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Abstract

A model of the extended endplate behaviour has been developed in this thesis,
which allons the prediction of the endplate contribution to the connection rotation

in terms of the connection strength (moment capacity) and ductility (rotation
capacity). The extended endplate strength model developed in this thesis is unique
in that it addressedbe possibility of strain hardening and membrane action in the
endplate. These phenomena are shown to be critical for the ductility and strength
of thin endplates, but they have not previously been modelled by other
researchers. Because the leading moofaise day have not catered for these

effects, they seriously underestimate the strength of thin extended endplates.

The model is blinear, with the strength and ductility evaluated at two padirke
swivel and maximum strain points. The flush regstnength behaviour is based

on a yieldline analysis of the endplate flush region at the swivel point, and an
analysis for a plate supported on three sides and with a central point load, at the
maximum strain point. The deformation of the flush regioragel on the plate
model. The strength and deformation of the extended region is basedadaalni
doublecurvature bending of the portion between the bolt line and the weld line,
for both the swivel and maximum strain points. Strain hardening and mesmbran
action are catered for in the model by adjusting the material properties from
elastic values to strainardening values, and by applying solutions for the
deformation that takes account of large deflections and thick member theory. This

makes the modeledeloped here unique.

This thesis model is also unique in that the ductility of the endplate is measured
directly by the model in a mechanical analogy. There are existing FEA and
mathematical models of the momeantation curve, but these tend to be mpostl
empirical and completely opaque to the user. Comparisons with connection tests
and published test results show that the ductility model developed here provides
an excellent assessment of the ultimate rotations of a thin extended endplate

connection.
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1. INTRODUCTION

1.1 BACKGROUND TO THE PROBLEM

From the tirties, structural engineers have been aware that the behaviour of steel

framed structures is greatly influenced by the connecfi®tel Structures

Research Committee, 193@n everyday design practit®wever structures are

analysed either as thoudtetconnections are unable to resist any bending

moment at al | , cqnmeotionsar aslthbugh titep willcarry tthed

full moment at the end of the beam withot
connections More appropriate terms for thegieaisationsas used in the SCI

Moment Connections Manual (sScCli, 1995) ar «
connections are conceptualised as pinned,
connections are considered fixed. However, many practical connections can not

be cosidered completely pinned or fully fixed, and the SCI Manual refers

therefore tasemicontinuousframesas well

If a frame is being analysed elastically, the key property of the connection is its
stiffness.For asemicontinuous framehis stiffnesss finite i.e. neither zero
stiffness (pinned) nor infinite stiffness (rigid), and such connections are then
described asemirigid. If a frame is being analysed plastically however, the
connection strength is the key property, andseéraicontinuousconrectionis
thenneither zero strength (pinned) nor full strength (fixed). The connection
strengthof a semicontinuous connection in a plastic analysisstbe less than

that ofall connected membegrso that the connection fails first. Such a connection
is said to bepartial-strength A partiatstrength connectioocould also be semi

rigid in terms ofits stiffness, but this is not an essential requirement. In an elastic
plastic analysis, the connections will either be segnl or partiatstrength, or

both, for the frame to be considered sesontinuous.



The use of partiadtrength connections in a plastic analysis is an attractive design
option. The bearend hinges are induced to form in the connection, which can
lead to reduced beam sizes by comparnsith fixed-end beams. Moreover, joint
resistance ipossiblyindependent of column size, reducing the design effort, as
failure is easily guaranteed to be by a beam mechanism. Furthermore, fabricating
a connection to be full strength and rigid is labmtensive and so costly. The

details couldpotentiallybe simpler and cheaper however, if the designer is able to

accommodate flexibility in the connection and if the connection is pattiahgth.

Partiatstrength connections can lead to cost savingsmueed beams as well, as

the available moment at the connection reduces thespaid moments and so

leads to a reduced beam depth. Steenhuis (1992) reported a 9% cost savings from
shallower beams, due to the use of pagie¢ngth rather than pinned cattions,

in a braced frame study.

The extended endplate connection is a widely used meresisting connection

in South Africa and worldwide. It is usually assumed to bedinéingth and fixed,

but given the right configuration of endplate detaildt bae and beam/column

sizes, this connection can behave in a sggid or/and partiaktrength manner.
Designing the connection as sengjid or partiatstrength could allow the use of

lower beam mass or/and depth. The South African Code of Practstedbr
structures, SANS 10162 (2B)) provides for design based on seigid or
partiatstrength construction, but requires the designer to show that the connection
momentrotation properties are suitable by experiments or from published
experimental redts. Thus, there are no established design models in the South

African context.

Global(frame)elastic analysis with sernigid connections requires accurate
knowledge of the connectimtiffnessas well asts moment capacity. A lot of
internationakesearch effort has gone therefore into predicting segi
connection stiffness and strength. Plastic frame analysis with pstrealgth

connections however, rather requires a knowledge of the moment capacity and the



connection ductility or rotation capée This latter aspect of ductility has not

been researched to the same degree as strength and stiffness.

Because of the popularity of the connection type, extended endplates have been
extensively studied in the last thittiye years or so. However, aeown in the

next chapter, most such studies have been from-atfalhgth semrigid

paradigm rather than a partsttength paradigm. For tigasticfailure of a
connection to be safe, it must fail by gradual deformation (excessive rotation),
rather han by brittle fracture. Ideally, therefore, failure should not be initiated in
the bolts or weldssincebolt and weld fractures may be brittle and sudden, and are
often catastrophic. It is preferable also to achieve the expected deformation in the
endplde rather than the column flange, since it may be difficult to predict the
effects that column flange deformation could have upon the carrying capacity of
the columni especially in terms of buckling instability. Thus, the remaining

option is to force dude deformation of the endplate itself. The objective here
therefore, is to study the ductility of a parsitength extended endplate

connection where failure initiates in the endplate.

1.2 PROBLEM STATEMENT

The problem is to develop a model of gatiatstrength extended endpldieam
to-columnconnection that enables prediction of the ductility or rotation capacity of
theconnectionwhen the connection failure is initiated by inelastic deformation of

the endplate.



1.3 COMPONENTS OF EXTENDED ENDPLATE CON NECTIONS

Extended Column
i region
/ J Beam
= r

N Flush
region
Endplate
(a) Extended Endplate (b) Flush Endplate (c) Partiatdepth

Figure 1.17 Types of endplate bearto-column connections

Endplate bearto-column connections consist of a plate (the endplate) that is
welded to the end of the beam prefiThe endplate is then bolted on site to the
column flange or web, using pogilled holes. In an extended endplate

connection, the endplate is welded to both beam flanges as well as the web, and
the endplate extends beyond one or both flanges so thatlsuts lie outside the

beam profile. This is illustrated in Figure 1.1(a). If the endplate covers the entire
beam depth but does not extend beyond the beam, it is known as a flush endplate
connection. If it does not extend beyond the full depth of thenpgas known as

a partialdepth endplate connection. In the flush and padiégith endplates, all

bolts lie generally within the beam section profile.

This study considers only extended endplate connections. The bolts lying within

the beamproflearsai d t o be in the oO0flusho6é6 region
extension are in the Oextendedbd region.
extended on one side only, and this would then be on the beam tension flange

side. Where an extended endplaonnection could be subjected to moments in

both directions, it could be extended on both siBesnuzzi et al (1991) carried

out tests of extended endplate connections extended on one side and nominally



identical connections extended on both sidegirTiesults show thdor
connections with identical geomettize momentotation curve®f the singly
extended and doubly extended endplates aresiemiar. It has been decided here

to consideonly the case wherne endplatés extended on one side.

Endplate Applied
Shear Force
or

Tension bolts— »t, ~ Tension Flange

— -
Panel shear -
zone T

/ — Applied

Compression Flange Moment

A
Shear bolts
Web weld

lange weld

N\

Column
flange

Figure 1.27 Components of a typical extended endplate beatn-column

connection

The components of a typical extended endplate are shown in Figure 1.2. This
thesis is limited to extended endplates extended on one side only, with four

tension bolts dispsed more or lessymmetrically about the beam tension flange.

The bolt rows adjacent to the beam tension flange on either side are loaded in
tension, while the lowermost (compression area) bolt row resists the shear forces.
It is sometimes necessary tave an additional row for shear. There could also be
more than one tension bolt row in the flush region. These other configurations are
not common in SA practice and so are not considered here. It is typical to have
two bolts per row (on either side of theam web), though four bolts may

sometimes be used for larger beam sizes. This study considers only the case of



two bolts per row, as this is again more common. As shown in Figure 1.2, the
beam flangdo-endplate welds could be butt or fillet welds depegadn moment

requirements.

1.4 DEFINITION OF KEY TERMS

Connection

'
Joint

Figure 1.37 The distinction between the connection and the joint

Connectionvs. Joint The term 6connectiondé properly

between connected members. In an extended endplatetbeatmn

connection, that would refer to the endplate, the column flange, the welds and the
bolts. The term 6jointd refers to the
connected members that are adjacent to the connection and which affect the
connectim. See for example, clause 1.4 of Pa@& df Eurocode 3Kurocode3,

2005). The distinction between the two terms is illustrated in Figure 1.3. In this
thesis, the joint is taken to include the portion of beam immediately adjacent to the
connection up t@a distance of about a beam depth from the connection. The joint

is also taken to include that length of column about a beam depth and centred on
the beam centreline. The terms joint and connection are however used

interchangeably here, as this is in linghweveryday usage.

Ductility: In a uniaxial tension test, ductility is used to refer to the deformability
or extensibility of a metal. By analogy, it may be used in the case of a connection

c

(O



to refer to its rotation capacity. The two terms are used lmageably in this

study. The rotation capacity of a connection is not limited to inelastic strains only,
as in the uniaxial test, but all deformations of the connection components will
contribute.

Endplate thicknessn this study an endplate issaidd@® o6t hi ck &6 or Ot hir

depending on whether or not the endplate undergoes elastic or plastic

deformations prior to failure of the connection. In this usage, wkibhsed on

Grundy et al (1980) and Packer & Morris |
endplae fails from fracture of some other component (bolts or welds), before the

endpl ate has yiel ded. I n a connection wi
extensively prior to fracture of any connection component. An endplate may also

be intermediate ibehaviour between the two, with some limited yielding before a

bolt or weld fractures.

1.5 THE CLASSIFICATION OF CONNECTIONS

A Full- A .
strength Rigid
= Beam or Column M =
c c
(< Q
£ IS
] o
= Partiat = Semi
strength rigid
nO 2 F 8EL/L
0.25 M, /— al Ao SEVL,
Pinned Pinned
Rotation Siini O 05 EI/ Rotation
(a) Strength classification (b) Stiffness classification

Figure 1.47 The classification of joints in Eurocode 3



In Eurocode 3Eurocode 3, 2005), joints are classified in terms of stiffness or
strength. The joint stiffness criteriérpinned, rigid or semiigid - is applicable to
elastic frame analyses, while the strength criteripmned, fultstrength or
partiatstrength- is applicable to a rigid plastic frame analysis. If the frame
analysis is elastiplastic, a combination of both stiffness and strength is required
for joint classification.

¢ Strength: Connections may be fstrength, partiatrength or nominally
pinned.A full strength beanrto-column connection is able to transfer either
100% of the full beam design moment to the column or 100% of the column
design moment to the beam, while a nominally pinned connection transfers
less than 25% of the beam or column desigppment. Thus, a joint is full
strength if the joint design moment resistanggM® t he | esser of th
plastic resistance moment capacity and the column plastic resistance moment
capacity. Where the column continues to the floor above the jointpthmn
moment is doubled to cater for the contribution of the upper column.
Likewise, a joint is defined as pinned if it transmits 25% or less of the full
strength criterion, and in addition has sufficient rotation capacity. The partial
strength connectiolies between those two limits i.e. it transmits between 100
- 25% of the fullstrength criterion. This is illustrated in Figure 1.4 (a).

¢ Stiffness or rigidity: A connection is classified as rigid, sengid or
nominally pinned depending on the initratational stiffness ;%i. S;ini is the
slope of the initial portion of the momerttation curve where the connection
still behaves elastically. For a braced sway frame, a joint is considered
rigid if Sjini O /5,1 The corresponding limit faan unbraced frame or a
sway frame is 25klLy. I, and L, refer to the beam second moment of area
and span, and nesway braced frames are those where the bracing reduces the
horizontal displacement byiore tharB0%. In relation to stiffness, a joint is
corsidered pinned if the initial stiffnesg;,$O 0 /L5. EHis applies to both
sway and noisway frames. Sentigid joints are defined as all joints falling

between the limits for rigid and pinned joints (Figure 1.4b).



¢ Ductility or rotation capacity: Eurocode 3 (20@®)es not classify joints in
terms of rotation capacityl he rotation capacity of the joint is not calculated
directly for extended endplates, but instead rollethumb are given for
situations where the rotation capacity may be assumed satisfactory. Following
Surtees & Mann (1970) ari@bse & Hughes (1995), this thesis assumes that
any connection achieving a rotation of 30 x*1adians is sufficiently ductile
for global plasticanalysif. hi s f orms therefore, a o6l im
ductility. Connections achieving lower rotat®than this will be regarded as
nonductile. Incurrent practice, global plastic analysis is only permitted if the
frame members are Class 1 and Class 2 sections, and the members in which
the plastic hinges form (except the last hinge) should be Classsl.
definition of a ductile connection implies that the need for a Class 1 section
can be relaxed if the connection is ductile (achieves a rotati®® fL0

radians), as long as the plastic hinges form in the connection.

1.6 THE LIMITATIONS OF THE STUDY

This study is limited to extended endplate connections with the extension only on
the side of the beam tension flange. It is also limited to the case where there are
two shear bolts and four tension baltsvo in the flush region and two in the
extendd regioni as shown in Figure 1.2. These are all assumed to be Grade 8.8
high-strength bolts. This study would therefore not apply to those large section
size beams, for which four tension bolts and two shear bolts would not be

adequate to transfer the tha

This study is limited to connections under static or gatic loads, excluding

dynamic, cyclic and seismic loads.



2. LITERATURE REVIEW

Previousinvestigations of extended endplate behaviour are reviawtis
chapter For consistency and eadereference, a uniform notation is used
throughout the thesis rather than the original symbols used by the respective
authors. This uniform notation is based on P&8tdf Eurocode 3Eurocode 3
2005) and on SCI (1995). Each symbol is defined at thepiist of usage.

2.1 EARLY EXTENDED ENDPLATE MODELS

211 Sherbourneds Model

Sherbourne (1961) proposed an early model of the extended endplate connection.
His investigation was in the context of the global plastic analysis of a frame, and
he assumed that optimueconomy would be obtained by allowing the connection

to fail plastically at the same time as the beam. Thus, his objective was for the
connection to develop exactly the full plastic momeptd¥ithe beam, with

sufficient rotation capacity for other reged plastic hinges to develop elsewhere.

In other words, he wanted a model to designdgtriiéngth and ductile extended

endplate connections.

Extende
bolt line
4 Weld line Tension flange
i P1 force
‘/Z:onceptualised as a
i Flush bol fixed-ended beam

line

Figure 2.1T Sh er b o ur readedsbedmimodeld
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Sherbourne tested five extended endplate connections wytingainickness from
approximately 19mm (34") to 32mm (1%."). Stiffener and bolt sizes were also
varied. Based on his observations, Sherbourne proposed a design model for the
endplate, in which the endplate was assumed to behave as a fixed ended beam
spanningrom the flush region tension bolt line to the extended region bolt line,
with a line load at the centre applied by the beam tension flange. The model
assumes a plastic collapse for this fbeattied beam, with plastic hinges forming

at the extended anduih bolt lines, and at the endpladebeam flange weld line.

