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P e - Abstract . . -..' :
J Ay [ ‘*“S

Spl1ces in beams and: girders are often reduired when

oo
-

Vo -

the lengths of members are 11m1ted by fabr1cat1on, o .
\transportatlon, or handl1ng fac111t1es ava11ab1e, or by thef

construct1on process. Thls study thestlgates the behav1our

.

i and ult1mate strength of a bolted web- flange beam or girder
sp11ce in which both the web and the flanges are spllced at
‘the same 10catlon. Current design methods vary a@d there has'

. ¢
been little exper1menta1 wohﬁ ddﬁe to’ verlfy these methods.'

A recently proposedﬂyeb flange splice de51gn procedure

has been further. developed herein. It 1s a development that

is s1m11ar to the method currently used to analyze

>

_eccentrlcally loaded bolted connectlons,vthat 1s, it

‘.

sat1sf1es the equat1ons of statlc equilibrium and uses the

actual shear locad versus shear deformation. response of the;

¢

bolts. It has been determlned that for a web spllce located _

.at a polnt eof. dontraflexure, the equ111br1um equatlons ?

"o developed-ln this method y1e1d results, 1dent1cal to an

analy51s that treats-the bolts on one. side of the spllce as

.

loaded by a shear force actlng at the’ centerllne of the
N spllce. For a web- flange spl1ce located at a po1nt where

both shear and moment .are present‘ th1s method ylelds

&
..

results 1dent1cal to an analy51s that trqats the bolts on

one 51de of the splzce as actlﬂg under -the moment at the.

3

7 centerline of the splice in addltlon'to the transverse shear

) 4 . . »
EH . 3y . R Y
. . € N R °
[
. - .

acting at the centerline .of the -splice.

' . .o

- - -



> ‘ Y ’ b
”_ The experimental program was limited t‘.the case of 'a

. girdet in which enly_the web was spliced. It involved the‘v'

testiné-ofAfive layge scale bolted web'eayices located at a

\

point of contraflexure and ong bolted web splice located at |

a point where both shear and moment were present. Two~series

0

of tests were carrled out on 51ngle bolt spec1mens loaded in

'double shear, u51ng both compre551en and tension jigs, to

-, obtain the shear load versus shear deformation response of a
s{ngle bott.' o |

For a bolted\wee splice’, the best agreement between

theory and experiment is'achieved by heing the ultimate

strength method of analysis and the actual reSponee'to shear

Y

load of a 51ngle bolt tested in .a tenslgf jig, based on the

‘assumptlon that the shear [force acts at the qenterllne of

-

'tﬁe spl;ce. Test results reported here1n substantlate the

analytlcal method developed for pred1ct1ng the capac1ty of a

v

webr flange beam or girder splice.
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1. INTRODUCTION L

1.1 General !

g .

Sp11ces in beams and’plate g1rders ‘'should be avo1ded
whenever possible because they increase the cost of the

members. However, there are certa1n cases when a. splice is

-

necessary. In the fabr1cat1on shop, spllces ‘are sometjymes

°

‘used to perm1t the 51ze of the beam cross- sectlonato be

-

changed w1th’length in- order to meet the strength

1

réﬁu1rements more closely More often, however, shop splbces

are used when the requ1r d beam lengths are not gvailable or
(

when the length of steel'members is llmlted by the

'fabr1cat10n or handling fac111t1es avallable.

F1e1d splices are req01red when the length of steel

members is limited by the transportatlon equipment = .~

.

available. The construction process may also dictate that

» beams or girders be spliced. The size and weight of steel
~members are limited by the equipment availeble to handle and

u

erect them. In the erectlon p?ocess, stab111ty
cons1derat1ons such as lateral tor51onal buckling may lead
to the select1on of shorter than otherwise max]mum
fabrlcated Lengths.,

g

' Thus, beams and glrders may be spllced elther in the
shop or in thevfleld. Although shop spl1ces,may be bolted, e
complete penetrat1on groove weld . is usually used to join
sectrons of acbeam together. F1eli‘sp11ces may be either -
- welded or bolted. welded splices usually look neater agd t)
o,

\‘ B . ) * ) °
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A

" - cleaner than bolfed splices, but they r:guire more careful

)74

&

alignment and are more difficult to inspect. The welding
process is affected by temperature, as well as byvbther

environmental condjitions. Field splices in large bridge or

-building girdejsaare=often bolted due tq'the difficulty of

v

Aweldlng large members 1n the field.

" A qommonly used ‘bolted sp11ce is shown in F1gure S DU

Spllce plates are’ lapped across the jo1nt and bolted to the
webs and the flanges of the beams or glrders to tran@fer the
load The flange plates may be placed on one 51de ofuthe
flanges only, as shown in Figure 1.1, or they may be present

on both sides of the flanges. Sometlmes, elther the web or

the flanges are spllced alone, but usually both the web and

~

‘the flanges are splléed at the same locat1on. Th1s type of

splice is usually referned to as a web- flange spllce.

Another-type“of-bolted splice is- the end-plate splice

shown in Figure 1.2. Plates are shop welded-to the ends -of .

~the beams or girders, and these’are-field bolted together at

the joint. - ?
This report deals with the design‘of a bolted

web- flange beam or girder spp%ce in which both the web and
' -

"flange materlal are spllced at the same locatlon. Current

°

de51gn methods vary-. The va11d1ty of some of the methods

1dent1f1ed 1n the techn1cal l1terature has not been
N

substantlated analytlcally. Furthermore, there has been very

lattle experlmental work done to verlfy any of the

analytical approaches. The analytlcal'p/ocedure presented in

[



thls report is, in prxnc1ple, a general procedure that xs .
appl1cable to both bolted and welded spllces. However, ibs
development herein is based. Qn a bolted splice.’ Tests to -

substantiate\the“analytical method vere also‘limited to’

bolted splices. ) - : o

:;‘ s R . -

1.2 5cope .

An analytlcal method presented in Chapter 3, has been
developed that 1dent1f1es the, forces requ1red for the des;gn
of a w\baflange beam or glrder splice. In order to |
substantlate the val1d1ty of the analytlcal procedure, a'
serles of six tests was estab11shed to determ1ne the
‘ultimate capac1ty of bolted web spllces. In £1ve of these
tests, the center of the spllce was located at a p01nt in.
thé beam where the moment theoretlcally was zero. Thus,

%’
these connections were loaded prlmarlly in shear. In the

'sixth test, the spl1ce wasrlocated in a region. where both

shear an moment were present. Because of the c0mplex1ty of

such tests and because no other tests relatlng to the new

.analytigal method are avallable,vlt was decided not to

include/ splices involving both web and flange;matetial in-

this test program. . SR L”;fg,;;

5 cate : T - .
oW c.-: R#»_, .

WO ser1e9 of tests were carr1ed out on § ngle bolt

.

tens on jigs, in order to ‘determine the load versus



t . v
.

" used 'to predict the: ultimate ‘shear capac{ty of the bolted

wdb_splice'specimens tested.: | ,
ll3 Objectivesh‘ ﬂ | - . -
‘ The objectives of this study were:
1. To develop an analytlcal method for predlctlng the
~capac1ty of bolted web-flange beam or g1rder Spllces.

2. To compare the experlmental load versus’ deformatlon (
response of s1ngle bolts loaded in double shear Wlth
prev1ous test results. i .

3. To test: bolted web spl;ces located both®in reg1ons where
only shear is present and in reglons where both shear
and moment are present. Y . | |

" 4. To compare th% web splice test results w1th o .

theoretlcally based pred1ctlons using the analytlcal
method developed heseln.

5. To make recommendat1ons for de51gn rules foa-bolted

web-flange beam or girder splices.

A
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2. LITERATURE REVIEW
*

2. 1 lntroduct1on ' :

Plate g1rders were fabrlcated tradxt1onally by riveting

Y
AN

irs of steel angles to the top and bottom of.a‘veb plate,-

L, N

showh in Figure 2:1(a). They were designed using the

of the moment. 'In reglons where plate girders were required
to resist large bending moments,vcover plates were r1vetes
,to the flange angles as shéwn in Figure 2. 1(b). Because of
the high labour content“of such glrders, in a&most all cases
plate girders are currently fabricated simply by we1d1ng the
flange plates to the web plate, as shown in F1gure‘2 2. The
change in the fabrication method of plate g1rders has
resulted in a corresponding change in the de51gn and
fabrlcation of plate g1rder Spl1ces. Before the use of
welding and hlgh-strength bolt1ng developed riveting was .
the most videly used method to connect steel members. .
However, rivets are now- obsolete and have been replacid by
hlgh strength bolts. ThlS chap:er first examines the

<
historical approach to. de51gn1ng beam or glrder spllces, and

\

then reviews the current methods used.
. ‘ e
2.2 History.of Beam or Girder Spliées'
In-the;early 1900's splices‘were_designed to be as
equivalent as possible to the net section of,the beam or

girder at the joint. Hence, some design specifications .

assumptlon that the flange angles carr1ed either most or all

a
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requ1red spllces to develop the full shear and moment
“capac1t1es of the sectlons being" joxned (1 2,3). Many

d¢%1gners felt this requirement was too severe, and they
. otten preferred to Qe51gn splices to resist the ‘maximum

‘shear present conbined with the moment capacity of the

[}

section at the zﬁi CE. Tn:1947, cha gk in the American
Instltute of St el C nstruction (AﬂZ&) specification'
requ1rements permltt: de51gners to--design spl1ces for t?
actual stresses if f';h the web and the flanges were
| spliced (4). Howeveff*the spl1ces were required to resist a,

f minimum of 50% -f

for their full capacrté% %lthough flange spllces were rarely
requ1red for plate girders that were fabricated using flange
‘angles. Angles and cover plates could be obtained in
adequate lengths except for very long girders. Where
necessary, flange angles were spliced with:

1. a single spl1ce angle to cover the ¢ut (Figure 2. 3(a)),

2. one splice angle on each side of the web plate

v

. (Figure 2.3(b)), o1
one side o% the web plate and a spllce
‘)

3. a splice angle o
plate on the otker side (F1gure 2. 3(c))

The spl1ce angles we. often referred to as "bosom angles

- “

The same r\gets used to connect the flange angles to"

the web plate colld also,be used to connect the splice

r 4

angles to the fLange angles. Somet1mes,~however, the rivet

spacing was reduced near the splice in order to minimize the .

) ) N
. . .
‘ by

/
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length\of the splice angles-required, When cover plates were

a part of. the cross-section, they were spliced uding a
npatch plate", as shown in‘Fi?ure 2.4. The American Railway

Engineering Association (ARE pecification‘(S) did not

perm1t the splicing of two c ‘*ents at. the¥same location,

and the American Assoc1at10n ‘of State Highway Off;c1als
(AASHO) specification. (6) recdmmended that designers avoid
;doing this. These requxrements were questzoned‘by some
desxgners who beljeved thatﬂthere was no valid reason not to
'spl1ce all of ‘the. flanée angles at the same locat1on (7).
An early type of web spllce was the single-plate (or
shear spLice’(8,9;10,11,15).‘It consistkd of two steel |
plates, one on either side of the web, as shown in .
_Figure 2 5. The flange angies‘wete-not spliced at thigs
locatlon. When the bendlng re51stahce of the web was
neglected in the de51gn of a pféte g1rder, this type of

o

sp11ce was de51gned to’ carry only shear. Shear is almost
,unlformly dlstrlbuted over theventlre web (8). Thereforé
the rivets were uniformly spaced and it wes,conSideredlto be
good design‘practiee to use at ieast two rows of‘riyets on
_edéh side of the joint.. The minimum -number of fasteners
req:}red on one side of the spllce was establlshed by
dividing the ﬁull shear capaolty of the web by the allowable
working strehgth of one rivet. Thus{ Ahe fastener group on
either side of the. splice was assumed to be 1oadea through
1ts center of " grav1ty When the single-plate spl1ce was

®
des1gned to carry both.the vertic shear and the resisting



moment of the web, it was: sometlmes referred to as a

"ratidhal splice" (9). The transverse shear was assumed to
. be equaliy distributed among the rivets as a vertical force
'on each. Thet horizontal force on each rivet, produced by the
bending momnnf“was assumed td increase propdrtionally with
the distance of the fgivet from the neutral axis. THe
critical rivet therefore was the one that was furthest from™

the neutral axis. The resultant of the shear and bending

- . ¢
force components on each rivet was calculated and compared

¢
.

with the allowable rivet load. 4 _—
. Another type of web splice wasvthe triple-plate, or

moment , sglice (9,10,11,125. This'consisted of three sets of
-Spliee plates, as shown Lﬁ Figure' 2.6. Again, the flange
‘angles‘;re continuous at the locatiqn of the web splice.*%he
trible—plate splice was designed using the assumption that
the middle set of splice plates (shear plates) carried all,

. of the shear and the toé and bottom sets of splice platg;

\\(moment plates) carried all of the web moment. The shear and
moment are actually carried byball three sets of R&ates, but
the error resultlng from the use of this assumption is
relatlvely small for deep beams and glrders. Shedd (9)
recommended that this type of splice be used only for
gitdetS'with‘a minimumzdeﬁth of sixlfeet. The moment plates

were designed to carry the entire mpment that thd web was

a .

designed to resist. Prior to about 1950, it was assumed that
. one—eignth of the web area in a plate girder was effective

in resisting moment (8). The stress distribution obtained

2
R}
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using conventional beam theory was altered in this way
becaase a thin web is relatively uhstable and does not have
the capacity to‘carry its share of the bending stresses at
hégh loads and, as a result, most of the bedding stresses

are distributed to the flange. Based on the resylts of more
. | } _

recent experiments, plate girders ate'currently designed

using the assumption that one-sixth of the web area.is
effective ln resisting moment (l3).(‘

As far as can be establ1shed the work of Garrelts apd
Madsen (14) *in 1941 is the only experimental study that has,
been carried out to investigate the behav1our of rlveted or
bolted web- flange plate g1rder splices. Four types of web

splices were subjected to elastic range and ultimate. load

tests. Each specimen falled when the compress1on flange

"angles buckled npear the splice. Although failure did not

occur in the spllces themselves, the relat1ve behaviour of
the. four types of spl1ces was pbserved. Longltudlnal

stresses in the flange angles and normal and shear stresses

'in the web and .splice plates were calculated using measured
strains. From an examination of the stresses calculated om

®he measured stralns, it was goncluded that each set of

splice plates only carried the stress in the part of the web .
which they covered. The«stress not carried by the*splice .
plates produced an 1ncreased stress in the flange angles, '
The study also showed that . the tr1p1e platg/spl1ce was more

effective than @he single-plate splice.

.
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2.3 Current Proceddres for Design ot Web-Flange Beam Splic01

Cuarent Lorth American practice for the design of beam

. Splices has been summarize® by Fisher and Struik in "Guide

~

to Design Critefia for Bolted and Riveted Joints" (155.
vKulai, Fisher and Struik (16) have written’a §econQ edifion
of this book that inclﬁdes\a new approach ;o the design of
beam splices. This method is reviewed in Chapter 3 of this

report.

