to 
study the effect of pitch on bolted joints. · A series of 

. ' 

hypothetical joints -were designe·d with pitch as the only. 
£1 . • ' •• ' 

. 
variable. These hypothetical joints .were investigated by 

the theoretical method described in Chapter 2 and made use 

of the plate cali·bration spec·imens described previously. 
• y 

The tµeoretical connections were designed with the oojeet 

that available experimental · work could be used to valiQ&te 

results. 

11_~..L~ 

--~-- J 
. ~ 

t 
' I 

i 
! 

i 
. 'i 

t 
I 
¥. 

I r 
l 
' I 1,. 

l 
! 

T 
' l 
l 
! 
' i 
J 

t 
l 
i 

~ • • _ ,_•- - 0 C • • r • ,• ,· •, r• O ,o • ~ ;-; •• - I -,-- '"" • I • ',$<·• 
--~--- n-~-· .~ ..... ~ .•.. .,... .- :... .:.,.:·_ ·-··.- 0 ··:-· ~ ... __,.,.,._.·:· ... _-;----~---~~--,.--.. --... ·-~r-··· -~- ---- -·-- .. -:~-I 

3. ll Description of Hypot.hetical 
1
Joints I . 

Four hypothetical bolted joints were analyzed to obtain 
. - -·· 

· information about the effect of pitch. Each joint had nine 

bolts in line but the pitch varied from joint to joint being 

2-1/2'', - .J-1/2'', 4-li2u_ and 611
• Other features of. the- joints 

_held constant were width, thickness, faste,,er size, and· hole -
,! p .. ~ 9 

diam,tei- • 

• . 

?he four hypothetical joillts · were de81g1led for a tension­

ahear ~atio, T/S, of 1:1.10. BaQh joint was four inches thick.,. 
Ii ; 

' f.' 
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-J. 

· - bei_ng made up of fo~r A-7 · steel plates one-inch thick and 
~ 

•• J !} 

13. 78 inches wide e _Plate material (plate calibration stock) 
<" • • . . •..•.• ---·-·-~~-··. ·--- --·-

had., t~e fo~l~wing !£verage propertie~. . ~ .. .. 

... . .. 

Static Yield Level 28.4 ksi 

60.0 ksi 

33.2% 

" . I 
... :·, •.... c .. , ..... ··.:~·-.--"·.·.·,~:····-·-· .. - . ····- .•.. -····-· 1 

·;, .. , -

Ultimate Tensile Strength 

Elongation in 8 Inches 
. ··-: -. .: 

The .joints were assumed to be ·fastened with 7/8 inch 
,1 

diameter four-lnch grip A325 bolts having regular semi-
. 

finished hexagon heads. The bolts would be installed in 

15/16 inch diameter clearance holes drilled simultaneously 

,- through the four plies of mat~ria.l. The properties of the 

bolt lot assumed.for the theoretical analysis were as follows: 
. -.-·,. 1·-·~ - ·.• ~ • --~ : ' •• ,. - - • '" •. 

· Ultimate ten·sile · strength,on stress area 120.5 ksi · 

Ultimate shear st.rength 83.2 ksi 

. 
,,, .,. u,,' ' .... -. . '··-· ................ ,.. •--:--"-,•-• -·- ·4 systematic nota~ion, ·· illustra-te·cl·in Pig·; 3.1, wa, ·used· . 

,J 

.... --.------
to distinguish the hypothet~cal joints. Consider the joint 

• • .. • ,;II ... -i'f .. --~ 

i 

I 
t 
l 
f 
i 
' 

T • .. 

. · PC9d-9D 
. . ... ' i 

The .IJY!Jlbol PC s-ignif ies that ~t&is is a hypothetjsfl7" ..... ~ ... -~- .. ... 1r·1. · ., .... ~.;. ........................ ., ..... ,, ··.·-' ., 
...,._.~ ............ ·, ........ ..~ ..... ;,,; - ~ •• ~,,.. ..-~ f_. 

joint analyzed through the use of ~ plate calibration specimen~ 
' ·' 

. ' 

The 9 means that the net s®ction of the plate calibration 
! 

is for a joint having nine 7 /8 inch bolts in line designed 

at a T/S of\~l:l,10. The letter d d~notes the:t pitch whilf! -th@ 
r 

ri 
I 
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-- 9D me-ns that the imaginary j9int had nine D-Lot bolts in 
- - --·..::.;.----~-.-~ ..... . . . 

- . 

li,.ne. . ... 

... 

.·. .... . . 

~._l.2 Prototype Testing 

• ' I 

One joint, D91, was actually fabricated and tested. 
' 

This sp~~imen was identical to the hypothetical joint PC9b-9D 
' 

except that it had t~o lines of nine bolts each o Failure of 

. . 

. _____ : ·--·--.--·---· 

' ---••' -----

•• •_!., • 

l 

~--1 
: 

- I 

i - I 

• ·--·· '( -.- • ,. .. ,.. },·";,:•v;1~1--=;-,...,,. . 

~ D91 occurred t~he'n a single end bolt unbuttoned at a test , 

load of 1358~ (avg. bolt shear stress= 62.8 ksi). It is 

.. . 

. 
,•It. 

assumed that the bolts in this connection possessed the 
I -- I 

I 
~ 

average strength of single D-Lot bolts tested in double ---
. I 

I 

shear, 85e3 ksi. Detailed descriptions of this test will be 

found in Ref. 11. 

