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Abstract 

A model of the extended endplate behaviour has been developed in this thesis, 

which allows 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 addresses the 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 models of the day have not catered for these 

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

 

The model is bi-linear, with the strength and ductility evaluated at two points ï the 

swivel and maximum strain points. The flush region strength behaviour is based 

on a yield-line 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 region is based on the plate 

model. The strength and deformation of the extended region is based on uni-axial 

double-curvature bending of the portion between the bolt line and the weld line, 

for both the swivel and maximum strain points.  Strain hardening and membrane 

action are catered for in the model by adjusting the material properties from 

elastic values to strain-hardening values, and by applying solutions for the 

deformation that takes account of large deflections and thick member theory. This 

makes the model developed 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 moment-rotation curve, but these tend to be mostly 

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 thirties, structural engineers have been aware that the behaviour of steel-

framed structures is greatly influenced by the connections (Steel Structures 

Research Committee, 1936). In everyday design practice however, structures are 

analysed either as though the connections are unable to resist any bending 

moment at all, (nominally ópinnedô connections) or as though they will carry the 

full moment at the end of the beam without any rotation (nominally ófixedô 

connections). More appropriate terms for these idealisations as used in the SCI 

Moment Connections Manual (SCI, 1995) are ósimple framesô where the 

connections are conceptualised as pinned, and ócontinuous framesô where the 

connections are considered fixed. However, many practical connections can not 

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

therefore to ósemi-continuousô frames as well.  

 

If a frame is being analysed elastically, the key property of the connection is its 

stiffness. For a semi-continuous frame this stiffness is finite i.e. neither zero 

stiffness (pinned) nor infinite stiffness (rigid), and such connections are then 

described as semi-rigid. If a frame is being analysed plastically however, the 

connection strength is the key property, and the semi-continuous connection is 

then neither zero strength (pinned) nor full strength (fixed). The connection 

strength of a semi-continuous connection in a plastic analysis must be less than 

that of all connected members, so that the connection fails first. Such a connection 

is said to be partial-strength. A partial-strength connection could also be semi-

rigid in terms of its stiffness, but this is not an essential requirement. In an elastic-

plastic analysis, the connections will either be semi-rigid or partial-strength, or 

both, for the frame to be considered semi-continuous.  
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The use of partial-strength connections in a plastic analysis is an attractive design 

option. The beam-end hinges are induced to form in the connection, which can 

lead to reduced beam sizes by comparison with fixed-end beams. Moreover, joint 

resistance is possibly independent 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 labour-intensive and so costly. The 

details could potentially be simpler and cheaper however, if the designer is able to 

accommodate flexibility in the connection and if the connection is partial-strength.  

 

Partial-strength connections can lead to cost savings over pinned beams as well, as 

the available moment at the connection reduces the mid-span moments and so 

leads to a reduced beam depth. Steenhuis (1992) reported a 9% cost savings from 

shallower beams, due to the use of partial-strength rather than pinned connections, 

in a braced frame study.  

 

The extended endplate connection is a widely used moment-resisting connection 

in South Africa and worldwide. It is usually assumed to be full-strength and fixed, 

but given the right configuration of endplate details, bolt size and beam/column 

sizes, this connection can behave in a semi-rigid or/and partial-strength manner. 

Designing the connection as semi-rigid or partial-strength could allow the use of 

lower beam mass or/and depth. The South African Code of Practice for steel 

structures, SANS 10162 (2005), provides for design based on semi-rigid or 

partial-strength construction, but requires the designer to show that the connection 

moment-rotation properties are suitable by experiments or from published 

experimental results. Thus, there are no established design models in the South 

African context. 

 

Global (frame) elastic analysis with semi-rigid connections requires accurate 

knowledge of the connection stiffness as well as its moment capacity. A lot of 

international research effort has gone therefore into predicting semi-rigid 

connection stiffness and strength. Plastic frame analysis with partial-strength 

connections however, rather requires a knowledge of the moment capacity and the 
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connection ductility or rotation capacity. 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 thirty-five years or so. However, as shown in the 

next chapter, most such studies have been from a full-strength semi-rigid 

paradigm rather than a partial-strength paradigm. For the plastic failure of a 

connection to be safe, it must fail by gradual deformation (excessive rotation), 

rather than by brittle fracture. Ideally, therefore, failure should not be initiated in 

the bolts or welds, since bolt and weld fractures may be brittle and sudden, and are 

often catastrophic. It is preferable also to achieve the expected deformation in the 

endplate 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 column ï especially in terms of buckling instability. Thus, the remaining 

option is to force ductile deformation of the endplate itself. The objective here 

therefore, is to study the ductility of a partial-strength extended endplate 

connection where failure initiates in the endplate. 

 

1.2 PROBLEM STATEMENT  

 

The problem is to develop a model of the partial-strength extended endplate beam-

to-column connection that enables prediction of the ductility or rotation capacity of 

the connection, when the connection failure is initiated by inelastic deformation of 

the endplate.  
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1.3 COMPONENTS OF EXTENDED ENDPLATE CON NECTIONS 

 

 

 

 

 

 

 

 

 

 

(a) Extended Endplate  (b) Flush Endplate  (c) Partial-depth 

Figure 1.1 ï Types of endplate beam-to-column connections 

 

Endplate beam-to-column connections consist of a plate (the endplate) that is 

welded to the end of the beam profile. The endplate is then bolted on site to the 

column flange or web, using pre-drilled 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 that some bolts 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 the beam, it is known as 

a partial-depth endplate connection. In the flush and partial-depth endplates, all 

bolts lie generally within the beam section profile.  

 

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

the beam profile are said to be in the óflushô region while the bolts in the endplate 

extension are in the óextendedô region. The extended endplate of Figure 1.1 (a) is 

extended on one side only, and this would then be on the beam tension flange 

side. Where an extended endplate connection could be subjected to moments in 

both directions, it could be extended on both sides. Bernuzzi et al (1991) carried 

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

Endplate 

Beam 

Column Extended 

region 

Flush 

region 
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identical connections extended on both sides. Their results show that for 

connections with identical geometry, the moment-rotation curves of the singly 

extended and doubly extended endplates are very similar. It has been decided here 

to consider only the case where the endplate is extended on one side. 

  

 

Figure 1.2 ïComponents of a typical extended endplate beam-to-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 disposed more or less symmetrically 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 to have 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 the beam web), though four bolts may 

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

Column 

flange 

Endplate 

Shear bolts 

Tension bolts 

Web weld 

Flange weld 
or 

or 

Applied 

Shear Force 

Applied 

Moment 
Compression Flange 

Tension Flange 
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two bolts per row, as this is again more common. As shown in Figure 1.2, the 

beam flange-to-endplate welds could be butt or fillet welds depending on moment 

requirements.  