A plastic modulus is used for the internal moment of resistance but modified for
shear using a Von Mises criterion. Thus, the endplate parameters taken into
account are the bolt pitch,ghe emlplate width b, and the endplate thicknegsh

and t are the breadth and thickness respectively of the beam flange,isutiokef

materialyield stress for both the beam flange and endplate.

The resulting equatiofEherbourne, 19613:

2 2 2 ~2
p, bty [, Jyabt O
f bt —= fo- e Q Egn 2.1
g 4 \/y 4 3t 9 q

in which bt on the left hand side represents the force required to cause yielding
of the beam tension flang€hus, the left hand side is the theoretical collapse load
(plastic beam theory) for a fixeehded beam with span @nd a entral point
load.The right hand side of the equation represents the moment to cause plastic
collapse across the breadth of the endplate, modified for shear.

The beam flange yield stresg ¢h the left) is taken equal to the endplate yield

stress (f onthe right), so that the equation can be simplified to:

o} Q S
ae_8 eee_8 +=U=1 Egn 2.2

The bolts on either side of the tension flange are assumed to restrain the endplate

completely, and the bolts are sized by assuming them all to be equally stressed

11



ard to be fully loaded (proof or yield load) at the same time as the beam tension
flange. Hence the bolt thread areaisi\given by:
A :bif_y
4 f,

where { is the proof stress for the bolts.
Thus, the bolts yield as the plate plastic hinge iséat.

It seemsthenth& h er b o ur n essantiallyponesimensional plastic
beammodel assuming double curvature in both the extended and flush regions.
This is illustratedy the longitudinal profile of the endplate in Figure 2.1. Since
the flushand extended regions are assumed to behave identically, the stiffening
effect of the beam web is ignored and the endplate tension area is effectively
considered a testub (though Sherbourne did not use that term). The use of a
simple plastic hinge implgea rigidperfectly plastic material model, so that strain
hardening effects are excluded. Sherbourne noted in his experiments with thin
endplates that the tension bolts in the flush region may attract more load than the
bolts in the extended region. Hovegyhe made no attempt to account for this in
the model formulated. Neither did he make any mention of prying forces in the
bolts.

A criticismof S h e r b o u r risehatstcamseribesly underestimate the flange
tension force at the plastic momeng & the beam, since it is quite evident that
the maximum tension force atyvhay greatly exceed the forgelft to cause

yield in the tension flange. Besides the fact that the contribution of the web is
ignored, the beam flange may sustain loads well kebyloa first yielding

condition, until the beam forms a plastic hinge adjacent to the connection or the

compression flange fails in local buckling.
Despite stating the need for the connection to besttdingth, Sherbourne

recognied the value of desigrgntheconnectiorto fail inelastically rather than

the beam end, so that he was really catering for a patteigth connection. As

12



such, he correctly stressed the need for the connection to develop adequate
ductility, but did not attempt to model or pliet the rotation capacity.

2.1.2 Surtees & Mann

Surtees and Mann (1970) described a detailed investigation of extended endplate
connections at the University of Leeds. They tested six ssidéal extended

endplate connections of varied endplate thicknesijdimg one pilot test and an
exploratory test on a deeper beam section. In one of their tests they varied the bolt
pretension and so demonstrated that the initial connection stiffness was sensitive

to the applied pretension.

bP
| P2
| | ,
Extended To Jp
region BN Zattl D-1—+
——— P1
==
Flush ._@.' i \.@_.
_ 0.5d AN | A .
region \\ b /.’ _______ Hogging lines
[l
d: {2 Sagging lines
Thickness g
D Sy
I ] *tf
o |
Y e

Figure 2.27 Yield-line mechanism adopted in Surtees & Mann (1970)

The yieldline pattern adopted by Surtees and Mann is shown in Figure 2.2. The
yielding takes place in two regioinghe extended region and the flush region. The
pattern fo the extended region is the same as that assumed by Sherbourne, but the

flush region is more complex, taking into consideration the bending across the
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endplate due to the presence of the web. In their model, they assumed the flush
yield-lines to extend distance of 0.5dwhere gis as shown in Figure 2.2. This

would i mply that the 6édneutral axisodé6 for |

They recorded carbeapacked imprints of the endplatelumn contact surface

during tests, which showed indeedttthe compression zone was triangular with

a base along the beam compression flange and an apex along the lower web.
However, in the photograph provided in their paper, the apex only extended to the

level of the shear bolts.

Surtees and Mann proposed atjons for obtaining the endplate thickness and the

bolt sizes. Sherbournedés model served as
the shear modification in the expression fgfiMn S her bour ned6s equat
endplate thickness. They also calculateglrttaximum tension force as the ratio

M/d; rather than equating it to the beam flange tension capacity at yieddhd

depth between centres of the beam flanges i.e. the beam total depth D minus the

beam tension flange thicknegsTthe most radical &ierence however was that

Surtees and Mann based the internal moment of resistance on a plategield

mechani sm rather than on Sherbourneds be:
the extended bolts to restrain the endplate completely. Thus, thetyveliec

treated the extended region as half of a firaded beam.

Their resulting equatio(Burtees & Mann, 197@pr endplate thicknesg was:

t Mp Eqgn 2.3

= n-Zz.

P a2b ig a
p_

16d,
&,

where dis the depth between centres of the beam flanges,aadhe boltgauge

distance. They explained that this equation leads to generally thinner endplates

t han Sh e As$eocondradieabchange in Surtees & Mann from
Sherbourneds proposals was that they con:
catering for this wth an empirical 30% increase in the bolt load. Thus, the bolts

are to be sized for a force P, where:
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Mp Mp
P=—-313° — Eqn 2.4
4ad d
f f
However, they also recommended that this bolt load be equated to the ultimate
tensile capacity of the bolt rather thae fhroof load as suggested by Sherbourne.

This would mean an effective increase of about 22% in bolt size as compared to

Sherbourneds model . The adonpideiedbetter of an

as it lead to an earlier redistribution of forces beemethe tension bolt rows.

Surtees & Mann (1970) demonstrated that a connection rott&tx 10°
radiandgs a reasonable value for the required connection rotation for plastic
analysis of a structure failing in a beam mechanism. That value is tteerefo

adopted in this thesis as the limit value for the du¢tiden-ductile distinction.

2.2 TEE-STUB PRYING FORCE MODELS

Working at about the same time as Surtees & Mann, other investigators were
researching the assessment of prying forces. Most of therchseas based on

an analogy between the extended region of the endplate asuibse since it is

easier to conceptualise and estimate prying action withttdrs.

Teestub
_—/ -

Beam Flange

[

——

Tension bolts

e

Q
(a) Idealisation of tension region ¢ (D)Enl ar ged -8t a biléxoré i
a teestub. under load. Flange force is 2F, prying

force is Q, and bolt force is P.

Figure 2.37 The teestub analogy for extended endplates
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The extended region of the endplate, or/and the column flange in the tension
region, is considered to behave likeea profile with four bolts placed

symmetrically around the stem. This is illustrated in Figure 2.3.

2.2.1 Douty & McGuire

I n the United States, Douty & McGuiredos i
(Douty & McGuire, 1965) was initially into tegtub connectins. However, they
recognised the close resemblance between thatibeand the tension part of the
extended endplate, and drew an analogy between both connections. Faeibtee
model led to the computation of the prying force in the extended ledgher at

working load or at ultimate load. Their prying force derivation is involved, based
on the initial elastic deformation of the endplate around the bolts due to the bolt
pretension, and also including the initial bolt elongations. This analytical model
was derived from an assumption of the tee flange behaving as a simply supported
elastic beam, spanning across the flange ends, with the equations derived from
compatibility of deformation principles, but modified for design based on their

observations. Thiis shown in Figure 2.4.

- —
‘—
\ |
] bg —
‘ Tension
force
Bolt force
L —— >
Teestub Support

Simply supported beam

Figure 2.47 Conceptualising a tee stub as a simply supported beam

The semiempirical prying force Q at ultimate load was given by Douty &
McGuire(1965)as:
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S VO
é 2 30e,m2A i

Q=g— e KR Eqn 2.5
é_x aex +1a+ ptp
gm, &3m, = 6emiA g

in which Q is the prying force, arig} and p are the width and thickness
respectively of the endplate. The end distanderghe extended bolt row, and
the effective distance ynbetween the extended bolts and the weld line, are as
shown in Figure 2.3. As the bolt effective area and iB the ultimate force in the

beam flange.

Once the prying forces were obtained, the total bolt forces could be checked to
ensure that bolt fracture does not govern failure. The endplatee(®iub flange)
thickness was then checked to ensure that toemum bending stress does not
exceed the plastic value of 4/, in which the bending moment M is taken at

the bolt line or the weld line, whichever is higher. The bolt and weld line moments
are calculated by taking moments for the prying force Q abeutolt line and for

Q and the total bolt force about the weld line. Thus, their inelastic endplate model
was derived from the assumption of a simply supported beam, but with a
maximum plate moment of Meither at the bolt line or the weld line, or atfnot

Like Sherbourne in England, Douty & McGuifE65)were essentially applying

a onedimensional yield mechanism model, assuming deabfgature bending in

the inelasticphaset hough Douty & McGuire did not
modification of the platic moment for shear. Their external applied moment
however is based on the calculated prying force and the corresponding restraining
couple, rather than on an assumption of full fixity at the bolt lines. As in
Sherbourne, the maximum connection load wadcur when the beline and

weld linemoments are both at o that a mechanism forms. Douty & McGuire
pointed out that much higher endplate (or flange) moments thaveké

observed in practice, and this was thought to be due to strain hardeningefdowe
their model ignores this strain hardening effect. The prying force value was also

rather sensitive to the assumed location of the prying forces, which location was
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found to be rather uncertain. Douty & McGuire clearly differentiated between two
failure modes in the tegtub flangé one in which the two testubs separated

before yielding of the flange set in, and a second where yielding took place before
the stubs separated, so that a mechanism foriinede are shown in Figure 2.5.
They considered thfirst a condition to be avoided as it leditickbendplates,

and their aim was for the connection to fail in the secondracgle a &6t hi n o

endplate.
D\ | \ \
t | i
L r
(a) Teestubs separate first (b) Teestubs yield first

Figure 2.57 Tee-stub failure modes in Douy & McGuire (1965)

2.2.2 Nair, Birkemoe & Munse

Nair et al (1974) investigated the sensitivity of prying action irstabs to

changes in the bolt pitch and the end distance, and also considered the effect of
cyclic fatigue loads. They found that the pryigdes in the bolts increased with
the bolt pitch, particularly at intermediate values of end distance. The prying was
also more pronounced for A490 bolts than for A325 bolts (higher strength steel).
They went on to carry out adimensional FEA study of éhconnection to further
study the parameters. Based on the FEA results, aesapirical model was

derived for the prying force. By idealizing the connection as a simply supported
beam with the prying forces as reactions at the edges of tstuteéange and

the web load and bolt forces as applied loads, a model was derived. The model
assumed that bolt failure would be critical at a bolt load including prying, such

that the prying force QNair et al,1974jould be obtained from:
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Pryingratiozgg%gz 2 bdt2 Egn 2.6
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In this equationf3is an empiricallyderived constant for a given endplate yield
stress and bolt typep and  are the width and thickness respectively of the plate,
and d is the bolt diameter. P is the bolt force from the flange loadingaomlyg

is the end distance from the bolt line to the edge of the tee flange, measured
perpendicular to the wekQ, P and gare as illustrated in Figure 2Bhe distance

ps1 is the span from the bolt line on one side to the bolt line on the other i.e. the
bolt pitch.

Once the prying ratio is obtained, the ultimate log@dd? bolt is calculated as:
P, =L Eqn 2.7
aQaqa

1
+§52u

where R is the ultimate capacity of each bolt in tension.

An obviousdrawback of this model is that it is based on bolufailas the critical

failure mode, and this britti@ilure mode is of course not desirable. It seems
therefore that these researchers took for granted that the resulting connection from
their model would only be applied as a fsltength connection. Thesearch of

Nair, Birkemoe & Munse was incorporated in the design model of the seventh

edition of the American AISC Manual.
2.2.3 Agerskov (1976)

In Europe, Agerskov (1976) reported on an investigation e$tides and beam
to-beam endplate connections, in aththe theory presented by Douty &
McGuire(1965)was used as a point of departure. By measuring the bolt forces in
his experiments, Agerskov determined the moments on the bolt line and on the
weld line. He came to the conclusion that after an initiatlyngl of the endplate

on the weld line, the moment increases there due to strain hardening, but the bolt
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line moment does not increase due to a drop in prying fdheeprying force
dropping as a result of reduced stiffness frometh@plateyielding. Hetherefore
rejected the mechanism model that had been advocated by earlier authors, rather

conceptualising failure as first yield on the weld line.

To develop a model, Agerskov also treated thestab as a simply supported

beam spanning across the flarends, but with a hinge developing only at the
center (weld line). The unknown bolt and prying forces were obtained from
equilibrium conditions, and by considering compatibility of deformation at the
bolt locations in a similar manner to Douty & McGuiFar the deformation
equation, Agerskov went to considerable effort to include the deformations of the
washer, nut and bolt shank, equating these to the elastic deformation of the
endplate at that location, using elastic bending theory for a simply suppporte
beam. In deriving the yield moment at the weld line, Agerskov referred back to

Sherbourne and included a reduction for shear, also using the Von Mises criterion.

In essence, Agerskov was really considering a third failure mode, different from
and intemediate between the two considered by Douty & McG{1i&65) Such

an intermediate mode would apply if the bolt sizes were not large enough to
restrain the endplate sufficiently for a hinge to form at the bolt line, but yet the
bolts were too strong for ¢ltee stubs to separate before the weld line and bolt
line yielded. It seems very unlikely though that the elastic beam deformation
equations assumed by Agerskov would be applicable over such small spans,
particularly after the weld line moment approacbesxceeds the yield moment
My. This is probably why Agerskov defined failure as the onset of yielding on the
weld line.Neverthelessis model isconceived asn elastic one rather than a
plastic one (in terms of the connection componentskatitere & a large reserve

of strength due to the observed strain hardening, which is ignored.
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2.2.4 Understanding the Early Research

By now two distinct streams of enquiry or research were emerging. On the one
hand there were researchers such as Sherbourne anesSurteMann, who tried

to model endplate connections directly, and who conceptualised the extended
region of the endplate as half of a fixed ended beam terminating at the bolt line.
On the other hand, there were researchers such as Nair et al and Agehskov,
concentrated more on tsgubs and the tegtub analogy, and who tended to
conceptualise this as a simply supported beam extending to the edge of the plate.
The former group of researchers tended to ignore prying forces or to assess them
using simpleules of thumb, while the latter group went to considerable trouble to
calculate the prying forces exactly on-ttabs. The prying action assumptions for
teest ubs were then d6dextrapolatedd to exten

A fundamental difference between Sherbey@urtees and Mann on the one

hand, and the other researchers developing prying force models on the other, was
the objective in design. Sherbourne and Surtees and Mann started from an
ultimate strength paradigm in which plastic collapse of the endplat¢heagoal.