3, 2 Other Experulental · Work Related to the Variation of·· Pitch , 

.... 

· Ultimate strength-. data. is ava~lable f~om -three --teats .of~ -----,~--.-~._:_-_ .----~-- -··-···---

long bolted joints whose results(S) are useful in a study - ................ 

with tt10 lines of 7 /8 incli· ·d:tameter, regular head, A325 bolts 

(Figo 3ol)o One specimen, :010, had ten rows of bolts while 
' - ,·-p_ ,-.· ,, ., 

the others, Dll and D13A,h~d thirteen •. The specimens, D10, 
- ---- -

1.)1~ and Pl3 differed f1;om D91 in t~t tll.t!y were fabrica~$4---

gf ~ight one inch pl4t~«1, 

------

-------
- --------- -
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. The- bolts, ·designated the .. C-Lot, hact-~an average ten-~-c---· · 

sile strength of 53 .(5 ltips. Shear .t~s~s of-·~ these bolts 

showed an average ultimate shear strength of 91 ksi. The 

plate material used was from the same heat and ingot as the 

._plate used in D91. 

~- ~he joints D10 and D13 were fabricated at a pitch of 

3~1/2 _ inches but the joint. Dl,JA had it pitch of 2-5/8 inches 

" <... 

(equal to _three times the bolt diameter), the mi~imum allow-

able under AISC sp~cifications. With these dimensions D10. 

and Dl.3A were eqqal in overall length, that is, center-to~ -.. 

~/enter of _end fasteners.~ ·This resulted in a brief set of 

tests which would concisely show the effect of pit~h (Fig. 

3. 2): DlO and D13A ts.1ere equal :in overall length; DlJA and 
. . 

D13 had" equal numbers of pitches; ·viwhile 'D10 and Dl3 would 

define the end points of the unbuttoning phenomena for the 
'i, 

I( 

three tests. ·- __ :_. .~.:... ,·. . . 

. - - ... -

. . . 

' tMPM ,. ~ ........ - . 

.., 

JOINT 

D10 

·~-»13A 

D13 

' "k ,1544 

1988k 

1854k 

· 64.23 ksi 

63.61 ksi~ 

59.33 ksi ~ 

.. 

',(>" 
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An additiona·1 spe~imen., ·0101, was· t«asted and c·omplete 

theoretical analysis was available from previous work~ll) 

This joint had two lines of ten » ... Lot bolts each and failed· , fl_,,, .. 
•, .J···· •.-··; .... ,. . . --~ .. 

by unbuttoning a single end bolt at a test load Of 1506k .· .. · .. ~::f":'r. 

(avg. bolt shear= 62.61 ksi). 
·'\',,, 
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-· 4·. BEHAVIOR OF · LONG RIVETED JOINTS . . . 

, 

4.IApplication of Theory 

-

With slight modi·fic·a~ions, 'the semi-ira_phical analysis 
-~ r.r -, -· -·.. . - -.. 

' .• .. 

~d~~cribe_d may a·lso 1;>e used for riveted joints. A bolt and 
. '-. .., 

-

rivet behave in a similar manner except that the rivet is· 
\ 

assumed to entirely fill the hole and no slip is possible. -
,, 

Thus, the valµe of c in Eq. 2. 2 -~ would be zero.. Actually, 

the· rivet in some cases does not ent·irely fill the bole and 

elip·may take place. 

Because the ef fee ts of. ·slip are regarded as nonessential 

to ult·imate strength behavior, 0 the same equations apply to 

riveted joints as did bolted joints and analysis proceeds ·· 

~accordingly. 

... ••. · i•' - .. 

·.. -~--
,D" .: •• -· -·· 

... 

. 4~i- Theoretical· 'and Experimental Work 

-~ 

The balanced design·tens~on-shear ratio for_ A7 plates 
". 

~ 

fattened b:17 All~l rb.vets is l~/Oo 75 •· A hypothetical joint can 
\ ' .. -

be devised using the plate calibration specimen PC9b and 
. _( 

·~ "' _,,,, 

I 

I 
····----·····--·· .... ···--·-------··I 

(' I 

/ 

. I 
. _.,, 

I 

. " .. -• . . . . 

CJ • . ·q --~ 

~ ~:· tbii:.tten 7 /8 iocll_ ~tvet.s in .. line tbAt will. lulve T/S -.equal ... "- ---- _. __ .. . . 

to 1/0.76. 

-·~ ~::-. .:. ·it. 
,.· 

,, 

- . . . ,~-1lii 
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· A second theorecica.l program wa_s introduced to·· st~dy 
. i 

i 

h 
. _j 

the effect of pitch on riveted joints. Using the plate · 
,.. 

., ,.,.,,~ ' ' -- . . l calibration work, several hypothetical joint~ -~were analyzed·· 
. ' 

. -· 
l 

~ . ~ --- - - l 
-~j 

l' 
ii 

··by theoretic~! means. Additional t;est specimen~ -~re · 

fabricated and test~d as part of the general resea~ch_ pro-

-- ·-----·· - · j 
• 1 

gram. The re~ults~ of theoretical and experimental work were 

arranged.to show comparative degrees of validity. 

.,,, . 

