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-~ 1.1 General

1, INTRODUCTION S

«?

One of the many variableSMaffeoting the behavior of
‘structural connections is the spacing of the fasteners parallel
to the direction of the applied load Thierpacing is commonly

called the pltch. Some investigations have been concerned

 with the effect of fastener spacing on the behaVior of the

. (1) | N i |
connected material but the important factor in this case is

the transverse spacing, called the gage. The pitch plays a
secondary ‘role in cases where the material failure may be a

tear along a sawtooth line through holes of the first and

second rows, | | | o

In the case of fastener performance, pitch plays a more
important part. The design specifications of the American

Institute of Steel Construction( ) 1nc1ude a section on the

'“”ﬁﬁaﬁlngiOf‘rlvetS which is of interest at this point."The

minimum allowable pitch is set by such things as clearance,. . .
- driving coriditions and fabrication techmnique. Also, thére is
a maximum pitch for compression members Which is set to prevmnt

local buckling in built up members9 However, the;e is no -

. £% B
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prov:.sion for maximum pitch in tens:i.on members and - ;Lt would
be possible to design a connection with the fasteners at"a'

- twelve-inch pitch or mo}re .

‘Silence on this subject might lead one to believe that

the pitch, or overall length of a joint (which is a snma“-
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
transfer load for any Jomt conf:.gurat:.on. Howeirc;: , this

reas_on'has not been substantiated adequately by teQSt;.

When design specifications wei:c bci.ng" prepared for*the
high strength bolt, a questi.cn arose as to vw)hetti_c; the bolt
was ‘ductile en_,\_nugh‘x to allow similar assumptions. It was

reasoned that increased strengths are often achieved by

3
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sacr:.ficing ductility., To answer this, cxperiméntal-investi-‘

gations were initiated at Lehigh Univefsi.ty to evaluate the

‘,').n,

simﬂ.ar rweted cmnectmns were to prmfide comparat:we data

about the two types of fasteners, In these tests of full sizeq

structural joints the number of fasteners in line was varied

but the pitch (with one exception) was always held constant,

~ behavior of 1ong bolted: wnnectious. Further teats of o

2




~with joints in the elastic range and are not applicable to

" aluminum connections with aluminum or steel rivets, it is

1.2 Review of Literature
'~ A search of the literature shows that in both riveted- 1

(3,4,5)

and bolted connection research, a reduction in average -

fastener shear strength has been observed to be associated

with increased joint length. This strength reduction is )

e gt e A e e S U O
R A R T R S R G SSR i s
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called the "unbuttoning" phenomena, However, from .these?
tests it was impossible' to quantitatively evaluate the un-
buttoning effect because @f the influence of other _variableé.
The Lehigh University program has been able to pfdvide quanti-
tative information as well -as-qualitative results from long | ;a

bolted joint t@Sts§6’7’8) Some comparison tests have been

done with long riveted joi.nts.(g) . | |

.~

A numb'er of theoretical explanations of joint behavior

(S

have also been proposed but unfértunately most of theée' deal

ultimate strength studies.

- ) ) LR - o
ey v A 2 Y ety five - :
W wrae Bal TR W WA oo

. The most extensive work relating to the ultimate éErength |

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

A Dundialy 4
-]

Association of England Although this work pertained to

M

of great value in understanding the mechanicsd joint behavier
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A.portion of the Lehigh University program has been the
development of an analyt1ca1 solution for the post elastic '
behavior of steel joints joined with high sttength boltsfll)
This solution has been used to predict successfully the ultimate

strength 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 full scale test program.

1.3 Objective of the Thesis

It has been shown that there is a lack of information
on the effect of pitch and what its contribution to unbutton-

ing phenomena is, Because unbuttoning is vitally important in

!‘iong connectidns; there is a definite need for'data on its

effects. Nor are there provisions in design specifications

%

_which account for or control pitch as related to unbuttoning.

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 recommendations for the control

of pitch in design practice.




- 2. THEORETICAL SOLUTION . . = =

2.1 Origin
The method of theoretical investigation was presented
13 | | o |
previously( ) and most of the explanations and developments

offered in this chapter have appeared in the original paper.

Important equations and developments are repeated in con-
densed form for convenience of reference and to support the

validity of results obtained.

& R R e A N P iy W S S ot RS oS T L Gt T v w7 5 ST10 G 25 o o A £ 0 U L R PR
S e T P R T S e B R R R A o = e e N P e e e . ;
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2.2 Develogment of Eguilibriqm Equation

The connection to be dealt with is an axially loaded,

~

double shear, butt type tension splice (Fig. 2.1). The
analysis will deal with a single gage strip only since ic

haa-been shown that the capaeity of a-large joint, PJ,~f§—'fﬂmH¥

" '€qual to the sum of the loads, Pg, carried by each gage strip.