The prying force researchers were more in a working load paradigm, though
trying to account for ultimate load conditiom®outy & McGuire derived their

prying force equation using an elastic formulation, but then applied these elastic
prying forces to the inelastic endplate model. As shown by Agerskov, prying
forces are significant in the elastic phase but not after the endplate has yielded.
For Sherbourne and his colleagues, a plastic mechanigme endplatevas the
fundamental starting pointand if one assumes that there is a plastic hinge along
the bolt line as assumed by both Sherbourne and Surtees & Mann, there would be
no need to measure the prying force to calculatédktdine moment. There is
therefore also no need to investigagydnd the area bounded by the weld line

and the bolt line in the extended region.
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Of course, Sherbourneds approach is onl

allow the endplate to yield sufficiently on the bolt lisee the two failure modes
identified by Douty & McGuire) Moreover, the assumption of a plastic hinge at

the bolt line is onlyeasibleat ultimate loadlf the behaviour at working loads is
considered important (in order to assess initial stiffness and limit deflections, or to
allow a €micontinuous analysis of the framegtha model that includes the

prying forcemay be more appropriattn the prying force literature, all these
researchers shas experimentally that the moment on the bolt lines may not

reach M under certain conditits, which would invalidate the assumptions of
Sherbourne and Surtees and Mann. This implies that there is more than one failure
mechanismlit would seenthat the failure mechanism is linked to how thin the
endplate is and how strong the bolts are. Thisintiportant questions at this

stage were to determine the conditions under which the bolt line moment will
attain M,, and the conditions under which the weld line moment remaing at M
increases through strain hardening. A third question of interesippedrby
Surtees & -IMapatte ss whether br dot a tseib adequately

represents the flush region behaviour in the endplate.

2.3 COLUMN FLANGE STUDIES

Parallel to the developments in understanding the contribution of the endplate,
other reseahers weremphasisg the effects of column deformation in their
investigations. The next three papers reviewed made major contributions in

assessing the column flange deformation.

231 Zoetemei jerds Work at Del ft

Zoetemeijer (1974) reported on a detailedeistigation of testub connections in
which the connections are initially symmetrical about the contact surface of each
individual teestub. His model of the testub flange was a ordimensional

collapse analysis, idealized as a simply supported bedmavplastic hinge of

magnitude N at the weld line, and with a second plastic hinge possibly

22
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developing at the bolt line. He considered two possible patterns of failure

collapse Mechanism A in which the bolt line plastic hinge does not develop
(althoughthe weld line one does) and failure is by fracture of the bolts, and
Mechanism B in which both plastic hinges develop and failure is by excessive
deformation of the testub flange. ThusMe c hani sm A i s simil ar
(1976) failure modeDouty & Mc G u i (A985)fisst modeis subsumed in

Mechanism A as a third possibility, in which the endplate is so thick that the tee

stub flanges separate before any flange yielding, and the assembly fails by bolt

fracture.

From a consideration of static equililom of the forces on the tesub,
Zoetemeijer found that at one extreme when the prying force is zero (collapse
Mechanism Al Douty & McGuirg 1965, then:

T,m
bf

y

where m = g2 (half the bolt pitch) and b is the width of tleestub. T, is the

T,3m=M_ Y t=2 Eqn 28

ultimate tension load on half of the isib and t is the tegtub thickness.

At the other extreme, when the prying force is at a maximum (collapse
Mechanism B), then:

, T
T,2m=M, +Mj Yt:1.41/b‘}m Eqn 29
y

The first equation correspondstte minimum plate thickness for the smallest

bolt size at a given connection load (no prying), while the second equation
corresponds to the maximum plate thickness to ensure plate failure for the same
connection load, but using the largest bolt diamelég.and M, are plastic

moments at the weld and bolt lines respectively). In the first case bolt diameter is
obtainegOf TombEE in e TyaHviede Fyisthe om EF
ultimate capacity of a bolt and e is the edge distance to geeadmbut which

prying is taking place. Thus, Zoetemeijer demonstrated that the designer can

control the failure mode quite easily by varying the plate thickness and bolt size

for a given platend beangeometry. He also demonstrated that larger (stronger)
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bolts combined with thin plates are required to develgpnMhe plate for double
curvature plate collapse, but thicker plates will eliminate prying and cause failure
by bolt fracture.

For cases where the prying force is between these extremes, thenthitoas to
be satisfiedZoetemeijer, 1974are:

T,2m- (&aF,- T)e¢M_ where(d F, - T)2 0 else T=4 F, if bolt fracture
is the determining factor, and

T,® m¢ M, +Mj if excessive plate deformation is the determirfexgor.

When a teestub is connected to a column flange however, the connection is not
symmetrical about the connected faces, for though the portion of the column in
contact may be idealized as a seconektab, this second testub is rotated at 90
degrees to the first. Thus, the above equations that were developed for the

symmetrical case cannot be applied without careful consideration.

o
e[m
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- /' flange "
xd !
. !
m ® o ® o
FFF P4 FFF
® o ® @
e
b)) i
n M Teestub H
(a) Parameters for testub (b) Column flange parameters

Figure26i Zoet emei jer 6s parameters
Nevertheless, Zoetemeijer showed that these equations could be apgied to t

column flange and the testub independently, to obtain separate values for the

limiting value of T, for a mechanism to form. The mechanism would form first in
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whichever component has the more flexible flangiee column or the testub.
Thus, the flage with the lower value of would be the critical one for failure.

The column flange is always wider than the $agb flange, and this raised a
guestion about what would be an acceptable value for e (how the edge distance
from the bolt holes on the kkonn flange) to use in the above equation. The
assumption that prying would take place at the edge of thstubeparallel to the
column flange edge dictated that that distance be used to mark e. Zoetemeijer
suggested that e should not be taken as grémterl.25m. To distinguish e in the
equations from the actual edge distance, the edge distance was denoted €' (see
Figure 2.6). Also, because the column flange has a fillet of radius r at the-flange

web junction, m was taken as being from the face ofvéite but minus 0.8r.

To apply his two equations above to column flanges, Zoetemeijer needed to
calculate M for the column flange. This required a decision as to what length of
the column was actually yielding. He used the conceptpaficipating or

ceffective lengtidof column flangewhich was decided by energy considerations
from studying the yieldine mechanisms for collapse of the column flange.

I \.\\ Negative ~~ Negative
yield-line yield-line
o \ Positive “\ ™ Positive
h yield-line yield-line
(a) Mechanism | (b) Mechanism II

Figure 2.77 Zoetemeijer( 1 9 7cblymdn $lange collapse mechanisms

Two collapse mechanisms were swmlered for the column flange (see Figure 2.7),

which he tagged Mechanism | and Il. Mechanism | was analogous to Mechanism
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A in the teestub and resulted in bolt fracture. Mechanism Il was analogous to

Mechanism B in the testub and resulted in excessneformation of the column

flange. The resultingarticipatingcolumn length he proposed was a value of:
Participatingength =p; + 4m + 1.25%

where g is the bolt pitch. Thigarticipatinglength is then multiplied by the

plastic moment per unit length obtain M.

Zoetemeijer then investigated the effect of stiffening the column flanges with

backing plates to reduce column flange deformations. He showed that the two

possible collapse mechanisms in the column flange would not be altered by the

presence fobacking plates, though the plastic moment per unit length would

change on some of the yidides. He did not attempt to justify this approach

analytically, but argued that the predictions of this equation were in accordance

with experiments conducted.

2.3.2 Packer & Morris (1977)

Packer & Morris (1977) took a similar approach to Zoetemgij@r4)and
concentrated on the column flange deformation, also assuming that shear
def ormati ons were negl i gi b-s$tubMechahimmy separ
A into two failure modes. Thus, their own Mechanism A was for really thick tee
stubs where there is no tetub yielding at all, and the bolts fail in fracture. Their
Mechanism B was then the case where thestigle flange yields along the weld
line but not the balline, and then the bolts fracture. Finally, the case where both
weld line and bolt line yield, and the tetub collapses, was referred to as
Mechanism C. The equation for Mechanism A was. that

Bolt ultimate capacity = the total tension force dividedibye. k= T/2 = F/4.

For Mechanisms B and C they retained thested equations proposed by

Zoetemeijer.

In applying the equations for Mechanisms B and €alamn flangegreferred to

as Mechanisms | and Il respectively by Zoetemeijer), Packer &i8/adopted

circular yieldlines in the corners of the patterns, rather than the straight lines
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investigated by Zoetemeijer. The basis for this was that their experimental
observations showed a circular rather than a straight pattern. For Mechanism B

theyobtained the equation:
F=2T =t §,{3.14+0.5p, /(m+e)}+2F, @/(m+e) Eqn 210

where p is the vertical bolt pitch, ang &nd . are the thickness and yield
strength respectively for the column flange. They suggestsubEld be
multiplied by 0.8 to provide a safety factogainst undesirable bolt fracture.

In the case of Mechanism C in the column flange, Packer & Morris coedide

several yieldine patterns I n a further refinement to Z
Packer & Morrisalsoinvestigated yield patterns for a colurtange with

transverse stiffeners, where the stiffeners are midway between the tension bolts. In

all their equations they neglected strain hardening and membrane action.
2.3.3 Tarpy & Cardinal

Tarpy and Cardinal (1981) also considered the deformation obtheo flange,
limiting their studies to unstiffened flanges and using finite element analyses
rather than yieldines. They modelled 97 connections using standard sections, and
then derived prediction equations for the column flange displacement and web
stress, using multiple linear regression. The displacechesats given in inches

(Tarpy & Cardinal, 1981)s:

_ 1543 10—6 bgjﬁp;.OQM 131

d pf'g“tfcsgtf)'s“DO'” Egn 211
where D = beam depth tre = column flange thickness
P2 = gage brc = column flange width
P1 = pitch M = applied beam end moment

tp = endplate thickness

In the equation fod the dominant parameters are the bolt gage, and the endplate

and column thicknesses. By assuming the centre of rotation to act at the bottom
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flange of the beam, they couldein derive an equation for the applied beam

moment in terms of the beam end rotation.

Tarpy and Cardinal found in comparative studies that with what they considered
to be thin endplatesy(¥ 1.5t:), the column flange was the stronger bending
element, wite with thick endplates {t= 4t.), the endplate was stronger.

2.3.4 Discussionof the Column Flange Studies

Zoetemeijeros paper provides a means of
modes in teestubs (and by inference, in endplates), and he also dimwthese

teestub failure modes can interact with the column flange thickness. He

introduced the very important conceptapparticipatindength for the column

flange yield lines, and illustrated how this could be used in practical design. He

also showd that the testubendplateand the column flange could in fact be

analysed separatelhough using the same principles.

Zoetemei jer showed a relationship betweel
and the bolt size/ strength. In order for the @mtion to fail by excessive endplate

yielding and deformation, and so be Ot hi.

Packer & Morris extended this by analysing several yliakel patterngor column

flangesand definingparticipatinglengths for thesdnterestingly though, in their

extended endplate connection tests, Packer & Morris found that those tests that

failed by endplate Mechanism C (double curvature collapse) behaved differently

from the teestub tests that failed by the same mechanism. Tiseiof
Zoetemeijerods equations |l ed to a consi st «
the extended endplate, but to a consistent underestimate for-$taliseThus,

they concluded that thin endplate behaviour is not quite analogoussiukee

belmvi our, though Zoetemeijerds equation |
ot her models available to them such as S

of bolt forces indicated that the value of,Mtk suggested by Surtees and Mann,
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and which includs a 30% estimate of prying, was a good approximation to the
bolt force

A second major contribution by Zoetemeijer is that he showed the importance of

the interaction between the endplate and the column flange, by demonstrating that

the location and magnde of the prying forces depends on the relative

Ot hicknessd of the endplate compared to
confirmed this interaction using a different approach. The column flange

behaviour is affected by the presence of stiffeneshawn by Packer & Morris.

At this stage in the review, it is clefilom Packer & Morrighat there are three

failure modes in endplatésone of which is thé&hinbéendplate behaviour. The

other two modegintermediaté bolt fracture after endplate yitng, andé t hi c k 6
bolt fracture prior to endplate yieldingje undesirable from the viewpoint of

ductility since they involve the brittle failure of bolts. It is also clear that an
endplate igthindin relation not only to it®wn thickness, but alsim relation to

the bolt size/strength and the column flange thickness. Clearly also, t$telee
analogy is not really applicable éhindendplates in which the flush region

exhibits complex bending behavioilihe presence of stralmardening inthind
endplates has been acknowledged by several researchers (leading to different
plastic moments on the weld and bolt lines), but has not been accounflu&for.
column flange and endpl ate can be O6uncou|
separately at the ultiate limit state. The elastic behaviour of the endplate and the
column flange are linked together via prying forces, but this-sndghasised

once either component has formed a yield mechanism.

24 EXTENDED ENDPLATE STUDIES IN THE EIGHTIES

241 Kr i s h n a munite BlegnéntsStudfias

Krishnamurthy (1978) carried out an extensive FEA study of extended endplate

connections, and came up with a model of behaviour for these connections. He
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suggested that the actual behaviour of the end plate in the extended regiea diff

from Sherbourneds model i n that the forc:
necessarily half of the beam tension flange force, but depends on the relative

stiffness of the extended region and the flush region (between the flanges). His

analyss showed that the extended region typically accounted for betwéen 30

50% of the beam flange force. He hypothesized that the beam web transfers some

of the force that goes into the flush region, so that the tension force in the beam is

not limited to theension flange.

Sherbourne had assumed that the tension bolts in the extended region would
restrain the plate completely and so modelled it as a-fxeldd beam. That
meant that at collapse the point of inflexion in the endplate moment diagram
would be falfway between the weld and bolt lines if the maximum momentis M
at both lines. Krishnamurthy pointed out that the bolts do not restrain the plate
completely and will also bend and stretch under load. All this leads to less
stiffness at the bolt line gbat the point of inflexion shifts towards the bolt line.
His analyses showed that the inflexion point could be anywhere from halfway
between the weld and bolt lines, right up to the bolt line itde# also showed
that the weld line position is approxately at the toe of the beawension flange

to endplate fillet weldrather than at the face of the flangE)us, by allowing the
inflexion point to shift, he was catering for the possibility of a different failure
mechani sm such as RsancBkiewhichstheMeldlinei s 6 Mec h a
moment is M but the bolt line moment < M

Thirdly, Krishnamurthy pointed out that the prying forces and the bolt forces on
the extended region are not concentrated forces as commonly assumed, but form
curved pressure bulb®n the basis of these observations, he proposed that the
moment for which the endplate is sized, the design moment Mcould be
considered a modification of the theoretical momeptavla fixedended beam
with concentrated loads resisting half fleange force, as follows:

M, =a_M, =C,C,C,M,
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where the C coefficients each cater for one of the three effects described above
(ratio of the flange force resisted, shift in inflexion point and-concentrated

| oads), and ar e adfficiens Krismnmaaurthyzwasunabletot h e
suggest a physical approach for modeling these coefficients directly, and resorted
to a regression analysis of the FEA generated results. Based on the statistical
analysisKrishnamurthy (1978yame up with the follomg formula for the plate

design moment (the moment at the weld line):

2 f 04 o ~05 ¢ 05 032 025
M —1ogmy 9 abtggegg aA; Q abe 0 5y
TR E e o B Jad T
AA, 0 Ap. o

=a,M, =C,C,& "8 de§ 3 M, Eqn 212
& o 040 05 o . 05
éc :12af—y§ ol o 5007
Z-a g 0’ b 0O -~
g crous &2 =

In this equation,fand f, are the working and ultimate stresses in the endplate,
while fy; and f, are the corresponding working and ultimate vafoeshe bolt. b

and b are the beam flange and plate widths respectively, andd\A, are the
areas of the beam flange and beam web. The nominal bolt diameter is gdiand m
the effective span (between the bolt and weld lines), takeg=ag: jp 0.25d1 Sys.

pr is the distance from the bolt cestine to the face of the flange, ang & the
throat size of the fillet weld. These parameters are shown in Figlre 2.