. - ---=---- -·--- e, 
·. I~ 
. ~ 

4.21 Description of Hypothetical Joints 

-
Five hypothetical riveted joints were analyzed te- obtain 

information about the effect of pitch •. Four joints had 

thirteen rivets in line and one had ten rivets in line. All 

were designed at T/S equal to 1/0.75. Using the plate calibra­

tion specimens described thtse hypo_the_ti~al riveted joints 

were similar tq the series of theoretical bolted joints. 
,r 

-· - "' ··•• ·•'· • onl. ·• ,-,- ·--..-,., •. • .• -, .• _.,...._.. •• -.-.•,.••---~-· · · - -- •. 
-- . . ..u.c. -\ - -,- • ,., . - .. - -
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I 

The joints were assumed to be fastened with 7/8 inch 

diameter four-inch grip ASTM-Al41 rivets installed in 15/16 
. . ' ' ,. , . . . . t-' 

f 
., ! 

\0- We. •~ .. ,._ .. 

iilCh 'di&meter· h0i8EI."'. The· ·p~ope~tie·~· ~£ .. these DR lot rivets 

wt1re as follows: 

Ultimate tensile strength ) 

Ultimate shear strength 
Q 

57.7 ksi 

52o9 ksi · 

4 similar notation system, illustrated in Fig~ 4,1, wa11 )" 

f 
r 

f 
j 
l 
I 
l 
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J 

}. 



/\, . 

__ -, ... --<:.--~---' +.,i.- s ___ •• ····G---- ......... ~+-., . .,..-, •• ·,., .. -.,.-,,,..,.,, • 

. * . 

I 

\ - . . '. ·' 

,.._., _ _:._ .. _. _···. . .-.·-:-~ 

... I 
. . . · ... ' _,_ \~ 

\~ .·. 

I. 

-~ 
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used to di~tinguish the nypothetical joint~. . The . specimen 
·, 

PC9c-13DR was analyzed using plate calibration specim@n PC9c 

. and thirteen DR-Lot rivets". PrQportions of o~her ·, joints 
•• -~ •. I) ·r 

.. ~ .~-- . (I 

conform to this notation. "-"_..-·: ---- . .- ·- .--'--'--=--··_-_.c __ -_ 

' •. 

Of the five hypothetical joints, PC7b-10DR, PC9c-13DR,. 

·and PC9b-13DR were analyzed completely for behavior under 
~ 

. 

load. The remaining tw<;>, PC9d-l3DR and PC9e-ll>R were analyzed 

for ultimate strength only. 

4.22 Prototype Testing 

~~ Two joints, DR101 and DR131, were fabricaited and ttasted. 

These spe·cimen-s had two line.s .. o.f ___ ten ~nd thirt~en 7 /8 inch 

diameter Al41 rivets and were similar to hypothetical joints 

PC7b~lODR and PC9b-l3DR respectively. 

. . . . ·- .. , .. . -. -~--- -· . . ···,.· - •- .. . ' ( ., 
'"" ··-, • ---·c.,•·,·. • .. , ••.• ,a.• •---·•·c, < •.• • •••·•- ......... ,..... ·-

• ·-.-:_!·.--~-·.·· .•• •-,------,-- ---·- . -·-·"-"","T"'S--C,....,,•- .• cc• • - - ,--,---,.·-.-· -

Riveted shear jigs were fabricated at· the same time as 

the joints to provide calibration specimensrl whose· post .. driveft ~.._.. 

An average shearing load~vs. deformation curve is shown in 
. ·. ,,... .J ,.. 

I ~ 

Fig. 4.2.. The average ultimate do~ble shear strength of· .tht11e. 

rivets was 52.9 -ksi~. 
\. .-.... ' . 

Coupons cut from undriven rivets gave 

an average ul~imat-e tensile strength of 5 7. 7 ksi (further 

, 
~·~-··-··-·····--->•··--··· 

IL--- 111----- ----
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·detai~s are ·avail~ble ··i11 Ref.· 9) .• 

~ ' .. 

i .. 
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. r, 

Failure of both joint_,· -- . 

took place __ !he~ single rivets unbuttoned at the following 

-- ... _. .... -

JOINT 

DRlOl 

DR131 
. ' . 

,,. 

' -
· .. : ... -.- --·.,·• ..... :;,-1:··. 

• 4 ~ • : .... -~· .i .. ·••.• • • _,. •• •. • •,, • ·. •-:. :-• ..... ·: .••• -.. t.·· ~- i -· 

.;. .. ..~ 
•. 

f 

') 

' 

FAILURE 
LOAD 

942 kips 

1216 kips 

:""' 

:-:--.. .. 

... -· ·. ' ~ ··-

·,•,. 

·- - - --'-: -:_- . -=--·.=-~= . ..c- --:.:;cc::c=-= --- --, • 

. AVG. NOM. ,, 

SHEAR STRESS 

39.2 ksi 

38.9 ksi 

. .. 

.{ • .!: '.. ' ~ a, 

;/: . 

j 

·f"\, 
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-_ 5 . THEOllETICAL AND EXPERIMENTAL -RESUI,TS --

, ·-·- h•• -..~·- ·--~ ••• -:---: - .... ":" -

.: l 

5.1 Connector Forces 

5.11 Bolted Joints 

. . 

The effect tha·t· pitch -has on -,connector forces in bolted . 
. -

joints will be shown with the-aid of Fig. 5.1 and Fig. 5.2. 