The joint has two outer or'1ap‘plates, both of thickness t,

and an innet or main plate of thickness 2t.

Each pitch is designated by a subscript of the numbers

- of the bolts on either side of that pitch, bolts being numbered
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1 to n from the free end of the lap plate, Prior to_slipf
the holes are aligned through the plies gf’éaéhiplate.'The“ o o

" hole diameter, dy, is larger than the fastener diameter,

d, by an amount c, the hole clearance (usually 1/16" for

struct;ralvconnections). | o I
.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 transferxed by

friction is regarded as nonessential to the study of the

effect of variable pitch on behavior near ultimate load.,

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

that load across the plane of shear via the shear resistance

qf its shank. Thé total load carried by any bolt is equal

— to the force transferred out of the main plate by -that-bolt, -

Figure 2.2 indicates the bolt forces and the forces acting

. - e . .t - » : ——— — . .
X . ® - N [ o . ~ 2 .
o - 1in the various regions of the main-and_lap plates, - - e
. .I . - — - : ---»."6 - ot ) s
A .5:;“;OE'F’-‘-'“)':.'--:_"QV;.,‘-. NAD car ey - AR EN. P ENE AN T Y REE § R IR N R S R Sk - e B T EMSFILEDORAVENDBOR RHEERD S

Taking either the main plate or the lap plates as a freé

’ ~body (Fig. 2.2), the equilibrium equation for forces in the

horizontal direction is written as follows:

ZFH""PG‘Rl'Rz" + Ry =0 (2.1)




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

~ tions are needed. These will come from deformation condi-
: : : SN TR .

—

- | tions.,

i 2.3 Development of Compatibility Equations

Certain reference points .are set up io help develop the

n-1 deformation equations required in solving for the un- )
known bolt forces. The plate reference pomts are shown in
) .f‘ig. 2‘.]: as- sole'id dots. These points are on the edges of |

the gage strip at the centerline of each aligned hole,

When the inner and outer plates move with resﬁect to oné
another, the hole reference points are misaligned by an amount
'c~'alled the hole ‘o;f.fs”et, A .- Cétmeétions vassembled‘iﬁ bear-
ing with no applied load will have all hole offsets equal

—— Sy Ee S

offsets are no longer eﬁua].— because each pitch elongates a

, ~ - "‘.‘\\ e e s w . « PR R - - ~ ) - - . 4 . 9 ‘4 L ¢ ¥ 4
-~dif fereat amount. S0 T T
_ .
- [0 S -

. N - - o o - - L T Pt -
Y s A " e . . L bt L aladt A - .- X R .
- _— - N - ) . -
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The hole offsets, A\, are not equal to the bolt deforma-
tion. It is clear that when slip occurs the hole gffset‘s"
- equal the hole ciearaﬁée, c, but the bolts have no @@fomae
: tion. The bolt deformation, actually due to shearing and

bending is idealized as shown in Fig. 2.3,




- It has been shown that a hole offset A and a bolt
offset are related by the follom.ng expression: B

~ A . -

‘where X\, = the hole elongation due to temsile load- |
' ing in the main plate
and A ol = the hole elongat‘ion due to tensile load- R
- ing in the lap plate
and where & includes bearing deformations ‘of ﬁhe

plates and bolts.

w%’( “ ’ @ o~y

The deformations of the bolts and the longation of the

Plates in the various pitches must be compatible with one

another, The compatibility equations are developed with

the help of Fig. 2.4 that shows the edge view af a joint and |

the plate reference points. The elongation of the p:.tch be-

tween any two bolts is denoted by the letter e,

e Equan.mg dimens:l.ons along the upper and "lower dimens:i.on

g TG W - W o e . L N
- -~

-?-lines and ellmlnatmg the p:.tch lengths there result n-1

~ equations of the form:

[ S ~—— . e m s

A1 ey = ‘12 F Az o N | - @2.3)
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. bolt forcesR _To effect such a solution the funct;a.onal s
relatibn’of loads and deformations for bolts and plate must
.,.‘be..d.etemined These relations are found through calmbration
tests of s:mgle bolts and platj;t - TS

.2;4 Galibrati.on Procedures

It ,has been shown (l]') that these equations involving
hole offsets can be written as follows: - - - SECEE S

é +e' =e¢e' +6

: 21~ 12 2
Sptep meyt & I

' ot ,
'-én"'enm e  + é’n

where e' = the pitch elongation measured between
the bearing surfaces of any two a_dé'

jacent holes,

Equations 2.4 are the n-1 compatibility equations which,
expressed in terms of R's, may be solved simultEﬁeouSly with

the gquilibriumfcondition (Eq. 2.1 ) to provide the unknowﬁ

a, Belt Sheaxr f"al;b?:atmn

Bolt shéar calibration must be done on bolts of the same




S e T

~ dimensions, basic properties, and heat treatment as those

- together in the quantity‘calléd the "calibration. bolt off-

-shear the bo'lt. The shear jig shown in Fig. 2.5 was loaded

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

the relationship between bolt offset and load. '