Fisher and Struik (15) present desjgn methods for two
types of beam or.girderﬁsplices. The web-flange splice, ‘
shown in Figure 1.1, is the most common type of beam or
gi;der splice cprrently used. UsQally, splice plates are
bolted to bothﬂsides of the web and to th? outside of the

_flanges. However, splic; plates may be required on both the
outside and tﬂé inside of the flanges when thé\flaﬁge
splices must transfer large forces. The spiice plates must
be large enbugh to acgomodate the required number of
fasteners. To ensure that the splice'plates do not fail,\
their cross-sectional area mu;t be at least equal to the
cross-sectional area of the material being spliced. The

fasteners in a web-flange splice are loaded either in single

shear or double shear, depending on whether splice plates>

_are used on one side or both sides of the materia} being

-

—

“spliced. A web-flange splice transfers load in sucg'ésmanner

that the fasteners are not  subjected to axial forces.
° ﬂ . ;
For the design of a bolted web-flange beam or girder

.

splice, Fisher énd Struik (15) recommend that the web splice

)

[4
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be assumed to transfer all of " the shear and that the flange

'spllces be assumed to transfer all of the moment at the

section. Because the portlon of “the moment carrled by the

dweb is relat1vely small it is ugnored ‘in the de51gn of the

2 i

hgweb spllce. The bolt group on one side of the splice is

-~

de51gned on the assumptlon that the shear force acts at the

;ceﬁtro1d of the bolt group on the opp051te side of the

@
P

spllce. Flsher and Stru1k recognlze that. th1s assumptlonvls ‘

more conservatlve than that used 1n some- othgr de51gn

gimethods. However,,at the time they prepared the1r .

rec bmmgggations not enough exper1mental data werh available

to support a reduced” eccentr1c1ty The experlﬂmntal data

a obtalned by Garrelts and Madsen (14) do not verlfy the exact

dlstr1but10n of the force in a web spl1ce.1In a commonly
used Brltlsh de51gn manual (11) the bolt group ‘on ‘one slde &

of a web spllce located at a p01nt of contraflexure also is

'de51gned u51ng the assumptlon thct the shear’ force acts at

the centr01d of the oppos1te bolt gsoup. In the des1gn of a.

flange splice, Flsher and Struik (15) assume that the
ERY
fdsteners in each flange must be able to re51st a force

equal to the moment at the cross- sectlon d1v1ded by the

IS

’ depth of the sectlon.

”’Balllo and Mazzolani (18) present two alternative

approaches for de51gn1no web flange beam or g1rder spl1ces.

'In both approaches, the moment at the locatlon of the spllce

3

tis. proportloned between the web spllce and the flange -

spl1ces.-slm11ar to the recommendatlon of Flsher and Stru1k
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the_flrst ~approach. con51ders the shear force to act at ‘the
centrold of- the opp051te bol Qroup The second approach
assumes that the shear foroe acts at the centerllne of the

‘j4w splice. Bresler and Lin (19), Salmon and Johnson (20), and

m'ﬁ'Nethercot (21) also use thlS second approach and they
ﬁurther recommend that the web splite be de51gned t;
jttransmﬁ%-%oth the, eccentric shear force ‘and the portlon of
the moment that the web was de51gned to carry. Only Salmond

,and%Uohnson (20) prov1de an explanatlon for thé assumptlon

A -

made in the second approach. Based on the pr1nc1ple commonly
used to de51gn connections, they de51gn a bolt group on one
side of the spllce to resist the internal shear and moment

actlng at 1ts centes Of grav1ty This ylelds resulté. that

-are,ldentlcal t< ass. :ing that the shear force acts at the
"centerllne of the splice.: '
- I1f a. de51gner chooses to negiect the eccentrrc effect
of the shear?force,bthe web spllce is de51gned 51mp1y for‘
thelactualishear'and moment present at the centerline of the
spfmce. Salmon and Johnson (20) recommend neglectlng the
' effect of the eccentr1c1ty except in cases where both the
“moment and shear are hlgh Bresler and Lin 919) recommend
neglectlng the effect of ‘the - eccentr1c1ty when the ?
.eccentr;c1ty is much less than the helght of the web.
North American"and European specifications require that
beam or glrder splices be capable of developlng spec1f1ed

~strengths. However, they do not prov1de insight . into how the

eccentrlc effect of the .shear force should be accounted for
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rn the desxgn ofr a web spl1ce or how the moment at the"
section’ should @proportloned between the web spllce and
“the flange spllces. L o - o ‘f'/,
The current AISC speczflcatlons (22 23) reqblg% groove
welded beam or g1rder spl1ces to develop the full strength ‘
of the smaller sectlon belng spllced _while bolted spllces
are requlred to. res1st the most unfavorable comblnatlon oﬁ
shear and moment—at-the location of the spllce. CSA Standard
CAN3 S16. l«M84 Steel Structures for Bu1ld1ngs - L1m1t States
Design (24) requires that. connect1ons be de51gned to reS1st

the max1mum factored loads expected to be appl1edato them,

As is the case w1th most spec1f1cat10ns,'Sig)T’requires that )

>the fasteners in a connect1on not fail hefore the members
be1ng joined have reached the1r ultlmate capac1ty ‘The-
current AASHTO (formerly AASHO) spec1£1catlon (25) and CSA )
Standard CAN3 S6—-M De51gn of nghway Br1dges (26) requ1re ’
that'beam spllces be de51gned to resist a shear and moment
’equal to the average of the calculated shear and moment at
the service loads and the sect1on capac1ty at the locat1onr
of the spllce. The beam spl1ce must be able to- re51st at .
least 75% of the member strengths. The current AREA
spec1f1cat10n (27) requ1res that spllces be. des1gned to
re51st the max1mum moment and simultaneous shear, or the

- max1mum shear and . S1multaneous moment. " h‘ | .

The current British sped1flcat10n k28) permits beam”or

glrder spllces to be de31gned to resist the actual stresses

rin the connected members at the locatlon of the spl1ce.

R
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Other Eurooeah\specifications (29,30) requirelthat.beam or.
girder spiices be dedigned to resist the capacity of the .
connected mémbers. However, these spec1f1cat10ns permit *
exceptlonJ for.splices in beams or glrders Where a fa1luré
of the sp11ce would have no detrzmental effect (sGkh as
progress1ve collapsé) and for splxc@% located in: reglons of '
minor load. In such Cases, the spllces are de51gﬂ6d*to

Q
resist 1.5 times the factoredJloads 1£ these loads are less

than 2/3 of the load cairying capacity of thée spliced
‘member (29).'The Swiss sbecification (30) requires that
splices be designed to resisyg a minimum of 50% o{ the member
capacity. | ) ‘ ’

. - N - . . : N . (
S ‘ | ' )

2 4 Analysis offEccentrlcally Loaded Bolted Connect1on§
As has already been 1dent1f1ed designers. fr!bﬁently
de51gn the bolt group on e1ther 51de of a weld spllce for an

epcentrlc loa

equal to the transverse shear force. Slnce‘

i _ . ’ .
‘ ,T§63 consider ‘research gas been carried out to study the

~.behav1our of ccentr1ca11y loaded bolted connectlons in

which the load is app11ed in the same: plane as the bolts.
The methods used to analyze th1sJ¢ype of connection have
‘ . ’ - - ) R . N ) 7 .
varied. The two most significant methods that have been used
by designers will be presented herein. 4
o / ' o .
éﬁg Bolt groups subjected t?/eccentrically'applied loads
have trad1;1onally been analyzed using a theory which 1s

. based on.the assumptions that the behaviour of the bolts is

elastlc_and that the bolt group rotates, about its center of
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. ! -
‘grav1ty (22,31). It is assumed that each bolt resists. §n
equal share of the vert1ca1 load. The" moment caused by thev
veccentrlc load produces both a horizontal and a vert1ca1
force on each bolt. ‘The magn1tude of these forces is
dlrectly proport10na1 to ‘the dlstance of the bolt from the
centroid of the bolt group. Therefore, the cr1t1céﬂ bolt is
the one that is furthest from the @fmtroid of the bolt
group. fh&s method of analysis results in factors of safety
-which are both high and inconsistent when compared with test
3

results 132) L ‘ qu

-

Tests have shown that bolts do ‘not have a 51gn1f1cant
elastlc region of shear Yoad versus shear deformation,
. _behaviqur,‘and'do not have a well~def1ned-shear yield =

- »

fstress (33). Furthermore, e}cept for the case of pure
momept, there is no basis {or'assuming that a bolt group
acting under an eccentric load rotates aboutﬁits'center of
grav1ty Thus, current methods of design for eccentrlcally
loaded bolted connect. (13 31(32 34) use an ultimate
strength analy51s that employs the actual shear load versus

~ shear deformation. response of a 51ngle bolt and the statlc

(Aquatlons of equ112br1um to predlct the ultimate strengthlof
a bolt. group. The bolts aie assumed to rotate about an .
‘instantaneous center. The d1rect1on of the force on each -
bolt is perpendlcular to a radius from the 1nstantaneous

4center of rotation and the deformat1on of each bolt varies

11near1y with its dlstance from the 1nstantaneous center.
N
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The - force on each bolt can be expressed as (31,32,34);.' G
' R = Ru_(‘.ﬁ'e;“}?‘ v | | o (2.1)
‘ .
Where | | )
 e = base ofvnatural logarithm = 2,718

= bolt load, at a g1ven deformation -

s B ¢
I

,= ultimate shear strength of a s1ngle ‘bolt

(=4
n

total deformation including shearlng, bending, and
bearing deformation of the bolt and local
deformatlon of the connecting materzal
A= regre551on coeff1c1ent
u = regression coefficient
. o, _

;t‘is assumed that when the ultimate load of the:
connection is reached thelbolt furthest from the
.1hstantaneous center has ]USt reached its ultimate
diﬁormatlon. The load correspondlng to this deformatlon is
the ultimate shear load that - thegbolt can sustain (R ). The
deformatlons of each of the other bolts will be proport1onal

to their radii fro;Athe 1nstantaneous center of rotatlonu /
’ghowing these defbrmations; the force on each of the other
bolts can be obtained from the load versus deformation .
response (Equatlon 2.1); The locatlon of .the 1nstantaneous
center of rotation must be chosen by trial and‘an iterative
procedhre useo until‘the three equations of statics are

[N
AY o . ’




.and - the bolt response described by Equatlon 2.1 u51ng

3

4

‘satisfied.

The Canad1an Institute of Steel Construcuﬁpn (CISC) .

=.Handbook (31) provides tables of ultimate loads for #

»

eccentrically loaded bolt groups. These tables vere o

'developed using thé" ultlmate strength method described above

.

R =74 kips, w=10.0, A=0.55, and.4,=0.34 inches.' In order to
¥

present the tables in a non- d1men51onal format, the

connectlons strengths vere then divided by R,. This load

versus deformatlon response was obtained exper1menta11y by'

Crawford and Kulak (32) for 3/4 1nch d1ameter ASTM A325

bolts manufactured to minimum strength The bolts were ‘
tested 1n double shear u51ng a 3/4 inch th1ck middle plate
flanked by a. '1/2 inch plate on each side. All plate materlai
was steel with a_nomlnal yleLé:\tnength Of.36 ksi, ! ‘ .
Experimentalfand analytical studies have shown also that the
coefficfents developed inxthe'CISC tables can‘be |
conserVat1vely applled to sllp-re51stant ‘connections (35).

In a bolted connectlon subjected to an eccentrlcally
applled load that is 1ncrea51ng, the dlrectlon of the..

2 .
resultlng force on each bolt changes as the <instantaneous

\
center of rotation moves. This does not ‘happen in the 51ngle

- bolt shear tests where the . d1rect10n of both the applled

force and the resultlng deformatlon remains constant.

- — . —— - - o v -

*Throughout this report, the S.I. dimensional system will-
generally be used. However, the experimental work to obtain
this bolt response was carried out us1ngaImper1a1 un1ts and
will be referred to as such.



Crawford and Kulak (32) recggnizeﬁ.th&t‘the bost.in a-

mulli—bolt°connec§ion are not likely to reach the maximum’

-

~defopation of a single bolt in shear because of this
‘aeffective‘nnggyio . Consequently, the forces that the_§

conrection bolts are able to deveiop are also‘decreased.
| SN ‘
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3, ANALYTICAL STUDY
1 - . ‘

/\ g o

3.1 Introductlon

A theoretical approach to p1’?1ct the ultxmate capac1ty
of a: bolted web- flange beam or girder splice has Eecently '
been proposed (16) It is a development that is similar to
the method ¢urrently used to determine the maximum strength
of ecggntrically loaded bolted’connectlons, that lg, it is a
rational approach‘that sayisfies the‘equations-of static
equilibrium and uses the true shear load versus shear
deformation response of\the fasteners. ! |

In presenting tﬁe proposed-analytical method, a general
development will be introduced first. lhis inéludes the case

of a beam or girder that has both the wep and the flanges
spl{ced at the same location. The special\cese of a beam or
girde% in which only’the web is spliced will then be
identified. This spec1al case is of’ interest for t%ree
reasons, Firstly, desagners frequently spl1ce contlnuous
'beams or girders at points of contraflexure (20,25,27).
Thus, such splices are desigéeé—to transmit 6nly shear,
Secondly, for the-design of a beam or girder splice located
in a reglon where both shear and moment are present, it is

customary to assume ‘that the web splice transfers all of the *

transverse shear and that the flange splices transfer either

all or a specified portion of the/moment (13,15,18,19,20).

The validity of these assumptlons ‘;st be examined. Thirdly,
) the experimental 'prograp for this project included the

~
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_testiﬁg of web splices only. The majority of the wek splices'

1
tested were located at points of contraflexure, although in

one case a web splice was tested that was located in a
‘ ' ’

region where both shear and moment were present.

» . .

~

3.2 Proposed Analysis of a Beam or Girder Splice

The wvalidity of the assumptionslebrrently used to
design bolted web- flange beam spl1cés.w1ll now be exam1ned

Current methods assume that the bolt group on one s1de of

}

the web_spllce must be de51gned t& resist all of the.
‘transverse shear at the spliced section. This'is a

reasonable assumption because the transverse stiffness of
« X '

the flange plates (the only other component that could

transfer® the.shear) is relatively small. In current methods,

»

the bolt group on one side -of the web s?lice is éesigned to
resist a vertical force (equal to the ttansverse shear at
the sectlon) that is considereds to act either at the
centerline of the splice or at the centroidjgf»ghe opposife
bolt group (13,15,18,19,20). A cgmparlsoh between the two |
assumptions for a wide range‘et web splice:polt arfangements
is given in Section 3.3. Neither of these assumptions'fot.

the‘%vsation o

Ot\\hqlzfifal y verified. One of the methods currently used

‘the vertical force haS‘been experimentally

assumes that the flange spl:ces must carry all of the moment

at the location of the~splice (13,15). This is a

~

onservat1ve assumptlon because the web splice also has *

L

capac1ty to transfer some of tbhe moment. However, the
) .
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converse of thls is that the shear capacity of a web aplice
is reduced when it must carry moment in additibn to shear. .
Kulak, Fisher and’ Stru1k (16) Have proposed a new
approach to the design of bolted web-flange spllces that
avoids 1rrat1onal assumptions. Figure 3.1(a) shows a simple \\\
"

beam that contains a bolted web-flange splice located in a
\

‘region where both shear a&d moment are present. A free- bod?ﬂ

dlagram taken by cuttlng the . beam through one set of
fasteners is shown in Figure 3.1(b). The forces in these

fasteners are asgumed to rotate about an instantaneous

center, as shown in this figure. The direction of the force

on each bolt is perpendicular to a radius from the
X .

instantaneous center of rotation, assuming rigid body
) rotation\of'the conuected parts. By using the assumptions
that were presented in Sectﬂou\i 3 for the ultimate strength
method currently used to ana\yze eccent‘%cally loaded
connectio s,—the location of the instantaneous center of
Egtatio g found’whengthe three equations'of equilibrium

-

are satisfied, namely: ) -—

LF, =0 I (3.1)
. Q .
LF, =0 o : ,«3.2)/__
IM, =0 : | (3.3)
. 4 4

‘ . /

- U ‘.