 

1.4 DEFINITION OF KEY TERMS  

 

 

Figure 1.3 ïThe distinction between the connection and the joint 

 

Connection vs. Joint: The term óconnectionô properly refers to the interface 

between connected members. In an extended endplate beam-to-column 

connection, that would refer to the endplate, the column flange, the welds and the 

bolts. The term ójointô refers to the connection as well as those parts of the 

connected members that are adjacent to the connection and which affect the 

connection. See for example, clause 1.4 of Part 1-8 of Eurocode 3 (Eurocode 3, 

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 to 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 line with everyday 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 

Joint 

Connection 
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to refer to its rotation capacity. The two terms are used interchangeably 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 thickness: In this study an endplate is said to be óthickô or óthinô 

depending on whether or not the endplate undergoes elastic or plastic 

deformations prior to failure of the connection. In this usage, which is based on 

Grundy et al (1980) and Packer & Morris (1977), a connection with a óthickô 

endplate fails from fracture of some other component (bolts or welds), before the 

endplate has yielded.  In a connection with a óthinô endplate, the endplate yields 

extensively prior to fracture of any connection component. An endplate may also 

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

bolt or weld fractures. 

 

 

1.5 THE CLASSIFICATION  OF CONNECTIONS  

 

 

(a) Strength classification (b) Stiffness classification 

Figure 1.4 ï The classification of joints in Eurocode 3 
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In Eurocode 3 (Eurocode 3, 2005), joints are classified in terms of stiffness or 

strength. The joint stiffness criterion ï pinned, rigid or semi-rigid - is applicable to 

elastic frame analyses, while the strength criterion ï pinned, full-strength or 

partial-strength - is applicable to a rigid plastic frame analysis. If the frame 

analysis is elastic-plastic, a combination of both stiffness and strength is required 

for joint classification. 

 

Ç Strength: Connections may be full-strength, partial-strength or nominally 

pinned. A full strength beam-to-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 design moment. Thus, a joint is full-

strength if the joint design moment resistance Mj,Rd Ó the lesser of the beam 

plastic resistance moment capacity and the column plastic resistance moment 

capacity. Where the column continues to the floor above the joint, the column 

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 connection lies between those two limits i.e. it transmits between 100 

- 25% of the full-strength criterion. This is illustrated in Figure 1.4 (a). 

 

Ç Stiffness or rigidity:  A connection is classified as rigid, semi-rigid or 

nominally pinned depending on the initial rotational stiffness Sj,ini. Sj,ini is the 

slope of the initial portion of the moment-rotation curve where the connection 

still behaves elastically. For a braced non-sway frame, a joint is considered 

rigid if Sj,ini Ó 8EIb/Lb. The corresponding limit for an unbraced frame or a 

sway frame is 25EIb/Lb. Ib and Lb refer to the beam second moment of area 

and span, and non-sway braced frames are those where the bracing reduces the 

horizontal displacement by more than 80%. In relation to stiffness, a joint is 

considered pinned if the initial stiffness Sj,ini Ò 0.5EIb/Lb. This applies to both 

sway and non-sway frames. Semi-rigid joints are defined as all joints falling 

between the limits for rigid and pinned joints (Figure 1.4b). 
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Ç Ductility or rotation capacity: Eurocode 3 (2005) does not classify joints in 

terms of rotation capacity. The rotation capacity of the joint is not calculated 

directly for extended endplates, but instead rules-of-thumb are given for 

situations where the rotation capacity may be assumed satisfactory. Following 

Surtees & Mann (1970) and Bose & Hughes (1995), this thesis assumes that 

any connection achieving a rotation of 30 x 10
-3

 radians is sufficiently ductile 

for global plastic analysis. This forms therefore, a ólimit stateô threshold for 

ductility. Connections achieving lower rotations than this will be regarded as 

non-ductile. In current 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 Class 1. This 

definition of a ductile connection implies that the need for a Class 1 section 

can be relaxed if the connection is ductile (achieves a rotation of 30 x 10
-3

 

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 bolts ï two in the flush region and two in the 

extended region ï 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 load. 

 

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

dynamic, cyclic and seismic loads.
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2. LITERATURE REVIEW  

 

Previous investigations of extended endplate behaviour are reviewed in this 

chapter. For consistency and ease of reference, a uniform notation is used 

throughout the thesis rather than the original symbols used by the respective 

authors. This uniform notation is based on Part 1-8 of Eurocode 3 (Eurocode 3, 

2005) and on SCI (1995). Each symbol is defined at the first point of usage. 

 

2.1 EARLY EXTENDED ENDPLATE MODELS  

 

2.1.1 Sherbourneôs 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 optimum economy 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 moment MP of the beam, with 

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

In other words, he wanted a model to design full-strength and ductile extended 

endplate connections. 

 

Figure 2.1 ï Sherbourneôs fixed-ended beam model  
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Sherbourne tested five extended endplate connections with varying thickness from 

approximately 19mm (¾") to 32mm (1¼"). 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 

spanning from 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 fixed-ended beam, with plastic hinges forming 

at the extended and flush bolt lines, and at the endplate-to-beam 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 p1, the endplate width bp, and the endplate thickness tp. b 

and tf are the breadth and thickness respectively of the beam flange, and fy is the 

material yield stress for both the beam flange and endplate.  

 

The resulting equation (Sherbourne, 1961) is: 
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in which fybtf on the left hand side represents the force required to cause yielding 

of the beam tension flange. Thus, the left hand side is the theoretical collapse load 

(plastic beam theory) for a fixed-ended beam with span p1 and a central 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 stress (fy on the left) is taken equal to the endplate yield 

stress (fy on the right), so that the equation can be simplified to: 
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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 



 12 

and to be fully loaded (proof or yield load) at the same time as the beam tension 

flange. Hence the bolt thread area As is given by: 

yb

yf
s

f

f
.

4

bt
A =  

where fyb is the proof stress for the bolts. 

 

Thus, the bolts yield as the plate plastic hinge is formed. 

 

It seems then that Sherbourneôs model is essentially a one-dimensional plastic 

beam model assuming double curvature in both the extended and flush regions. 

This is illustrated by the longitudinal profile of the endplate in Figure 2.1. Since 

the flush and 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 tee-stub (though Sherbourne did not use that term). The use of a 

simple plastic hinge implies a rigid-perfectly 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. However, he made no attempt to account for this in 

the model formulated. Neither did he make any mention of prying forces in the 

bolts.  