-of “one gage strip and recording the tension - elongation

used in a prototype joint, Because the bolt offset and

bearing deformations always occur together, they aﬁe lumped

set'', 6

A single hole connection called a shear jig is used to

in a testing machine and corresponding deformations or
"'ealibration bolt Qfﬁsegs" were determined from the relative
movement of the testing machine heads. Further explanations

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

s

An average of results of bolt shear ‘calibration for D-
(12) .

b, Plate Calibration

Plate calibration is done by testing a duplicate section

3.
R e S Are o B R r o

behavior of one pitch length. Since the load is uniform |
along the length, the quantity e’ is equal to the value of

e.
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" The dimensions of the platé'calibratioﬁ specimens are

tabulated in Fig. 2.7. The main and lap-plates of the proto-

type joints were always two one-inch plies so the load on

the calibration test sPeeimen=wasuéeubled,to give the load snuww, ?w

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

2083

2.5 Solution of Eguations.

Knowing the load;deformatioﬁ relations for bolts and
Aplates, one may procede with a graphical trial and error.
solution of forces within the hyééthetical joint, ~Sincéa
the joint is symmetrical, one need only\solve for one-half
of the joint though the solution may be continued through
the entire connection. AnAiilustration of the method ié

shown in Fig. 2.9 using assumed calibration curves, -

The plate and bolt calibration curves are plotted@tovthe

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

P may o ot & . -
L L baaes - ot T

Tis’ traced on a sheet of transparent paper and:nverged as -
gshown in Fig. 2.9. The inverted curve corresponds to the

main plate, M, in the connection and its origin 1is set at -

the ordinate, Pg (the desired gage load).




For an assumed value of Rl (the first bolt: in the con-

nection), the correspondmg bolt offset "51, 'is de-termined

"from the bolt cellbxation curve B The elongation of the

fx,rst p:.tch m( the lap plate, 821’ is read for the same

ordinate since the load in that pitch is Rl This ordinate

is the load carried by the main plate in the first pitch,

and the main plate elongetlon, 12, may be ‘read from M.

Thus, the d].mensmns above a.nd below the hoz:momtal line

\-\

represent the compatlblllty condition (Eq. 2.4) and c‘) may

3

be determined algebraically.

With a known 62, R2 1s read from B and the sum of R,
and R1 is laid off as an ordinate. The Pitch elongations

eé3 and eéz are found at this ordinate and Ry is determined

from & 3¢ This procedure is continued to ,the center ,eff the

joint,

The sum of the bolt forces, R, are compared with one-half ..
of the gage load, PG/ 2, and these ghould be equal i order to

satisfy the equilibrium conditienf(Eq,Z.l). The difference of

- the two represents one half of the total error in equilibrium

‘and the original assumption for R; should be modified accordingly,

;
!
b
i
.
it
T,

i
:
]
i
;

il
; i
I
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- With a new value of Ry, the solution

_error is within acceptable limits.
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3.1 Theoretical and Experimental Work

| A theoretical and expera.ment:a.l program was\ planned ce B
:' study the effect of p1tch on bo].ted joints. A series of

~ hypothetical joints ‘were designed with pi..teh‘ as the only
variable, These hypothetical jé'inf:'s were -investiga‘ted by

the theeretica,l method described in Chapter 2 and made use

of the plate calibration specimens described prev1ously.

The theoretlcal connections were designed with the obJect

that available experimental‘work could be used to validate

results,

3.11 Description of

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 t‘oe joint being'
2-1/2",.3-1/2", 4-1/2" and 6". Other features of the joints
- held constant were mdth thickness, fastener sme and hole

c;l;ametex .

The four liyp‘othetical joints were deefgned for a tension-

shear ratio, T/S, of 1:1,10, Each joint was four inches thick,




o % » being made up of four A-7 steel plates one-inch tm,ok en.d

13.78 inches wide, Plete naterial (plate callbratlon etock) -

_ had the following average properties.

 Static Yield Level . 28.4 ksi
o Ultimate Tensile Strength 60.0 ksi

Elongation in 8 Inches | 33.2%

Tﬁe joints were assumed to be f‘estened with 7/8 inch \
diameter four-inch grip A325 bolts having reguler semi - \
finished hexagon heads . The bolts would be installed in
15/ 16 inch diameter oleerence holes drilled simultaneously
through the four plies of material., The properties of the
bolt lot assumed for the theoretical analysis were as follows:

- Ultimate tensile strength,on stress area 120.5 ksi

Ultimate shear strength _'83.2 ksi

A systematic notation, 111ustrated in Fig. 3.1, was used
to distingu:.sh the hypothetical jomts, Consider the Jon.nt

ieee.... BCId-9D. The symbol PC :s—-ignifz.es that this is a hypothetical-
joint analyzed through the use of a plate' calibration Specimen,

The 9 means that the net eeotlon of the @]ete eellbretz.on

is for a Joz.nt hav:.ng nine 7/8 inch bolts in line designed

at a T/S of-1:1,10. The letter d denotes the Pitch while the
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- ~ 9D means that the imaginary joint had nine D-Lot bolts in

_ - ,..—? . " ' s _' . .. - . R e .
lineo ' ' e ~“ '&. | !