N Equa%jon 3.1 is automatically satisfied because there.are/o
. . N K \

P
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‘external hor1bontal forces present. Equat1on 3 2 is

satisfied when the sdﬂ of the vertlcal comppnents of the

' boIt foraz,,ls equal tootMe shear acting at the sgctlon. For

" the member shown in Figlre 3.1, the result of.tak1ng the sum

b _ ¢ 0 (3.4)
L iz=1 Riv = ’
The result of taking the sum of the moments about the
cinstantaneoué center to equal zero is: *
] v A ‘ . X _
Bb(yix +r) - Fid - L R, = 9 o (3.5)
L K¥RTET f i=1 T - .é{QLu\‘- o . !
i . io ".:J.A l‘r
. v s
_Equation 3.5 can be rewritten as:
e .- n . .,_ . ‘ ) .
BBX L BBy o+ r) - Fd - £ oRp = 0 | (3.6)

where:
Fy
n
ry

"‘center of rotation
. e

/7

of the vertical)%orcesvto equad zero is:.

‘-éiitgnce'between the centroids of the.top and

Bottom flangeé‘

-'for{e in the top or bottom flange bolts on one -

side of the spllce

e

tnumber of bolts on one 51de of ‘the web splice

dlstance from the it bolt to the 1nstantaneous

N
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r, = distance from the centroid of one bolt group to

L its irstantaneous center of rotation N

" Ry = force in the ith bolt e S
Ry, = vertlcal component of‘the bolt force R, .
Xg = dlsFance from the centerline of the splice to the

centroid of the'holt group on‘one side of the

‘splice?

Although this development started Qith'a slngle
concentrated load acting- on a s1mply supported beam, it can
‘be ‘shown that the fore901ng sta ents are generally true
: for.any loading caSe.lThus, in order to present these
‘equatlons in a more general form, Pb/L w1ll be replaced
by V, the shear at the section, and Pbx/L w1ll be replaced
4by M, the moment at the’ centerl1ne of the spl1ce. U51ng thlS

notation, the equ111br1um equations become:

iR
e

L R,-V=0 - | : o (3.7)
. n . B ‘ . ‘ L ) v
T Rr, + Fd - [M +¥(x+r )] =0 ‘ (3.8) .

Equation 3.7 identifies that it is . the vertlcal
components of the bolt forces that re51st the transverseA
shear at,the‘sectlon and Equation 3.3 1dent1f1es how.the
moment transferred across the splice is shared bétween‘the 3
’_bolts in the web spl1ce and the bolts 1n the flange spllces.
. Although Kulak §t al. (16) recognlzed that 1t would be

advantageous from a de51gner S p01nt of view-if a locat1on-
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A
-

of the eccentr1c shear force could be establﬁshed that would -

A

yield results 1dent1ca1 to those gi

- o e
Iy

en by the equ111br1um\
equatlons, they found no particular. relatlonshlp between the

“ AN

) eccentr1c1ty of the the shear force and the center of
gravity of e1ther bolt group. However, these equatlons have
been further examined hereln. The sum of the flrst two terms
in Equat10ny3.8, Er Rir. and F d represents the moment at
the instantaneous center of rotatlon created by the 0~
resistance of the bolts. The other term in Equation 3.8,

M + V(x +r,), represents the moment at ‘the 1nstantaneous

center of rotat1on produced by the external force appl1ed to:

the beam as shown in the free- body dlagram (Figure 3. 1(b)).

—~;—»»Kulak “et al (1@3 express thlS term more simply as M, the

moment at the 1nstantaneous center of rotation. However, it
“1s.more convenlent from a designer’ s point of view to use
the expandéd form in Equation 3, 8, with M and \' defined ad.
~the moment and shear at the centerl1ne of the splice.

If the moment at the location of the spllce is equal to
zero, then the moment at the 1nstantaneous center can only
be a- result of the shear at the sect1on. From this it can be
Cconcluded that the term V(x +r,) is- the moment at ‘the
1nstantaneous center produced by the eccentrlc shear force.
This: solutlon to the problem 1s 1dent1cal to that for a bolt.
group lqaded eccentrlcally by a force "y" located at a

a;’d1stance "X, from its tenter of gravity. Thus, de51gners

- who are famlllar w1th the treatment of eccentrlcally loaded

connectlons w1ll f1nd 1t convenlent to deal with the problem

-
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in those terms. In ¥Ummary, for this imoortant case of ..

M =0, V0, the design.of the bolt groyp in a web SEl;ce
N - ' hy ) .
can proceed on the same basis as that for a bolt group

acting under a load equal to the shear'at the splice and

L]

located at the cehterlinevof“the splice. Figure 3.2, sHows

, : . - .
this pictorially for a generak-group of bolts. The distance

_hetween the shear force actfng‘atFthe centerline of the

L4

splice and the centr01d of the bolt group, called x, in the
;‘v'

i i }1&{
developmenthso far (see Fig. 3.1), is usually éalled "e" by ,Qﬁ
. Q&

de51gners (20). The latter notation-ls used in Figure 3.2.

Equation 3.8 is then rewritten as:

by

L Rr, + F,d - [M+V(ett )1 =0 - (3.9

For the beam loaded_aé.shown in Figure 3.1, the bending
moment is not symmetric .about the centerline of the splice.

Consequently, the forces,ecting on the bolts on one side of

K

the splicei ‘not identical to those .acting on the bolts on

£ N

ﬂthe opp051te side. In this example, the right-hand bolt

g

‘group is cr1t1cal because. it is on the side of the sp11¢e

w1th the greater moment present. As prev1ously stated,

M + Fle+r,) represents the moment at the location of the
Inetantaneous center and 1t is this moment,that ‘must be
re51sted by the bolts on the rlght hand side of the splice.
For the! rlght hand bolt group, M and V(e+r ) are both act;ng
1n~the same- dlreotlon. However, for the left hand bolt group

M and V(e+r_ ) are acting in opposite directions to one

\1
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another. It is more economical to design the splice be - »
. symmetric about the joint. Hence, both bolt ‘groups. afg
de51gned to resist the forces to wh1ch the cr1t1ca1 bolt
group (the right-hand bolt group 'in th;s example) is ¢
subjected. _ , ' | .
Equations 3.7 and 3.9 are genetal and can be applied.to
bolted web flange spllces in both 51mple and contlnuous
beams. For the special case of a beam in which only the web
is Splbted but wherein both shear and moment are present
.there are_no‘forces transferred across the»flanges;=hence%
F, aO Substituting F’=0 into Equations'3.7 and 3.9 yields
"results 1dent1cal to de51gn1ng the boht grogp on one side of
\ the web spllce to resist the shear and moment at the ~ @
centerllne of the Spllce applled to the bolkt group as shown G
in Figure 3.3. The ultlmate capac1ty of the bolt groupkcan
then be determined using the\ultimate stfength method fot o
analyzﬁng eccentrically loaded connections that was
vpresented in Sect1on 2.3.
For the case of a beam or glrder in which both the web N
'and the flanges are. spliced, the de51gner.w111 have to make
an assumption regarding the’ portlon of the moment at the
locatlon ‘of the spllce that the flange spllces will be
: de51gned~to res1st. This assumption is then used in
Equatlon 3.9 to identify how the moment is shared between
the web spllce and the flange spllces. There are two

approaches that have tradltlonally been used by de51gners to

proportlon the moment at the sectlon.,E1ther one of ‘these
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‘may be ﬁse? as long as the.equilibrium statements,iEqs, 3.7
and 3.9) are satisfied. o |
Oneﬂapproach is to desigh the,flan9e splices*£o-tesist
100% of the moment at the centerl{ne oféthe splice.(15)‘
.Thls leads to F,d = ﬁ‘En Equatlon 3. 9, and therefore the web
| p11ce is de51gned to resist only the eccentglc shear“force._
- The alternative approach is to de51gm.the web spllce to
resist a portlon of the ‘total moment at the sectlon in
addltlon to the transverse’ shear force (18 "19,20). In this
ﬂcase, the ﬁlange spl1qes are de51gnedrto_re51s¢ less than
. 100% of the moment that is, F d.<uM %he moheht not‘
;951sted by the web spllce must be carrled by(@he flangeo
'spllcesf Tha moment that the web spllce must resist is equal-ﬂ
to the‘porpionmof the moment that the web in the beam or
girdér was designed to relsist. For a baam, this moment can
be calculated'using cohventional beam theory. Fbr';he design

.

" of a plate girde;;'it is custbmafy to assume that bne;sixth
of tha web area (adjacent to t;a flange) is affecthe in
resisting moment because the thin web ia relatively
unstable (13). The momen;.éatried by the plake girder web
cah be calCulated.using_this theory. »v

The method of analysis presented in this chapter was
used:tO'pfedict the ultimate‘strength of six 1arée scale’web :
splice tést spacimens..Each speéimen conhaihed a bolted web
splicé that was located in a continuous beam: For those

splicas that were located at a point of contraflexure, the

theoret1ca1 ultimate capac1t1es of the bolt groups on e1ther

¢
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side of the Foint were identical._Fdr'the splice that was
located in a region where both shear anddroment were
present, the theoretical ultimate capecity of the bolt group

.

Qi'one side of the joipt was higher than'that on the other

side of the joint. The test results are presented and

compared with predicted shear-capacities in Chapter 5.

3.3 Comparxson i of Web Spl1ce De51gn Assumpt1ons

' As ‘has already been 1dent1f1ed the bolt group on ‘one
side of a web' splice currently is designed to resist a

+ vertical force (equal to the transverse shear at the
location of tpé.spliée) that is considered. to act either.atr

e

the centerldne Pt the‘spldee or at the centroid of the
opposite bolt érdup. In Tables 3.1 to 3.7, non-dimensional
ﬂ‘coefficients are presented tor\aswide range of web splice
bolt arrangements. The number of vertical 11nes of bolts on
e1ther side of the spllce varles from one to four, he
number of bolts in each line varies from two to twe ve, and
. the bolt p1tch varie's from 80 mm to 160 mm, Except for the
case of - only one line of bolts on elther side of the spllce;u‘
the distance of the bolts from the genterl1ne of the splice
_also‘varies.v | A

Using the magnitude.of the eccentricity of the shear v
force corresponding to each-of the assumptidnstfor web
splice design presented above, the non- d1men51onal

coefficients have been selected from tables prov1ded in the _4

CISC Handbook (31) for the analysis of eccentrically loaded



"

LY

N

©

Ty
.

bolted connect1ons. The shear strength of a web spl1ce is

fﬂ L4

,calculated by mult1ply1ng the correspond1ng coeff1c1ent by

the ‘shear strength of’ one boltd'Hence, the coef£1c1ents are
d1rect1y proport1onal to. the connectqﬁn atrengths. The web
spl1ce bolt arrangements can therefore be compared on the
ba51s oféthe values of the non- d1men51onal coeff1c1ents.
In Tables 3. 1 to 3. 7 the ratlo of the preqiited hear

4
stréngth ‘of a web splice bas\% on the assumpt1on that the

‘t

~shear force acts at the centerllne of ‘the sﬁllce .to the

pred1cted shear strength of the connectlon based -on the

assumptlon that the shear force acts at the centroid of the

- opposite bolt group 1is glven for each bolt ~arrangement.

~

Because the latter assumptlon is conservative compared with °
the former assumptien, these ratios are all greater than’
1.0. Although the comparisons contained within these SaﬁTes
constitute a large sample of possible splice arrangements,
they do net;censider all possibilities. Thus, enly the

trends can be commented upon.

As could be .anticifpated for connections that contain a

‘relatively largernynberiof bolts in a vertical line and have

a relatively small distance between the centroids ot the
bolt groups on either side oflthe web»splice, the ratjo -
Cp/Cc {§ close to 1.0. The cases‘in Tables 3;1 and 3.2 with
12nbolts.in acline provide exambles of this. For these cases
both metheas_of analysis yield similar results‘because t?e
pred1cted shear strengths are close to the shear strengths

that would result "if the eccentric effect of the shear force .

4



were ignored. HoweVer, for other cases tabulated in

Tables 3.1 and 3.2 (thatgls,’w1th fewer than 12 bolts in a
rvertical line),\the ratio can be 51gn1f1cantly greater~than'
unity; similar inferences can be 5}awq from comparisohs made -
u51ng Tables 3.3 to 5.7,

i
N

, By examining the entlre range of dat contained w1th1n

»

Tables 3.1 to 3.7, 1t is seen that the ratlo Cp/Cc’ varies
from a low of 1.03 to a high of 1.84. The mean of all the

tabulated values is 1. 39 To the extent that the- data.

conta1ned in these tables are representa}hve, it 1nd1cates

that a con51derab1e sav1ng could be made in the design of a

.

web splice using the assumptlon that the shear force acts at
the centerllne of the spllce rather thao at the centr01d oﬁ

‘the opposite bolt group. In Chapter 5‘ the web splice de51gn
. _ {
assumptions presented herein are further compared on the

. . . b .
basis of experimental results.
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Table 3.1 Web Splice Shear Capacify Coefficients