 

A criticism of Sherbourneôs model is that it can seriously underestimate the flange 

tension force at the plastic moment Mp of the beam, since it is quite evident that 

the maximum tension force at Mp may greatly exceed the force fy.btf 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 beyond the 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 be full-strength, Sherbourne 

recognised the value of designing the connection to fail inelastically rather than 

the beam end, so that he was really catering for a partial-strength connection. As 
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such, he correctly stressed the need for the connection to develop adequate 

ductility, but did not attempt to model or predict 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 single-sided extended 

endplate connections of varied endplate thickness, including 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.  
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Figure 2.2 ï Yield-line mechanism adopted in Surtees & Mann (1970) 
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endplate due to the presence of the web. In their model, they assumed the flush 

yield-lines to extend a distance of 0.5df, where df is as shown in Figure 2.2. This 

would imply that the óneutral axisô for bending of the endplate is at that depth.  

 

They recorded carbon-backed imprints of the endplate-column contact surface 

during tests, which showed indeed that the 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 equations for obtaining the endplate thickness and the 

bolt sizes. Sherbourneôs model served as their point of departure, but they omitted 

the shear modification in the expression for Mp in Sherbourneôs equation for 

endplate thickness. They also calculated the maximum tension force as the ratio 

Mp/df rather than equating it to the beam flange tension capacity at yield. df is the 

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

beam tension flange thickness tf. The most radical difference however was that 

Surtees and Mann based the internal moment of resistance on a plate yield-line 

mechanism rather than on Sherbourneôs beam analysis, though they still assumed 

the extended bolts to restrain the endplate completely. Thus, they effectively 

treated the extended region as half of a fixed-ended beam.  

 

Their resulting equation (Surtees & Mann, 1970) for endplate thickness tp was: 
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where df is the depth between centres of the beam flanges and p2 is the bolt gauge 

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

than Sherbourneôs.  A second radical change in Surtees & Mann from 

Sherbourneôs proposals was that they considered the possibility of prying action, 

catering for this with an empirical 30% increase in the bolt load. Thus, the bolts 

are to be sized for a force P, where: 
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However, they also recommended that this bolt load be equated to the ultimate 

tensile capacity of the bolt rather than the proof load as suggested by Sherbourne. 

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

Sherbourneôs model. The adoption of an ultimate criterion was considered better 

as it leads to an earlier redistribution of forces between the tension bolt rows.  

 

Surtees & Mann (1970) demonstrated that a connection rotation of 30 x 10
-3

 

radians is a reasonable value for the required connection rotation for plastic 

analysis of a structure failing in a beam mechanism. That value is therefore 

adopted in this thesis as the limit value for the ductile ï non-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 this research was based on 

an analogy between the extended region of the endplate and tee-stubs, since it is 

easier to conceptualise and estimate prying action with tee-stubs.  

 

 

 

 

 

 

 

 

 

(a) Idealisation of tension region as 

a tee-stub. 

 (b) Enlarged view of ótee-stubô, in flexure 

under load. Flange force is 2F, prying 

force is Q, and bolt force is P. 

Figure 2.3 ï The tee-stub 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 like a tee profile with four bolts placed 

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

 

2.2.1 Douty & McGuire  

 

In the United States, Douty & McGuireôs investigation at Cornell University 

(Douty & McGuire, 1965) was initially into tee-stub connections. However, they 

recognised the close resemblance between the tee-stub and the tension part of the 

extended endplate, and drew an analogy between both connections. Their tee-stub 

model led to the computation of the prying force in the extended bolt ï either 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. This is shown in Figure 2.4. 

Figure 2.4 ï Conceptualising a tee stub as a simply supported beam 

 

The semi-empirical prying force Q at ultimate load was given by Douty & 
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in which Q is the prying force, and bp and tp are the width and thickness 

respectively of the endplate. The end distance ex for the extended bolt row, and 

the effective distance mx between the extended bolts and the weld line, are as 

shown in Figure 2.3. As is the bolt effective area and Fu is 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 endplate (or tee-stub flange) 

thickness was then checked to ensure that the maximum bending stress does not 

exceed the plastic value of 4Mp/tp
2
, 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 about the bolt 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 Mp either at the bolt line or the weld line, or at both. 

 

Like Sherbourne in England, Douty & McGuire (1965) were essentially applying 

a one-dimensional yield mechanism model, assuming double-curvature bending in 

the inelastic phase - though Douty & McGuire did not include Sherbourneôs 

modification of the plastic 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 would occur when the bolt-line and 

weld line moments are both at Mp so that a mechanism forms. Douty & McGuire 

pointed out that much higher endplate (or flange) moments than Mp were 

observed in practice, and this was thought to be due to strain hardening. However, 

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 tee-stub flange ï one in which the two tee-stubs separated 

before yielding of the flange set in, and a second where yielding took place before 

the stubs separated, so that a mechanism formed. These are shown in Figure 2.5. 

They considered the first a condition to be avoided as it led to óthickô endplates, 

and their aim was for the connection to fail in the second mode as a óthinô 

endplate. 

 

 

 (a) Tee-stubs separate first   (b) Tee-stubs yield first 

Figure 2.5 ï Tee-stub failure modes in Douty & McGuire (1965) 

 

2.2.2 Nair, Birkemoe & Munse 

 

Nair et al (1974) investigated the sensitivity of prying action in tee-stubs to 

changes in the bolt pitch and the end distance, and also considered the effect of 

cyclic fatigue loads. They found that the prying forces 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 a 2-dimensional FEA study of the connection to further 

study the parameters. Based on the FEA results, a semi-empirical 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 the tee-stub flange, 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 Q (Nair et al,1974) would be obtained from: 
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In this equation, ß is an empirically-derived constant for a given endplate yield 

stress and bolt type, bp and tp are the width and thickness respectively of the plate, 

and d is the bolt diameter. P is the bolt force from the flange loading only, and ex 

is the end distance from the bolt line to the edge of the tee flange, measured 

perpendicular to the web. Q, P and ex are as illustrated in Figure 2.3. The distance 

p1 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 load Pu per bolt is calculated as: 
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where Fub is the ultimate capacity of each bolt in tension. 