3.12 ‘Prototzge, Testing
One jomt D91, was actually fabricated and tested,
ThlB spec:.men was i.dentl.ca]: to the hypothetical joint PC9b 9D

Y
except that it had two lines of nine bglii;s each, Failure of

D9l‘ occurred when a single sn:d bolt unb@ttsn@d at a test
| load o'f 1358k (avg. bolt shear ‘stress = 62.8 ksi'.); It is‘ | |
assumed that the bolts m this cosnection possessed the
average strength of single D-Lot bolts testéd in double —
_shear, 8533 ksi. Detyailed descriptions of this test will be

found in Ref, 11,

3.2 Other Ex eri.mént.al' Work Related to the Variation of Pitch .

‘Ultimate strength data is available from three tests of . .=
long bolted joints whose results(s) are useful i.n a study m

- of the -effect. ; - piteh, The; were double shear sp{.&ess -
' with two lines of 7/8 incﬁ' diameter, regular head, A325 bolts

- (Fig. 3.1). One specimen, D10, had ten rows of bglts while

the others, D13 and D13A,had thirteen., The specimens ,l D10,

D13A and D13 differed from D91 in that they were fabricated

of eight one inch plates,




. The bolts, -designated the C-Lot, had an average ten- |

Biie strength of 53.5 kips. .Shear t‘e-sts of,athese belts

showed en'average'ultimate shear strength of 91 ksi. The

plete mstetlel used was from the same heat and 1ngot as the R

_plate used in D91,

The joints D10 and D13 were fabricated at a pitch of
3-1/2 inches but the joint DL3A had & pitch of 2-5/8 inches

(equal to three times the bolt diameter), the minimum allow-

able under AISC specifications. With these dimensions D10

| and D13A were equal in overall length, that is, center-to- - .
__center of end fasteners."This'resulted in a briet set of'
tests which would concisely show the effect of pitch (Fig.v
3.2): D10 and D13A were tqualzn overall length; D13A and
D13 had ~equal numbers of pltches,fwhlle D10 and D13 would
define the end points of the'unbuttonlng phenomena for the
three tests. \ o

okt . “ »

The.EEE%? tests resulted in the f0116w1ng ‘_ o o
—--avgBOLT . ™t

JOINT  ULTIMATE LOAD SHEAR STRESS

- :

DI0 1544 64.23 ksi
‘DL3A 1988° 63.61 ksi

D13 1854° 59.33 kei <




This joint had two lines of ten D-Lot bolts each and failed

-18
' An additional specimen, D101, was tested and complete

theoretical analysis was available from previousworksll)

by unbuttoning a single end bolt at a test load of 1506 %=

(avg. bolt shear = 62.6 ksi).

I S
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. 4, BEHAVL LONG RIVETED JOINTS

4.2 Theoretical and Experimental Work @~ =~~~
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4.1 Application of Theory
With slight modifications, 'the‘ semi-graphical analysis .

~_ described may also be used for riveted joints. A bolt and

rivet behave in a similar manner except that the rivet is
assumed to entirely £ill the h@l@ and no slip is possible.,
Thus, the value of ¢ in Eq, 2.2hwould be zero., Actually,

the rivet in some cases doesnotlehtirely £fill the hole and

slip may take place.

o

Because the effects of slip are regarded as nonessential
to ultimate strength behavior, the same equations apply to

riveted joints as did bolted joints and analysis proceeds

~ ,accordingly,

»

The balanced design tension-shear ratio for A7 plates
fastened by ALAL rivets ie 170,75, A hypothetical joint can

be devised using the plate calibration specimen PC9b and<¢

to 1/0;760

——————

AR Mg At SR

.. thirteen 7/8 inch rivets in line that will have T/S equal - |
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| A.seoom@.theoretioal pf@gramwwas introduced to etudy TR

'L>4", ‘the effect of pitch on riveted.301nts. 081ng the»plate
‘ calibration work, several hypothetical joints were analyzed

by theoretical means., .Additional test specumensvwere |

. B

fabricated and teeted as part of the general research pro-
gram. The results of theoretical and experimental work were
arranged.to_show comparative degrees of validity,

% ey

4.21 Description of H othetical Joints

Five hypothetical riveted joints were analyzed to obtain
information about the effect of pitch - Four joints had

thirteen rivets in line and one had ten riwvets in line, All

ZweregdeSighed at T/S equal to 1/0.75, Using the plate calibra-

tion specimens described these hypothetical riveted Joints

were similar to the series of theoretical bolted Joints.