According to Krishnamurthy, the design moment obtained by the above equation
could be sed as a basis for obtaining the endplate thickness (Krishnamurthy
equated the design moment to the endplate yield moment of resistance rather than
the plastic moment of resistance), while the bolts were sized on the basis of
working load by dividing theatal flange force by the total number of tension

bolts. The effective plate width was restricted to the maximum value obtained by
assuming a 4%legree dispersion from the flangeplate weld toe. Thuslwould

not be taken as greater than b +2@&).
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Whil e Krishnamurthyos model adds valuabl
extended endplates, it is an empirical modelthondthe key parameters have no

physical meaninguch as would aid conceptual understanding of the connection
behaviour The e of a yield criterion for failure (in deriving endplate thickness)

meant that the model still led to fairly thick endplates, and since the model does

not explicitly recognise the different failure modes, it does not provide guidance

for a designer on wimethe connection will fail in one mode or the other.
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Figure 287 Endplate geometry in Krishnamurthy (1978)

His model allows indirectly for the possibility that a yield line does not form at the
bolt line but there is no guidance as to when this happgasvork also shows

that the teestub analogy may be really weak in some cases and his model
accounts for the increased load in the flush region. However there is no attempt to
cater for the strain hardening of the weld line since he was using a yiale fail
criterion. Since his equations are based on regression analyses, the units become
quite important. Nevertheless, Krishnamurthy is important in demonstrating that
the restraint effect of the beam web cannot be ignored as it increases the flush bolt

forces over the extended region significankforeover, s insight into the shift
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in the inflexion point providesieasonable x pl anati on for Zoet eme
observation that the moments can differ on the bolt and weld lines.

In Krishnamurthy & Oswalt (1981}he earlier work by Krishnamurthy was

extended to include the effect of the bolt heads and the fillet welds in the extended
region of the connection. These had not bmedelledpreviously in the FEA

analyses of the earlier work and there was a consighelerestimate of the

connection stiffness measured in tests, when compared to predictions by the
previous model. Krishnamurthy concluded that this underestimate was because
the bolt head and weld detail had been omitted. Besides the design moment
equatia described in the previous publication, Krishnamurthy & Oswalt referred

to an equation for the connection rotation, which had been derived as part of the

same work. That equation was:

q= 00012brm pf2-048f ;.731

1558,1.130

Eqgn 213

where f is the extreme fibre stregsthe beam,ytis the endplate thickness, and a

is the net area of the bolt shank.

Krishnamurthy & Oswalt found that the inclusion of the bolt head and weld did
give more accurate results. The problem was then how to account for these details
in the preious equationsforland d. Thi s was solved by <c
for the effective bolt (vertical) pitchgpso that:

Per = P 10.125di 0.5 sy, and Eqgn 214

Pem= P 1 0.25d71 0.707 ¢
where the subscripts r and m denote different values for the rotation and moment
equations, and,g is the weld size. They suggested that it would be easier to use a

single value for pand that p, would then be more appropriate.

242 Kennedyds Split Tee Anal ogy

Kennedy et al (1981) presented an important study of endplate connections, in
which they concentrated on the analogy between the extended region of the
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endplate and the testubi thesec al | ed e@s plhial ogyo. -Kennedy
investigators follow Packer and Morris (1977) in considering three failure

mechanisms in the testubi the &hickbéendplate which fails by bolt fracture and

no endplate yielding; théhinbendplate that fails by yielding at the weld and bolt

lines; and the intermediate case that fails by bolt fracture but only after yielding of

the weld line. Unlike Paer and Morris however, Kennedy et al conceived of

these three endplate types, not simplfixex failure mechanisms, but also as

modes of behaviour such that an endplate could move from one behaviour mode

to anotheratdifferentlevels of loading.

Kenredy et al 6s concept ulavelistha inifiabynhe of t he e
loads are low and so every endplate is effectively behaving as though it is thick

I.e. no yielding and very low prying forcésassumed zero. As the load increases,

if the boltsare large enough so that bolt fracture is precluded, the thick behaviour

ceases when the weld line yields. At that point the plate would be behaving as

though in the intermediate range. If the load increases further and a second hinge

forms at the bolt hie, then the plate would be behaving as though thin. Thus, the

challenge for them was to ensure that the load, at which the transition from one

mode to the other takes place, could be correctly predicted. In their ivdrds r

ideal design the end plate shdube thick under service loads, intermediate under

factored | oads and function as a thin pl:

In the model presented by these authors, the transition from one behaviour mode
to the other was dictated by the endplate thickness farem gieometry. Thus, for

a thick plate, the endplate thicknests set at tthe dhickbbehaviourcut-off

point, where 1 is given by:

20t f b
t, = Iy Pr = ° \/2.113 Pt eiie Ll Eqn 215
, & bt, .. 9 b, f,
b,.[fy - Séfayfg
62b,t g

In this equation:

34



b, t; andfys are the width, thickness and yield stress respalgtiof the beam
flange;px is the distance from the bolt line to the face of the beam flange;
by is theendplate width, and
fy is the endplate yield stress.
The first exact equation for has to be solved iteratively but the second provides
a quick @proximation. The beam flange force is set at its elastic ligait F
bt, f
2
When the endplate thicknegexceedsit the endplateannot yield before the

(Kennedy et al, 1981yhereF,__ =

beam flange force exceeds.k so the endplatiils in thedhickdmode and the
prying force Q is zero.

Kennedy et al also definedthinbbehaviourcut-off when the endplate thickness

is 11, such that:

a 0
2é@tffyf D, - 1'06d§,fybg

, .

- 2
e . g : ¢ . 2
T AT
620t T g &b 't

u
u
Eqgn 216

16
8085, + 0800, ',

z%tffyf P; - P difybg

(0]

where d is the bolt diameter arg}' is the endplate width minubké bolthole

diameters.

Again the exact form is iterative and the approximate solution may be used to
obtain a first approximation. This equation is derived by taking moments with the
maximum bolt line and weld line moments ag, Mut with the bolt line mment
(width) reduced for the bolt holes. Thus, while the endplate width at the weld line
is by, the width at the boltholes is takenkgs In their formulation of M, a shear
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correction is included as in Sherbourne (1960He equilibrium equation incles

pdﬁf yb

32

the resisting moment of the bolt,MvhereM , =

When the endplate thicknesgss less thani, the endplate ig¢hindat ultimate

load and the prying force is at its maximum valugaQThe value of Qaxis

given by:
b it? & o

Qmax =2 fyz - 3&—0 Eqgn 217
4ex e pltpg

in which e is the edge distance from the bolt line to the endplate edge, and F is
the flange force which has its maximum at the elastic limit,ag Fhe authors
placed a limit org,, such that 2¢d¢ e, ¢ 3d,.

For intermediate ples, 1 ¢ t, ¢ t11, the maximum value of the reduced prying

force Qmaxis taken to occur when F 3k, and is then given by:

b t2 &F & pd?> F..p
_anax: DD\/fZ_ggmeBXQ.p bfb. maxt7f Eqgn 218
e, |7 @0 3w, " e

The bolt is sized to be stronger than (F#&)0 achieve ductile failure.

The approach dfennedy et a(1981)is very similar to Zoetemeijer (1974), but is
more sophisticated in that the three endplate modes are explicitly recognised and
are treated as behaviour modeshe endplate loaktvel rather than simply failure
modes. Moreover, Kendg et al include the bolt resisting momeng &hdashear
adjustment for M. The work by Kennedy et al highlights the fact that the

endplate behaviour is relationto the applied load on the connection, but fails to
emphasis¢he possibility that underertain conditions an endplatannot go

beyond the thick limit or thin limit because another component (such as the bolt)

has failed.
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The main criticisms of Kennedy et al (19&re that at both thendplatehick and

thin limits, Ryaxis taken to be thelastic limit of the flange forcdd 6t hi n 6

endplate is inelastic, and there is no justification then for limiting the beam

tension flange force to an inelastic criteriés.is shown later also, the inclusion

of a prying for ce ateisumecessagscondlygtheaspibtt hi nd
tee analogy ignores the fact that the flush region may not really behave in the

same manner as the extended region. Finally the strain hardémimegveeld line

and bolt lines ignored.

243 Mur rayo06s Re simaPolgtathniat Vi r g

Murray and his cenvestigators at Virginia Polytechnic have adapted the work of
Kennedy et al into a design model (Abel & Murray, 1992). They use thelineld
mechanism of Surtees & Mann (1970), but with the location of the centre of
rotation as a variable. The endplate thickness is based on solving the resulting
work equation, with the centre of rotation located so as to minimise the internal
work. The bolt forces however are determined from the Kennedy et dl)(198
equations, with therying force assumed to be located at a distance a from the

bolt centreline, where a is given as:

at
a=3.682">
C-b

This equation, which was empirically obtained, relates the distanodahe

- 0.08t Egn 219

-oDOn

endplate thickness and the bolt diametdrdAnensions are in inches. Murray has
also investigated the extension of this design approach to extended endplates with
more than two tension bolt rows or with more than two bolts in each row, as in for

example, Murray and Borgsmiller (1996).

2.4.4 Some Othe Relevant Models

In Australia, Grundy et al (1980) proposed a detailed design procedure, also based

on Sherbourneds model |, suitable for di f f
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connection. The bolts were sized as in Surtees & Mann (1970) but tmngy
percent addition rather than thirty percent. The endplate thickness was decided as
in Sherbourne (1961) but without the shear correction, and the internal moment of

resistance was fanelastic rather than a plastic failure criterion.

Grundy et awent on to suggest a detailed model for the column flange behaviour.

For unstiffened flanges they usagbarticipatingength concept as introduced by

Zoetemeijer, and for transversely stiffened flanges they suggested a plastic

interaction formula. Unfdunately, they only reported two connection

experiments, and tseexperiments did not test their hypotheses about the column

flange behaviour. Interestingly, in one of their tests, they reported the

development of a crack in the endplaaebeamweb weldin the tension zone.

They pointed ouguitec or r ect l y that this showed a f a
to consider compatibility of deformation between the beam flange and web.

Bahia et al (1981) tested 4 tseibs and 12 extended endplate connections. |

their teestub tests, they found that the measured bolt forces did not end up in
equilibrium with the assumed pattern of moments if the weld line moment was
assumed to be MThus, they corroborated the findings of Agerskov, also on tee
stubs. Bahia etl &aypothesized that the cof-balance moment could be explained
either by a moment on the bolt line (possibly due to prying of the head), or due to
a reduction in the dimensionyitthe distance between bolt line and weld line), or
by increasing the resatce of the plastic hinge at the weld line. They rejected the
first hypothesis on the basis that the bolts failed at the full tensile strength so that
the bolt moments did not appear to be significant. They also rejected the second
hypothesis on the badisat their observations of the deformed endplate shape did
not support a reduction ingrrhey therefore decided that the explanation had to

be an increase in the hinge moment due to strain hardening.
In order to investigate the strain hardening furtBahia et al carried out bending

tests on simply supported strips of the endplate material (yield stress of 229 MPa),

applying a central point load and measuring the load deflexion curve. The span of
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the steel strip was conceptualised as being the sathe apan from the bolt line
on one side of thieestub flange to the bolt line on the other side. They found
that for the smaller span to strip thickness ratios, there was evidence of strain
hardening with the plastic hinge forming at momentshhigherthan

theoretically predicted. For a typical value of a plate thickness of 15,9 mm, the
hinge formed at 2.2Mi the difference was considered to be due to strain
hardeningBahia et al (19813uggested therefore that the ledeflection curve
could be repreented as a #inear curve with the straihardening moment of

resistance g at the discontinuity being empirically determined to be:

M, =m, &265- 02758 & 2<%8<6 Eqn 220
e (;‘t—.u (;;tv

In this formula, rgis theunit width theoretical plastic moment of resistance, | is
half the span of the simply supported strip and t is the thickness of the strip.

Bahia et al suggested a formula for the bolt prying far¢ee stubsrbm similar
considerations as Douty & McGuire (1965). Based on the prying force formula
and the abovexpression for strain hardening moment, and defining failure of a
component as the point at which its led&formation curve ceases to be linear,
they established equations for the maximum moment at the weld line in the
endplate and for the equivalent memh in the column flange. For the column
flange they used an effective width derived from Timoshenko (1959) to allow
them to apply the prying force formula, based on the understanding that the
column flange behavior would remain elastic up to the disaaityinThe tensile
bolts were all assumed to be equally loaded and to have equal prying forces.
These prying forces had been noticed to be twice as large at separation as at
ultimate loads. It was then possible to establish the beam magentitimate

load (when the weld line or the column flange is at the point where the load

deformation becomes ndimear).

Bahia et alés study is particularly intei

cater for the strain hardening effect at the weld line.dte s Douty & Mc Gui r
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(1965)prying force formula as the departure point but adopts the moment of

resistance g for the weld line, rather thangmThis model is much more

sophisticated however, in that the deformation of the column flange is considered,

as in Zoetemeijer (1974) for example. But theregarestionsas to the limits of

applicabilityof Douty & McGuireds formula, which
deformation of the endplate around the bolts due to the bolt pretension, and which
alsoincudes the initial bolt elongations. Mo
is semiempirical. A further criticism is that the formula fopiis empirical and

does not consider the material strength; moreover the ssapjeort span tests

used to determine gnwere inconsistent with the assumptions made by Douty &

McGuire regarding spanning across thege flange edges. Their value fox m

does not take the effect of the weld into account as Krishnamurthyldoes.

accordance with classical mechanics, thiempsy-supported strip plate tests

(equation 2.20) showed a relationship between the level of strain hardening on the

one hand, and the plate thickness relative to the bending span on the other hand.

The possibity of strain hardening on the bolt limeasnot considered

Nevertheless, the findings of Bahia et al about the bolt forces not balancing the
weld moment are consistent with the findings of Agerskov, who had concluded
that the bolt line does not really yield but the weld line sthairdens. Theyra

also consistent with the findings of Krishnamurthy in the sense that he also
accepted that the bolt line would not yield due to what he referred to as a shift in
the inflexion point. Krishnamurthy did not consider strain hardening as a critical
contribuitor. However, any strain hardening effects would be masked and included
in his regressiomnalysisderived coefficientskrishnamurthy, Agerskov and

Bahia et al were all implicitly considering a mechanism in which the bolts
fractured after yielding of theveld line but before yielding of the bolt line. This

differs fromthe thin endplate behaviour revealed by Zoetemeijer (1974).
Bahia et al focused on testubs, and ignored the weld effect on the effective span

between weld and bolt lines, but they clealdynonstrate that strain hardening

does play an important role under certain circumstances.
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2.5 THE SHIFT TO MODELLING BY COMPONENTS

2.5.1 By Components-Yee & Mel c h eRotation Mdaeime n t
Some early researchers had been working on including the conneation no
linearity into nonlinear frame analyses. For such researchers, the emphasis was
not on the connection proportions but on correctly modelling the connection
momentrotation characteristic, and preferably in a manner amenable to easy
inclusion in a frameanalysis. Thus, some of the initial research developed
mathematical expressions for the momeatation curves of specific connections,
by fitting polynomials (Frye & Morris, 1975) or power functions (Krishnamurthy
et al, 1979 for example), to experimerdata. The problems with such attempts
are that there is often a wide variatiortést connectionghe parameters in fitted
polynomials typically have no physical meaning, and the momuation curves

therefore cannot be adjusted for changes in cormmegeometry and layout.

Yee and Melchers (1986) proposed a mathematical model for extendedtendpl
momentr ot ati on curves, in which the moment

the curve are related by the expression:

2 é- (K. - K _ +Cdjdg
M :Mpfl- expé ( : Mp )d$+ K, d Eqgn 221
[ e p &

where V, is the maximum moment transferred by the connection before-strain

hardening sets in,Ks the tangential initial stiffness of the momeotation

curve, and Kis the tangential strain hardening stiffness. The parameter C was
introduced to control the rate of decay of the slope. The physical parameters are
illustrated in Figure 2.