(,".‘ Splice
. - % I
+‘ +_ A
[¢ ] b . - )
;o . + + - N\
‘ \ ¢ |b {
| + o+ ‘
1
75175
- | o\
. K\*”‘Numberx of {Coefficient Using|Coefficient Using
Pitch|Boltg in Propose®e Conventional
b |Each Row Assumption Assumption ' c
mm (Cp) (Cc)
2 0.94 0.51 1.84
3 1.86 1.24 1.50
80 |~ 4 2.95 2.15 1.37
6 5.17 4.21 1.23
9 8.40 7.51 1.12
12 11.5 10.8 1.06
2 1.25 0.74 1.69
3 2.32 1.50 155
120 ] 4 3.44 2.51 1.37
6 5.60 4.68 1.20
, 9°* 8.72 7..98 . 1.09
: 12 11.8 11,2 1.05
v .
2 1.45 0.94 1.54
) 3 Z.57 1.86 1.38
160 4 .3.66 2,95 1.24
' 6 5.77 5.17 =+ 1.12
-9 8.84 8.40 1.
12 119, 1.5 1.5
7/ .
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Table 3.2 Web Splice Shear Capacity Coefficients
Splice .
75 | 75°
] i+ D r ¥
- e b
+ + |+ + Y
! b
+ + |+ + :
80 80
Number of |[Coefficient Using|Coefficient Using
Pitch|Bolts in ‘Proposed Conventional Cp
b |Each Row Assumption Assumption Cc
mm (Cp) s (Cc)
2, 2.15 1.28 1.68
4 ‘5.89 3.90 1.51
80 6 10,2 7.57 . | 1.35
| 8 14.\g 11.8 | o1.24
10 18. 16.% . 1.16
12 23.0 20.6 N | 1.12
£ ! J
o | \'D\
2 2.57 1.63 . 1,58~
4 6.84 5.04 1.36 -
120 6 11.1 9.35 1.18
8 15.3 13.7 10120
10 19.5 18.1 1.09
12 23.5 22.3 1.05
- hall
( 2 2.89 .95 1.48°
4 7.29 _~5.89 1:24
160 6 1.5 (T18.3 1:12
8 15.6 L .6 1.07
10 19.7 J1B.9 1.04
12 23.7 23.0 1.03
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T?ble 3.3 Web Splice Shear Capacity Coefficients
‘ et | ‘l
A Splice
¢
100{ 100 ‘
+ |+ + |+ v
»
. ’ b
+ + |+ 2 1 \
% v b
\
+ + | + + !
|
D <> .
80 80 N
Number of [Coefficient Uéing Coefficient Using
Pitch|{Bolts. in Proposed ~ Conventional %2
b [Each Row Assumption Assumption c
mm (cp) (Cc)
2 1.76% 1.03 1.71
' 4 5.09 ' . 3.14 1.62
80 6 9.34 6.22 1.50
.8 13.7 . 10.1 1.36
10 a8 14.3 1.27°
12 22.3 K 18.6 1,20
_ *
2 2.15 . 1.28 . 1.68
4 6.21 _ —_ 4.15 1.50.
120 6 10.6 B.11 11,31
: 8t 14.9 . 12.4 1.20
10 19.1 : 16.9 A 1,13
12 23.2 21.2° 1.09
c\,
¥ 2 2.51 1.58 1.59
160 6 11.2° 9.35 1.20
‘ 8 15.3 13.7 1,12
10’ . 19.5 - 18.1 ~1.08
12 , ,23.5 ’ 22,3 1.05
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Table 3.4 Web Splice Shear’ Capacity Coefficients’

-

' Splice
+ o.
125 | 125
5
+ + +! + + + .
t b )
I 4 + 4+ + |+ + + 11
¢ < ! ‘b "
+ + + !+ 4+ +4
- . b
++ + |+ + +1
8080 80 80
. . —
Number of {Coefficient Using|Coefficient Using
Pitch|Bolts in Proposed ~Conventional Cp
b |Each Row Assumption Assumption " Cc -
mm . (Cp) (Cc)
< 5
i
2 2.63 1.54 1,71
4 7.00 4,26 1.64
80 6 12.6 8.19 1.54 |
8 19.0 13,2 1,447
'(: 10 25.6 18.9 1.35 -
! 12 32.1 25.1 1.28
2 3.06 1.83 1.67
4 - 8.48 5.46 1.55
120 6 14.9 10.7 - 1.39
8 21.4 16.8 1.27
105 27.8 23.3 1.19
12 a 34.1 2909 1.14
2 3.45 2.1 1.64
4 9.54 6.61 1.44
160 6 - 16.1 12.6 1.28
8 22.5 19.1 1,18
10 2 28.7 25.7 1.12
A 12 7 34.9 . 32.2 1.08
T% . N : "/




Table 3.5 Web Splice Shear Capacity Coefficients
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‘. Sp(ltl-ce
150 | 150
'] N ‘
+ + + |+ \ “
o b
+ + + | + X
: b
+ + + |+ + ¥
o b
+ + + |+ ‘ ‘o
XU
. Ca
e e i A
80 80 80 80 e
., . Tat
Number of |Coefficient Using|Coefficient Using ‘
Pitch|{Bolts in Proposed Conventional é?l
b Each Row Assumption Assumption c
mm - (Cp) (Cc)
2 2.30 1.3 1.77
4 6.22 3.7 1.68
80 6 11.5 7.13 1.61
8 17.7 11.5 1.54
10 - 24.2 16.8 1.44
12 30.8 22.6 1.36 '
5 ™
f/:\\%/ 2.70 1.56 g | 1.73
6.22 4.76 1,61
120 6 11.5 9.41 1.49
8 ¥7.7 - 15.1 1,36
10 24.2 : 21,4 1.26
12 30.8 27.9 1.20
2 3.07 1,83 1.68
4 8.82 5.76 1.53
160. * 6 - 15.4 11,3 1.36
8 " 21.9 17.7 1.24
10 28.2 24.3 1.16
12 34.5 30.9 1.12
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- Table 3.6 Web Splice Shear Capacity Coefficients

Splice
¢
475|175 -
+ o+ R+ -
a - b
+++ |+ F Y
++ 4+ +1 + 4+ ]
++++ | ++++ ,
NN ‘e
' 808080 808080
| Number of Coefficient Using.Coeffibient‘Using
Pitch|Bolts in |.} Proposed Conventional | " Cp -
b |Each Row Assumption Assumption Cc
mm - (cp) - (Ce)
2 3.20 1.86 1.
._ ’ 4 800;5. . 4.83 1.
80 6 .4 8.97 1.
8 22,1 14.3 1
b 10 30:4 : 20.5 A
12 - 39.0 s 2706
-2 - 3.53
4 ;957
120, .6 17.4
) 8 26-0 ,,
10 34,7 -
12 43.4
2 3.6
' . 4 '11.8‘Y
160 6 19.5
10 36.8
12 45,37



Table 3.7 Web Splice Shea
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acity Coefficjents

Splice
¢ -
200 | 200
B A ""t;
++++ |+ ++ + L
++++l++ 4+ L
. ] b
F+++|+++ 4+ '
< 808080 808080 )
- Number of Coéfficient'Using Coefficient Using
Pitch|Bolts in " Proposed  Conventional %?1
b |Each Row Assumption Assumption Cc
mm ’ (Cp) (Ce) .
2 2.89 1.62 1.78
, 4 7.33 4.26 1.72
80 6 13.3 o 7.94. 1.68
8 20.6 12,7 1.62
‘10 28.6 18,3 & 1.56
12/‘\ 37.1 25..0 1.48
2 3.25 1.84 1.77
4 8.88 5.29 1.68
.5 120 ) 6 . 16.3 10-3 ' 1.58 :
- 8 24.8 16.7 C1.49
10 33.5 24,1 “1.39
12 42.2 32.3 1.31
¢ .
o 2 3-‘60 2010 1.71
4‘ 10.3 6.‘35I '10'62
160 6 18.6 12.5 1.49
o 8 27.3 20,1 1.36
10 36.0 28.5 1.26
- g jk, :w
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4. EXPERIMENTAL PROGRAM
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4.1 Introduction
The purpose of the experlmental program was to

substant1ate the analytlcal procedure presented in

Chapter 3. Large scale tests: were carrled out in order to

determ1ne the ultimate capac1ty of six bolted web spllces in

which the number and arrangement of bolts varled. Two series

of ancillary tests were carr1ed out in order o} establiSh
the shear load versus.shear daformation respon ,ghe
bolts, Th1s response was used 1n the analyt1cal procedure to
predict the ultlmate capacxtles of the web‘spl1ce tgst

specimens. o | , \
4.2 Single Bolt Shear Tests

4.2.1 Specimen Description
In this project, two series oftsingle bolt shear.

spec1meq@ were tested using'both compression and tension

jigs, to establish the 1§ad versus deformation response of
.single bolts loaded in double shear. A total of fourteen

specimens were tested, eight belonging to series A and six

belonging to series B. The specimens in each series were

detailed to oonforn as closely as possible to the details in -

each of the full scale test configurations. Single bolﬁ‘test

series A'corresponded to conditions in.full scale test

'specimens C1 through C4 and single bolt test series B

44 L
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corresponded to conditions in full.scale test specimens C5
and Cé6. ,

iEach single bolt\shear compression jig,specimen was
prepared by match-drilling a hole, using a 3/4 inch® drill.
bit, through three 100 mm by 100 mm steel plates. In all
cases, the steel plates were cut from: the same material that
‘was used to fabricate the bolted web spllce test specimens
.described»subsequently in- Section 4.3.1. Each plate.had one
milled edge,ih order to provide a smooth loading surface.
The test bdltsﬂyere'3/4 ihchAdiameter ASTM A325 bolts, 90 mm
“in length, of which 35 mm was threaded. Any possible
-variatioh in the bolt properties.was minimized by using
bolts that were all from the same production;lot.‘

Each s1ngle .bolt shear ten51on jig spec1men was
prepared in a similar manner to the compress1on jig
spec1mens. Although the length of the plates used in these
speciyens varied from that used in the.compre551on jig
spec1mens, the w1dth and the thickness of the plates were
1dent;cal The test bolts were from the same -ot as those
used in the compre551on jig 5pec1mens. The outside plates
lapped the;middle plates, and thesetplates were bolted
together so that. only the test bolt was critical. l

The compression jig specimens were assembled as shown-
| in F1gure 4.1 and the tension jig speC1mens were assembledv;
as shown in Flgure 4,2, The thlckness of the middle plate"
was 19 mm in all cases, correspond1ng to the thlckness of

—— ————— - —— o —— &=

£Bolts and drill b1ts are st1ll manufactured accordlng to’
the Imperial system and will be referred to as such.

Q
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the beam web in the full scale t&g&\;pec1mens. Single bolt
shear spec1mens Al1-C through A5-C and A1-T through ‘A3-T were’
identical within the group. The thickness of the out51de
plates was 19 mm, cotresponding tq.the thickness of theﬂf
splice plates in er.splice specimené C1 through C4. The
bolts in series A compression jig specimens were tiéhtened
by'turning the nut onerhalf turn past the snug‘pdsition.

ﬁﬁHowever, the boltslin series A tension jig-specimens vere
only tightened to the snuglposition. Single bolt shear
specimens,B1-C through B3-C and‘B1—T through B3-T were
likewise identical within the grou . (The identifie "_or
"T" refers to the type of jig,‘;ed to test the bolt.) The
thickness of'the»outside plates was 13 mm, torresponding to
the thlckness of the spl1ce %}ates in web sp11ce ‘ -

specimens C5. and‘S The bolts in these spec1mens were

t1ghtened to the snug position.

4.2,2 Test Set-Up and Ptocedu:e
fhe singlevholt ehear compression’ jig speéimens were.

tested usiné an Amsler 400 kN capacity cdmpfeesion testing
machjne and the single bolt shear tension jié Spec ens nere
tested usingAa Materials Testing System (MTS)vfeﬁﬁ}:N'
‘capacity testing machine} Each specimen was'subjected totan
qgnltlal load to ensure that the bolt was bearlng agalnst the
steel. That load was: then removed and the test begun. The

test load was initially applied in increments of -

approximetely 25 kN. The load increments werehdecreaéed as

- . | v (g
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_ the max{mum lqad‘was ahpfoached?x :

In order to measure the bolt deformations,'dial gauges
were blaced on éither side of the specimen. The bolt
‘deformation was taken as the average of these two readings.
The moants for the gauges and the reagtien plates for the
dial gauge stems were all attached in line with the
long1tud1nal ax1s of the test bolt. In this way only the
shearing, bendlng, and bearing deformations' of the test bolt
and local bearing deformations of the plate a@acent to the
‘test bolt were measured. As a check, a thﬁrdvdial gauge was.

A

used: to measure the movement of the Amsler loading head. The
"1,\‘.

movement of the MTS 1oad1ng head was measured by the machlne\

“itself. Dial gauge readings were taken at each load step.

4.3 Web Splice Tests

e

4.3.1 Epecimen-Description

The web splice test specimens were constructed by
joining two steel beams together u51ng two steel plates, one
on elther side of the web..These plates were lapped across
‘the joint and bolted to the beam webs. The same beams were
used in all six tests. As will be descrlbed subsequently,
new holes.were drilled in the beam web for each different
‘test. These holes were either in new material or
sufficiently far removed from the holes of a previous test.
Each beam was initially 2.5 m in length and had been

fabricated by welding three plates together (two flange

& ’
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.

plates and a web plate). The dimensions of the beams vere
chosen s0 tﬁat the beams would not yield before the bolted
web splice reached itS‘ultimate»capaéity. The steel in the
beams was requirgd to meet CSA Sbecification G4b.21TM
300w (36). ¢A)

The cross-section of the beams ié shown in Figure 4.3.
Web stiffeners were welded to the beams at the load and
reactién,points in order to prevent the web from crippling.

Details of the éeometry of the boltgd web splices are
provided in Table 1. Figure 4.4 shows a bolted web éplice
located in one of ; e full'scale test speciméns (C2) before
it was tested. In :$ﬁ.of the full scale tests, the
connections»usea 3/4 inch.diameter‘ASTM 3325 bolts from the
same lot as those used“in‘the singie bolt shear specimQQs.
The bolt holes were drilled with the beams lying flat oﬁ‘the
floor, that is, with the web in a horizontal pobi%fod: The
holes were match—drilléd through both splice plates and the
web. A 3/4 inch drill bit was used to ensure that*allﬁof,the
bolts would be bearing against the web aﬁd the.splice\ﬁlates
as soon as a load was applied.

The. initial slippage was minimized by the small
clearance of the bolt ‘holes. This ensured that each bolt was
carrying its portion of the load immédiatelyL,Althéugh this
fepresents an’idealized conditiod} it preve tsaanothér
_ variable,(slippage) frﬁm being introduced into the

.experiment. It is felt that as most standard connections

approach their ultimate cépacities,‘ali of the bolts'ére
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bearing aga1nst the steel (32). Thus, the 1dealtzed
condition approxlmates the behaviour of the bolts in a real
connection as the connection Ffaches its ultimate capacity.

. The bolts were insefted into the holes and the nuts
tightened to the snug{poeition.'A washer was present unger
the nut of each bolt. It Qas neceesary to place an
additional.washer under the head of the bolts in
specimens C5 and C6 because of the thinner splice plates
used.

'As shown in Figuee 4.3, the thickness of the beam webs
was 19 mm-in all case;. The thicyness of the splice plafes
useﬁ ih specimens C1 through C4 was also 19 mm. These splice
plates were cut from the same plate that was used to make
the beam webs. The thickness of the splice plates used in
spec1mens C5 and C6 was 13 mm. The splice plate d1men51ons
‘were 300 mm by 300 mm for specimens C1 through C4. However,
the splice plate size was increased to 350 mm by 300 mm for
specimen C5- and to 390 mm by 320 mm for spec1men C6. The
dimensions chosen were si;ply a freflection of the bolt
patterns used. Prior to testing, the splice plates were
white-washed in order that any yleldlng of the steel could
be observed.

After specimen C1 was tested, the beam ends were
reversed so tha% the Qnused ends were at tﬁe splice
location. These ends were used to construct both.f

specimens C2 and C3. The bolt holes for specimen C3 were

located so.that the holes from specimen C2 as-already tested
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‘yould not 1nterfere. The evaluat1on of where the bolt holes
could be located in cases like this 1nc1uded the predicted
direction of the forces on each bolt in order that the web

material would not fa1l vhere the bolt pushed against it.
After specimen C3 was- tested 70 mm was cut off each end of
both steel beams.‘This left the beams without any of the
bolt holes in the webs from the f1rst three tests. The '
length of the spans between the load and reactlon points
remained at-1000 mm. However, the lgg of the spans
between the reaction points and the centerline of the s}lice
was reduced from 1000 mm to 930 mm. After specimen c4 was
tested, the beams were again revergg?. Specimens C5 and C6
were constructed using the same beam ends. The bolt holes
for specimen C6 wete positfoned‘so that the holes which

remained from specimen C5 would not influence the test of

specimen C6.