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

diameter four-inch grip ASTM-Al41 rivets installed in 15/16

B ey S RPN g

o : '1h§h"diaﬁeteiwholee.' The properties of these DR lot rivets
were as follows:

Ultimate tetis:i.le'stfeﬂgth-.B 57.7 kai.

 Ultimate shear strength | 52.9 ksi -

A similar notation system, illustrated in Fig, 4:1, was
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_ ~ - e )
-  used to distinguish the hypothetical joints. The specimen
PC9c-13DR was' aaalyzed using plate calibration a@@@iﬁ@@ﬂ PC9¢_ -

- and thirteen DR-Lot riveta. Proportions of other ;‘}ci_nta

confoim to this notation. T o Lo B

Of the five hypothetical joints, PC7b-10DR, PCIc-13DR,
.;_ and PC9b-13DR were analyzed completely for behavmr under .
Q ~load, The remaming two, PC9d«=13DR and PCYe- 1DR were analyzed
- lfor ult:unate strength only.
4.22 Pfototxge Testingﬂ
" Two joints, DR1Ol and DR].31 were fabricated and tested
M—:rhese(—specmens had two lines of ten and thlrteen 7/ 8 lnCh
diameter Al4l rivets and were aimilar to hypothetieal joints
PC7b-10DR and PC9b- i%DR respectively, ‘
Riveted shear jigs were fabri.cated at the same time as -

the joints to provi.de calibration specimens  whose post=-driven

" “properties wefe the™ saie~ av -ti ~fasteneis in the coamsction,

An average shear mg 1oad vs. deformat:.on curve is shown in
' o

Fig. 4.2,

Coupons cut from undriven rivets gave

@

an average ultimate tensile strength of 57.7 ksi (further

rivets was 52.9 ksi.

Lt

P

The average ultimate double sheaf str ength uf thesa
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details are available in Ref. 9). Failure of both joints

took place when single rivets unbuttoned at the fol,loﬁving

s e, . .
. . s 5-
{® ~ o ’
- loads: : .
. ’ ‘ ’ ’ o

JOINT LOAD _  SHEAR STRESS = -
DRLOL 942 kips 39,2 ksi

DRL31 1216 kips -  38.9 ksi
o L ,
. #
.
19w ‘[’+$\‘ -
»
MR R R ™ N ”, P i: .....
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e -
{
'4} o
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‘5.11, Boi»ted Joints

R
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5.1 Connector_rorces‘

The effect that pitch has on connector forces in bolted
joints will be shown with the a1d of Fig. 5.1 and Fig. 5. 2
The absclssa is the bolt force, R, and the ordinate is the
total load on the joint, Po. coneid-ring;Pbée-QD, one can
eee,thet eﬁterethe plate reaches its net seetion‘yieldload,
Ri increases more.rapidly. The remaining b@lte continue to

carry incréasing loads at a rate of increase similar to that

in the‘completely elastic phases of stress. However, as

plates begin‘yieldingcfarther and farther through the CQQ?‘
nection, each bolt in turn reaches a point beyond which load

is added at a much faster rate,

ey B et R e baeidy ey

Comparing ‘the remainlng three Joints 1n.which the pitch

is increased from the 2-1/2" to 6" the same generalrbehevior

is observed although there is some differe nce in.-the behavior - -« 0

of those bolts at the center of the connection, Iﬁjthe

7
 ‘{_§on§eetion§ having larger pitch distances, the difference

in strains in the outer pitches increase very rapidly causing

the end bolts to pick up load faster, -Thns, the load carried

”
\ ]
T R bt e s 0 et ORI 3 T 1 1 o R § ¢
1 i 1
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by the inner bolts reaches a maximum and then begins to fall

off as is shown in Figs. ‘5.1 and 5.2,

5.12 Riv;ted Joints
| Figum 5.3 1is “a coﬁnpér’ison of two riveteci joints that
»j—;“ are similar in overall length but which have different‘

. numbers of fasteners. , The j"oin't‘ ?C7b-1J0DR, with ten ’ri.vei:s '-
| .ait # 3-1/2" pitch, has an overall length of 31.5" compared
to 30,0" for the joint PCQC’»].‘_BDR 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.