In orde to determine the momentjMlYee and Melchers suggested that six failure
modes be investigated to establish the lowest load at which one of these would
occur and the connection would begin to behavelmearly. The failure modes

were:
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Bolt failure in teasion

Formation of an endplate plastic mechanism
Formation of the column flange plastic mechanism
Shear yielding of the column web

Web buckling, and

Web crippling

O 0 0 0 0 0

=

Moment M

[
»

Rotati on

Figure 2971 Physical Parameters in Yee & Melchers (1986)

Their model for determining thendplate failure load was derived from Whittaker
and Walpole (1982), an adaptation of Surtees and Mann (1970). Their column

flange load was based on Packer and Morris (1977).

Toevaluate KandkK,, Yee and Mel chers suggested a ¢
in which the connection rotation was expressed in terms of the deflection at the

level of the tension flange, and the connection deflection was determined by

summing up the deflections of the component gaesdplate and column flange

flexure, bolt externisn, column web panel shear, and column web compression.

Thus, Yee and Melchers had to derive expressions for the component deflections.

They applied simple beam bending theory and drew on the work of Agerskov

(1976) for the endplate and column flange dbutions, and for bolt elongation.

The beam tension force was assumed to be concentrated in the tension flange, and
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the compression force in the compression flange. The rotation was assumed to be
around the compression flange centroid.

The work of Yee ath Melchers was significant in that most of the parameters in

their model were physical ones. Moreover, their suggested models such as Packer

and Morris or Agerskav  f or establishing M and d, wer
geometry of the connection. A really interesting aspect was the use of the
6componentsdé approach, in which they dem
up deflections to obtain the connection stiffnéssfortunately however, their

model still includedhenonphysical parameter, C, and the simple bending theory

they utilised may not really be applicable for some of the small connection

components.

Jenkins et al (1986) also produced a design modeidmbased on moment

rotation characteristics. Their model was for flestplates (endplates having no

extension beyond the beam tension flahgee Section 1.3)ather than extended

endplates, but it is mentioned here because of certain similaritfeetand

Mel chersé proposal s.-lindaenmientotmtiorecurveal sugge:
defined by three poinisthe origin, the point at the end of the linear elastic

section, and the 6ultimated point at the
abby componentsd approach, considering en
and bolt extension. However, rather than evaluate deflections to obtain rotations

as in Yee and Melchers, they evaluated the stiffness of each component and

calculated the coneéon stiffness by summing the inverse of component

stiffnesses. Moreover, instead of determining the moment and stiffness of each

component from behavioural models as in Yee and Melchers, they drew up design

charts for various beam and column sectionsfandifferent endplate

thicknesses. These charts were based on Finite Element analyses of various
configurations, calibrated with experimental results. Rather intriguingly, they

reported that they could not get the FE analyses results to match the exyparim

ones until they allowed for an enhanced material yield stress in the heat affected

zone area adjacent to the endplate welds.
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2.5.2 Studies by Zandonini and Ceinvestigators

Zandonini and Zanon (1988) reported on a study at the University of Trento, in
which they tested 10 extended endplate conneciidive were extended on one

side only and the other five on both sides. The Trento researchers approached the
problem of characterizing the momemntation curve from the same premise as

Yee and Melchers (B®), assuming that the joint rotation could be broken down
into the component parts. In this particular study however, they focused only on
the contribution of the connectiérendplate and boltsand the beam end.

Bolting the endplate to a very rigid aoterbeam eliminated the column flange
contribution.

Zandonini and Zanon took measurements of deflections at three points:
1 Deflections of the endplate at the levels of the beam flanges.
1 Deflections of the tension bolt heads away from the cotbdam, and
1 Deflections of beam flanges at a point 300mm from the endplate surface.

They also measured the tension bolt axial forces by measuring the extensions of
the bolts.

Moment M
=

Rot ati on
Figure 2107 Parameters Characterizing MomentRotation Curves

(Zandonini & Zanon, 1988)

The connections tested by Zandonini and Zanon were identical except for the

endplate thickness, which ranged from 12 mm to 25 mm. As would be expected,
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the connections with thinner endplates had much higher rotations but lower
ultimate strengths neverthéess they were all able to resist the full beam moment
so that the beam end buckled locally in each test. In the 12mm endplate
connections, endplate deformation accounted for as much as 90% of the total
rotation. In no case however was the bolt contrilsutiegligible. The contribution

of the beam was high in the thick endplates but very small in the thin endplates.

Each connection was tested to failure in multiple load cycles.

Based on their very careful observations, Zandonini and Zanon arrived at severa
important conclusions about the behaviour of the connection as follows: The
initial pretension force in the bolts (sntighti s et at 40% of t he
yield strength) tended to disappear after a few loading cycles. This was thought to
be due tdhe fact that the washers deformed plastic#ltycould also be due to

burrs or high spots on the bolt head or nuts leading to lack of fit. This possibility
was apparently not considered by Zandonini and Zaddwe consequence of this

was that the inial stiffness of the elastic part of the momeutiation curve was
consistently much higher in the first loading cycle than in subsequent cycles. This
is illustrated in Figure 20, in whichthe MiiC cur ve f or subsequ
is shown superimposeththe MG curve for the first |
stiffness of the first cycle isiKwhile that for subsequent cycles isd& The

stiffness of the strathardening part of the curve is shown ag K

Secondly, Zandonini and Zanon found that ¢h&as consistently a difference
between the axial bolt forces in the flush region and those in the extended region,
and concluded that the effect of the beam web in restraining the flush region
cannot be ignored. This was especially true for the thinrdplates. They found
moreover that the bolts in the thinner endplates were subject to appreciable
bending moments as well as the axial forces, and this was more pronounced for
the extended region than the flush region. Because of the beam web effect,
Zandmini and Zanon rejected the teib analogy and suggested that the

extended region could rather be modelled as a cantilever and the flush region as a

plate with a point load.
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Zandonini and his associates concluded that a first step towards describing the
momentrotation curve would be to establish the five paramdtelsreq, Ksy Me

and M, shown in Figure 40. Thus, they would have a benchmark against which
to compare the predictions of any analytical model of the connection moment
rotation curve. Mis the connection moment at the limit of elastic behaviour on
the first loading cycle, and Ms the connection moment when the connection is
fully plastic. In order to determine Mn their experimentalipbtained curves (to
facilitate comparison with tar-to-be-developed analytical curves), they initially
suggested that pbe defined as the average point between the intersection of the
kstand k lines and the intersection of thg &nd k.4 lines (see Figure 20).
Zandonini and Zanon (1988) suggasturther research to establish mechanical

models for determining these five parameters analytically.

A
Mu _________________________________________________________
Mp | Ko
Ker
=
|5 Ker
€ Me """ g :
o i i
= S
Ki,r E
Ue Ty Uy g

Rotationa

Figure 2117 Moment-Rotation Parameters in Tri-linear Representation
(Bernuzzi et al, 1991)

In Bernuzzi et al (1991), Zandonini and his colleagteginued to examine the
same data from their experiments. However, they changed their approach to the
evaluation of momenfotation parameters from experimental data. They now

suggested a ttinear representation as shown in Figure 2.11, with an ieithestic
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portion, then a second phase with a reduced but still elastic stiffness, and finally a
third plastic portion. The slope for unloading was taken as being the same as for
the second phase, as shown in the Figure. With this new representation, the
characterisation of the momerttation curve from experimental data now

became dependent on the determination of the strength paramgtéts aid

My, and the stiffness parameters;Ke and K,. Bernuzzi et al determined these
parameters from their tegesults, using linear regression to establish the locations
of the three lines in the tlinear representation. The slopes of the lines were then
obtained from the regression analyses, and the values arfid, were obtained

from the intersections d@he lines; M, was measured directly in each test.

The development of the analytical models for estimating these parameters was
based on yieldine analyses of the endplate. In order to better understand the
endplate behaviour, Bernuzzi et al describeti@ggrammetric study of the
permanent deformations in the endplate surface, drawing contour lines and
establishing the positions of maximum gradient. Based on this study, they
concluded that there were three possible failure mechanisms in the endphkate. Lik
other researchers before them they noted that the extended region of the thin
endplates failed in double curvature by the development of two parallel transverse
yield-lines- across the boliine and adjacent to the welise. The flush region
however wa clearly more complex, and resembled a partially circular pattern as

shown in Figure 2.2

Bernuzzi et al chose to represent the pattern in the flush region by one very similar
to that used in Surtees & Mann (1970). However, the centre of rotatiorefor th
endplate (transition from compression to tension), was taken as either being at the
level of the compression bolts (Mechanism A) or as being at the inside edge of the
compression flange (Mechanism B). In Surtees & Mann (1970) the centre of
rotation was ssumed to be at a point halfway along the depth of the beam.
Bernuzzi et al és Mechanism A is shown
that Bernuzzi et al took the extended region bolt yile as eccentric to the

bolthole axis by a quarter of thelbdiameter.
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Figure 2127 Permanent Deformation Pattern in Thin Endplates (Bernuzzi et

al, 1991)

They also considered a third mechanism for thick plates (Mechanism C), in which

the only yieldline was in the extended region along the weld.

- - - - P -
./. ‘\‘
\ 1
.\ 1
‘\ 1
.\ 1
| — Hogging lines
57, 55 T Sagging lines
—

Figure 2.1317 Mechanism A in Bernuzzi et al (1991)
In order to validate the mechanisms assumed, Bernuzzi et al calculategl the M

strength parameter for each of the tested connections using the three different

mechanisms. They found that for the 12mm endplat&thealculated for
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Mechanism A had a good agreement with the experimental value, while the
Mechanism C values showed good agreement with experimental values for the
other connections with thicker endplates. However, Bernuzzi et al did not include
the detds of the yieldline equations, nor did they attempt to analytically derive

the other strength or stiffness parameters.

Finally, in Bernuzzi and Zandonini (1990), the Trento researchers reported on four
additional connection tests carried out to extdreddata to include partial strength
connections. These connection details were identical to those from the first series
of tests, except that the beam material was chosen to be much stronger so that the
connections were partial strength, and secondlyhasd tests the bolt moments

were measured. The results from Bernuzzi and Zandonini (1990) confirmed their
earlier results. As expected, the connection strength was reduced since the beam
material was weaker. The thicker plates also exhibited a chandads#ifn the

plastic region. They found moreover that the bolt moments were significant in the

thin endplates.

The work by Zandonini and his associates is valuable because of the detailed and
meticulous nature of their experimental observations, whiahigsight into the
behaviour of the connection in its component parts. THm&ar approximation

used to evaluate parameters of the mometattion curve is useful and relatively
straightforward in applicatiorit is clear though that initial stiffness a variable
phenomenon, being affected by bolt-peasion and the connection lack of fit.

There isalsoa question as to whether or not the middle portion of tHaé&ar
curve is actually a O6reduced el astic sti/f
already yielding taking place on some yities at that point, so the slope of that
line is not simply an elastic portion minus the effects oftprsion and lack of fit.

That would be true for the unloading portion of the curve, but not for the middle

line in the trilinear loading curve.

In the test instrumentation used by Zandonini and his associates, the connection

rotations were measured at the beam flanges so that the rotations measured for the
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thin endplates (where the rotation axis would Hasen between the flanges),
possibly underestimate the connection component and correspondingly
overestimate the beam component. This would not however affect the qualitative
validity of the majority of their conclusions. It is problematic though that their
analytical calculations of Wwere reportedly based on the assumption that the
rotation axis was at the compression flange, as this is at variance with the yield

line position in Mechanism A.

2.6 EUROCODE 3 ENDPLATE MODELS

Part 1 of Eurocode 3 was initipreleased in 1992 43D ENV 19931-1, which

was a draft for development with voluntary usage in EU member skatescbde

3,1992). In this document, beatm+column connections were covered in Annex

J, which was revised in 1994. trrevisionisreferrel t o here as O6Revi s
J of DD ENV 19931-1 : 1(Be¥i2ed Annex J, 1994 the final version of

Eurocode 3 which is a mandatory standard, joints are treated as a sepapaie sub

i 1.87 rather than as an annex to sudot 1.1. This was published Britain in

2005 as BS EN 19938-8: 2005(Eurocode 3, 2005)Thus, there have been three

models for extended endplate connections in Eurocode 3 to date. These are

discussed below.

2.6.1 Extended Endplate Model of Eurocode 3 Annex J

The Oby c¢ o ngaah was refineddandacodified in Eurocodd 392) In

DD ENV1992 the connection was introduced into the global analysis of the frame
as pinned, rigid or senmigid based on stiffness; and as pinned, full strength or
partial strength based on strengtheTonnection was considered conceptually as
a rotational spring with a known secant stiffnesaclng to some moment
resistancéMrq. Thus, the emphasis was on predicting the momesmgtancend

the stiffness.
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Connection Strength

The tension bolt fores were determined firseither as a plastic distribution (all

bolts at yield) or as a linear triangular distribution (furthermost bolt from
compression flange at yield and others resisting forces proportional to ratio of the
distances from the compressiflange). These bolt forces could then be adjusted
to a value compatible with the forces transmitted by each component, checking
each bolt row individually and as part of the group of bolts. The chosen
distribution was maintaineidplastic or triangularThe connection momemias

then derived from the bolt forces in each component, taking the lever arm at the
centroid of the beam compression zone. For a triangular bolt distribution the
extended and flush tension bolt forces would first be assumed aupartevels,

and then adjusted to be compatible with the component failure forces.

The difference in the plastic method was that the bolt forces corresponding to
failure of the endplate and column flange were determined first, and then checked
againstyielding of the bolts. The bolt forces had to be compatible with the

strength of five componentsthe endplate strength in bending, the column flange
strength in bending, the column web in tension, the column web in compression,
and the column web in stie The bolt itself was the sixth component under

consideration.

The bending strength of the endplate was determined based on-Bngettbdel
using the teestub analogytollowing Zoetemeijer (1974), an effective tstub
length concept was used as aans to relate the possible yidilde patterns in the
endplate (and the column flange), to that of astes. The flush and extended
regions were considered separately, with the beam flange taken asshétee
web for the extended region (half of a-s#ab really), and with the beam web

taken as the testub web for the flush region.
The effectiveor participatingength of the analogous tséub would depend on

the yieldline pattern being considered. Though the yieid patterns were not

describé in Eurocode 31992, theparticipatinglength values were given in
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clauses J.3.5.5 and J.3.5.7 of the code, for column flanges and endplates
respectively. The yieldine patterns assumed could then be easily deduced. The
participatinglengths in the cagland the yieldine patterns implied by these are
given below for the extended endplate with four tension boltsp@heipating

length considered for each region was the least of:

ler in extended region Yield pattern implied
1. 0.5k, Two straight line at weld and bolt lines.
2. 0.5v+ 2m, + 0.625¢ Half-circular pattern around both bdibles as a

group, interrupted at free edge.
3. 4m, + 1.25g, Half-circular pattern around each balble,
interrupted at free edge.

4. 2 " 4n Circular pattern with bolhole as centre.

ler in flush region

1. Um Half-circular pattern, interrupted at free edge, |
constrained by the beam tension flange.
2.2 m Circular pattern with bolhole as centre.

In these expressions (see Figure4},

my is the distance between the extended bolt centreline and the nearest face of the
beam flange, less 0.8 times the leg length of the beam fiaegeplate weld.

e Is the distance from the extended region bolt centreline to the end of the
endplate measured perpendicular to the beam tension flange.

e is the distance from the bolt centreline to the nearest edge of the endplate,
measured parallel to the beam tension flange.

w is the bolt pitch.

by is the endplate width.