The abscissa is the bolt force, R, and the ordinate is the ., 

'tOtal load· on the joint, PG. · Considering, PC9c .. 9D, one call 
I, 

see.that after the plate reaches its net section yield load, 
" 

a1 increases more rapidly. The remaining bolts coritinue to · 

carry increasing loads at a rate of increase similar to that 

in the completely elastic phases of stress. However, as 

plate~ begin yielding_farther and farthe~ ~hr9ug~ th~ con­

nection, each bolt in turn reaches a point bey_ond which load 

is added at a much faster rate. 

-- ·-· ·~- ' - ' ,-.: - __ , ,,-,·- • ,·-- _._,. -! • -
• -- - --~<-• • .. -,"-·-•-'--"' ,~~---._.·' ,I •, •-,•=~~-•_,-__ .~, • >.-,.- •"• ,_. • ,..• ... ,.-_... ....... ~- ··. , ........ • •-·••••• .. - -- -- -~-- .-- .•. - ~ .. 

Comparing the remaining thre-e joints in which the pitch 

is increased from the 2-1/2" to 6" the same general ,behavior 

l 
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i - , I . b d l h h- h . ... "' . -- - ... -· ": - - .. - . - . h b ... . . i _ .. - _ ~om~ __ . ..1:" ~-ren.c e , -"-~t .!!? _ A - -. - • ... . • ~ • • .. i •• ,. .. 
.H .................... , .. ~··· ....... is. o _serve a t otug_" t: _ei~e. 1.s ---- ai--:t- .... ______ n --~- ... navior- . 1 

of those b9lts at the center of the connectiQn. 
. ...--,+ 

In the 

" .eolll\E!ctions having large~ pitch j1it4R~~s. the diff~rence •· '. . ., .. • .'I • • t ~.. ·• • • •• ·' • • 
'• \, ,< 

in strains in the outer pitches increase very rapidly cautalqg 

the end bolts to pick up load faster. . Thus, t11e load carriEa.4 · 

- ...._...,:.. -4··----~--- ,--· -------·--·-- -··· ·-
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-·. by . the inn~~ _ l;>ol t11 reaches ·a max-imum and · then begins to fall · 
"' 

off as is shown in Figs.. 5 .1 and 5 • 2. 

e-·" • . . ·-·-- - * . . - --
. " . 

··- ···-··· - . - ··- - ~- -~- .. __ .... . ., .-.--

., 

.. -j • C 

,:• .... -

5. l 2 Riveted Joints 

Figure 5 o 3 is a compar·ison of· two riveted joints that 

·· · are similar in overall length bu~ which have di£ ferent 
. . ' 

numbers of fasteners. 
1
· The join_t fC7b.-l.,ODR, with ten rivets · 

at a 3-1/2'' pitch, has an overall length of 31.5'' compared · 

to 30o0" for the joint PC9c·,-13DR which has 13 rivets at a 
.,. 

2-1/2'' pitch.· In contrast, Fig. 5.4 shows the rivet forces 

in a third joint, PC9b-13DR, which has 13 rivets at a 3-1/2'' 

pitch. 
l._ 

Figures·-5.3· and 5.4 demonstrate the disparity of rivet 
.. 

loads within a connection. The distribution is similar to 

is evident. The end rivet reaches a maximum load and then 

falls off; whereas ~~n a bo.lted joint the end fastener reaches 

a maximum load and ruptures almost immediately. · l)ecause the, 

end rivet unloads in this manner, there is a sharp change 
" . ' .. ~.• 

in~curvature of the load lines near ultimate for the other 
. 1 ·- . . 

· , rfv:et-s- in the joint. This ~esults ~hen the re~aining fasteners 
. -.~ \ \ . -

must ass~e the additional 10~9"° off by the end rivet. 
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· , . ··The reason for the difference of · the bolted· and riveted 

·, · · · -joints is apparent from the shear ·calibration cu~es of thct_. 

individual fasteners (Fig. 4.2). · These are average curves 
. . ,,. 1 , .. !?'-

and the rivet is, -:sh--· · · to fracture at a calibration offset 

of about oh. 31 11
• This deformation: is reached after··.tbi~~vet 

passes its ultimate strength and begins to unload. Actually, 

the fracture deformation varies somewhat from rivet to rivet 
. . " I • 

' 

and . is sign~fiean-t.~y ,.af_fec-ted by the rate of loading. , De-- 11 

e 

forming tti.e t_~ye~ · slgwly enough, it is possible to cause 
''\ 

fracture at loads as low aJ five kips or less. This behavior 
q 

makes ultimate strength predictions more difficult for 

riveted joints. 
) 

The bolt is more sensitive to rate of defoi;mation and 

the deformations associated with ultimate and rupture loads­

are almost equal. At the loading rates used in ·tests of 
·. ·-·-.-···· ~.-- . ~·-· - . • • •.• '· • • ,--,,·.• .-, -~- .,.., •. _a '- ,-• ~.·. • ·.·;-.· ••• , ... ,. - • ~ -.,:.·=-,·-•,7c,; ''•' • ... · ·c • . .., ,, ~, , · 

- large prototype specimen·s· the end bolt would rupture -very · 

close to its ultim~te strength so the theoretical analysis 
.. 

used tb~ calibration curve shown in Fig, 4.2_~ q!-- ,. • ,. ~-

, 

~,2 Ultimate S-trength and Unbuttoning Factor 

It is convenient: to non-dimensionalize the u·ltimate 

strength of a connection in terms of the strength of a singlEl 
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fastener. That ~~, the average nominal shear stress at fail- . . ,. _,, -~ . 
t., .• ,,,. 