4,3.2 Test Set-Up aﬁhjf;strumentation-

The set-up used to test the- bolted web .splice spee?;ené
is shown in Figures 4.5 and 4.6. The load frame contained a
distributing beam that was approximately 3 m above the
floora Two indepéhdently controlled 1800 kN capacity
hydraulic jacks were used to apply loads to the specimen, as
shown in Figure 4.7. Each beam was supported at one/
location. The east jack and the west support reacted against

the distributing beam above the specimen;'whiie the vest

jack and the east support reacted against the 1aboratory

—



‘transverse axes. The loads applied to the specimen were, "

floor. - L ¢
. i

The load and rqpctlon po1nt5 wvere simply supported on.

steel knlfe edges to allow the beams to rotate about the1r

measdred dsing 1300 kN and 2500 kN capacity ;lgbtré}ic load
cells placed at the lpad and react1on points., The accuracy
of the load measurement ;s con51der to be within 1%. The
west reaction was fixed against translation, but steel
rollers were placed at bo%ﬁfload points and at the east
reaction point to allow horlzontai translation in order that
axial forces not,be induced into the beams.

It was very undesirable for the ends of the beams to
touch each other fat apy ‘time during the tests because the
tests were designed so tha; only‘the bolted web splice
transferred the forces across the joint. Ame gap was left
between the Lears fn specimens C1 Qhrough C5. When the first

specimen (C1, was tested,lthe bottom flanges began to touch
) <+ .

each other at the splice befor ultimate load was

reached. Therefore, in testing sp 'Ten Cl a narrow strip of
the bottom flange along with a portion of the adjacent web
was cut of?iwith a toreh to widen the gap. In subsequent
tests, this was done before the specimens were.tested. A

large% gap, 15 mm, was left between the beams in specimen c6

because the expected moment at the-location of the spliceg

-was significantly greater than zero.

Electrical resistance strain gauges were placed in

‘pairs along the top and bottom flanges of the beams, above
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-and below the web, to monitor.the bending mqment\behaviour
of the specimens. They wereAalso placed afong the
theoretical neutral axis of the web near the spllce, except
in specimen CI which had no gauges on. the web. All of the
strain gauges were orientated so;as to measure strain 1ndthe

i

longitudinal direction. Displacement trans@ycers (LVDT's)
{

Yoo

were positioned 4t the two load p&ints and above the
centroid of each bolt ggoup in order to meaSure the vertical
deflectlons of the beams. Eight LVDT's wvere used to monitor
g%e horizontal and vertical movements of the upper west and
lower east corners of both splice plates relative to the

beam webs. The LVDT's we;e'positipned approximately 20 mm

from the edge of each splice plate (see Figure 4.4).

4.3.3 Test Procedure ' .

For séecimens C1 through C5, the east and west jacks
were used to apply equal loads so that the centerllne of
each spllce was at the theoretlcal locat1on of zero moment. e

The resultlng load, yhear focce and bendlng moment diagrams

~we shown 1»; F‘lgqre 4.8.

in Figure 4.8 xcipt that the centeryspaaq ngths have been

reduced from 0GR m to’ 930 ‘mm, ﬁhus 1nc;ea51ng the

. : Y J ’ 'u o
reactions to 2. Theoret1cally, the shear at the location

2 50 A S
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of the splice was 7% higheé than the applied loads.

_The east and west jacks were used to apply unequal
loads, 2P and P, fespeétiyely, to specimen.C6. The load
applied to the east end of this specimen was twice as great
as that applied to the west end, resulting in a moment at
the location of .the splice thag was much greater than zero.
The load, shear force and bending moment diagrams for
specimen C6 are shown in Figure 4.9.

Initially, the specimens-were loaded iﬁ increments of
app:oxima;ely 25 kN. The load increments were decreased in
magnitude as the ultimate load of each connection was
approached. Load cell, strain gauge and transducer readings
were electroni?glly obtained and recorded at each load step.
Testing was stopped when the ultimcte load was réached.

' when testing had been completed, the bolts and splice
pléteé were removed from the specimens. The angles of
deformation of the bolt holes in the web W;re measured with
) respect to theshorizontal-axis. The len th ot each bolt

hole, in the dire—c«tiuon"'in which it had& “deformed, was

R %lso measured.
* &L .

¥y
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o Table 4.1 iDbtailsiof Test Specimens

Specimen} .

‘Bolt Group.

C1
c2 :

C3

- Splice ¢ R
) ch o

J
D

C4

50

90

X, b S. - e
mm mm -mm-
—
32 100 L
b 32 80 - - -
50 220 -
&
4
— _

: C's,

. C6

)

50

’7%




A

25

b s i o —  w———— ey —

- Y

1125

-,

K4

[

5o

Series A‘_"spe'c':imens: to219 mm
Series B specimens: tg=13 mm

to 19 to

55

Figure 4.1 Single.Bolt Shear Specimen - Compre,ssi'onkJig

v

¥y



Tv’vx

560 °

< | ]
| 4 A
130
A
\, / A
‘ '| 130
. p
40 40
»

1

]
# .

" Series B Spécimens: 1o=13 mm . .

to:19 to

Test Bolt - 11

da -

L]

Series A Specimens: to=19 mm

By

9

Figﬁre 4,2 Single Bolt Shear S‘pecimén - Tension :Jig

v o



¥R

Fi

s

.U '
< 400 s

19 —»

§u:é 4;4fLarge

\ .

-

S¢é;§:8¢ltede¢

b Splice S

N

pecimen -

i

Caye

4e’

o
A
R
‘s
&
1
e,
.
-
e
.



.58

QD 398 1s9% wo EMummaQ uﬂumEmcon G m..:m:,m

SIS . \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

5

. 100|4 AiojeioqeT
[eysoped ——
* gy peo —~_ .. aondg @
abp3 sjiuy [/ !
. . o'o - - s1oUayllS
212 s A aem

Y1180 peoT

T

4 _ f
A. © uswyoads: N

Wvﬁﬂmxomm onnespAH

1S3IM

ﬁ

jDD_ANl sweeg Buinamsig

1

9 oESu_ uoIoBaY 0|

H, awel4 U010eaY 04

N



v




60

. qJususbue11§ buipeoT wead L' sinbta

0£6 90 | _ : "6
0€6 10 )
0c6 |, vO
000t €0 R v
0001 ¢O ‘
0001 IO
kq uswioadg 901ds ’
| 3 .
000l —>< b e b »l< 000t ——>
‘ - peoT
uoddng ise3 @x . 4 k 1S9\
- i — -
: o, 0 \/
. : oho ~r
- YA . -
peo % \ ~ yoddng 1saM \$
1se3 _ : : , ,

K



. West
2P

Spl

ice

East

* |[+—1000—

r—1000 —>

v

1000 —»

T

L—1000—>

%

i;}

Figure 4.8 Load, ,Sheér Force, and Bending Moment Diagrams

for Specimens C1 through C5

Load .

1Shear-
Force

~ Bending

Moment

61



West

62

Splice ?

East

2.6P b | 2P

1000 930 930 . 1000

‘Load
13.6P :

Y
A
A
hi
A

///// o 7////A

F1gure 4, 9 Load,
Spec

&

Force
//// ’////
-t 6P’ //-16P
| g
P ]
) Bending
Moment
-2P
dor

%ﬁ%@ar Force and Bendlng ‘Moment Diagrams for

%&& c6
? :



5. EXPERIMENTAL RESULTS

5.1 Introduction .

. The results of the .experimental program outlined in
Chapter 4 are presented in this chapter and these results’
are discussed within the context of the objectives presented
in Chapter 1. The responseAto load of themsingle bolt shear
specimens is presented and compared with'previous
experimental results obtained by others. The full-size web
splice test results are discussed and compared with
theoretically based predictions using both the analytical
method presented in Chapter 3 and the more convent1ona1
" method ofaanalysis. ‘ N

5.2 Single Bolt Shear Tests - Compression Jig

5.2.1 Load Versus Deformat1on Behaviour

Table 5. 1 lists the values of the ultlmate loads and
correspond1ng deformations of the single bolts tested in
-double shear using compression jigs. For series A
compression jig specimens, the mean ultimate load is.368 kN
and the a\srage deformatlon at the ultimate load is 4. 91 mm.,
The coefficients of varlatlon for these data are 1. 4% and
4.3%, respectively. Equipment problems were experlenced
during the testing of specimen A3, and therefore the results
from this test have not been'included in these averages. For

series B compression sjig specimens, the mean ultimate load

63
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is 369 kN and the average deformation at the ultimate load
is 6,19 mm. The coefficienfs of variaéion,for these data are
1.2% and 8.2%, respectively.

The ioad veMus deformation responses of the single
bolt shear compression jig specimens in £:;ies A are shown

in Figure 5.1. The equation that best describes the average

response of these fasteners is: %

R = 371.2(1 - e 79)%% (5.1)
This equation is represented by the solid line curve in
Fiqure 5.1. }
The load versus deformation responses of the single
‘ . . a
bolt shear compression jig specimens in series B are shown

in Figure 5.2. The equation that best describes the average

responsé of these fasteners is:
'AR = 377.5(1 - e'O-SQA)O.GQ el R (5.2)

This equati&n is represented by the sblid line curve in
Figure 5.2.

In order to obtain the best fit of the experimental
data,‘varﬁgs greater than the uitiméte bolt strength (R,)
actually obtained in the tests are uséd as the first
coefficient in both Equations 5.1 and 5.2\g§:wever, these

equations will give a bolt force (R) equal the average

experimental ultimate bolt force (R,) when the



deformation (A) is set equal to the average‘experimehtal
deformation at Qltimate. -

The mean ultimate capacity of the single bolt shear
specimens in series A is equal to the mean ultimate capacity
of the Qpecimens in series B. It has been shown that the
type of connecting material has no effect on the shear
\strength'of bolts (33). Because all of the bolts were from
the same lot, little variation in the%? ultimate shear
capacity was expected.

As ca?fbe seen in the load versus deformation response
curves (Figures 5.1 and 5.2), there is no well defined yield
point for the high—stfedgth bolts loaded in shear using:
compression jigs. The relationship between load and
deformation can be approximated as being linear for -small
deformaiions. However, as the abplied load increases the
resulting deformation also increases, but at an increasing
rate. Thus, the relationship betweeﬁ load and deformation
deviates from linearity as the load increases.

The average deformation Q§:the ultimate load is
26% highervfof the specimens in series B than for those
épecimens in series A, The tOtél'deformaiion measured for
each single bolt §hear specimen included the shearing,

bending, and tearing deformagionvof the bolt and the_local

Y
..

-

deformation of the connecting material.‘Each of these -

components will be examined to determine their effect on the
. i : . _
difference between the ultimate deformations that occurred

in the two series of specimens. ~

-
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The middiu,blatgvgn~8¢th serles A speF1mens and

series B spec 1m“g@sé ﬂéww W‘K‘ \

S 3, . i Vel &;

Qprlss‘,“speerdhﬁg ﬁft only 13 mm

Jwever, the outside .
AR 4

plates were 19 mm - th1ck Yu

thick in series B Specxmena. THu § t@e amuuat«ofmbolt
' EN

\ «

bend1ng should be" greater in se:fes 'y than in serles B . v

B “‘(i‘.
specimens. The d1fference in bolt'%?dng S thesé”%wdAgises

is very small howeverl and r; is Tik »y that the
deformation caused by bolt bendlng was abput the same in the
two cases. Little variation in the bolt properties was
expected because all of the bolts were from the séﬁgwiéff—"”
Therefore, it can be assumed that the shearing, bending, and 8
b;aring deformations of the bolte themselves,were, within
reason, the same in both series. #
| One of the factors that affects the defqrmatibn of the
material around a bolt is the aree of the material against
which ﬁhe bolt is bearing.bAs previously described, the
thickness of the out51de plates was greater in series A
spec1mens than in series B specimens. Thus, the outside “ i:~%
plates in series B specimens provided less bearlng area then
those in series A specimens, and as a conseqpence more \f,'fw
deformation occurred in the material around the bolf hq%es |
in the oetside plates of series B specimens than in the | ,
outside plates of series A spec1mens.‘i | K ‘laj:
" Another factor that affects the deformation of the N
_material around a bolt hole is the strength of the materiai;;

The outside plates in series A ‘specimens were not cut from -

the same steel plate as the outside plates. in series B T s
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#

specimens. However, all of the steel hq@ a nominal yield
. strength of 300.MPa and theretore npt“mudh variationtin the
properties o‘!&b@ steel plates was expected.

The only other physical differ cé'between the: two
sefes of ;ingle bolt shear specimens yas the addiéional
washer underneath the heads of the bolts in the series B
specimens. This feaéure ié not considered to have had any
significant effect on the load response af the 2pecimens.

: ’ : ~ :

’In summary, it is:reasonable to assume that the
difference in the ultimlte load deformation oé the two
sefies of compfegfion jig specimens ?an be attribpted'miinly
to the differences if the thicknesses of the steel plates
used in the two series and not to variation iﬁﬁbolt or steel
ptoperties.

=

A sectional view of a typicai-single bolt shear

“ .

compression jig specimen after it had been tested and then
sawn in half is shown in Figure 5.3. As seen in this figure,
the permanent deformation of the bolt indicates that

although the bolt was loaded primarily in shear, it was also

vy,

{'subjected to a small amount of bending. Permanent
. : ‘ ‘ _
deformation of the steel around the -bolt holes was observed.

o
_where the bolts had been bea}inq:;éainst the steel plates.:
In all cases, the bolt hole in the middle plate of each
'specimen was more deformed than the bolt holes in the
. outside plates. This was a consequence of the greater

bearing area provided by the combined outside plates as

combared with that pgovided by the middle plate.

]
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The’ deﬁvrmat;ons at low loads are h1gher for serles
spec1mens than for series: A spec1mens. Before testlng beg?

all of the sxngle bolt shear spec1mens were subJected to an

‘ 1n1t1al load,tg ensure tha\ithe bolts’ were.bearlng agalnst

-

T the«connectlng steel plates, A preload of 22 kN was applled

to the spec1mens dn series B and then the bolts were

{ ‘
tlghtened to snug. However, the b%lts 1n sérles A spec1mens

-;were tlghtened to one half turn past the snug position

¥

before the preload was applled Sllp between the connectlng

plates &n tbeSe spec1mens occﬁrred when the preload reached'

appr0x1mately 130 KN. Some plastlc deformatlon of the(bolt

~and surroundlng materlal may h?ve occurred durlng the

g was removed and the test load then applled.

preload resultlng in small deformatlons when the preload
L ﬁ‘\ ) ..

[ SN

5.2, 2 Compar1son with Prev1ous Results
As shown 1n Figure 5-4 “the shape of the shear load
versus éhear deformat1on response curves for ‘the. 51ngle

bolts tested u51ng compress1on jlgS 1n th1s program is
“"-\\?,‘.‘

'\,simllar b6fthe shape ‘of the response curve’ that was’ use& to

7 .