U is determined using a griaph, aand i s
ml m2

|1: ;|2:
m, +e m, +e
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my or m is the distance between the flush tension bolt centreline and the nearest
face of the beam web, less 0.8 tinsgg (the leg length of the beam weéb

endplate welll

m is the distance between the flush bolt centreline and the nearest face of the

beam flange, less 0.8 timgg (the leg length of the beam flangendplate wely

bp
e W
! |
® | o2 e le
IS foe]
8 oﬁl:!:v
® | ® “Lle | e
e |m||08a
(a) Extended region (b) Flush region

Figure 2141 Nomenclature used inEurocode 3(1992)Annex J

In Eurocode 3 the strength of these analogoustides is based on three isteb
failure modes, similar to Kennedy et al (198Thus, mode 1 failure assumes two
parallel yieldlines on either side of the web of an equivaleetstubi one yield

line at the bolt line and the other at the weld limgth complete yielding of the
flange on the four yieldines. Mode 2 is bolt failure combined with yielding of the
flange on the weld lines, while mode 3 is bolt failure only wittendplate

yielding. The Eurocode @992)equations for the design tension forggdin the

teestub web are:

4M

Model.: F g = —28d Eqn 222
' m
2M o, +hQ B
Mode2: F oy = —2R¢ " A Pura Eqn 223
' m+n
Mode3: Fre =& Bira Eqgn 224
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n is the smaller of the edge distantmsthe endplate and the column flange but n
O 1.25m.
B: rqiS the design tension resistance for a bolt.

MpirdiS the plastic moment of resistance per each yield line, which is given by:

| tF,
Ao

This is the familiar expression for plesinoment per unit length of material,

M, g = 0.25

multiplied by theparticipatinglength of the yieldine and divided by a material

partial safety factor.

Endplate Stiffness

The secant stiffness &f the connection at a given moment M, was to be

calculated as:
2
S; = —Ehite 2 Eqgn 225
3 meF o
K, &F rall

where M < Mg and Mgqis the connection design resistance moment.

h; is the distance from the flush tension bolt row to the centre of resistance of the
compression zone.

€1 and k are the modification and stiffness factors respectively for component i.
F and Frq are the applied force and the design resistance respectively for
component i.

twe IS the column web thickness.

The subscript i referred to the six componends ktiad to be considered,
numbered as follows:

1. Column web shear zone

Column web tension zone

Column web compression zone

Column flange tension zone

o bk 0N

Bolts tension zone
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6. Endplate tension zone
The endplate stiffness was based on the formula

t3 t3

— P p
Ke =-——=— butkys2 —
12 ,mt 4m-t

wc wc

: : m
in which| , =—*— as before
m+e

, h
The factore; was taken as 1 for the first three components anéji"l‘ for the
Rd

others.

Since Sj could be calculated at any value of M, it meant that a designer could
determine a point on the momawtation curve corresponding to M. In effect
therefore, Annex J was providing a means to predict the menoéation
characteristic for the connection. The designer could however choose to apply a

bi-linear or multilinear simplification instead.

Rotation Capacity

Theductility or rotation capacity oftte connection was to be assessed via rules of
thumb. Thus, a connection was considered to have adetpciity for plastic

analysis purposes, either if the moment resistance was governed by column panel
shear or by bending of the endplate or columngiga he latter was subject to the

condition that either the column flange or the endplate was governed by a mode 1

failure in bending. The failure mode could be confirmed by the cbell:lifl—2|
for mode 1, wh e rpe/mbothe sum of boet fonces,tcalcolated f 4 M
for both the column flange and endpl ate

If the endplate and column flange were governed by mode 2 failures

3 2l o) ) )
howevela <b ¢ 2p, the rotation capaci was to be calculated as:
oo 0022 pacitls

_106- 4b,

Egn 226
Ucq 13n, q
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The subscript cr on b indicates the
endplate and the column flange. The extended region was to be excluded in
c al c u l.aheirotaiion dapacitglcq refers to the rotation of thentire

connection, and includes both elastic and plastic contributions.

Criticisms of DD ENV 19931-1: 1992 Annex J

TheEurocode 31992)approach to connection resistance effectively extended

Kenned ytéesanabgal nidt Z o e tparticpating@effediw length
conceptpy applying the splitee to the flush region as well. As mentioned earlier,
the yieldline pattern in the flush region is actually quite complex and bears no
resemblance to a testub. Theres no allowance for straihardeningn this

strength model, even though the code explicitly adltow ductile partialstrength
joints. The #owed option of adopting a triangular linear bolt distribution is
difficult to justify since thatmplies a thick(and inefficien} elasticendplate,

leading to bolt failure.

The stiffness model dEurocode 31992 was particularly criticised in the
literature. In SCI (1995) for example, it was reported theatstiffness model of

Eurocode Annex J fAdoes not gi ve aaewamedt e

owel

prec

against reliance on it in critical cases:

revision, Weynand et al (28) mention that the model led to contradictory results

i an unstiffened endplate was predicted to be stiffer than a stiffenethiendp

There is no ductility(rotationcapacity)model inEurocode 31992 for mode 1
failures. Moreover, the limits for checking mode 1 failureag@n based on the
teesstub analogy, and bear little resemblancadiwalbehaviour in the flush
region.The formula fordcq in mode 2 failure seents have a serrempirical

basis, and no ductility limit is given to provide a basis for accepting or rejecting
the calculatedlcq. The inclusion of elastic componentsdy is problematic given
the criticisms othe initial stiffness model, and given that initial stiffness has been

known to vary for nominally identical connections (see Chapter four).

56



2.6.2 The Revised Annex J Model

In the Revised Annex J (1994), the strength model was unaltered in its philosophy
exaept that théelastic)triangular bolt force distribution was taken out. Some

other changes wees follows

An alternative expression was included for calculating thetide design tension
force in Mode 1 failure, as follow&Revised Annex J, 1994)

8n- 2¢, )M
Model.: Frrg = ( wIM i o
’ 2mn- e, (m+n)

Eqgn 227

where g is d,/4 and ¢ is the diameter of the bolt head (or nut) across points.
This alternative equation was derived by assuming that the forces at the bolt line
are not concentrated at the centreline but are uniformiylaited under the bolt

head or nut. It leads to a higher bolt force for mode 1.

There was an attempt to determine the limits of modes 1 and 2 failure in terms of

the endplate geometry Eurocode 31992, but this was taken out of the Revised

AnnexJ. he chart used t o inetaserofsentieulatl ( f or t h
yielding in the flush region next to the stiffener) was also extended to include

more values of U.

The number of yieldine patterns checked for abblt extended endplate
increaseddr the extended region, so that iréicipatinglengths were now:

letr in extended region Yield pattern implied

1. 4m+ 1.25¢, Half-circular pattern around each balble,
interrupted at free edge on end of plate.

2. e+2m+ 0.625¢ Corner patterns arod each bothole, in a
6qguacritrecrl e shape

3. 0.5h Two straight lines at weld and bolt lines.

4. 0.5w + 2m + 0.625¢ Half-circular pattern around both bdlbles as a

group, interrupted at free edge on end of plate
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5.2 ym Circular pattern with bolhole as centre.

6. " mtw Circular patterns around both béibles but with
portion between holes also yielded.
7. T m+2e Half-circular pattern around each balle,

interrupted at free edge on edge of plate.

ler in flushregion

1. Um Half-circular pattern, interrupted at free edge, |
constrained by the beam tension flange.

2.2 m Circular pattern with bolhole as centre.

In theseparticipatinglengths the smallest value was adopted for each region, and

the symbols meathe same as before.

The stiffness model was where most of the changes to Annex J tooKTiace.
basic formula for the stiffness & a moment kg less than the design moment
resistance kg, was now giverfRevised Annex J, 19945:
Ez®
5= 1
/71?_ K

Eqn 228

with k; = stiffness coefficient for component i

z = lever arm

W = a stiffness ratio;%i/S;, and

S.ini = the initial tangential value of the stiffness S

. &.5M @
M was to be determined from= eM—Ju but m? 1 Eqn 229
e Vird {

For a bolted endplate, y = 2.7.

Thus, the definition of p implies a constant ratio between the initial tangential
stiffness on the momembtation curve, and the secant stiffness of the curve at
failure. This ratio was defined as equal to 3 foreadplate connection. Weynand

et al (196) explained that the u values were sempirical, based on tests and
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parameter studies. From comparing the equations for p;andsSevident that
the implicit formula for Gni would then bgRevised Annex J1994):

2
- E2 Eqn 230

For an extended endplate, the components whose stiffness coefficigate ko
be considered included the column flange in bending, the endplate in bending, and

the tension bolts. The endplate stiffness for éankion bolt row was given as:

0.850,, t°
k,=—" Eqgn 231

5
m3

where Ly is theparticipating éffective length for an equivalent testub as

determined for the strength model.

2o
eff ,ini

In Weynand et al (198), the same formula is given &g =" where L n
m

is the value oparticipatinglength required to establish the initial stiffness from a
teestub model. Thusetin = 0.85 Ly Theparticipatinglength Lg of course

relates to thetrengthmodel.Their model forks is shown inFigure 2.5.
T F
0.63F 0.63F

T1.25m y, m , m  1.25m [

I 0 7V 0 I

0.13F 0.13F

Figure 2.1571 Forces acting on teestub stiffness model in Revised Annex J

(based on Weynand et al, 195)

Secondly, when the first plastic hinge formed on thestab flange, this was

assumed to form at the weld line, and to have a \&#l0e322F.m. (When this
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value is scrutinized however, it implies a 28.5% prying force rather than 26%). By
equating this moment to the plastic moment of resistance for a flange width of

lestini, Weynand et gl1996)calculated the bolt force.f€orrespoding to this

I i Q%

moment of 0.322F.m a§, =-*" —_ @ Eqn 232
1.288n

They then obtained the bolt force at the (ultimate) design value by multiplying F

by 3/2.

Clearly, there are inconsistencies in this stiffness model, with the use of a 28.5%
prying force in one area and a prying force of 26% in another area. In the material
model used in Revised Annex J strhimrdening is omitted, so that there cannot

be prying forces on the testub at ultimate collapse from the model, or the plate
moment of resistace on the bolt line would exceed the plastic moment. It seems
questionable to simply scale up bolt forces derived on the assumption of
maximum prying, So as to obtain ultimate bolt forces that occur when prying
forces are very low (and are here implicélysumed to be zero). But this is what

happens whengHs multiplied by 3/2 above.

In theductility or rotation capacity model of Revised Annefl994) a bolted
connection was again considered to have adequate rotation capacity for plastic
analysis pyposes if the moment resistance was governed by a mode 1 failure in
bending of either the endplate or the column flahgeaddition howeverthe
endplate thicknedg was limited to a value:

tp = 0.36d/f,,/f, Eqgn 233
where dis the nominal boldiameter, f, is the bolt ultimate tensile strength, apd f
is the endplate yield strength.

This appears to be a seampirical rule.The calculation for rotation capacitfy

in mode 2 failure was now omitted.
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2.6.3 The SCI Moment Connections Manual

In 1995, the British Steel Construction Institute published a design guide on
moment connections (SCI, 1995). This guide and Revised Annex J were in
preparation at the same tirperiod, and it was based partly on Euroco@&®?2)
and partly on BS 5950: Part(1990)

The resistance moment or strength model was again based on the use of effective
teestubs with all the yield line patterns of Revised Annex J being allowed for t
determine theartipatinglength L¢. Unlike Eurocode 3 (1992)ut similar to the
revised Annex J, the SCI manual considered only the possibility of a plastic
distribution of bolt forces, omitting the triangular bolt distribution. SCI (1995)
however ircluded a triangular distribution upper limit on the bolt forces, where

the endplate may be too thick to deform sufficiently to allow the full plastic

distribution.

SCI (1995) did not include the Annex J stiffness modeisither the original nor
the revsed version. Instead, the rule was adopted thasfrdhgth connections
used in braced or singltorey portal frames and designed according to the guide
could be considered rigid. For mudtiorey unbraced frames, the designer was
encouraged to adogiitk, full-strength and rigid endplates. These endplates

would fail in mode 3, but as fulitrength connections, the beam would fail first.

In order to determine if the endplate witin6enough for a full plastic
distribution (mode 1 failure), SCI intdoiced a similar rule of thumb to that in

Revised Annex:J

d
te = fo/f, =053/, Eqn 234

Thus, the acceptable endplate thickness for mode 1 was 46% more than the
corresponding limit in Revised Annex J. The two limits apply to different aspects

of themodel however, with the Revised Annex J limit referring to thesteb
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model for a single boltow, and the SCI limit applying to the behaviour of

multiple rows in the actual connection.

There was however a section of the guide dealing with-winthentconnections

for unbraced frames. These are connections that are assumed to be pinned when
designing for gravity loads, but assumed to be rigid under wind loads. This
philosophy leads to partiakrength connections which must be sufficiently

ductile. SCI 1995) suggested as a rule of thumb that these connections be
proportioned so that the endplate thickness is about 60% of the bolt diameter, to
establish the right balance of strength, stiffness and ductility. The strength model
to be used in design woule Ibhe same as for the full strength connections, but

with the designer limited to connections that fail in mode 1. SCI (1995) presented

standard connections for which the ductility had been confirmed by testing.

Thus, we find that the philosophy of SCB@b) was similar to Eurocode(3992)
Annex J but with additional checks taken from BS 5950. Asurocode 3 (1992)
there wanly limited guidance in the area of ductilitypweverstandard details
were presented which had beaified by tests.

2.6.4 The Model of BS EN 19931-8

BS EN 19931-8 (Eurocode 3, 2005)as published in 2005 amdplacesAnnex J

The design philosophy for extended endplate connections is unchanged, with the
strength and stiffness being calculated by components, using the anatlodggenvi
stubs. The possibility of a triangular bolt distribution (which was criticised in SCI,
1995) is retained. However, it is reserved now for-sgistant connections and

connections subject to impact, vibration and load reversal (except due to wind).

The strength model of Revised Annex J has been retained, with the three failure
modes and the testubparticipatinglengths. As in Revised Annex J, an
alternative equation is given for Mode 1, which takes the wititheobolt head

into consideration. fie equations for Modes 1 and 2 are unchanged from Revised
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Annex J. A variation from Revised Annex J however, is that the possibility is now
considered of an endplate failing in a combination of Modes 1 and 2 without
prying forces. The criterion for thisdor t hp roynion g6 mode t o appl y
3
L, > 2.3..8m A3S
a leif ,ltf

where,

Eqgn 235

as before, m is the distance from the bolt centreline to the nearest face of the tee
stub web, less 0.8 times the leg length of the weld,

Asis the tensile stress area of that,

Ly is the bolt elongation length (grip length + % bolt head height + %2 nut height),
less 1 refers to the effective testub lengthdy for mode 1, and

tr s the thickness of the testub flange.

Thepatrticipatinglengths (and so the yielthe paterns) considered for endplates
and column flanges in bending, are the same as those considered in Revised
Annex J(1994)i seven for the extended region, and two for the flush region

whenthere is only one row of flush tension bolts.

Thestiffness modebf Eurocode 3 (2005% again the same as for Revised Annex
J. However, the factor of 0.85 in the valuegf+ has been altered to 0.9, so that
lerini = 0.9 k. That effectively resolves the inconsistency in Revised Annex J
where a prying forcef@5% is implied in one equation and a value of 28.5% is

implied in another equation. The prying force applied in both cases is now 26%.

Eurocode 3 (2005)Iso gives a simplified method for the stiffness of extended
endplates with only two tension batiws. Rather than calculaterk andkeq for

each boklrow from

1 a I(eff,rhr
Kep , = 1 ,z;mdkeqz—r - :
a, -

Instead, ki, is calculated for the extended bodtw, and kqis then calculated

using twice that value for each botiw, and taking.qas the average value af h
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for both boltrows. This simplification is said to lead to a lower value for the
rotational stiffness;S

As in Revised Annex J, there is no model given for rotation capacity of extended
endplates, but the same rule of thuis provided. Thus, the rotation capacity is
assumed satisfactory when the design resistance is gover(@dds 1)oending

of the endplate or bending of the column flange, as long as either the column

flange or the endplate has a thickness t such thaged,/f,,/f, , where d is the

nominal bolt diameter,§ is the bolt ultimate tensile strength, apdsfthe
endplate or column flange yield strength.