.. 

Ure, 't' avg, is divided by the shear strength of a single 
r 

• 1• - -fastener,. ·'r1 , to erodu~e the unbuttoning_ fact.or, u •. 
.. -· · .. ·- ----------·------------·'>'- I ...,. . 

< 

= 'ravg .U - -- ···--··-··-----· ..... -· ---,·--··-·- ---· ··-··-····-·-···-···· ------· ·-· ------ ... 

,, l 
. . If" .. 

I .. 
' ./• 

This unbutt~ning factor m~y also be. thought ,--cf as a measure 
' 
·of the connect~onus efficiency or abiltty to develop the 

'!.,00 . . . 
. - , ---··-- ,. . .'"'- 1,., .:\. -- , .•..• __.> :..._.~.-----·--- ···--··- ,--"r--.---:- --·'--:-.~-------,~a,------- -:--··--: ··, --~-~-· . "....-potential strength of its ·fasteners.· The ultimat~ strengths 

a~d unbuttoning factors for all joints are summarized in 

Table 5.1. 

In a connection with ·a given number of fasteners, the 

ultimate strength will decrease as the pitch is increased. t' ', .... ·• .. 
. 

. 
. 

The ultimate strength of PC9c-9D is 720 kips while that of 

PC9e-9D is 620.0 kips •. This is a reduction of 13.9% cau@t.4 .. 

. . . by increasing t~e I>.i tc~. £17~~ ...... ~ -1/~ 
11 JC) 6, 11 

: ••• s .• !~ti! , ~~~~!1!!1.~-·-~-~"--··-·-··-,··· ...._,..,.....;;,r~.-,.--.--,,..,..c:-.--.-,...,.,··-·;,-~,-. .,-,.-~--,-.---'.---o-,,~_,..-;.:..:...•-_...,;,~,·.,.,:~,·~=.--·•...,,•' ,,,c·:,.-~~1 .---,.-,_,~ •• '.-.,, ....... -.-,--, •. , .... ~~•. _ .... •·· ,~· •, • - • ~ •• •.···· •••• , ···"· '·' • ··-\·.·. • r ,.,: ·, '; • r&:~-f: , .,. ~ . • ~ ... 

~: ........ ..... 

r- .... I . 
\ 

'· 
' 

·- - .- - - - --

..... 
..; ... : ...... . - ' . -~ 

-
. correlation between predicted ultimate strength and actual 

0 ,, 

failure load for D91 (PC9b•9D) gives some indication of th• 
va.l1d!ir:'.of "£lie -1:h~oreti:a1 'ana{;sis. (ll) ~. "'' . .. .. . -- .... 

The thi~teen fastener riveted connect.ion·s with pit9h,1 ···-~----··---- ... ~ 
, 

tf 2-1/2, 3-1/2, 4-1/2, 6'' (Table 5 ol) shot11 variations _of 

vlt~a~~ loads similar· to those in bolted connf!ctions ~ f.'c:Ji-

' .~ . 

I, 
- ------~---
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~. ----· 1 - these joints there is a ·13.8% r~duction in a,trength due t~ 

'... f' 

.!~ • 

an increase in pitch from 2-J/211 to 6". · ·. 
"""'" "~ ' " ---. . 

'' <. 

· Figure 5 • 5 compares the ge~eral behav:l:or of a nine• -.... .. 

fastener bolted ioin~ .. ··and a thirteen fastener riveted joint 

where pitch is variable. The abscissa is the pitch and the · ·, 

ordinate the unbuttoning factor. It. is apparent from this 

figure that the general ef-f.ect of· pitch is JMJ)ila:r; in -nature __ _ 
. ' 

in. riveted and bolted conne·ctions. ~ ·~ 

Comparing PC9c-l3DR, PC7b-10DR, and PC9b-13DR,· it.is 

possible to gain fU~ther insight into the effect of pitch 

on joint efficiency as expressed by unbuttoning. The un- ~ 

buttoning factors .of tlle ,three. jotnte w~1:e. 0.775~ Q .• 761, and .. 

0.724, respectively. These seem to indicate·.that length is 

the most signif ica.nt · sing~~ fac·tor in_ unbuttoning. On the 

.. o-ther- han-d, .. ha-<\ th~· .number of pitches been the controlling 

parameter, one would expect PC9c-13DR~to be equal to PC9b-13DR 

_ w~h _was not the ~se. -. - . . .. . . 

/ ' 
I The tests of D10, Dl3A and Dl3 resu-1.ted in unbu~toniag 

facto:cs ·of,- 0.10a, o.;01 ·and 00654, r·espectively~ Tne two 
\, 

joints of equal lel)gth, DlO and Dl3A, had simi_lar unbuttoning 

.faqto:i:a wi~h ~lle higher nWQber of"piteb.•s ·caqsing a rather 

I . 
t 

"i-~~~--· ·~-.:-- ,! . ····'!-··· "'Id",- ... , ... : 
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• I 

· _ · -~ slight reduction- in ef.ficiency. . Where either lengtl1. or pitch · 

is sign~ficantly different, _comparison shows· a wide variance 

in unbuttoning behavior. · 1 · 

', 

• • ••' •' •" •• • ' • • • •••• ••· -. ·.:. ·-~- --·eo:•··•,_- - , ... - ... •·.:"' "• _,.__ "· - Noting .. t~e many po·sstble combinations of- results, one · 

. >-.,"' 

'' . . 
' . . 