‘develop the non- dlmen51onal coeff1c1ents in the CJSC

Handbook tables for ana1y51§ of eccentrlcally loaded bolt e,ﬁ@ ;

groups (31),\The mean ultlmate load for the 51ngle bolt

ishear compre551on 31g spec1mens tesbed hereln 1s 12% higherhl

* 14 ¢

than the ultlmate bolt force used to develop the CISC

Haqdbook tables The load versus deformatlon response curve

1n the CISC Handbdpk 1s based on- experlmental work carr1ed

. &

. L Lo . ‘ .- . v o ' : . ' . 7 vt
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out by Crawford and Kulak (32) in" which thé 51ngle bolts.
were tested in.compresgion- jigs. The ‘bolts used 1n thelr

tests were spec1allylm:kufactured to just meet th; m1n1mum
.strength requ1rements of ASTM A325 Compared w1th the e
results of the tests carried out hereln, the bolt strength

used to develop the tables is conservatlve, as 1t was

. intended to-be. e lm"‘ ; , i R
' The dimensions of the plates ed in the singlefbolt T

shear spec1mens tested by. Crawﬁord and Kulak- (32) were
D L4

1dent1cal to thoseuused;gn hhe 51ngle olt shear spec1mens Q .
"1n serles ‘B. Howevép’ tﬂiﬁpla%esuuseo by Crawford and-Kulak

had: a nomlnal y1eld strength of 250 MPa as compared Wlth

-
B,

y 300 MPa for the- steel plate in the spec1mens tested 1n this _ﬁa
glprolect. Most of the difference between the deformatlon iS%
- the 51ngle bolt shear spec1mens in serles B and those tested
)by Crawford and Kulak can be attrlbuted to the dlfternnde 1n~_'_-
the yleld strength of the steel plates. A smaller portlon of
f?whh in thevdeformatlgns between ‘the two tests 1s~
ig;?*ﬁ a result‘o* the dlfferenczrln ‘the bolt propertles.,All of Uk
if,> ~the boltC_were ASTM A325 bolts, and therefore only small ,")gg

‘ d1fferences in- the load responses of. the b\lts themselves
. are expected.

. - k‘ By
» . : . : ST
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these data are 4.0% and 5.3%, respeot1vely.f

th¥ differences

i
s
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5.3 angle Bolt Shear Tests - Tension Jig ,
. o

5.3.1 Load Versus Deformation Behaviour ;
Table 5.2 llsts ‘the values of the: ultlmate loads and §

correspondlng deformatlons ‘of the single bolts tested in

double shear using tension jigs. For. series A, ten51on jig

'specimens, the mean hltimate‘load is 333 kN ahd the average

deférmatlon at- the ultlmate load~ is 5.24 mm. 'I‘he

coeff1c1ents of varlatlon for these g%ta are 1.0% and 3.8%,
respectively. For Ser1es B tens1on jlg spec1mens, the mean
ultimate load is 344 kN and the average deformat1on at the

ultlmate load is 6.29 mm. The coefficients of varlatlon for

The load versus deforhation;reSponses of -the single_=

‘poltPhear tension jig specimens in series A°and series B

are shown in Figere 5.5 and Figure,5;6 Vrespectively.'For' ,
each serleﬁpof spec1ﬁ%ns, the average response to shear load

is shown as ‘a solid llne curve 1n these ffgures. Slmllar to

athe shear Ioad response curves . of the 51ngle bolt

,t

’oompre551on §1g spec1mens, there is''no well defined yield

R

point.
As is the case for the compre551on 9 spe 1mens,’tﬂ5\
. o ‘

dlfference in the ultlmate load deformat1on of the two

A
. . co 5 . A . '
series of tenslj;)31g spec1mens cgn be attrlbuted mainly to
in

..

¢

in the twé serles. Although the average ultlmate

-deffrmatzons are h1gher for the bolts»tested in ten51on jlgS

- . . :
2 e . . A -

the thltknes es of the steel plates usedf'

°.




than for the bolts tested ‘in compress*on jigs, thesef
dlfferences are relatlvely small. .‘ |
Du:lng the testlng of specimens A2- T' A3 T, and B2-T,
the plates‘hegan to separate near the test bglt as the
ultimate load was approached ASove the test bolt the“.
maximum size of the gaps between the mlddle-plate and the
out51de plates was approxlmately 9 mm. No noticeable
separation Qf the plates occurred as the other specimens

-

were tested.

5.3. 2 Compar15fn with Compress1on J1g Teft ReSults (/
The mean ultlmate load for series A tén51on jlg
spec1mens is 90% of the mean ultlmate load for ‘series A,

cqmpre551on TJig spec1mens. The. mean ult1mate load for
[ ]
series B ten51on jlg specimens is 93% of the,mean,ult}mate

qload for serles B compress1on ]1g spec1mens._. -

An experlmental study carrled out by Wallaert and

Fisher/(33)'showed that the shear strength of h1gh strength

\

boits'%n plates.loade§ in compre551on_was approxlmately 10%

higher than the shear stre gth of hlgh strength bolts in

plates loaded in tension. e lower shear strengths of the

bolts tested in tensionxjig ere attr1buted to prylng -

~action of the'outside plated. Prylng action produées a

ten51le force in the Hélt and by extendlng von M1se s y1eld
cr1terlon to ultimate condltlons, it can be shown that the -

shear stress component decreases as the ten511e stress
J
“component , 1ncreases. Further tests showed that the shear
. o ) o Don - &

-l .
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4 strength of bolts tested in tension jigs approached the

*

shear strength of bolts tested ih compre551on Jlgs when the
’lap plate prylng actlon in the ten51on jlg was m1n1mlzed.
- As was noted. prev1ously, prying action’ of the out51de !
plates in the tension jig spec1mens was only observed in
half of the spec1mens tested in this study. Although’ prylng

-'act1on contrlbuted to the reduced shear strengths, it likely

\.\

is not the only contrlbutlng factor. A p0551ble explanatlon.‘

e AR oy

is that the bolts in the tkn51on jlg specimens were loaded

- 1%

J in such a manner as to -induce a larger tension force in

these bolts than in. the compress1on jlg test bolts and as a

cons uence, lower bolt shear strengths resulted

_ . . RN 4 ) P . .
~+..5.4 Web Splice Tests : 8 .
| . C, : _ @E . _ | \ S -
.5 4 1 ?eﬁbral Behav1our o - . ;» ’

_‘” I ans1derable permanent deformatloﬁ of the web steell .. ’
- Occurred -around Qpe bo%& hdles,, as ?hOWU“I;%FIQUre 5.7 for i
spec1men Cit. By the time the connecﬁlon 1n each large scale
spec1men '‘failed, the bolt hoges wereﬁdblong becaUSe of
.yielding of the steel under the bear1ng action of the: bolts. !
hTyprcally, a bolt hole was deformed bgr:pprox1mately 2*mm in

the d1rect10n of. ‘the. bolt force.

- £

In specimens CI and C2 the web bulged notlceably at~)

the ends of the beams where the top- east and bottom west ff%?

bolts pushed aga1nst 1t,gas shown in Flgure 5.7 for

spec1men C1 TWlS happened because the dlstance prov1ded

-

. )
\‘\ PRt . Tl g
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™ |
from these bolts to the end of “erl beams (at . the spllce | T
centerllne) was not suffwtren "This could have been |
1 ant1c1pated u51ng the onalytlcab method presented in

Chapter'B to predlct ‘the direction of the bolt forces. The ‘
holes for these bolts were d‘EOrmed by approx1mate1y'3 mm
and 5 mm for specimens ci and‘C2 respectively _’ L

One of the ways in which the valldlty of an analytlcal
method for the beam web spllce can be evaluated is to

compare the observed d1rect;\h\pf the bolt ierce w1th a‘

predlcted dyrectlpn. The exper1mental and theoretlcal angles

measuring the deformation of the bolt holes in the beam webs
‘ ‘ ) ® : . ) . o ) e
after failure had occurred This measurement’ involved some's

'judgement and the exper1menta1 angles must therefore be
BEERR con51dered to be approximations. The predicted d1rect10n of
the bolt force is available dlrectlytfrom theg analy51s of
th onnectlon strength In-Table 5.3, the theoretical.
args of deformatlon were calculated usmg'oth the
,conventlonal method of analy51s and the methodwot analy51s'i
| developed )n Chapter- 3. Clearly, the best agrgement between

the‘experlmental and theoretlcal angles of deformation
-.results'using the method}of'analysis‘developed'in Chapter §f»
Thus, the measured angles of deformation support the )

proposed method of ana1y51s. (The west bolt group ‘in ~'.p

'speclmen C6 has been éxciuded from Table 5.3 because 1t was

L . \ B ;
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é@% subjegted to. 1ts ultxmate load. )

v

It can' be seen in F1gure 5. 8 that some y1e1d1ng of the

" steel occurred in the splice plates around the bolt, holes on

]plaf%s wgre used 1n these spec1mens than in spec1mens C1

ﬁ‘v1s1ble;;1n_all cases, fleld1nq of the steel around each -'}»

the east side otathe spllce 1n'3pec1men 06. (The chalk 11ne

[

'near 'the top corner of the spllce plate shown in thlS flgure

1nd1cates the p051fion of the splice. plate before testlng

had begun ) Y1e1d1ng of” the spllce plates was also.pbserved

-around all of the bolt holgg in. spec1men C5 The

si < -
white-washing that had been applledﬂwq the spl1ce plates in .

- specimens C2. through C5 gave no v1£ha% 1nd1ca fqp‘qf

specxmen c1 were not white- washed.,

-t "“ii L
kxgebdlng of the steel plates around the bolt holés'

o‘ red only in spec1mens C5 and C6 because thlnner spl1ce

F e

through ca. Although the sp]1ce plates in spec1men ‘C1 .were

4
not wh1te—washed, it can be_ assumed that there waS-q&;

vvisible yigldin lthese‘plates’because'all of the splice
wplates used in specimens C1, C2, C3 and C4 were identical.

:The deformed shape of the bolt holes was.an‘indication that

local yielding of: e splice plates actuw ﬁ .
these spec1mens. Hddever, the affected areas wer underneath ;

the ‘heads and‘washers of*the bolts where the platss had no

-been w?lte washed The affected. arias for spe ens C5 and

C6 were much-larger. Y1e1d1ng had spread ;q he area of

the .plates that haggbeen whxte washed and therefore was '

ﬂr

’
t

‘o
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hole occurred in the general direction of the predicted bolt
force.

‘! . ) t

. , Rotatibn.of the beams was mainly a consequence of the
deformation of the splice components. Although it was not
measured,'very little rotation of the beams was observed at

low lQads except 1n*spec1mens C1, C2 and C6 In alljgases,
da!
the rotatlon of the beams was very notlceable as the web

spl1ce connect1on in each spec1men reached 1ts ultimate

¥

> load. For specimens C1 and“C2 the larger degree of rotation

+. can be attrlbuted to the large bearlng deformatlon in the

. web near® the top east and bottom west bolts. For speclmen

14

. C6, the larger degree of rotation can be attr1buted to an:

‘actual mdmeﬁt at the centerllne of the spl1ce that was - aﬁ ¢**
o e T T .
s1gniﬂhcantly gﬁeater thgh Zefo, As a coﬁseﬁhence of this

*

® moment,  the forces and deformatlons of the bolts on the east

'dside of the splice were not 1dent1cal to those of the-bolts
fon the west srde of the splice. o .

F1gure 5.9 shows the relatlonshlp between the load

applled to one end of the beam and the horizontal "*“'A B I;

.defle ion, measured relatlve to the beam web of the\lowerux

* ) ’ B f

east corner of the south spl1ce plate of spec1men Ct. This

&

the spllce plates Although the magn1tude of the loads and’
J
deflectlons varied, the shape of the load versus spllce

.

plate ‘deflection ‘curves does not chane sxgnlfxcantly “The

woo»

+ . shape of these ourves'wasfSimilar to|the shape of the load
. S : o !

4
1
3
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respodse curves for the single boit shear specihens in that
there was no well deflned yield point.- |

The movements of the splice plates relatxve to the beam
webs were used to locate the experimental instantaneous

centers of the bolt groups in the web splice specimens. The

. radius of rotationv(ro)'of a bolt groupgson one side of the

splice is equal to the distance from .tt?&e‘,ntroid of the
bolt group to its ?nstantaneoue center of rotation. In
Table 5.4, tHé-exél&imentai radii of rotation erevcompared
with the theofeticei'rédii of rotation f£ ;thevbOit droups

on e1ther side of the we&sphces in th large ,iscale test

specimens. The. theoret1cally based pred1cted values and the:

§15°

experlmental values are not in good agreemﬁgp Except for
»
specimens C1. and C2, failure occurred in the bolt group on

 the side of the spldce that had the smaller measured rad1us.

of rotation. | o - ’

The experimental radii of rotation were-.calculated by
dividihg*the vertical displacement of‘eacﬁ bolt groupdby the .
tangent. of the'angle of rotation of the corresponding'spTTEé"

plate,fThe éve:age‘of the measured north and south splice

’ B I “r ‘ ' . . . : v
plate’defleCtions was used in thesF calculations. The angle

of rotatJon of each spllce plate{was calculatéd from the

“\\measured hor1zontal defiectxons and 1t was based oh the

\

assumpt:on that the deflectxon at the top of the plate wa§
equal to the deflectzon at the bottom of the plete. Thzs is
a reasonable~assumptxon because there were no external

horizontal forces app11ed to the beam, and thetefore the

2
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horizontal components of the bolt forces and deformations dﬁ
either side of She,neutral axis are theoretically equal and
opposite to one another, The -theoretical radii of rotation

were calculated using the analytlcal method presented in

Chapter.3.

As described aboVd, the experiﬁental radii of rotation.
were calculated using the mevementS'oﬁhthe splice plates
measured relative to the beam webs. Thesejmovements ate a
functidn of the total bolt defotmation which includes both .
the boltadefd?hation and the local deformation of the
connecting material. 'Inlspecimens C1 and C2, the local
deformation of the web materlal around the top east. and
bottom west bolt holes was much greater than tge lqcal
:deformatlon of the middle plate in the 51ngle boltyshear
spec1mens. Thus, the exper1menta1 radii Qj rotatlon for
specimene C1 and C2 should not be,expegfed to agree cldee1y.
w1th the theoretigal values. ﬂlﬁ'. ) |

~'In the tests carrled Qut by Crawford %ndgKulak (32) on
eccentrlcally loaded bolted connect1oﬁ§i tgeﬁexper1mental
rad11 of rotatlon also did not agree- cloSely with the
predicted values. It ST kcoghi'zed in thelr study that a * :
small error in measure t _can significantly affectrthe U
calgylatxon of ‘the experlmentél radlus of rotation.

."The measured and calculated strains at two seiected
load stepg (one of- which,is the ultimate) ior spechmens.ci
tﬁrough CG are shown in Figures 5.10 to 5,15, As described

1n Chapter 4, the measuted stra‘ﬁi wgre taken on the £langes

‘a~\

N
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at paréidula; ldcationsla ong the beams. The calculated
strains were determined using the measured appliéd loads and
the nominal physical properties of the test beams. Some
measuréd stré%ps fhat\were clearly incorrect are not shown
in'%?gse figurgé. Hdaever, in some cases, it was difficult

to differentiate between correct and incorrect strain
readings. -

In general, using the strain gauges that weXe not in
the immediate vicinity of the splice itself, the measured
strains agree well with the calculated strains, . particularly

at the lower load steps.“Thl.flange strains measured in

regibns close to the splices do not agreé with calculated
-

C

strains as well as those flange strains measured in regions

further from the splices. Although it is not possible to
determine the exaet location of zero moment from these data,

i

the measur ins indicate that the actual location of
zero momend ose to the theogetical location for all of
" : P ’ . . . & ' ! LR T ’
&%%he spec1mens. : : ORI v .