Discussion of Eurocode 3 models

Eurocode 3 (2005% open to the same criticisms as Revidadex J(1994)and
DD ENV 19931-1 (Eurocode 3, 19923)efore it. The yieldline pattern in the
flush region is actually quite complex and bears no resemblance tctaleso
that the use of an equivalent length is questionable. As reported latemrexsr
suggest that the yielithe pattern distribution may change as the flush region
becomes inelastic, so theparticipatindength that is suitable at the early onset

of inelastic behaviour may not be suitable for the entire range of behaviour.

Eurocode 3allows certain joints to beesigned aductile, but the underlying
material model excludes straardening. This is contradictory as ductile inelastic
strains imply that there must be strhi@rdening. The testub model for stiffness

is based oan assumed geometry that is not explicitly stated in the code itself
(edge distance e = 1.25nsee Figure 2.15 in Section 2.5.and the model
implicitly assumes large prying forces at collapsefurther contradiction.

From the perspective of thisonk, the most important criticisimowever s the

lack of asuitablemodel for estimating rotation capacity, which would be required
for serviceability calculations on partial strength connections for exaimple.
Eurocode 3 (1992) the possibility of a mdlendplate failure being sufficiently

ductile for plastic analysis was accepted. However, this was removed in the
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subsequent revisionm effect therefore, the ductility criterion became more
stringent in Revised Annex J by comparison with Eurocode @)18nd mode 2
has now been excluded from plastic analyses. For the connection tests reported
later in this thesis (chapter four), with an M20 Grade 8.8 bolt (avefage/88
MPa) and Grade 300WA endplate (avergge 309 MPa), the Revised Annex J
andEurocode 3 (1995ule-of-thumb would lead to a maximum endplate
thickness of 11. 5mm. This limi rather conservative as shown lateor the
sameconnection tests (M20 bolt, average+ 788 MPa, averagg £ 309 MPa),
the SCI ruleof-thumb would leado a maximum endplate thickness of 16.9mm.
This is much less conservative than Eweocode 3 (2005equirement. For use in
partiatstrength (wind moment) connections however, SCI (1995) limits the
endplate thickness to 60% qf. ¢For an M20 bolt that wdd mean a maximum
endplate thickness of 12mm.

2.7 SOUTH AFRICAN EXTENDED ENDPLATE STUDIES

s P -
Truby made o [
position of D ‘@__
this yieldline \ !
a variable ' !
\ 1
Sl
\ Il — Hogging lires
!'@_ —e— .. Sagging lines

Figure 2.1671 Yield-line Pattern of Truby (199%), from Bernuzzi et al (1991)

Dekker (1986) carried out an investigation of extended endplates at the University
of Pretoria. Dekker applied simple beam theory to the endplate tension region, and
used a numerical method (finite differences) to obtain a solution for the flush

region as a plate. The endplate geometry was taken into account using a flexibility
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approach. Ddker 6 s model was then compared with
was limited to the elastic range however, and neither his model nor his tests
considered inelastic behaviour. Thus, his model is not really applicable to the

emphasis in this thesis.

Truby (195) proposed a model of extended endplate connections to establish the
connection ultimate moment and the corresponding rotation, for a thin extended
endplate connection. Truby carried out a yikhe analysis of the Mechanism A

yield-line pattern of Berazzi et al (1991) to obtain the endplate tension bolt

forces. This pattern was illustrated in Figure 2.13 and is reproduced here again for
convenience as Figure 2.16. Truby however made the location of the lowest

hogging line a variable in his model, satlhe model could only be solved

iteratively usingapurposer i tt en computer progr amme. I
the effect of tension bolt elongations was included as an option. The possibility of
assessing bolt forces in the extended region as a fixedntimpof forces in the

flush region was also included as an option.

To establish the corresponding rotation at the endplate yielded mdmeny,
considered the deflection of only the extended region of the endplate from the
assumption that this portiaf the endplate yields first. His deflection is obtained
by assuming that the portion from the bolt line to the weld line is in double
curvature bending, with equal moments at the bolt line and weld line. He then
assumed a momentrvature relationship asss a section of the endplate from
the bolt line to the weld line, and determined the deflection from the moment of

the areas of the curvature diagram.

There are two key criticisms df u by 6 s wield-like.formulaten is
complex and could only eolved iteratively with a computer model. This would
not be suitable for everyday applications. The output from his computer
simulations are useful however as they show that the inclusion of the bolt
elongations does not significantly affect the yikite analyses. The second

criticism is fundamental and relates to the calculation of rotations. He assumes
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that the endplate deflection is governed by the deformation of the extended region.
Observation would suggest however, that the endplate rotationasngavby the

deformation of the flush region. This is further discussed in Chapter five.

Trubydid attempt to cater for strain hardening in the material model assumed in
his computer programme, but he conceded that large strains would be
incompatible withthe yieldline analysisTruby alsodid not attempt to determine
the connection rotation capacity, but only the rotation at the fully yieldedipoint

taken as the ultimate moment in his formulation.
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3. EXPERIMENTAL WORK

In order to have a better undnsding of the ductility behaviour of relatively thin
extended endplates, five connection tests were carried out as part of this study.
The first test with 12mm endplates and a second with 10mm endplates were pilot
tests carried out to verify the test geandto rectify problems with the
instrumentation. Three other tests were then carrieditutwo connections per
test,involving the testing to failure of 10mm, 12mm and 14mm endplates. The
intention in these tests wasgdain insights into thin exteed endplates and
increasdahe available data tacludeendplates as thin as 10mm.
Thus, there were five connection tests in total as follows:

1 Pilot Test Ai 10 mm endplates

1 Pilot Test Bi 12 mm endplates

1 Test 1i 10 mm endplates

1 Test2i 12 mm endplates

1 Test 3i 14 mm endplates

3.1 SETUP OF CONNECTION TESTS

A cruciform arrangement was adopted in the tests, with two beams connected into
each flange of the column at the same level. Thus, two-eaolumn

connections were tested simultaneously. Figure 3.Wsliwe cruciform

arrangement used. The test specimen beams were supported at their far ends on
beams running perpendicularly on trestles. The load was then applied to the top of
the column stub using a hydraulic jack. In this way, the lower beam flanges we

in tension while the upper flanges were in compresdiba.load was applied to

the column top with a square load button screwed onto the ram of the jack, with
the button bearing on a recess in a load plate welded to the column. Thus, the load

point wasrestrained against lateral and longitudinal displacement.
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Figure 3.17 Setup for the Connection Tests

The column web was also laterally restraiagdinst oubf-plane rotationjust

above the beam tension flanges, using struts of adjustable lenthtiolérs at

their far ends that fitted into guides fixed to the load frame. These restraints were
necessary to prevent eot-plane rotation of the column (leading to unwanted
secondary effects), and to prevent instability under [®bhd.column had two

pairs of 10mm web stiffeners at locations opposite the beam flanges at the joint.
There was also a 16 mm plate welded to the top of the column where the load
would be applied, to distribute the load evenly through the m®sison and

prevent bearing failre. It was our aim to test the endplate in isolation while
minimizing the interaction with the column flange. In order to replicate a practical
connection we chose not to use an unrealistically stiff column, but rather to

provide stiffeners at the flandevels and accept minor column deformations.
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During the pilot test the column was instrumented with an inclinometer to
measure any Hplane column rotations. In the latter tetbiis measurement was
discarded anthe bottom part of the column wassteadrestrained with snug
fitting vertical guides to prevent any-piane rotation. The column restraints are
shown in Figure 3.2At the bearmto-column connection end, each beam was
welded to its endplate with E70XX 10 mm fillet welds (flangbsth sides) ah 6
mm fillet welds (web both sides). These welds were chosen to exclude the

possibility of the connections failing by weld fracture.

Recessed
load button

Lateral restraint:
Column outof-plane
rotation

Lateral restraint:
Column inplane
~rotation

Figure 3.2i Lateral restraint of the column
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At the simply supported end, each beam was supported oridshekk duble

channelcrosb eams, whi ch were supported in turr
secured to the ground. Above the support, each beam had its (upper) compression

flange restrained against lateral movement but not against rotation. This was done
byprovi ding a pair of ribbed bar O6guideso6 f
flange.Thus, the beams were laterally restrained but allowed to move

longitudinally and to rotate. This was to prevent the development of extraneous

axial forces and end momerdue to rotational restraint, during tests. Rotational

and longitudinal freedom was ensured using a rocker consisting ofi@batf

bar supported on needle roller bearings, with a load cell between tfre uvadf

and the rollers. The rollers allowed theam to move longitudinally.

The beam end had a recess welded on with the same shape as the rocker, to reduce
the likelihood of the rocker shifting from beneath the beam during testing.

Essentially therefore, the beam end was on a line support. Imghpilidt test we
supported the hatiound on the button of a load cell so as to have a point support

at each beam. This proved to be unsuitable as the arrangement became unstable at
large deflections. This realisation was brought home in dramatic faasidaring

the test a load cell at one end suddenly shot out from its position. We therefore
changed to the line support described above. The two support arrangements are

shown in Figure 3.

The choice of endplate geometry was made to reflect typicah @dritan

practice and also to facilitate comparison with the predictions and tests of other
researchers. The endplate dimensions and geometrical details are given in Figure
3.1. The plate was 430 x 180 mm wide, with 22 mm diameter bolt holes for M20
Grade8.8 HSFGbolts. The bolt holes were located at a gauge of 1200 mm
symmetrically about the plate centreline, with an edge distance of 40 mm on each
side. The extended region row of bolts was 50 mm from the plate ead &
calculated from the dimensionsFigure 31. The distance from the tension bolts

centre to the beam flange surface was made as small as feasible for tightening of
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bolts (58mm). Thus, the tension bolt pitch is not a round figure but rather 126.2
mm, which is 58 + 58 + 10.2 (nominal figathickness).

(@) Initial unstable point support (b)  Stable line support

Figure 337 Supports at Test Beam ends

3.2 THE TEST SPECIMENS

My choice of section sizes for the tests was based on the following considerations:

T The use osized@ctions/detailg thai would be applicable in a wide
variety of situations.

i Section sizes and details that are relatively commonly used in South Africa,
and which are typically used together.

1 The need for failure of the test specimens to be initiated bgritiglate rather

than by failure of the beam flanges or column flange.

Based on these considerations, | elected to use a 305 x 165 x 41 | section (305 UB
41) as the beam in all the tests, with a 203 x 203 x 60 H column (203 UC 60)

both in Grade 300WAThe use of a 305 series beam facilitates comparison with
several welldocumented published test results using similar sized beams

(Bernuzzi et al (1991), Zandonini & Zanon (1988) and Jenkins et al (198&)s

72



considered that th&05 UB 41 and 203 UC &kctions could typically go

together, and would be suited to a medium load in a commercial or industrial
structure. Thesparallelflangesection sizes are in common usage in South
Africa. The intention in the tests is to limit bending of the column flaghe
column flange contribution to connection deformation is small or negligible. The
203 UC 60 has a 14mm flange, and web stiffeners are introduce at the beam

compression and tension flange levels, to achieve this.

Both sections are Clasg Jplasticdesign sections (both flange and web) under the
provisions ofSANS 10162 (2005). The beam web is Class 1 in bending but not in

axial compressiortkr om t he South African I nstitute
Handbook (SAISC, 1997), these section sizes havioliogving nominal

dimensions:

Table 3.17 Nominal Dimensions for Test Section Sizes

Designation m D b tw ts r hy A

mmxmmxkg/m kg/m |[mm |[mm |mm [mm |[mm |[mm |10°mnt

305x165x41 | 40.5 | 303.8/165.1/6.1 |10.2 |89 |266 |5.16

203x203x60H | 59.7 | 209.6| 2052 |9.3 |14.2 |10.2 | 161 |7.60

In Table 3.1D is the overall depth of the section, b is the breagftis, the web
thickness and is the flange thickness. The dimensigisrthe root radius at the
web-flange joint, and Ris the clear distandeom the tg of the root radius above
the bottom flangéo the bottom of the root radius below the top flaridges beam
mass is denoted as m in kg/m and the esessional area as Ahree endplate
thicknessesvere used in the testslOmm, 12mm and 14mnThese werall in
Grade 300WA steeA 14 mmendplatevas taken as the upper limit, since this
was the maximumalueat which | expected to finthe endplate behaving as

0 t hbased on the literature reviewed. 10mm selscted as lwer limit as

there are few #&s reported in the literature with thinner endplates than 12mm
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Thus, the 10mm endplate test would help extend the range of available endplate
test results. | did not extend the lower limit to 8mm a8ram endplate would be
consideredinreasonably thirrglative to the beam size, in current practice

Typical South African practice is to standardize connection bolts on M20 and
M24 sizedor Grade 8.8HSFG | therefore used M20 Grade 8.8 HSFG bolts in all
the tests.

3.2.1 Beam and ColumnMaterial Properties

Table 3.21 Material Properties for Connection Tests

Y o u n (Yield Yield Hardig |Hard |Ultimate
Modulus |stress |strain strain Modulus [Stress
GPa MPa 10° 10° GPa MPa

Col flange 209.6 |299.1 |1.43 |16.60 |3.82 |483.0
Col web 201.9 |333.9 |165 |1220 |4.01 |4947
Bm flange (1) 209.7 |3244 |15 |17.75 |5.09 |494.9
Bm web (1) 213.6 |365.3 |1.71 |21.10 |3.91 |5254
Bm flange (2) 205.7 |3189 |155 |16.80 |4.91 |4937
Bm web (2) 212.1 |3818 |1.80 |1455 |3.88 |534.6
10 plate (pilot) 2121 | 3045 |1.44 |1160 |584 |537.6
12 plate (pilot) 219.1 |306.0 |140 |1350 |5.04 |510.2
10mm plate(Test 1) | 202.2 | 331.3 |1.64 |13.45 |350 |505.7
12mm platgTest 2) | 219.1 | 306.0 |140 |13.50 |5.04 |510.2
14mm platgTest 3) | 213.0 |295.0 |1.39 | 13.60 |458 |478.3
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The beam and domn material was donated by fabricator member companies of
the Southern African Institute for Steel Construction, and fabricated by them in
their shops to typical tolerances and standards. The beams and columns were
taken from one length each, and thematés from one plate each for a given
thickness. Off cuts were obtained and used to determine the material properties, in
tensile tests. Two coupons were taken per beam or column flange (for each
flange), and two coupons per beam web. Alsoinimum offour coupons were

taken per platé two in the longitudinal direction and two from the transverse
direction. The materidkest data is included in Appendix A, and therages of
theproperties determined asemmarizedn Table 3.2:

The material propertiemeasured in the tensile tests were essentiallingar

with a linear elastic portion, then a flat yielding plateau with zero slope, and

finally a strairhardening region with a reduced but rz®r0 slope. Thus the

material behaviour has been summariagdhe moduli of the elastic and strain
hardening regions, and the stresses at which yielding commenced and at which
strainhardening commenced. We were unable to measure thesgakening
behaviour because of the likelihood of causing damage to thiesaxneter,

however we did determine the fracture load and so the ultimate stress in each test.
A typical stressstrain curve derived in one of the material tests is shown in Figure

34to illustrate the teinear nature.
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Figure 341 Typical StressStrain Curve from an Endplate Coupon
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As can be seen in Table 3.2, the material for the beams came from two sources.

The ones marked (2) were used in the 10mm endplate tests, while the ones marked

(1) were used in all other tests, including the 10mm pilos tdhe actual

dimension®of the beams, columns and plates were measured, and these and the

material properties above have been used to compudetid beam and column

section propertiesvhich arereported in Table 3.3.