' ' can make the following. generalization.- -Th, ultimate strength 

of a joint is not dete~ined by the number of pitches alone. -
r·-·:i 

It does, ho~ever, depend upon the product of :the pitch dis-_ 

tance and to~al number of pitc~es, which two factors combined 

make up ~the total length of tl,le joint •. 

· It is also of interest to compa~~.the ultµ&ate str~ngths 
• 

of riveted and bolted joints._ With a given working load, 

\~.,,:- a riveted· joint designed at T/S = 1/0 G 75 s)lould equal the 

.ultimate strengt:h of a bolted joint whose -T/S = 1/lolOo How­

~ver, comparison of the nine-fastener bolted joints with ~he 
.. 

.. 

\ 
I 

j 

l - --·-- --~--.--·--· -·-·--------;T 

·i . .. • i 
l 
:< 

J 
.!-
:1. 
\t 

i 
~ [ 

"'-, " i 
I 

! 

t 
}1 

i.' 

~-"·,··,···: " ~-----~~-•• --- a ...... -.· ....... ,thirt_een. fasteaer riv.eted. joints' demons-trates. that -the- bolted-~--'·-··-····--·~---.. ,---.,_,_,. _ _..~ 
... -

>! 

l joints are stronger (Table 5 Gl). The bolted joints require j 
l 

_ 33% less fasteners- and conseqnentlv 
,..1,.. ~- · .... -. - ..... ~' :•. ····-·...... ... ... .. . . . . . .-,p.. ' ' ._, ~-'' ··-· ,a.;.: :"•• "~ 

much longer •. Thts results in lower efficiencies and ultimat• 
.. 

ttrengths-. 
- . ·s-. ·-·-- ·.,-:," ..... \ •' '•It, .. ·,., ... ' •• 

P• ~ 

S.3 Bolt Deformation 

.. j ~ 
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.Fig. 5 .6. This graph compares deformations of the e~d bolt __ ,...,, 
: . ~ ·o 

_, 
. - . . ' .. ·. 

in a nin.e-fast~ner bolted joint for pitche$ _of 2Ql/2111
, 3-1/.2'', 

4~1/2'' and 6", The relation of deform·ation to total gag~ 
~~-~----·· - --- .---;--·•;,,..-· 

- -- ...... ~ 

.• i l ~ -

:\ 
·, :::. 

l 
i . 

load~·shows that f9r -a given load, the -~ount of deformatioa---------------------------------- , I . " 

in the end bolts increase~! directly with an increase in the 
' 

pitch of the faste~erso Similar curves could .be drawn for-):. " ~ .,.~. , .• :..i. ... 

other bolts ·-in the connection. ,. I 

. . 
' . ... . ... 

( 

5 .4 Distribution of Connector Force·s 

Figures 5,7 and 5.8 demonstrate· the -~ffect of pitch on r 

_,-_-bolt fol9ce distribution. Since· the plots are non-dimension~ 

alized, they el·iminate differences in ultimate loads. In 

these graphs the abscissa represents the bolt force as a 

percentage of. the equally distributed bolt force. If all 

bolts carried .the same load all of the curves would be 
---,-_, ......... ,. •/••:; ••--,,·--·~·-·--.----•••···:,- .: .... ,.._.,.~-,-,-•_-,.,-·c·---.~: .. ,..·t.,._•-.--t-----···•"l··•c,-_•,·''!-_ '•'" ~-.-,~ - .,,.-r---.•-•- __ ,.,~..--~ .... ----- ~ 

,, I 
. ,. . ' . 1.1 

' 
'1 

- ------------~----... ,-,,~.·.·,··•"'•·········,._ ... _ .. ,..., ~ .. ,.~---,ii·_..,,· .. ,.,.:_ .. , .... , .•... & •• ,··,• '-. ,.-·,•-,,.-";-c. .. ,·,-·,,. :.,."<·.·;··~-"" ... -., .... --.···-, .. ,,,·.·, .• · ... ""· - ... ·.··,.-;---- ,· .. · '·f.;.··--·-~·..J.-~~---·--~,,,..._.,_ , - .h. - , - ~=~·~-~,,,.,-.,-~,~,--,,,-,.-v.,!rtical lines at the abscissa 100. The ordinate represents 

i • ! t -
i 

' ' .1 

'· 

l 

i 

. ._.,.,. 

f .. ~ 
! 

VI 

the applied load,_, as a percentage of the max~ gage loa4. 
'·~· ...... r' ...... ..,. 

~... .. .. ~ .. ...,,,, -.. "" ., --· . ,. - . 

tn the joint PC9c-9D (2--1/2'' pitch) there is a 
I. 

o.efinite trend above 901 m~x1.mwQ g-ge· load whereby the I 

initial disparity of bolt 1forces tends to be reduced • . ff<>w~ 
ever, in the joint PC9b-9D (J .. l/2 11 pitch) tn,- tlTt114 is ~gt 

\ .. 
:,. 