 

An obvious drawback of this model is that it is based on bolt failure as the critical 

failure mode, and this brittle failure 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 full-strength connection. The research 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 of tee-stubs and beam-

to-beam endplate connections, in which the 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 initial yielding 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 force - the prying force 

dropping as a result of reduced stiffness from the endplate yielding. He therefore 

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 the tee-stub as a simply supported 

beam spanning across the flange ends, 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 & McGuire. For 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 supported 

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 intermediate between the two considered by Douty & McGuire (1965). 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 the tee-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 approaches or exceeds the yield moment 

My.  This is probably why Agerskov defined failure as the onset of yielding on the 

weld line. Nevertheless his model is conceived as an elastic one rather than a 

plastic one (in terms of the connection components) and so there is 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 and Surtees and Mann, 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 Agerskov, who 

concentrated more on tee-stubs and the tee-stub 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 simple rules of thumb, while the latter group went to considerable trouble to 

calculate the prying forces exactly on tee-stubs. The prying action assumptions for 

tee-stubs were then óextrapolatedô to extended endplates. 

 

A fundamental difference between Sherbourne, Surtees 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 endplate was the goal. 

The prying force researchers were more in a working load paradigm, though 

trying to account for ultimate load conditions. Douty & 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 mechanism in the endplate was the 

fundamental starting point - and 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 calculate the bolt line moment. There is 

therefore also no need to investigate beyond the area bounded by the weld line 

and the bolt line in the extended region.  
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Of course, Sherbourneôs approach is only valid if the endplate is thin enough to 

allow the endplate to yield sufficiently on the bolt line (see the two failure modes 

identified by Douty & McGuire). Moreover, the assumption of a plastic hinge at 

the bolt line is only feasible at ultimate load. If  the behaviour at working loads is 

considered important (in order to assess initial stiffness and limit deflections, or to 

allow a semi-continuous analysis of the frame) then a model that includes the 

prying force may be more appropriate. In the prying force literature, all these 

researchers showed experimentally that the moment on the bolt lines may not 

reach Mp under certain conditions, which would invalidate the assumptions of 

Sherbourne and Surtees and Mann. This implies that there is more than one failure 

mechanism. It would seem that the failure mechanism is linked to how thin the 

endplate is and how strong the bolts are. Thus, the important questions at this 

stage were to determine the conditions under which the bolt line moment will 

attain Mp, and the conditions under which the weld line moment remains at Mp or 

increases through strain hardening. A third question of interest prompted by 

Surtees & Mannôs yield-line pattern is whether or not a tee-stub 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 researchers were emphasising the effects of column deformation in their 

investigations. The next three papers reviewed made major contributions in 

assessing the column flange deformation.  

 

2.3.1 Zoetemeijerôs Work at Delft 

 

Zoetemeijer (1974) reported on a detailed investigation of tee-stub connections in 

which the connections are initially symmetrical about the contact surface of each 

individual tee-stub. His model of the tee-stub flange was a one-dimensional 

collapse analysis, idealized as a simply supported beam with a plastic hinge of 

magnitude Mp at the weld line, and with a second plastic hinge possibly 
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developing at the bolt line. He considered two possible patterns of failure ï 

collapse Mechanism A in which the bolt line plastic hinge does not develop 

(although the 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 tee-stub flange. Thus, Mechanism A is similar to Agerskovôs 

(1976) failure mode. Douty & McGuireôs (1965) first mode is 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 equilibrium of the forces on the tee-stub, 

Zoetemeijer found that at one extreme when the prying force is zero (collapse 

Mechanism A ï Douty & McGuire, 1965), then: 

y

u

pu
bf

mT
2tMmT =Ý=³    Eqn 2.8 

where m = p1/2 (half the bolt pitch) and b is the width of the tee-stub. Tu is the 

ultimate tension load on half of the tee-stub and t is the tee-stub thickness. 

 

At the other extreme, when the prying force is at a maximum (collapse 

Mechanism B), then: 
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bf
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41.1tMMmT =Ý¡+=³   Eqn 2.9 

The first equation corresponds to the 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 diameter. (Mp and Mp' are plastic 

moments at the weld and bolt lines respectively). In the first case bolt diameter is 

obtained from ɆFub  Ò T, but in the latter from ɆFub Ó  T + Mp/e - where Fub is the 

ultimate capacity of a bolt and e is the edge distance to the edge about 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 plate and beam geometry. He also demonstrated that larger (stronger) 
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bolts combined with thin plates are required to develop Mp in the 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, the two conditions to 

be satisfied (Zoetemeijer, 1974) are: 

( ) pubu MeTFmT ¢-ä-³  where ( ) 0TFub ²-ä  else ubFT ä=  if bolt fracture 

is the determining factor, and 

ppu MMmT ¡+¢³  if excessive plate deformation is the determining factor.  

 

When a tee-stub 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 second tee-stub, this second tee-stub 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.  

Figure 2.6 ï Zoetemeijerôs parameters  

 

Nevertheless, Zoetemeijer showed that these equations could be applied to the 

column flange and the tee-stub independently, to obtain separate values for the 

limiting value of Tu for a mechanism to form. The mechanism would form first in 
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whichever component has the more flexible flange ï the column or the tee-stub. 

Thus, the flange with the lower value of Tu would be the critical one for failure.  

 

The column flange is always wider than the tee-stub flange, and this raised a 

question about what would be an acceptable value for e (now the edge distance 

from the bolt holes on the column flange) to use in the above equation. The 

assumption that prying would take place at the edge of the tee-stub parallel to the 

column flange edge dictated that that distance be used to mark e. Zoetemeijer 

suggested that e should not be taken as greater than 1.25m. To distinguish e in the 

equations from the actual edge distance, the edge distance was denoted e' (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 of the web but minus 0.8r. 

 

To apply his two equations above to column flanges, Zoetemeijer needed to 

calculate Mp for the column flange. This required a decision as to what length of 

the column was actually yielding. He used the concept of a participating or 

óeffective lengthô of column flange, which was decided by energy considerations 

from studying the yield-line mechanisms for collapse of the column flange.  

 

Figure 2.7 ï Zoetemeijer (1974)ôs column flange collapse mechanisms 

 

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

which he tagged Mechanism I and II. Mechanism I was analogous to Mechanism 
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A in the tee-stub and resulted in bolt fracture. Mechanism II was analogous to 

Mechanism B in the tee-stub and resulted in excessive deformation of the column 

flange. The resulting participating column length he proposed was a value of: 

Participating length = p1 + 4m + 1.25e' 

where p1 is the bolt pitch. This participating length is then multiplied by the 

plastic moment per unit length to obtain Mp. 