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 in a bolted joint the end fastener reaches

a maximum load and ruptures almost immediately. Because the

end rivet unioads in this manner, there is a sharp change

" in.curvature of the load lines near ultimate for the 'ot‘heﬁrf

- rivets in the joint. This r\ls’e,sults when the remaining fasteners

must assume the additional load thrown off by the end rivet.

f U0 LRty £ 8 KOt T
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i that -8€en-in-bolted joints but one outstanding difference -

— ‘
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‘ Lomsy i The reason for the difference of the bolted and riveted
:'- ~ '*V’*joi.nts is apparent from the shear cali.bration curves of the

individual fasteners (Flg, 4,2). These are average curves

oF
and the rrvet 15 shar},_.«;m m fraeture at a callbratmn effeet

of about O, 31". This deformation is reached after .the’;e;g:_:i.ver.
passes its ultimate strength and begins to unload. Actually,

the fracture deformation varies somewhat from rivet to rivet

LRI 2N

and is siﬁi‘fi@aﬁtly affected by the rate of loading. De- o

forming the rivet ‘sl‘ewly enough, it is possible to cause
fracture at loads as low as five kips or less, This behavior
makes ultimate strength predi.cti.ens more difficult for

riveted joints.
J

~ The bolt is more sensitive to rate of deformation and
the deformations associated with ultimare and rupture loads
are almost equal'; At the 1oadir1g rates ‘used' m 'tests of
"large prototype specimens the end bolt would rupture very

close to its ultimate strength sc the theoretical analysis

- used the calibration curve shown in Fig. 4.2, . - - . - - . .

. .
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1t is convenient to non-drmmeloﬁaliae the ultimate

strength of a connection in terms of the etrength of a single
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' fastener. That is, the average nominal shear stress at fail-

ure, 'ravg; is divided by the shear strenmgth of a single
fastener, v,, to produce the unbuttoning factor, U,

. _ - — o~
. 7 ) - -' . . :

g=Tveg

. | V1
“ * \ A

A

l -

Th:l.s unbutton:l.ng factor may also be. thought of as a ‘measure

of the connectlm, S effmlency oxr bllﬂ,ty to develop the |
3@@ : - '

A — g,
Z.. L SN Ldre "

potent1a1 strength of its fasteners.' The ult:.mate strengths

[ —

and unbuttoning factors for all joints are summarized in

Table 5.1, ST

In a cc;nnecti.on ni.th--a given number of fasteners, the
ultimate strength will decrease as the pltch is mcmeeed
The ultimate strength of PC9c-9D is 720 klpB whlle that of
PC9e 9D is 620 0 k:Lps. This is a reducti_on,of‘ 13.9% caused |

L

by increasing the pitch from 2-1/2" to 6". The excellent

Bkl S =g

'correlation between predietedé ultimate strength and actual
failure load for D91 (PC9b -9D) gives some md:l.cation of the

. - “; RS e 1“,) - “., N o | .* ‘ .,.2,.5,
o va"lz.dlty of the theoret:.cal analysis. (1) | =

The thirteen astener riveted connections with pi.tches

of 2 1/2 3-1/2, 4-1/2, 6" (Table 5.1) show verietione of

~ultimate loads similar to those in bolted connections, For
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" these JOlntS there is a 13 8% reduction in t:itr:erlsthd""e t°

- buttoning facto:s_ofythe:threezjoin;s were 0,775, 0,761,

'un§§h was not the sase,-

 facto srs of 0,708, 0,701 and 0.654, respeo vely., The two

'?-  .

an increase in pltch from 2-1/2" to 6".

o

A . " T {;‘
Figure 5,5 compares the genernl,behavigf of a nine-

e

fastener bolted joint and a thirteen fastenerriVeted joint

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

~ ordinate the unbuttoning factor. It is apparent ﬁrom this

figure that the general effect of pitch is §1mllar in nature

in riveted and bolted connections. o

Comparing PC9c-13DR PC7b-lODR. and PC%- 13DR it is
p0881b1e to gain further lnelght into the effect of pitch

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

and

0.724, respectively, These seem to indicate-that length is

the most significant single factor’infunbuttoning. On the

motherqhand,uhadwthe{number~o£'pitcheo been the controlling

parameter, one would expect P09c-l3DR to be equal to PC9b 13DR

The tests of DlO, D13A and D13 resulted in unbuétoning

joints of equal length, D10 and D13A, had similar unbuttoning _f'

- factors with the higher number of pitches causing a rather




in unbuttoning behavior. . o

o . ‘-28 A

Sho ;slight _x;ednctien-' in effieiency. ~Where either length or 'Pimh! . o

is significantly diffetent, ‘eompéri.son.shows a wide variance

- Noting the méﬁ?‘ ,‘Pﬁss'ible' combinations of results, one

can make the following generalizati.bn.\ 'The ultimate strength

of a joint is not determ:.ned by the number of pitches alone.

. l'.t does, however, depend upon the product of the pitch dis- N

tance and total number of pitches, wh:i.ch two factors comblned

make up ““the total length of the joint..