The yield moment Mfor the cdumn and beams has been derived from the

following equation:

&L,
y

M

y

Egqn 3.1

where the summation is for the flanges and wgbs the second moment of area,

fy is the yield stress and y is half the section depthamd M, both refer to

bending of the beam (and column) about the strong axis. The values given for the

plates are calculated per meter length.

Table 3.31 Actual Section Properties for Test Specimens

Flange | Web Elastic | Plastic | Yield Plastic
thickness| thickness| Modulus | Modulus | Moment | Moment
x 10° x 10° M, M,

mm mm mm’ mm® KN-m KN-m
203UC60 Col 14.03 8.88 575.20 |644.14 |173.75 | 195.48
305UB41 Bm (1) | 9.95 5.89 549.84 |610.96 |181.75 | 203.44
305UB41 Bm (2) | 10.19 6.24 564.30 |628.81 |185.40 | 209.00
10 mm plate/m | 10.24 - 17.48 26.21 5.79 8.68/m
12mm plate/m 11.83 - 23.33 34.99 7.14 10.71/m
14mm plate/m 13.86 - 32.02 48.03 9.45 14.17/m
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3.2.2 Bolt Material Properties

All the bolts used in the material and connection tests were M20 Grade 8.8 HSFG
bolts t&ken from a single production batch. In order to determine the material
properties for the bolts, samples were tested to failure in pure tension, while
recording the applied load and corresponding str&train is measured as a

surrogate for the bolt extsion. The literature suggested that bolt strains would

be related to the bolt grip length i.e. the total thickness of plies (column flange,
endplate and washer) gripped between the bolt head and the nut. Thus, | needed to
determine stresstrain charactestics for the different grip lengths to be used in

the actual connection tests. These corresponded to the 10mm, 12mm and 14mm

endplate thicknesses.

0 N

PLAN ON BASE

I
| | e 7T

FRONT ELEVATION SECTION THROUGH BASE

Figure 357 Layout of Bolt Yoke

Wedesigeda 6yoked that coul d be ingmachpnp,ed i n t
and which would allow the bolt and nut assembly to be pulled apart in pure

tension. The layout of ore the symmetrical halves of the yoke is shown in

Figure 35, and a picture of the test is shown in Figu@ Bhe yoke consists of
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two symnetrical halves with each half having a base and an upper part attached to
arod. The base has a recessed hole in which the tested bolt with its washer and
nut is fitted, and the rods for both halves are then clamped into the tensile testing
machine so thbolt can be pulled apart. Three yokes with different recess depths

were used to simulate three different grip lengths.

Figure 3,61 Bolt Material Test in progress

Hole for
gauge wires

Gauge
position

Figure 3.771 Strain gauging the bolt
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The bolt strains were measured by putting strainggs onto the bolt shank, just
adjacent to the threaded region. The gauges were placed to measure longitudinal
strains along the length of the bolt. In order to ensure that bending effects could be
eliminated, three gauges were used on each bolt, withetlnges at 120 degrees
around the bolt circumference. It was necessary to machine the bolt surface flat at
the position of each gauge, to prepare a flat surface for the gauggepaadent

the gauge from damage during tests. The machined region was Gieranad

10mm long, so that theominalbolt diameter was reduced locally by 0.46mm and
the area reduced by 1.38 riftheactualshank diameter arattualmachined

area was measured for each bolt, and the actual areas were calculated and used to
convert fores to stresd-doles were drilled into the bolt head to pass the gauge

wires through without damaging them, and the installed wires and gauges were all
coated with norconducting lacqueihe drilled holes had to continas a groove

into the shank for a siit lengthso the gauge wiredidn ot Owth bole h 6

tightening The bolt modification for strain gauges can be seéfigare 37.
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Figure 3871 Bolt StressStrain Curves

Two bolts were tested for each of the three required grip lengths. Eachdest wa
carried out to failure. The stress rate was kept at &bMPRa/sec, and the strain
was kept to about 0.0025fem the yield pointo fracture In all tests, the bolts

failed in tension by fracturing across the thredde exactyield point was
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determned graphicallyThestressstrain curves for the bolese essentially
bilinear with no intermediate plateau. These are shown in Fig8ur&l3e curves

can therefore each be represented in terms of the initial elastic modulus and the

strainrhardening modus, together with the yield point and the ultimate fracture

point. The measured bolt properties are summarized in Table 3.4 for each of the

tested grip lengths. These bolt properties provide a means of converting bolt

strains measured in the connectiostgeinto actual bolt forces

The arerage yield stresmeasured was25.58MPa, versus the nominal yield
value of 640 MPa. Thaverage uiinatestressmeasured was88.22MPa versus
the nominal value of 800 MRhaut there would be stress concentratianhia
threads) The ratio of yield to ultimate stress92% rather than the nominal 80%.
Thus, a bolt failurevould bemore brittle and unexpected and possibly more
catastrophic.

The change in grip length from one test to another did not appear ta have
consistent effecTherefore, although the measured values for each endplate
thickness are used wherever approprigtig, lengthwas not considereds a
variable after these tests.

Table 3.471 Measured Material Properties for Bolts

Grip Length Y o un (¢ Yield Yield Harden | Ultimate | Ultimate
(Excludng washer| Modulus | Stress Strain Modulus | Stress Capacity
thickness) (GPa) (MPa) (103 (GPa) (MPa) (KN)
24mm

(10mm plate grip) | 228.53 725.26 | 3.174 4.90 773.39 | 238.3
26mm

(12mm plate grip) | 223.21 | 729.03 | 3.266 7.09 808.50 |239.5
28mm

(14mm plate grip) | 215.13 722.44 | 3.358 5.21 782.78 | 229.9
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3.3 THE TEST INSTRUMENTATION

In order to understand the behaviour of the connections tested, we needed to

determine the following parameters for each test beam conneztiba tolumn.

1. The connection moment and the corresponding rotation.
The tension bolt forces in the extended and flush regions.
3. The stress distribution patterns along and across the endplate, and in the

beam adjacent to the connection.

The connection monme could be determined from the load applied to the
connection. The load transferred into each of the two connections was measured
from a load cell at each far end beam support, with the jack load being monitored
as a check on the load cell measurements.
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Figure 391 Test Instrumentation

The rotation measurements were made with linear voliegggacement

transducers (LVDTs) and with inclinometers (see Figude BVDTs actually
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measure displacement but this is easily converted to rotation once the exact
distance from the column axis known. Inclinometers measure angles directly.
The positions of some LVDTs and inclinometersrechanged after the first test,

and Figure 3 shows positions that were constant for all the connection tests.

Each beam had an inclinometer at the beamatippd another at 300mm from

the endplate face. A fifth (dualxis) inclinometer on the column web was used to
monitor in plane and out of plane column rotations. Similarly, each beam had an
LVDT on the beam column flange adjacent to the column face (9ommthe

column facd the closest distance practicable), a second on the compression
flange at 300mm from the column face, and a third at the beam support. There
was also an LVDT on the tension flange at 300mm from the column face, as a
check on the compssion flange LVDT. The measurement at 300mm
approximates a distance equal to the beam depth away from the column face. This
is commonly taken as the extent of the joint region. These LVDTs at the column
face and at the joint limit were mounted off théucon face, so that they

measured beam displacement parallel to the column axis, while the beam support
LVDT was mounted off the support steelwork and measured displacement of the

beam support under load.

The displacement transducers were intended asck onethe inclinometer

readings. However, problems with faulty inclinometers led to us discarding the
inclinometer readings and using the LVDT data oflye column inclinometer
readings became redundant after the pilotaedtwere discontinueds lateal
restraints were introduced to prevenpilane and oubf-plane rotation of the
column.Guides were introduced at the level of the beam compression flanges to
prevent oubf-lane rotation. Other supports were fixed in place at the base of the

test rig b guide the lower part of the column and prevesglane rotation.
In order to determine tension bolt axial forces, bolt strains were measured with

three strain gauges at 120° per bolt, as in the bolt material tests. Two of the four

tension bolts werenstrumented per connectidrone in the tension flush region
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(immediately above the beam tension flange in Fig@eahd the second in the
extended region of the connectibmaking four instrumented bolts in each test.
These measured bolt strains cothldn be converted to stresses and axial force,
using the stresstrain curves obtained ihe bolt material property tedisr the

given grip lengthand the measured bolt diametereffect the conversion.

In the two pilot tests and in theest 2 (2mmendplate te3t | attempted to

measure the deflection of the endplate away from the column at the level of the
beam tension flange. In order to do this, a hole was drilled through the column
flange and horizontal slots were cut into the column web, tovalLVDT to

bear on the endplate surface. Cover plates were therefore welded across the
column from flange toe to flange toe, to counteract any weakening effect due to
the cuts. This measurement was discontirafest the first tesbecause it was
difficult to manoeuvre the LVDT into position. Thus, the column wekocis

and cover plates were not used in the 10mm and 14mm tests.
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Figure 31071 Strain Gauges on the Endplate and Beam End
Strain gauges were placed on the endplate and beam ends asrskayune

3.10. There were 13 gauges on each endplate including th48€0 rosettes, and

10 gauges on each beam including two rosettes. The beam gauges were placed
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with their axes along the beam length, at 5mm from the end of the dredptate
weld. Whenthe strain gauges on the bolts are included, a total of 58 strain gauges

were monitored during each test, for both beams, with ten of these being rosettes.

For convenience of referral, the endplate gauges are labelled using a grid system
as shown in Figre 310. Thus, for example the uppermost gauge on the left in the
figure is referred to as gauge Al. Gauges3AB1, B2, and CB are in the

extended region of the endplate; gauges A6, A87 Bée in the tension part of the
flush region, while gauges B#, B1213, C4, C811, and C13 are on the beam

end web and flanges.

By comparison with Figure Bwhich gives the endplate dimensions, Figu€3.
has been rotated to have the beam tension flange above the compression flange, as
this is the more typicalresentation in literature.

The strain gauges used on the bolts, endplates and beam endsosty&yowa
singlegaugeKFG-2-120-C1-11 bonded with CEL3A gluei a room
temperaturesetting cyanoacrylat@ hese are setemperatur&eompensating
(SELCOM) qauges designed to operate around ambient tempecatsteel
specimensvith a linear expansion coefficient of 11 x1@egree Centigraddll
the tests were carried out in endoorslaboratory environment with no exposure
to direct sunlight. Ambient teperaturesndoorsduring tests varied bgnly a few
degrees Centigradeith 20 degrees Centigrade as an average vahathere
were no temperature gradients across the specimens. SELCOM gauges are
completely seicompensating under those conditidinem aboutroom
temperature up to about 60 degrees Centigrade. Thus, temperature compensation

measures were not required in the tests.
The three gauges marked as rosettes in Figure 3.10 wer@KRGD17-11.

These are@5-90 rosettes with the three resistelements being similar to the
element in the KF&-120-C1-11. Thus, the behaviour is similar.
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Strain measurement was carried fauteach gauge, usirggl-gauge Wheatstone
bridge i.e.a bridge withthe active gauge on one gauge arm and three precision
resistors (120 Y) on the other three
manufactured for this purpose, each with its potentiometer. To reduce errors from
noise in long lead wires (3m length) the Wheatstone bridge output was amplified

beforebeing fed intahe recording multiplexer.

Calibration of the strains was based on the specified gauge factors, which ranged
from 2.05 to 2.1%or different batcheg~or theKFG-2-120-C1-11the use of a
specified gauge factor rather than a calibrated gauge factortteadsstimated

5% error for plastic strains i.e. above 8 000 to 10 000 pstrains. This was
considered an acceptable error rarfide resistive element in thd=G-2-120-C1-

11is 2mm long, which means the measured strains are really averaged over a
2mm lengh. This was also considered a reasonable level of accuracy.

3.4 THE TEST PROCEDURE

Each test was carried outtimreesteps as follows:

1. The bolts were initially made fingeight, then load was applied slowly via the
jack to approximately 3BN at the jac15 kN-m per connection), and then
unl oaded, to allow the endplates to

ar m¢

6be

2. The bolts were then made O6snug tightoé a

Clause 21.12.2 of the South African structural steel design coN& $&162

1:2006 requires bolts in a slipritical connection (which would be a typical
application for an extended endplate), to be pretensioned. The pretension for
an M20 Grade 8.BISFGbolt should be at least 142 kN (Table 7). The code
provides for the pretension te Imeasured by the turn of the nut (Table 8) or
with the use of a direct indicator. This approach is endorsed in Clause 4.5.3.2
of SANS 2001CS1:2005. We have chosen to use the turn of the nut method as
this is more typical in everyday South African pragtend we consider this to

be better than the other methodkus, the bolt pretension was applied by
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applying a third turn to each bolt. The bolt strains were again recorded after
the pretension was applied.

3. The load was applied until a connection failkdthe loadingwe initially
controlled the test based on the load applied (a constant rate of load
application), but then moved to displacembased control once it was clear
that the connection had begun to yield and/or deform.

In test 2 (which was thfirst test chronologically), the load application was
actually carried out in four load cycles of load and unload elastic cycle first,
then three plastic ones with the last cycle continued to fallutbese tests
failure was defined as eitheretisonnection becoming incapable of sustaining a

load any longer, or as fracture of a connection component.
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4. CONNECTION TEST RESULTS

The results for Testsi13 are given below in the rest of this chapter. The Pilot
Test results are only included imet qualitative descriptions of section 4.1 as the
instrument readings for the pilot tests are not available. The data from each test
can be distinguished infour categorisi theobservations and failure modes, the
connectiorrotation data, the bolt siragauge data, and the endplate and beam
strain gauge data. | have distinguished between the data for both beams in each
test,differentiatingthem as a Beam A and a Beam B. Thoug/est 2 for example,
Beam 12A referso the A beam in the 12mm endplatstte

41 OBSERVATIONS IN CONNECTION TESTS

4.1.1 Test 1 Observations

Figure 4.17 Pilot Test A in progress
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Figure 4.1 shows the specimen in Pilot Test A during the conduct of thntest.
bothPilot Test A the pilot 10mm te3tandTest 1 the actual 10mm teésthe

bending of the endplate was about two axes. There was considerable bending
along the length of the endplate, especially about the beam tension flange. There
was also clearly transverse bending across the width of the endplate, with this

being particuarly evident in the flush tension region.

(@) Endplate fracture & deformation (b) Buckle in compression flange

Figure 4.27 Fractured endplate from Test 1

The endplate yielding started around the extended and flush region tension bolts
and initially gppeared to be rotationally symmetrical around eachhsat, thus
suggesting a circular yielihe pattern. As the test progressenvever the

yielding, the progression of which could be distinguished by the flaking off of

mill scale, became similar tbat described for thin endplatesSartees & Mann
(1970) and Mechanism A &ernuzzi et al (1991). As the test progressed further,
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theyielding progressethto straight lines rather than the initial circular pattern,

until theendplate fractured in theuSh tension region witstraightlongitudiral

cracks running parallel to and adjacent to the beam web welds. There were also
transverseracks in the endplate extended region, parallel to and adjacent to the
beam tension flange wel@helongitudinal cracls are apparent in Figure24a).

I n Figure 4.2 (a) it is also possible
welded to the endplate, at the shear bolt level. Thus, the beam profile is in
compression to the shear bolt leyalTest 1the test wa stopped only when the

crack next to the beam tension flange weld developed into a cortrplesgerse

fracture across the endplate width on one connection, so that the endplate tore into

two pieces.

Figure 437 Beams 10A and 10B after the test

Thefracture of the endplate in Test 1 was almost lamellar in nature, tearing at a
shallow angle through the endplate, rather than in a cleanbssskFigure 4.2

(@). (In Pilot Test A, which was on a nominally identical sample, the test was
stopped when adit in the extended region fractured on one connection). The

arrows on Figure 4.2 (a) show the transverse fracture and the longitudinal crack
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