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 of backing plates, though the plastic moment per unit length would 

change on some of the yield-lines. 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 Zoetemeijer (1974) and 

concentrated on the column flange deformation, also assuming that shear 

deformations were negligible. They separated Zoetemeijerôs tee-stub Mechanism 

A into two failure modes. Thus, their own Mechanism A was for really thick tee-

stubs where there is no tee-stub yielding at all, and the bolts fail in fracture. Their 

Mechanism B was then the case where the tee-stub flange yields along the weld 

line but not the bolt line, and then the bolts fracture. Finally, the case where both 

weld line and bolt line yield, and the tee-stub collapses, was referred to as 

Mechanism C. The equation for Mechanism A was that:  

Bolt ultimate capacity = the total tension force divided by 4 i.e. Fub = T/2 = F/4.  

For Mechanisms B and C they retained the tee-stub equations proposed by 

Zoetemeijer. 

 

In applying the equations for Mechanisms B and C to column flanges (referred to 

as Mechanisms I and II respectively by Zoetemeijer), Packer & Morris adopted 

circular yield-lines 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 

they obtained the equation: 

( ){ } ( )em(/eF2em/p5.014.3ftT2F ub1yc

2

fc +Ö+++Ö==   Eqn 2.10 

where p1 is the vertical bolt pitch, and tfc and fyc are the thickness and yield 

strength respectively for the column flange. They suggested Fub could be 

multiplied by 0.8 to provide a safety factor against undesirable bolt fracture.  

 

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

several yield-line patterns. In a further refinement to Zoetemeijerôs proposals, 

Packer & Morris also investigated yield patterns for a column flange 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 of the column flange, 

limiting their studies to unstiffened flanges and using finite element analyses 

rather than yield-lines. 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 displacement d was given in inches 

(Tarpy & Cardinal, 1981)  as: 
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where D  = beam depth    tfc = column flange thickness 

 p2  = gage     bfc  = column flange width 

 p1   = pitch    M  = applied beam end moment 

 tp  = endplate thickness   

  

In the equation for d 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 could then 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 endplates (tp = 1.5tfc), the column flange was the stronger bending 

element, while with thick endplates (tp = 4tfc), the endplate was stronger.  

 

2.3.4 Discussion of the Column Flange Studies 

 

Zoetemeijerôs paper provides a means of differentiating between three failure 

modes in tee-stubs (and by inference, in endplates), and he also shows how these 

tee-stub failure modes can interact with the column flange thickness. He 

introduced the very important concept of a participating length for the column 

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

also showed that the tee-stub/endplate and the column flange could in fact be 

analysed separately, though using the same principles.  

 

Zoetemeijer showed a relationship between óthinô and óthickô endplate behaviour, 

and the bolt size/ strength. In order for the connection to fail by excessive endplate 

yielding and deformation, and so be óthinô, larger and stronger bolts are required. 

 

Packer & Morris extended this by analysing several yield-line patterns for column 

flanges and defining participating lengths for these. Interestingly 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 tee-stub tests that failed by the same mechanism. Their use of 

Zoetemeijerôs equations led to a consistent overestimate of connection strength for 

the extended endplate, but to a consistent underestimate for the tee-stubs. Thus, 

they concluded that thin endplate behaviour is not quite analogous to tee-stub 

behaviour, though Zoetemeijerôs equation led to better predictions than any of the 

other models available to them such as Surtees and Mannôs. Their measurements 

of bolt forces indicated that the value of M'p/3df suggested by Surtees and Mann, 
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and which includes 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 magnitude of the prying forces depends on the relative 

óthicknessô of the endplate compared to the column flange. Tarpy and Cardinal 

confirmed this interaction using a different approach. The column flange 

behaviour is affected by the presence of stiffeners as shown by Packer & Morris.  

 

At this stage in the review, it is clear from Packer & Morris that there are three 

failure modes in endplates ï one of which is the óthinô endplate behaviour. The 

other two modes (intermediate ï bolt fracture after endplate yielding, and óthickô ï 

bolt fracture prior to endplate yielding) are undesirable from the viewpoint of 

ductility since they involve the brittle failure of bolts. It is also clear that an 

endplate is óthinô in relation not only to its own thickness, but also in relation to 

the bolt size/strength and the column flange thickness. Clearly also, the tee-stub 

analogy is not really applicable to óthinô endplates in which the flush region 

exhibits complex bending behaviour. The presence of strain-hardening in óthinô 

endplates has been acknowledged by several researchers (leading to different 

plastic moments on the weld and bolt lines), but has not been accounted for. The 

column flange and endplate can be óuncoupledô from each other and analysed 

separately at the ultimate limit state. The elastic behaviour of the endplate and the 

column flange are linked together via prying forces, but this is de-emphasised 

once either component has formed a yield mechanism. 

 

2.4 EXTENDED ENDPLATE STUDIES IN THE EIGHTIES  

 

2.4.1 Krishnamurthyôs Finite Element Studies 

 

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 region differed 

from Sherbourneôs model in that the force transferred to the extended region is not 

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 

analyses showed that the extended region typically accounted for between 30 ï 

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 the tension flange. 

 

Sherbourne had assumed that the tension bolts in the extended region would 

restrain the plate completely and so modelled it as a fixed-ended beam. That 

meant that at collapse the point of inflexion in the endplate moment diagram 

would be halfway between the weld and bolt lines if the maximum moment is Mp 

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 so that 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 itself. (He also showed 

that the weld line position is approximately at the toe of the beam tension flange 

to endplate fillet weld, rather than at the face of the flange). Thus, by allowing the 

inflexion point to shift, he was catering for the possibility of a different failure 

mechanism such as Packer & Morrisô Mechanism B, in which the weld line 

moment is Mp but the bolt line moment < Mp. 

 

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 bulbs. On the basis of these observations, he proposed that the 

moment for which the endplate is sized, i.e. the design moment Md, could be 

considered a modification of the theoretical moment Mt for a fixed-ended beam 

with concentrated loads resisting half the flange force, as follows: 

t321tmd MCCCMM =a=  
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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 non-concentrated 

loads), and are all summarized in the Ŭ coefficient. Krishnamurthy was unable to 

suggest a physical approach for modeling these coefficients directly, and resorted 

to a regression analysis of the FEA generated results. Based on the statistical 

analysis, Krishnamurthy (1978) came up with the following formula for the plate 

design moment (the moment at the weld line): 
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  Eqn 2.12 

In this equation, fp and fy are the working and ultimate stresses in the endplate, 

while fbt and fbu are the corresponding working and ultimate values for the bolt. b 

and bp are the beam flange and plate widths respectively, and Af and Aw are the 

areas of the beam flange and beam web. The nominal bolt diameter is d and mx is 

the effective span (between the bolt and weld lines), taken as pe = pf ï 0.25d ï swf. 

pf is the distance from the bolt centre-line to the face of the flange, and swf is the 

throat size of the fillet weld. These parameters are shown in Figure 2.8. 