+*
i

The strains that-swere measyred ;gggﬂly<n@ar the |
locations of .the splices indicate that the stress at the |

ER

R} ~ ‘ ANV
locations of zero‘mowent.was nqt equal to zero. One of the

A . ’ . : . »
_possible explanat1ons for this is tRat an axial force was

pregent in the beams. Since the test set-up did not p‘;m1t

axxal forces to develop, a more reasonable explanat1on is
|

that the web splxce dxstu:bed«the nogmal strqﬁs distribution

of the beam in the region of the splice.
|

r e ;),

|
|
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5.4.2 Ultlmate Strength oﬁ’ Cpnnectlonm ’S \“; x
Fallure of the web spllte specimens occurred h \tﬁ;
after the max1mum loads were ceached All of the fa11Ures ﬁ?
were sudden, except for spec1men C6. Specimen C1 fa11ed when

W . .
both of the bolts on the east s1de of the splice sheared

A
off. Figure 5 16(a) shows the top east bolt from this A
speczmen as it would have 1ooked ‘just before fallure ‘
occurred. The sheared surfaces &% thls bolt can_ be clear%y
seen in Flgure 5.16(b) Although the bolts on the west side
of the splice did not rupture, thep. vere badly deformed.
Specimens C2 and€C3 also faiied'when both of the east

(bolts sheared off. The west bolts in specimen C3 were not
deformed as much as the west,bolts'in:specimensic1 and G2.
One of the west bolts in specimen C2 sheared off in a single
plane only. épecimen C4'fai;ed whenfall three of the bO%ti
on the east side of -the splice sheared gﬁf The upper and-
lower bolts on the west side of the spllce were defotm@d
more than the middle bolt, as expected Spechen C5 failed
whehvall feur‘of theteast bolts sheared off, although@the
lower east bolt.sheared off in only a 51ngLe plane. Three of
the west b/}ts sheared off in a 51ngle plane Whlle the upper
wesgfxelt Ys very deformed Specimen C6 falled %uhen the
lower wesn,bolt on the east side of ‘the splice sheared a@f

*

in one plane. The remalnlng bolts, on the east side were

.
badly deformed{ The bolts on the west 51de were. not ;"

Q
deformed, but they were: sllghtly polxshed as a. result Di

Kbear1ng agaxnst the steel spllce plates aqd yehé' o _;‘fg
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The exper1menta1 and predicted ult1mate shear

capac1t1es of the bolted web spllce spec1mens are 115ted in

Table 5.5. The shear used to Ldentlfy the load at which

k
failure occurred was obtalned by averag:ng the d1fference

between the maxlmum east *jack and*egst reactlon loads with

N

the difference between the maxfm west Jack‘and west

sreaction loads. As can be. sed aa&tlgures 4. 7 an§54 .8, the
magnitude of the shear forq' BT o centerl1ne of the splice
is equal to the""difference‘&’en the magnltude of the

applied load and the reac;ﬂ% . forces%on either side of the

splice. Theoretically, tt‘ﬁference between the east , »
applied Ioad and reaction is identical to the difference
between the west applied load and reaction. However, the
experimental differences were not identical and were
therefore averaged. The predicted shear capacitiesvof'the
web splices in‘Table 5.5 were calculated using the method of
analysis presented in. Chapter 3,$that is, nith the shear
for@e considered to be acting at the centerline of the
\\ l splace. The response to shear load obtained from the sind&e
bolt compression ]1g tests was usedin the analy51s to -
predict the shear capac1t1es of the web sp11ce connections.
'Thé ultimate strength method currently used to analyze
eccentr1cally loaded bolted connections uses the shear load
versus shear deformat1on resoonse of a 51ngle bolt in a-
compre551on jig, (Secxlon 2 4) (13, 31). For this reason, the
) expe?1mentpl response to shear load ofiuhe sxngle bolts |

. y ’
o tested in compre551on jlgs wlll ‘b used 1n1t1ally to predlct

;g\ i .."".&' »m . . .
b} [ A w T an - . W .
oty AR R R N T IR
. . \{\ - . Cf AP ,,’ i S e o
‘ . oA A B
. , L
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the ultimate shear capacities of the bolted web splice

*
e?

Specxmens. However, the. shear capacities of the web splxce s’

Spec1mens will subsequently be predlcted using the tension_

3

319 shear test”results. ,
y : : ' . _ “r

o |

434.3 Compar1son of Test Results with Analytical Preaxctxons
‘Using, the method of analysis presented in Chapter 3 and
the regponse to shear load of a gzngle bolt in a comptessxon
jig, the ultlmate shear capac1ty test to predxcted ratlo
varies from 0 85 to 0. 90 for the bolted web spllces
(Table 5.5). The average test to.predicted ratio is 0.87 \'
‘rwith a coefficient ef'variation of 2.3%. These test to
)fpredicted feties indicate that this method of analysis
yields results that are consistent, but uneehservatiVei The
factors thatbmay cause(the results to be uncohservative will
be e‘amined subsequently. Table 5,5 also contains an
altefﬁﬁtgve way of looking at the results. Assuming that the
test result‘is the "true" value, then the percent error of
the predictor is shown to varj_from‘+10.6 to +16;1;
crawford and Kulak (32) obtained similar experimental
results in their study of eccentkically loeded bolted /
connections. For their tests,-the ultlmate strength test to
predicted ratio varied from 0.86-tn 9:94. These pred1cted
o _'Moads-were calculated aleo dSihg the ultimate strength
e ﬁethod of analysiE‘amd‘the response to shear load of sihgqe‘

bolts in compressign jigs. - -
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- . The ufﬁﬁmate shear capac1t1es of web spllce spec1mens

- C1 ‘through{:S were- predlcted based on the hssumptlon that

-
the moment at the_ centerl1ne o; the spllce was equal to

~

s

-

»)‘ zZero. Under 1deallzed cond1tlons, the bolt groups on eltherc

-

.51de. of the: ‘web s~p11ces in these spec1mens would fall

sfmultaneously;pTHe locatioh_otkgero moment is" dependent on BN

R both,thelmagnitudes and’the?positions of the applled loads
. and the eactions. Lt 1s not posslble practlcally for the L
| actual hlst set- up to be 1dent1cal‘to the ﬂdeal1zed test

se up Eveh{a small- ‘difference between the 1deal1zed and

X r1mental Eest seghups will ﬁesult in one bolt group :

- -

a111ng before the other one. In the tests carrﬁéd out in-
thls study, the east bolt group failed” flrst ih: ;ll of 'the

spec1mens. However, v1sual 1ﬁ§pedt10n of the—west bolts in %
N :

spec1mens C1 through C5 after the tests 1nd1cated that the:
west bolt groups had almost reacheq the1r ultimate loads.v 5

Dur;ng testlng 1t was d1ff1cult to apply equal loads to e

3.,
the east and west ends of the beams as the ultlmate load was.

3

approached For spec1mqns C1 through c5, the max imum west-
jack load (see Flg 4. 7%qwas sllghtly hlgher than the

2 ' max1mum east Jack load. Thedr/tlcally, thlS results 1n a

small’ p051t1ve moment at the centerl1ne of” the splice and

this, wobld contribute to decreas1ng the shear oapac1ty of
, the web spllce as predlcted on the, bas1s of zero moment)
However, a p051t1ve “homent at' the spllce should cause the' . ';
bolt guoup on the west side of the spllce to fa11 f1rst 2 o

This contradlcts the results of the experlments in Wthh the
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"east bolt group was always‘the flrst to fail. However,

rbecause the d1fference between the measured east and west

njack 1oads was less than 2%, it was 1gnored In the .

theoret1cal shear capac1€§ analy51s.

the razi® between the east and west jack loads (Flgure 4.8)

was equal to 1,82, This is 51gn1f1cant1y less thanfthe ratio
N \
‘of 2.0 that existed during most of the test. Thas resulted '

in a shift in the theoretical location of the inflectiOn:

" point (Figure 5.15). Hoyever,'the theoretical ultimate shear

8 A : . _
-capacity (Table 5.5) was alculated using the expérimental&
.ratio of the uitimate‘applied loads just noted, that is, '
. 1.82. SO | , '
- ~ Lo /—\
The east ]ack and reactlon and the west jack were Eree

to translate horlzontally. Horizontal .movement occurred as’'a

[ o

}result of both bending of the beams and deformatlon of the
sp11ce components, but this movement was ﬁot symmetr1ca1

about . the center11ne of the spllce because the west reaction

5o

N P

. was f;}ed Although these hor1zontal movements»were S

.relat vely small, the;jwere 1argé_enough to cause the ‘ VG

'location of zero moment not to ooincide with ‘the centerline
dof -the spllce. Because the east bolkt group was always the

'flrst to fail, it is concluded that . the horlzontal

~

» translatlons resulted in'the locatlon of ‘zero moment be1ng
sl1ght1y west of the centerline Qf the spllce in. -

" : \ t
specimens C1 through C5. As noted prev1ously, a moment at

“u

'the centerllne of the spllce would contribute: to an
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unconservative prediction of the shear7capacity of a webd
-spllce if the analysus was carrled out b#sed on the

assumptlon that the moment at the centerline of the spllce I

0 . il e .

~was equal to zero.w'

-

The magnltude of the moment that would have to exist at

" 3

the centerllne of each web spllce in order for the predxcted
shear capacity to be equal to. the experlmental shearr

» :
capac1ty was calculated and is shown ‘in Table 5.6, The DR

dlstance between the locatlon of this moment and the assumed

' locatlon of'the,centerllne.of the.spllcewls.alsoishown in
.Table 5.6. In all cases, this diStance_is'retgtively small

Q N
because the bolted web splice connections tested were . .

\

located in reglons of .the. spec1mens w1th relatlvely steep '
moment gradlents (Table 5 6). It is p0551ble that the actual
difference between the theoretical and experimental locatron"

of the_centerline of each'splicevdid apbroach this - ' {

magnltude. The largest distance, 40 mm, was for Spec1men c3.

’

'As was noted prev1ously, the west bolts in thlS spec1men

were notas deformed as the west bolts in the other IR
8

specimens. Thls 1nd1cates that the locatlon of zero moment

1n thls test was further east of the centerline of the
¥

spllce than it was in the other tests. : ) ”

Crawford and Kuﬂlp (32) suggested that one reason

’ connectlons ‘which are subjected to eccentrlcally applled
loads are not able to reach the1r theoretical ultlmate
capac1t1es is because in a full scale test the’ dlrectlon of

(2

the force on each bolt changes as the 1nstaﬁtaneous center

3
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~

of ‘rotation moves,owhereas the d1rect10n of the force and-,

correspondlng deformat1on never chagges in the 51ngle bolb '

-

callbratlon test. In the test prggram carr1ed out fOﬂ“&hlS'

report, spec1mens C1 C2 and C3 contalned two bolts in a

-
.

f single‘line an either_51de of the spllce, For thls“bolt‘

‘arrangement, the‘theoretical location of the instantaneous

— N . . <

fcenter.of,rotationfdbes not'change as'the'magnitude of the.

’ eccentr1cally appl1ed load increases: Consequently, there is

no change in the dlrectlon of the force on each bolt. For

thefcase of only two bolts 1n a vertlcal line, the }ocatloh

of the gnstantaneous center is un1duely deflne and is the
same for any value of an applled eccentrige rce. ) .

Examination of Equatlons 3.7‘and 3»9 forﬂthls'casewwill show

that, - S L | ‘43. -

» . . . . ‘ i - : 1 ‘. ;
& é
. . . o
. 2 :

r . de. K ) . . . (5..3)

For any other -number- of bolts greater than two, the, locat1on

of the 1nstantaneous center of rotatlon is a functlon of the
load level in addltlon_to the geometry used.

For the bolt arrangements used in specimens C4 .and C5

_the theoretical 'location ofﬂthe'instantaneous center moved a

relatively shall‘distance when the applied load nas wlthin

the range where most of ‘the deformatlon occurred Thls'
.resulted in only minor changes 1n the- d1rect1on of the
forces act1ng on the bolts. However, a sh1ft 1n the 1ocat1on

.

of - the 1nf1ect1on point- occurred as the u1t1mate*load was

»
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appMpached dur;ng the test1ng of spec1men C6 Consequently,t

the location 'of the” 1nstantaneous center, anﬁ hgnce the

N
~

‘dlrectlon of the forces on the bolts, changed. Therefore,
. . CL

"except for spec1men C6 mOVement of the 1nstantaneous cehter

dur1ng the loading hlstory probably was only a small

contributor te the"differenCe'between theoreticai

"o predlctlons and test results 1n thls program.

\

If a. bolt group is’ requlred to carry a‘transverse shear

" force- that acts at the center of gravlty of that bolt group,

)
then each bolt must re51st only a vert\cal force. In thlS

- P}

case, Ehe 1nstantaneous center of rotat1on of the bolt group
1salocated at an 1nf1nrte\dlstance~from the bolt group
(along its .neutral axis).‘Houever, if the bolt group carries-
moment in addition to shear; then each bolt must resist both'
horlzontal and vertlcal compOnents of ﬁorce. (Thls.moment_

may be caused LY @ shear _force that 1s-con51dered,to-be

eccentrically applied to the bolt group.) For this bolt

'shear capac1ty of the»bolt group, also decrease.

group, the instantaneous- center of rotation is located at 'a

finite distance from the bolt group. As the moment o

N - . . " . . R '»
increases, the horlzontal components of the bolt forces.

(‘ .
1ncrease and the rad;us of rotation decreases. Thus, the

vert1ca1 components of the bolt forces, and théreby the

3

It should therefore be evident that an experlmental
radlus of rotatlon that 1s/§maller than the predlcted value
1nd1cates that the experimental shear capac1ty of a

connectlon is less than the predicted shear capacity. Except



" for specimens-C2 and C6, the experimentaliradii.of rotation
- "\ . . . . .

. were less than the predicted values. As previously{
. explained, the experimental radii of rotation_fof

. . Te > v . . . .
specimen C2 are not_ consideréd to be accurate. The

) . - . . - . A,
experimental radius of rotation for the critical bolt group

3

1n,spec1men Cé6' is only 10% hlgher than the predlcted ‘value, =

i

Thus, for the major1ty of spec1mens tested the measured

locat1on of the center of rotatlon supports the observatlon
»

that the theoretacal shear capac1ty pred1ct1ons‘411ﬁ5be

greater than the test values. . _ - X
> TFStS carried ohg\1n this sthdy.show that the shear
strength of high strength bolts‘in‘plates loaded‘in-
jcompre551on is hlghe: than the shear strength of h1gh
strength bolts in plates loaded in ‘tension (Section 5 3.2). ¢
This effect should result in the ‘upper east’ ﬁnd lower west
bolts in the web’ spllces falllng“at a lower load,than was
‘assumed in the connectlon ultimate- strength analysls because’
‘these bolts are located in ten51on regions Qf the "beam webs:
The failure of one:of-these bolts will lead td‘immediate
failure of’the entire connections This ‘reduced shear
capacityfof the;bolts in the tenslon reglons.can contribute
significantly to decreasing-the web splice.shear capacities

as predicted on the basis of the response-to'shear loadlof'

¢ »
-

the single bblt compression~jig“specimens.
The. theoretical-ultimate~shear capacities of the web
sp11ces have also been calculated u51ng the response to

. shear load of the s1ngle bolt ten51on jig specimens and

- -
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. N .' {
these pred1ctqons are compared w1th the test results in

. Table 5 7. The test to predxcted rat1o ranges from 0 92 to

’1 00 and the correspondlng percent ersor. of the predxctor‘\

varies from 0.4 to +9 0. These rat1os 1nd1cate that th1s

‘method of analysis ylelds results. that are only sllghtly

'conservat1ve. The actual connectlon strengths are

51gn1f1cantly closer to the‘connectlon-strengths predicted
S
-using the tens1on jig test results than when the connection

strengths were predicted us1ng the compress1on jig test
\
results.