It is also of interest to compal:e_the ult;l.m&testrengths‘
of riveted and bolted joints, With a given werking load,

a riveted Jomt deelgned at I/S l/O 75 should equal the

Jultlmate strength of a bolted joint whose T/S = 1/1.10, How-

33% less fasteners and consequently the riveted kL

..thirteen fastener riveted joints demonstrates ‘that the bolted-

Stl‘engthso o

ever, comparison of the nine-fastener bolted joints with the

- joints are stronger (Table 5.1). The bolted joints“ require

inte are
- R . s

413
4]

mueh longer. .This results in lower efficiencies and ultimate

e

5.3 Bolt Deformation

The effect of pitch on bolt deformation is sum

Ty
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“ 3 Fi.g. 5., 6 Th:l.s graph compares deformatlons of the end bolt )
"“ in a nineefaetemer b@lted J@mt for plt@h@o of 2 1/2” 3= 1/2" "
4- 1/ 2" and 6", The relat:.on of deferatlem to total gege .
: 108(1 ShOWS that fOI‘ a given load, the amount of defamatj_on S
in the end bolts increases directly with an increase in the
: pitch og the faetenere,, Smllar curves could be drawn for
- ~other bolts in the connection, )
- | ‘ N
5.4 Distribution of Connector Forces -
z N Figures 5.7 and 5.8 demonstrate the effect of pitch on
-~ bolt force distribution. Since the p]_.ots are non-dimension-

alized, they eliminate differences in ultimate loads. In

these graphs the abscissa represents the bolt force as a

- percentage of the equally distributed bolt force, LE all

bolts carried the same load all of the curves would be

i S i e e e s P

| vertlcal 1ines at the abscissa 100 ' The ordi.nate repreaenta

, i . ¥ | e : S, sitvg , e et b L
* e - = .- -

In the joint PC9c-9D (2-1/2" pltéh) there is a

defim.te trend above 902 maximum gage load whereby the |

| initial disparity of bolt“forces‘ tends to be reduced, Hew-
- ever, in the joint PC9b-9D (3-1/2"‘pitchf) the trend is not




shown

- as notlceable and becomes progressively less With tﬁé other
two J@lﬂts at lnereaeing plteheee Also, there l@ a mMCh

larger sPread in the dlstrihutlon of force as the pltch is

~inefeased

&

S:.milar effects are noted in riveted joints by comparing
the dlegfeme for PC9c-13DR @md.ECQD lBDR (Flgs, 5.9 end 5 10)
Here is noticed a simllarlty 1n.pattern but;a variation in
degree of disparlty as the pltch is increased. Comparing

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

pattern is observed and one thing is outstanding; the magni-

tude of distribution is approximately equel for the two JOlnts
of equal pltch but decldedly dlfferent for the joint with the |
different ?itch dimension.' One'would, of course, expect a
more?uniform distribution in shorter joints and this has been .
) Houever, ic 1s apparenc from the three riveted
joints mentioned that pitch has a greater effect on the

.ua‘ogﬂpsﬂw

uniformity of load distributlon.tha1 tutal number of pitch

alone, ) N o |
)
5.5 Comparison of Ductility - ]

The data presented herein can be used'to'comyare the

relative effectiven?s of the bolt and rivet for evenly
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- - distributing load throughout a joint.Theocontribmtion of

. a fastener in load distribution depends upon its ductile

)

1-~beheViof'ptoperties.under shearing load‘ Figure,S.il io a L

) . }
! graphieel comparison of*a boltedrand a riveted connection

& B
in,which.the abscissa represents the.connector.foroe as a

percentage of the equally dl%ttlb&t@d force and the ordinates

repreeent theﬂ gage load. The two ;golnts belng compared have

equal numbers of fasteners at identical pitch distanoes;
Both joints are proportioned for balanced,design with tension4

shear ratios of 1:0.75 (riveted joint) and 1:1.10 (bolted.
joint). '

The distribution of force 1n.the riveted joint is only

f

near ultimate load the actual dlstributions are almost

- identical. Most important is the concept that for equal
e - Lenigth Tiveted and«bo-LEemdi--eonnec:.tions , the riveted joint may -
be about 5%,to 10% more efficient (measured by unbuttontng)
_ but the bolted.Jolnt will be4502~8tronger,ifuwvf -

slightly improved over that in the bolted joint, However,




This thesis has made use of certain theoretical methods

 in a study of the effect of @itch on the behavior of _'mthe

- long .joint. The theoret:.cal solut:l.on was used to investi.gate

ten hypcthetical joi.nts., Dupll.cates of four of these were
actua].ly fabr:.cated and tested, Compar:l.sons were also pro-
vided w:n.th three related tests of large joints, The atten-
tion was entirely on Lcngfgcmﬁ:s and the subJect matter

encompasses both riveted and bolted structural connections.,

sy

T ——

. Specific results ﬁere as follows:

L

(L) -A connection's efficxenc}:b( ‘as measured. by; its

ab:.h.ty to develop the full strength of all the .

fasteners, is affected by changes in pitch For a

given number/of fasteners, the ultmate strength of

the connection w:.ll decrease as the pitch is increased,

In a nine bolt Jcmt a change in m,tch from 2-1/ 2" to
6" resulted in a drop in ultmate strength of 13 9%