 

According to Krishnamurthy, the design moment obtained by the above equation 

could be used 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 the total flange force by the total number of tension 

bolts. The effective plate width was restricted to the maximum value obtained by 

assuming a 45-degree dispersion from the flange-to-plate weld toe. Thus, bp could 

not be taken as greater than b + 2(pf - swf). 
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While Krishnamurthyôs model adds valuable information to the body of work on 

extended endplates, it is an empirical model and thus the key parameters have no 

physical meaning such as would aid conceptual understanding of the connection 

behaviour. The use 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 when the connection will fail in one mode or the other. 

Figure 2.8 ï 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 happens. His work also shows 

that the tee-stub 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 yield failure 

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 significantly. Moreover, his insight into the shift 
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in the inflexion point provides a reasonable explanation for Zoetemeijerôs 

observation that the moments can differ on the bolt and weld lines. 

 

In Krishnamurthy & Oswalt (1981), the 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 been modelled previously in the FEA 

analyses of the earlier work and there was a consistent underestimate 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 

equation 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: 
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where fb is the extreme fibre stress in the beam, tp is the endplate thickness, and ab 

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 previous equations for Md and ɗ. This was solved by changing the equation 

for the effective bolt (vertical) pitch, pe, so that: 

per = pf ï0.125d ï 0.5 swf, and  Eqn 2.14 

pem = pf ï0.25d ï 0.707swf 

where the subscripts r and m denote different values for the rotation and moment 

equations, and swf is the weld size. They suggested that it would be easier to use a 

single value for pe and that pem would then be more appropriate. 

 

2.4.2 Kennedyôs Split Tee Analogy 

 

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 tee-stub ï the so-called ñsplit-tee analogyò. Kennedy and his co-

investigators follow Packer and Morris (1977) in considering three failure 

mechanisms in the tee-stub ï the óthickô endplate which fails by bolt fracture and 

no endplate yielding; the óthinô endplate 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 Packer and Morris however, Kennedy et al conceived of 

these three endplate types, not simply as fixed failure mechanisms, but also as 

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

to another, at different levels of loading. 

 

Kennedy et alôs conceptualisation of the endplate load level is that initially the 

loads are low and so every endplate is effectively behaving as though it is thick 

i.e. no yielding and very low prying forces ï assumed zero. As the load increases, 

if the bolts are 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 line, 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 words ñfor 

ideal design the end plate should be thick under service loads, intermediate under 

factored loads and function as a thin plate at ultimate load.ò 

 

In the model presented by these authors, the transition from one behaviour mode 

to the other was dictated by the endplate thickness for a given geometry. Thus, for 

a thick plate, the endplate thickness tp is set at t1 the óthickô behaviour cut-off 

point, where t1 is given by: 
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In this equation:  
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b, tf and fyf are the width, thickness and yield stress respectively, of the beam 

flange; pf is the distance from the bolt line to the face of the beam flange;  

bp is the endplate width, and  

fy  is the endplate yield stress.  

The first exact equation for t1 has to be solved iteratively but the second provides 

a quick approximation. The beam flange force is set at its elastic limit Fmax 

(Kennedy et al, 1981), where 
2

fbt
F

yff

max=  

When the endplate thickness tp exceeds t1, the endplate cannot yield before the 

beam flange force exceeds Fmax, so the endplate fails in the óthickô mode and the 

prying force Q is zero. 

 

Kennedy et al also defined a óthinô behaviour cut-off when the endplate thickness 

is t11, such that: 
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  Eqn 2.16 

where db is the bolt diameter and bp' is the endplate width minus the 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 at Mp, but with the bolt line moment 

(width) reduced for the bolt holes. Thus, while the endplate width at the weld line 

is bp, the width at the boltholes is taken as bp'. In their formulation of Mp, a shear 
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correction is included as in Sherbourne (1961).  The equilibrium equation includes 

the resisting moment of the bolt Mb, where 
32
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When the endplate thickness tp is less than t11, the endplate is óthinô at ultimate 

load and the prying force is at its maximum value, Qmax. The value of Qmax is 

given by: 
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in which ex 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 as Fmax. The authors 

placed a limit on ex, such that 2db ¢ ex ¢ 3db. 

 

For intermediate plates, t1 ¢ tp ¢ t11, the maximum value of the reduced prying 

force Q'max is taken to occur when F = Fmax, and is then given by: 
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The bolt is sized to be stronger than (F+Q')max to achieve ductile failure. 

 

The approach of Kennedy et al (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 modes in the endplate load level rather than simply failure 

modes. Moreover, Kennedy et al include the bolt resisting moment Mb and a shear 

adjustment for Mp.  The work by Kennedy et al highlights the fact that the 

endplate behaviour is in relation to the applied load on the connection, but fails to 

emphasise the possibility that under certain conditions an endplate cannot 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 (1981) are that at both the endplate thick and 

thin limits, Fmax is taken to be the elastic limit of the flange force. A óthinô 

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

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

of a prying force in analysing a óthinô endplate is unnecessary. Secondly, the split-

tee analogy ignores the fact that the flush region may not really behave in the 

same manner as the extended region.  Finally the strain hardening of the weld line 

and bolt line is ignored.  

 

2.4.3 Murrayôs Research at Virginia Polytechnic 

 

Murray and his co-investigators at Virginia Polytechnic have adapted the work of 

Kennedy et al into a design model (Abel & Murray, 1992). They use the yield-line 

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 al (1981) 

equations, with the prying force assumed to be located at a distance a from the 

bolt centreline, where a is given as: 
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This equation, which was empirically obtained, relates the distance 'a' to the 

endplate thickness and the bolt diameter. All dimensions 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 Other Relevant Models 

 

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

on Sherbourneôs model, suitable for different variations of the extended endplate 
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connection. The bolts were sized as in Surtees & Mann (1970) but with a twenty 

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 for an elastic rather than a plastic failure criterion.  

 

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

For unstiffened flanges they used a participating length concept as introduced by 

Zoetemeijer, and for transversely stiffened flanges they suggested a plastic 

interaction formula. Unfortunately, they only reported two connection 

experiments, and these experiments 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 endplate-to-beam-web weld in the tension zone. 