. y 

(1 
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·--. . 

. as noticeable and ~ec_omes progressively l~ss--with ~cne--·o·ther -
I 

. ----··--· -- -- . I 
I 

; 

two joint~ at--increa~ing pitcheso Also, there is a much 
~~ ·. ~ f b 

larger spread in the di~tribution o~ force as the pitch is . 
-

---~--~---~----~------- _,, - - -- - ----· - --· 

' 

--iaereased .-

'J . " 
• . Q 

Similar ef fee ts are noted i1 riveted joints by comparing . 
~ --- -

--

the diagrams' for PC9c~l3DR and PC9bc=l3DR (;Figs.- 5. 9 and 5 .10). 

He.re is np~iced a similarity in p~ttern but; ~a-~ Wriation in -
•' .. .... 

. \ 

degree of· disparity as the pitch is increa•ed.· Comparing 

the results of PC7b-10DR with these joints a different 

pattern is observed and one thi~g is outstanding; the magni­

tude of distribution is approximately equal for the two joints 
. ' . 

of equal_pitch but decidedly different for the joint with the 
·. .. .. •, . 

different pitch dimension. One would, of cou~,e, expect a 
~r 

~ore uniform distribution in shorter joints and this bas been , 
·~ (11) 

showno However, it is apparent from the three riv~ted 

, •_IA 

.. ···-· -- . ...... : ___ ... ______ , __ -,·--~. - --·.-······ ··• ' - . • .: ._ . ,.. • • ' • I ,·. • - . •- ·•--• .• _ •-·•-·.- • - ·, • 
• • •· .. ., .,. ·- .• -

joints mentioned that pitch has a greate~ effect on the 

uniformity of load distribution than tota~l number 'of pitc.liea .. -~ - ~ >Rf .. 

-'IIIIWJ' . ..... - ,.. --• 

-alone. 
... .. " ....................... .. "" .. .,, .. ..... ~ ... ,. .. "!"'" - ..... .,._' i,,,.., r--,, t,- • .•. 

....J i' 

• ..;., - . . • : .. -~ • .. -!· ~ _, ) . --: • . • 

·j.5 Comparison of·Ductility 
. . 

The data presented herein can b~ ~aed to compare the 

~@l4tive eftectiv~n~s of the bolt 4nd rivet for evenly 
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distributing load. throughout a joint. The contribution of -

-

. ..: ________ -·········- ·-···· .. a fastener in ioad distribution depends upon its ductile 
.. 

behavior properties und~r shearing load. Figure 5 .11 is a " 
. - . )" 

' 

/ . ~-· . I . 

graphical comparison.,of ia bolted _and a riyeted connec~ion , 
·~- ~ - . - - ... ... . . : . - - - ... - (/_,, __ ---- - -·-- - - - ... . --=-- . --~ -.:-- .... ····--·--··-··---·-·- ,;='='= ..... 

/'. 

in which the absci~sa represents the connector force as·a 
M 

• 

percentage of the equally distributed force and the ordinates 

represent the gage load. The two joints being compared have 

equal numbers of fasteners at identical pitch distance,. 

Both joints are proportioned for balanced.desig~ with tension­

shear ratios of, 1: O. 75 (riveted joint)· and, l: 1.10 (bolted, 

joint). 

The distribution of force in the rivJted joint is only 

slightly .. improvecl ()V~r ~p&t in _the. bo~ted j9'int. However, 
' ·,. ·"' . 

. , 

near ult·imate load. the · actual distribu;tions, are ·.almost 

identical. Most important is the concept that for equal 
1 1 rr 

' ' 

-~·-··: .... ,, ........ ·-··--··-·-r'~,·"c ,;,~•-s.,--,,-· .. ,.~-1-ength r·iveted and-bol-ted- connec:tions, .. the riveted joint may 

---

be about 5% to 10% more efficient (measur~d by· unbuttoning.) 
.,,.4 •• ~ .. ·-~ .. , .... 

..... 

. - d .a.. .... ... ~ -~--· 

but the bolted jQ!Dt. w~ll~~~ so,. st~onger. 
.... ,,,,.,,,. 

4 
. ......~ •• • ! ~ ,.. 'II • • ' ,,._ • • • • f I • I I 0- • ~ < .. • • ~ .. ? I, jO t ' ~ '• • I f 4, ,t

0 

I - !'. • \ ~ • t J_. '. ,- (• . 
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' 

.. 
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. ~-- 6.· SUMMA.RY AND CONCLUSIONS 

.. This thesis has made use of certain theoretical methods -
.,,. . . 

. '. in a study of the effect of pitch on the behavior· of. the· 

'\ 

- long ~joint e The theQretical solution was ·used to iµ.vest.igat, 

ten hypothetical joints. Dupli~.ates ~£ four .of these we;e 

actually fabricated and tested. : Comparisons were also pro-
. , 

·. 

vided with three related tests of large joints. The atten-

tion was entirely on long ·joints and the subject~ matter 
"('. _. 

. 

encompasses both riveted and bolted structural connections • 
....., 

. ,. 