N (Fig. 5. 1 and Fig. 5 2) 'Thus, the ulti.mste strength

- of the fasteners in a connecticn depends not only on

~+« - the number of fasteners but. also on_their spacing im - — -

the line of the load,
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: ¥jé;;? f1   1(2);lt has not been possible to separate pitch dis-

__tance and the total number of pitches as determinants

B A PR R

_of connection effieieney‘(measured“by.unbuttoning).f-*

(3) For a given load, the deformation of the end
| ”ffasteneKS‘in a connection haviﬂg_a fixed number of '

fasteners will increase as pitch distance is increased

(Fig. 5.6). -

T»?w *¥“*“‘;; :6&)‘Néithﬁfbﬁ{tﬁdfnéf”riveted‘jOiﬁtsCOﬁpletely\”

equalize load among the faSténers (Fig; Syll).Thié
behavior, indicated by reduced shear strengths in long
Mjoints, is a sigﬁificantlpfoblem.that should'not4beﬁﬁ
ignored. Though limitations on maximum pitch would

‘have the best results, a limitation on maximum over-.

all length is also necessary to prevent an extreme

reduction of saféty factor.

" '(5) The ductility of the high strength bolt is favorable
| . ' ) . |

inhcomparison'toﬁthe structural rivet, With riveted

-

- - - - and bolted connecticene of egual length-and number Gf w--rw-ivevvid
St S 23 ‘ |

. .
R OB
. 2 °

) fasteners, the riveted joint may be about 5% or 10% o ﬁ;{m

‘more efficient (measured by unbuttoning) but the bolted |
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”3(5) Riveted and bolted connections with similar pitc‘h“ o

dhensi:ons and desi_ghegl for éQual ’streﬁgm under current

~codes will not carry equal 'loads.‘ The riveted jbiht o
requires 50% more fasténers and is necessarily much
longer. This results in lower efficiency and reduced
~ow*_ ultimate etrength’h so the bolted joint is aetuall'j; :
b stronger, "
. (7) The theoretical study and conc lusions therefﬂrom
- have been verified b& a concise test series, Three
bolted joints were fabricated toﬁ study the effect of

- fastener pitch and demonstrated that decreasing pitch

results in an increased joint efficiency.
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3 erormcotusimcms
L Lap pIaté calibration curve .
M Main plate caliﬁsz@tion curve ' "
N Numbexr of pitches

| ‘ »’PG <¢P°adJ°“n8a8e‘3t:iPQ '''''
| | Py Load\onfjo;ﬁt .
- | P Load that causes jielding of tiet gsection -

A

Q;  Force in lap plates between Rows j and k © e

5 Rj Forcaeé*transmitted by Bolt j

S Average shear stress (in T/S ratio) |
T Tensile stress on net section (in T/S ratio)

u Unbuttoning factor

Ve D S

' small Letters . . —

c Hole clearance

_ dg Bolt diameter ‘

-.

dy Hole diameter

e ik Elongati@ﬁ of one fii’i‘fch ‘length of plkate from the -
&7 centerline of Hole j to the centerline of Hole k¥ -

b g T FEE e e R S T i T




é Calibration bolt offset

b Elongation of the radius of a hole due to plate

T e -36

el Flongation of one pitch length of plate from the

"fbeazimgvs;dg of Hole j to the bearing side of Hole k*

o

m | Next to the last bolt or'hole .

n thber of bolts in line or last bolt or. hole ,\, §¢;~H.

-

P Pitch T

t  Thickness [

. - e I . D . . K ’ o N O e T T
e . e i :
\ Lo ! o

Greek Letters . , SRR

tension
Hole offsec

A
5_': Summation
_

Nominal fastener shear stress , | i »j .7

s

- P I L i A R o N e I . gy w : . [ . tom v " g ooty

*Normal order of subscripts indicates main piate elengatieas,
inverted oxder indicates lap plate elongatiqns.
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- | HYPOTHETICAL
o JOINT

§

| NUMBER OF
| FASTENERS

n

PlTCIH

i

OVERALL

T

4 B
HEORETICAL
ULTIMATE

(Fs)

kips

UNBUTTONING

FACTOR
v

TEST
SPECIMEN

 TEST |

] ULTIMATE
AR

kﬁgs ;

© UNBUTTONING |
FACTOR |

PG9c-9D
PCOb- 9D
PC9d- 9D -
PC9e - 9D

%

H

- 9
.9
;9

¥
L

2 V2
3 1/2
4 /2

3 12

200
28.0
36.0

48.0
31.5

720

680

648

620
750

0.800
0.756
0.720

'0.689

679

| PCIOb-I10D 1

31/2

2 5/8
3 1/2

315
31.5

420

-0.750

0.736 |

753 |

[ PCc7b-100R
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