9

The lardest difference‘between the test and predicted

—

capac1t1e518f the sp11ces is for specimen Cé6. As prev1ously

dlscussed if 1s felt that thlS test result was 1nf1uencecl\~<

by a.shlft in- the location of the ififlection point as the
ultlmate load was approached The largest d1fference between
the test and predlcted loads of the spl1ces located at
p01nts of contraflexure is for spec1men c3. It was

previously noted that the west”bolts in this specimen were

not as.deformed as were the west bolts im the other

.

*”specimens, indicating that the point- of inflection was

-

further west of the spllcé\centgrline in this test as

compared with the other tests.

5.4.4. Comparisoh of‘Test Results with Conventional Analysis

-In‘Table 5.8, the predicted‘shear capacities of the web’

spllces vere calculated u51ng.the assumpt1on that the shear

N

forcechts at the centr01d of the opp051te bolt group. The

-0
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respohse to shear load of the conipression jigﬁ$peeigygf was
. . . . / . s

used ia the analysis. (The assulmption used. in the
conventional method of ana1y51s is usually’ ueed together

with the assumptlon that the web splice 1s[éeslgned‘to

“

. twansfer transverse shear only. Because specimen C6 was not

locateg X a p01nt of contraflexure, it hae‘bee excluded

*"*;

p e O
£1°8 %?; ,table ) The ragio of - the ultlmate teqt shear

.wﬁr*h&
gL ranges from 1;0 “to 1.43

using this conventlonal method of analy51s. The average test
to-predleted ratlo is 1.25 w1th ¥ coeff1c1ent of varlatlon'
of 11.5%. ?heae‘te5t~to predicted &atios.(Tab{e 5.8)
_indicate that._Eh’e_ conventignﬂal method of ,~}a-nalys'is’yields
results‘that are both conservative and inconsistent

v ® ~

The best agreement hetween the experlmental and
predicted ultlmate shear- capacity is for specimen é3 The
bolts in thlS spec1men were arranged 1n such a manner that
- the pltch was relatlvely large. and the distance of the bolts
“from the centerllne of the splice was relatlvely small' N
The poorest fagreement beqwgen\fﬁe experlmental and
predicted uUltimate shear capacity is for specimen C5. The
_pitch of the bolts in this'spegimen was relitively small.
There were two lines.of bolts on ‘either Side or the:splice,
resulting‘in a greater distance between-the centroids of the
two bolt groups thanffor the holt arrangements.in the other

specimens, ' ' v

The theoretlcal\jit'mate shear capacities of. the web

1

spl1ces have also been ca culated u51ng the respohse- to

L
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“éhgar load of the single bolt ggnsioﬁ jig. specimens and the
"assumption thaf the shear force acts at the centerline of
‘the bpposite bolt group. As showﬁ in Table 5.9, the ultimate
?shear gapagity test to predicted ratio using~@his approaéﬁ
ranées from 1.16 to 1.47, The corresponding percent error of
the pred1ctor ranges from -13.5% to -31.9%. The predicted
shear capac1t1es based on the tenplon jig test are more
conservatlve than the‘predlctlons based on the compression
jig test results (us}ng the.assumption that the shear force
acts at the centroid of the opposite bolt group) The.test

to predicted ratlos are also very 1nco'n515t€nt



. - : . .

v .. . : ]

4

13
-

. ' S, s ' - ‘ . '
Table 5.1 _S.i",g}" olt.Shear Test Result‘.\ -- Colnpression Jig

Ve CERE Y
.

b - @ » -
]
a . { - )
’ - ; ’ ' ] ‘.- | , . . :
S | . ’ ¢ imum Load Max imum -
Co. Specimen Puble Shear) . Deformation '
) . ' kN mm
b Y . .
o ”
A1-C 365 - 4.95
N . ‘ R . ‘.
( - |
A2-C 366 b 4.60
N

YR 376 | . s.0s

; AS-C 367 . . 5.05

B1-C , . 364 . 5.61

B2-C . | 3 - . 370 | 6.50

N . |
B3-C 373 6.47
L)
‘ 7



Table 5.2 Single Bolt Shear Test Results - Tension Jig

Q)

»

d”

~

B3-T

°¢
Maximum Load Max imum
Specimen ‘(Double Shear) Deformation
- kN mm
-/
A1-T 335 57713
AR-T 329 547
A3-T ., 335 5.12
_ &) \
B1-T 360. 6.56
B2-T 338 5.92
-.335 6.40

o
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Table 5.3 Bolt Force Directions

Predicted Angle . ’
: degrees Test Angle.
Specimen|Bolt — degrees
Proposed ‘|Conventional .
- Method Method -
1 % 57 38 60
C1 2 < 87 38 60
3 57 38 , 60
4 .57 ‘ 38 - 55
D i
1 51 27 ? 59
c2 2 51 ¢ 27 47
' 3 51 : 2-7 37
. 4 » 51 27" 59
— LN
1 65 48 72
C3- 2 65 48 72
3 - 65 48 67
e 4 65 . 48 65
e 1 43 ' 22 43
: - 2 90 90 87
© C4. 3 43 22 T 40
4 43 , 22 43
5 .90 90 - 87
6 43 . 22 45
‘«‘ ‘r L .
AR . 34 2 25
o 2 "1 L, 34 2 25
3 - ‘e 65 * 46 ' 53
C5 4 ) 65 - 46 ~ 55
5 65 46 55
6 65 46 53
- 7 34 2 28
8 34 2 35
Ca la
» ; - R -
Y4 2 - - -
. 3 _ _ -
(o] 3 4 - - -
5 34 - 35
6 34 - 28
7 2 - 0
8 2 - -0
S v

93 -



Table 5.4 Radii of Rotation

»

R

Experimental r

. mm

Theoretical r,

: -mm -
« East 9 West ‘
4".
ugj - 36 1 34 78
) |
¢ ‘
toe2 91 72 50
C3 139 174 242
ca 16 3 %y
cs 29 29 58
< .
o] k 44 - 39




. W Table 5.5 Comparison of Web. Splice Test: Res§g#& with
' Predictions Based qn the Proposed Method of

Analysis and Compression Jig Test Results. - S

) o ‘
— — - |
~ ‘ |Predicted Shear|- T&st Shear./ Test T J
| Specimen Capacity. | = .Capacity | ——= |% Error ,
SN kN . ~ kN . - |Predicted LA 7

c1 | e18 o551 | 0.89 | +12.2

c2. | - 573 518 0.90 | +10.6

3| e | 570 0.85 | +17.7 |

4

R N TUN N SRR NRS
' *The tsﬁt'value is taken as the true value.
, 7 o . ‘

i/ ’ U, PO -

Y E N T A . 783 < | 0.86: |'+15.8 |
cs 902 - | 798 ~0.88, | +13.0
c6 426, | . 367 "+ | T0.86. | +16.1

-
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Table.5.7 Compansop of Web Sp e Test Results with
Predlctlon\a Baded. on ‘Phe Proposed Method of
‘Analysis an\d Tension Jig Test Results
.
# ‘ /
A . P’redic.‘ted Shear Test Shear - Test ,
Sg«;cimen ‘Capacity. Capacity . |% Error
T . kN kN Predicted *
N - . )
. C1 561 551 0.98 +1.8
c2 |y, 520 518 1.00 0.4
S R 570 0.94 | " +6.3
810 783 0.97 | "+3.4
824" 798. 0.97 +3.3
L e00 367 0.92 | +9.0
*The test value is taken as the true value.
, | >




Comparison. of Web Splice Test Results with ,
Predlétlons Based on the Conventional: Method of
Ana1y51s and Compre551on Jig Test Results

- 98

¢ *“
y 7
<
\\- . 2
. |Predicted Shear Test Shear Test
‘|Speéimen Capacity / Capacity 2 |% Error
- kN kN ' Predicted *
C1 457 g 55 1 ;v | -1
Ly ' T
. ., . ‘ /
C2 393 518 1.32 =24 .1
— |
c3 549 | 570 1.04 -3.7
ca L 783 1,27 | -21.1
T ' e I ‘
o 560 798 1.43 -29.8
\ . ) - )

*The test value is taken as the "true" value.

\
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‘ Table 5.9 Comparlson of Web. Splice Test Results w1th
' Predictions Based on the Conventional Method of
Analysis and Tefsion Jig Test Results . °
/o |
| g .
K .o
-
- - ———
. Predicted Shear| Test Shear Test :
. |Specimén|  Capacity |  Capacity ‘ |% Error
- TN kN’ _ kN . Predicted * |
G '
2T . . v .“
Ci1 e - 410 o . 551 . 1.34 -25.6
c2 % 353 . 518 1,47 | -31.9 |
c3 - [ 493 . 570 1.16 | -13.5 |.
. ‘ ,‘ . N ) . . ‘ “ . . ¢ o o
oC4 .| 546 783 1,43 -30.3
cs | 519 798 | 1.s8 | -35.0.

*The test valué is taken as the trué'value.
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Figure 5.7 Permanent Web Deformation of a Failed Web Splice
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Figure 5. 16 Fvailed Web Splice Test ‘Bolt
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¥ 6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS \

o . ¢ ° , } s
Ly : :

6.1 Summary- and Conclusions .
@ This investigation was Undeg;aken::o establish’ an \

analytical method for thesdesign of a beam or girder

yeb—i}anée splice. In order to sabstaptiate the proposed f

analytical method, six large scaie tests yere condﬁcted‘to
vdetermine'thé%oltimate_shea? baPacity of both bolted web-

| splices located at points of eontfaflexure and a bolted web

splice located in:a'tegion whese both shear and momten t were‘

’Present." I ' .

In addition to the large scale web splice tests,\iwo
series ef tests were carrled out -on 51ngle bolt specimens
loaded in double shear 1n brder. to determlne the .shear load
ve:sus shear deformation;response of a 51ngleQbolt.,The
single bolt shear speéimens wefeﬁ&etailed'so as to conform
.as closely as p0551b1e to the. detalls in eacnédf the full
scale test conflguratlons. The most 51gn1£1cant dlfference
between the two series of specimens was the thlckness of thcqr

» L s

‘ out51de plates. For each ser1es of 51ngle bolt spec1mens,_

the load response to shear,was established us ng both

compression and tensic 1ig= N
A rational metbh-=z naizsisthat can i eniigy the
forces required for . ~- 4dec.. - Hf a bolted we —flangezsplioe

was recently proposec Dy "nlak, et al. (16). This "~

further developed in Chaptc., 3 of this report. For.4d web
' ' 4

.splice lpéated'at a point of, contraflexure, uilibrium
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equationsideriVed in'this.méthod.yield results iéentical to
»an analysis that~treats the bolts on on; side of the splice
as ioaded by a shear force acting at the centerline of thﬂ
splice. For a web splice located at a point where both shear
and momeﬁt are present, this method yieldé results identical
to-an analysis thgt treats the bolts on ofie side ‘of the
spl'cé as acting under fhé momenf at the ceﬁ%erlihe of the
splicé in addition to the t{fﬁsverSe shear force acting at
the centefiine bf the splic;;\\ ' ~
Analysis of the test results leads tplthe following’
conclusions: | | |
1. The ultimate shéarhstrength of high-strength bolts, from °
the same production lot does not vary significahtly when
these bolts are tested using the same type of jig.
- 2. ~Variation. in the ultimatq deformation of single bolt
N shear specimeﬁé cén be aﬁﬁr}bufed péinly'to variations’
in plate étrength and thickness. : »
-3. *Thg~ul£imate sheér‘strength of high strength bolts .in

'« plates that are loaded in tension is up to 10% less than

t

the ultimate shear strength of high strength bolts in

plates that are lo;ded in compression. The reduction in

the ultimate shear sffenéth is gttributed té an incré%se

"in the axialvbolélforceu This effect méy'be a 4

¢ consequence.of lap plate prying action.

4. . The fesponse curve for a sipgle bolt loaded in shear
that was used to“déveaop the tables in the CISC
Handboak (31) for analyzing eccentfically loaded.bolfedl i

[N
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\ .
connections_is conservative compared with the test

results obtained herein. The variation between the load

-

response curve presented in the CISC Handbook and the MR
lpad response .curve fqe,series'B compression jig
specimens is attributed to the d1fferences in bolt and

— plate strengths. The shapes of the shear load response

(

AN

- . - : . ] o

point. o

™~ . curves are similar and there is no well-defined yield

o A ]
5. Using the actual response to shear load of a single bolt

in a compression jig, analysis of the»bolt‘group on one v

side of a;web splice based on the assumption that the

shear force acts at the centerline of the splice yields

ES

‘ - ) [
results that are consistent, but thonservatxve compared

> ‘with test results, - ) o _ *

6. The @eésured angies of deformation of the web bolt holes
support- the predictions of the bolt force directions

v obtained using the assumption that the shear force acts

. . - . =~ w
at the centerlina‘of a web sglice. :

I3

o« 1. U51ng the actual response g\ “‘shear 1oad of a 51ngle bolt
in a compression jigq, analy51s of the bolt group on ohe

‘side of a web spl1cerbased'on the assumption that the

shear force acts at the centroid of the opposite bolt
: ~

group yields :esults,that”ar; incopsistent'and

conserVative when compaged with test results. The »

agg}ytlcal predlctlons are even more/condervative when

¢

this assumption is used together with the: actual J

~ .
response to shear loaq of a single bplt 1n4a_tenslon

- -
e© . -
N .



~Recommendations . U

-

jig.. . . y ‘
For a bolted web spl1ce, the best agreement- between
theory and experiment is ach1eved by using the ultimate
strength method of analysis and the actual’ response to
shear load of a single bolt in a tension jig, based on
the assumptton that the shear force acts at the
ceﬁ%erline'of the splice. For the saeeimens tested
herein, the test to pre®icted rdtio ranges from 0.92 to

[}

1.00 using this design procedure.

Sy

The actua‘; load respo:nse to shea: of }l single bolt
tested in a pension jig provides a lower bound on the
ultimate bolt strength. Therefore, it is repdmmended“
thet_eccentrically loadeq/bolted connections be designed

ﬁging this load response rather than the currently used

actual response to shear load of a single bolt tested in

. .. LY
a compression jig.
) .

s ,
Based the e{pqﬁimentﬁl results obtained in this
stué;{QZ; is recommended that bolted web-flange beam or

girdpt splices be designed using the equilibrium’

equations presented in Chapter 3.

* ’ :o\*
Further tests of a beam splice in which bgii®the web and

.
7

the flanges are spliced at the sdme location is .

-

desireabie,\

/
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