They pointed out quite correctly that this showed a failure in Sherbourneôs model 

to consider compatibility of deformation between the beam flange and web.  

 

Bahia et al (1981) tested 4 tee-stubs and 12 extended endplate connections. In 

their tee-stub 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 Mp. Thus, they corroborated the findings of Agerskov, also on tee-

stubs. Bahia et al hypothesized that the out-of-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 dimension mx (the distance between bolt line and weld line), or 

by increasing the resistance 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 basis that their observations of the deformed endplate shape did 

not support a reduction in mx. They 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 further, Bahia 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 same as the span from the bolt line 

on one side of the tee-stub 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 moments much higher than 

theoretically predicted. For a typical value of a plate thickness of 15,9 mm, the 

hinge formed at 2.2Mp ï the difference was considered to be due to strain 

hardening. Bahia et al (1981) suggested therefore that the load-deflection curve 

could be represented as a bi-linear curve with the strain-hardening moment of 

resistance mph at the discontinuity being empirically determined to be: 
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In this formula, mp is the unit width theoretical plastic moment of resistance, l 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 force in tee stubs from similar 

considerations as Douty & McGuire (1965). Based on the prying force formula 

and the above expression for strain hardening moment, and defining failure of a 

component as the point at which its load-deformation curve ceases to be linear, 

they established equations for the maximum moment at the weld line in the 

endplate and for the equivalent moment 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 discontinuity. The 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 moment as at ultimate 

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

deformation becomes non-linear). 

 

Bahia et alôs study is particularly interesting as it includes an attempt to explicitly 

cater for the strain hardening effect at the weld line. It uses Douty & McGuireôs 
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(1965) prying force formula as the departure point but adopts the moment of 

resistance mph for the weld line, rather than mp. This model is much more 

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

as in Zoetemeijer (1974) for example. But there are questions as to the limits of 

applicability of Douty & McGuireôs formula, which is based on the initial elastic 

deformation of the endplate around the bolts due to the bolt pretension, and which 

also includes the initial bolt elongations. Moreover, Douty & McGuireôs formula 

is semi-empirical. A further criticism is that the formula for mph is empirical and 

does not consider the material strength; moreover the simple-support span tests 

used to determine mph were inconsistent with the assumptions made by Douty & 

McGuire regarding spanning across the tee-stub flange edges. Their value for mx 

does not take the effect of the weld into account as Krishnamurthy does. In 

accordance with classical mechanics, their simply-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 possibility of strain hardening on the bolt line was not 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 strain-hardens. They are 

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 

contributor. However, any strain hardening effects would be masked and included 

in his regression-analysis-derived coefficients. Krishnamurthy, Agerskov and 

Bahia et al were all implicitly considering a mechanism in which the bolts 

fractured after yielding of the weld line but before yielding of the bolt line. This 

differs from the thin endplate behaviour revealed by Zoetemeijer (1974). 

 

Bahia et al focused on tee-stubs, and ignored the weld effect on the effective span 

between weld and bolt lines, but they clearly demonstrated 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 & Melchersô Moment-Rotation Model 

Some early researchers had been working on including the connection non-

linearity into non-linear frame analyses. For such researchers, the emphasis was 

not on the connection proportions but on correctly modelling the connection 

moment-rotation characteristic, and preferably in a manner amenable to easy 

inclusion in a frame analysis. Thus, some of the initial research developed 

mathematical expressions for the moment-rotation curves of specific connections, 

by fitting polynomials (Frye & Morris, 1975) or power functions (Krishnamurthy 

et al, 1979 for example), to experimental data. The problems with such attempts 

are that there is often a wide variation in test connections, the parameters in fitted 

polynomials typically have no physical meaning, and the moment-rotation curves 

therefore cannot be adjusted for changes in connection geometry and layout. 

 

Yee and Melchers (1986) proposed a mathematical model for extended endplate 

moment-rotation curves, in which the moment M and the rotation ɗ at a point in 

the curve are related by the expression: 
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where Mp is the maximum moment transferred by the connection before strain-

hardening sets in, Ki is the tangential initial stiffness of the moment-rotation 

curve, and Kp is 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 2.9. 

 

In order to determine the moment Mp, Yee 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 behave non-linearly. The failure modes 

were: 
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Ç Bolt failure in tension 

Ç Formation of an endplate plastic mechanism 

Ç Formation of the column flange plastic mechanism 

Ç Shear yielding of the column web 

Ç Web buckling, and 

Ç Web crippling 

 

 

Figure 2.9 ï Physical Parameters in Yee & Melchers (1986) 

 

Their model for determining the endplate 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). 

 

To evaluate Ki and Kp, Yee and Melchers suggested a óby componentsô approach, 

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 parts ï endplate and column flange 

flexure, bolt extension, 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 contributions, 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 and 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 Agerskov, for establishing M and ɗ, were directly based on the 

geometry of the connection. A really interesting aspect was the use of the 

ócomponentsô approach, in which they demonstrated the usefulness of summing 

up deflections to obtain the connection stiffness. Unfortunately however, their 

model still included the non-physical 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 model that was based on moment-

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

extension beyond the beam tension flange ï see Section 1.3), rather than extended 

endplates, but it is mentioned here because of certain similarities to Yee and 

Melchersô proposals. Jenkins et al suggested a bi-linear moment-rotation curve 

defined by three points ï the origin, the point at the end of the linear elastic 

section, and the óultimateô point at the onset of strain hardening. They also applied 

a óby componentsô approach, considering endplate flexure, column flange flexure 

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 connection 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 sections and for different 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 experimental 

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 Co-investigators 

 

Zandonini and Zanon (1988) reported on a study at the University of Trento, in 

which they tested 10 extended endplate connections ï five were extended on one 

side only and the other five on both sides. The Trento researchers approached the 

problem of characterizing the moment-rotation curve from the same premise as 

Yee and Melchers (1986), 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 connection ï endplate and bolts - and the beam end. 

Bolting the endplate to a very rigid counter-beam eliminated the column flange 

contribution. 

 

Zandonini and Zanon took measurements of deflections at three points: 

¶ Deflections of the endplate at the levels of the beam flanges. 

¶ Deflections of the tension bolt heads away from the counter-beam, and 

¶ 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.  