~ ~pecific~results were as followi: 
J> 

. /., 

(1) A. connection's ef ficiency,_,~·~s measured .. by 4. its. 
. ~~ ' . 

ability to develop the full strength of.all the 

fasteners, is affected by change.a _in pitch, For a 
/' 

given nUIDber·of fasteners, the_ult:i.m~te strength of 

the connection will ·decrease as ·the pitch is increased •. 

. ~ -

·- E 

'. :., 
•• _ II ..:i,_ 

..~\ . ('. 
I 

r 
I 
t 
I 
t 
! 
i 

... ----~--... ·--·-·--·---·-·· ······.--·- . ___ ,,..,._ 

~ 

In- a nine bolt joint a change in pitO?h ~rom 2-1/2" to 
·' 

611 resulted in a drop in ultimate st~ength of 13.91 
...__ "' ... - - •. ' ' . 

. 

, (Fig. 5 .1 and Fig • .s-:2). · ~us, the ultima~~ sereng~h 
• 

· of the fasteners in a connection d.epe11ds not only on 

the number of fasteners but. al,so . on,. their spacing -ia .. ·.· ... -. ·; - .... _-___ . ...., .. ,-,,. .... ·, . 

the line of the load. 

{ .. 
,,~~ . . .'.· •,.·, 
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(2)- It has not been p·os_sible to separate pitcl1._ dis­

tance and the total number of pitches. as determinants .. 

:· of connection ef f ieieney · (measured by -unbuttoning) •. 

· (3) For a giv~n load, the defonaation of ~the end 
t 

fasteners in a connection having a fixed number of 

fasteners will increase as pitch distance is increased 

(Fig. 5 .6). .'r . , 

. . 
"'. 

. . .. , ~ . . . ·.' . . . . - . . . .. . . . . . - . . .· ~ . 
.I),._ 

I • -----'---., -----·-···---L~--- ---- --~-- - --~ - (lr) tfet·ther--·boited ·nor. r~veted joints·. completely 

., 

I 

equalize load among the fasteners (Figo 5,.~_l). This 

• behavior, indicated by reduced shear stren8ths in long 

joints, i- a significant. problem! that should ·not be · 

ignored. Though limitations on maximum pitch would 

have the best rest1lts, a limitation oq 11:1a~i.rg1~l°- ove1:-, 

all length is also necessary to prev~nt an extreme 
~-

reduct~on of safety factor. 

r 
·-•--.,,·,·-•--·-,,--, .. --••"----•-·••••-·--•--···•--.,•·--•••• ••u-,,•·•--~-----•--- •• ••·•• ---.• ·.r·,·•,·•-·••·,• _,. • ,• • • ,,,,.,.,, • ,.,,.,.,.~"•" -.~..- ... ~,__.,.--,•••• •••,•,; • "•••<-"•''•• ,-.• " ' '• • • .• ..._,,,, •,.,•• •'< .,-,-,•~•· 

(5).The ductility of the ~igh strength bolt ·1s favorabl• 
if'~ 

} 
l 

. . ...... ,,. in~. comparison to _the struc.tural rivet.. · With riv:eted 

. .... =• ... :, 

,. fasteners, the riveted joint may be about 5% ~r 101 
r 

. ' 

· mo,:e · ~££ieien.t (me-.aured l,y Ullbu~tg1,1ing) but tht bQlt@d 

f . .... , 

' -..... 

._, 

V • ' • ~ 

'. I 
:_J ,:· 

I 
l 

I 
. ~ 
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· 'l- ,:--1 . •. . ~· . . . ' . ·.. . . . -·/1 , '." - -

· joint will b97· 501. stronger (Fig. 5 .11 ),, • . 
- . . - . - -- -

-• ----·~. ·~--c -~ ----~--- (6) Riveted and bolted" connectiOns with similar pitch· + 

i. 

---
I -·-·,-

-- -=---1l· .. · 
. > 

·-

' . 
dimension,a and designed.for equal strength under current 

--- - ~""-h·,::.-,.:.-··_;·,' •-w-,,:;"'f".·,r:--- •.. ·-. ·- . .... • . . :. 
. ~ ~ . . 

. ' . . . _, ~ 

··•·• ·!.--·--··-= '-

, cOdes. will not carry equal loads., The riv8ted--joint 

requires 50% more fasten~rs &nd is necessarily 111U.ch ,. 

longer. This results in lower efficiency and reduced 

'=~~-<~-=~- ultimate strength· so the bolted joint -is. ~etually 

stronger, · '• • ''"·••m .. ,;,.,..,,, 

.. 
-

(7) The theoretical study and conclus~ons therefrom 
~ 

have been verified by• concise test series.· Three 

bolted joints t1ere fabricated to study the effect of 
. ~···· . ,,, .. . .. ' ~ '"' , ,P 

~-· ·\ ·~ .. ~L...? \.. 

fastener pitch· and demonstrated that d,creas~ng pitch 
t!- --·· •. 'It-, . 

results in an increased joint efficiency. 
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Main plate calibration curve· 
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Number of pitches 

Load on gage.strip 
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\ 

Load ,on joint 
.. 

Load that causes yielding of net section 
. "\ 

Force in lap plates between Rows j and k , 
.J) 

Force transmitted by Bolt j 

S Average shear stress· (in T/s· ratio) 
··--· 

• 'i" 

T Tensile stress on ne~ section (in T/S ratio) 

u Unbuttoning factor . . . .. ~ ~ 
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Small.Letters 
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Bolt diameter 
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