Figure 2.10 ï Parameters Characterizing Moment-Rotation 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 ï nevertheless 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 contribution negligible. 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 several 

important conclusions about the behaviour of the connection as follows: The 

initial pretension force in the bolts (snug-tight ï set at 40% of the boltôs nominal 

yield strength) tended to disappear after a few loading cycles. This was thought to 

be due to the fact that the washers deformed plastically. (It could 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 Zanon.) The consequence of this 

was that the initial stiffness of the elastic part of the moment-rotation curve was 

consistently much higher in the first loading cycle than in subsequent cycles. This 

is illustrated in Figure 2.10, in which the M-ű curve for subsequent loading cycles 

is shown superimposed on the M-ű curve for the first load cycle. The elastic 

stiffness of the first cycle is Ki, while that for subsequent cycles is Ki,red. The 

stiffness of the strain-hardening part of the curve is shown as Kst.  

 

Secondly, Zandonini and Zanon found that there was 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 thinner endplates.  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, 

Zandonini and Zanon rejected the tee-stub 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 

moment-rotation curve would be to establish the five parameters ki, ki,red, kst, Me 

and Mp shown in Figure 2.10. Thus, they would have a benchmark against which 

to compare the predictions of any analytical model of the connection moment-

rotation curve. Me is the connection moment at the limit of elastic behaviour on 

the first loading cycle, and Mp is the connection moment when the connection is 

fully plastic. In order to determine Mp on their experimentally-obtained curves (to 

facilitate comparison with later-to-be-developed analytical curves), they initially 

suggested that Mp be defined as the average point between the intersection of the 

kst and ki lines and the intersection of the kst and ki,red lines (see Figure 2.10). 

Zandonini and Zanon (1988) suggested further research to establish mechanical 

models for determining these five parameters analytically.  

 

 

 

Figure 2.11 ï Moment-Rotation Parameters in Tri-linear Representation 

(Bernuzzi et al, 1991) 

 

In Bernuzzi et al (1991), Zandonini and his colleagues continued to examine the 

same data from their experiments. However, they changed their approach to the 

evaluation of moment-rotation parameters from experimental data. They now 

suggested a tri-linear representation as shown in Figure 2.11, with an initial elastic 
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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 moment-rotation curve from experimental data now 

became dependent on the determination of the strength parameters Me, Mp and 

Mu, and the stiffness parameters Ke,i, Ke,r and Kp. Bernuzzi et al determined these 

parameters from their test results, using linear regression to establish the locations 

of the three lines in the tri-linear representation. The slopes of the lines were then 

obtained from the regression analyses, and the values of Me and Mp were obtained 

from the intersections of the lines; Mu was measured directly in each test. 

 

The development of the analytical models for estimating these parameters was 

based on yield-line analyses of the endplate. In order to better understand the 

endplate behaviour, Bernuzzi et al described a photogrammetric 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 endplate. Like 

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 bolt-line and adjacent to the weld-line. The flush region 

however was clearly more complex, and resembled a partially circular pattern as 

shown in Figure 2.12  

 

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 rotation for the 

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 assumed to be at a point halfway along the depth of the beam. 

Bernuzzi et alôs Mechanism A is shown in Figure 2.13. A second difference was 

that Bernuzzi et al took the extended region bolt yield-line as eccentric to the 

bolthole axis by a quarter of the bolt diameter.  
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Figure 2.12 ï 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 yield-line was in the extended region along the weld. 

 

 

Figure 2.13 ï Mechanism A in Bernuzzi et al (1991) 

 

In order to validate the mechanisms assumed, Bernuzzi et al calculated the Mp 

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

mechanisms. They found that for the 12mm endplate the Mp calculated 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 details of the yield-line 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 extend the data 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 secondly, in these 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 changed stiffness in 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, which give insight into the 

behaviour of the connection in its component parts. The tri-linear approximation 

used to evaluate parameters of the moment-rotation curve is useful and relatively 

straightforward in application. It is clear though that initial stiffness is a variable 

phenomenon, being affected by bolt pre-tension and the connection lack of fit. 

There is also a question as to whether or not the middle portion of the tri-linear 

curve is actually a óreduced elastic stiffnessô region as they term it. There is 

already yielding taking place on some yield-lines at that point, so the slope of that 

line is not simply an elastic portion minus the effects of pre-tension and lack of fit. 

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

line in the tri-linear 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 have been 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 Mp were 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 initially released in 1992 as DD ENV 1993-1-1, which 

was a draft for development with voluntary usage in EU member states (Eurocode 

3, 1992). In this document, beam-to-column connections were covered in Annex 

J, which was revised in 1994. That revision is referred to here as óRevised Annex 

J of DD ENV 1993-1-1: 1992ô (Revised Annex J, 1994). In the final version of 

Eurocode 3 which is a mandatory standard, joints are treated as a separate sub-part 

ï 1.8 ï rather than as an annex to sub-part 1.1. This was published in Britain in 

2005 as BS EN 1993-1-8: 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 óby componentsô approach was refined and codified in Eurocode 3 (1992). In 

DD ENV1992 the connection was introduced into the global analysis of the frame 

as pinned, rigid or semi-rigid based on stiffness; and as pinned, full strength or 

partial strength based on strength. The connection was considered conceptually as 

a rotational spring with a known secant stiffness Sj acting to some moment 

resistance MRd. Thus, the emphasis was on predicting the moment resistance and 

the stiffness.  
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Connection Strength 

The tension bolt forces were determined first - either 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 compression flange). 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 maintained ï plastic or triangular. The connection moment was 

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 at particular levels, 

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 

against yielding of the bolts. The bolt forces had to be compatible with the 

strength of five components ï the 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 shear. The bolt itself was the sixth component under 

consideration. 

 

The bending strength of the endplate was determined based on a yield-line model 

using the tee-stub analogy. Following Zoetemeijer (1974), an effective tee-stub 

length concept was used as a means to relate the possible yield-line patterns in the 

endplate (and the column flange), to that of a tee-stub. The flush and extended 

regions were considered separately, with the beam flange taken as the tee-stub 

web for the extended region (half of a tee-stub really), and with the beam web 

taken as the tee-stub web for the flush region.  

 

The effective or participating length of the analogous tee-stub would depend on 

the yield-line pattern being considered. Though the yield-line patterns were not 

described in Eurocode 3 (1992), the participating length 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 yield-line patterns assumed could then be easily deduced. The 

participating lengths in the code and the yield-line patterns implied by these are 

given below for the extended endplate with four tension bolts. The participating 

length considered for each region was the least of:  

 

leff in extended region Yield pattern implied 

1. 0.5bp Two straight lines at weld and bolt lines. 

2. 0.5w + 2mx + 0.625ex Half-circular pattern around both bolt-holes as a 

group, interrupted at free edge. 

3. 4mx + 1.25ex,  Half-circular pattern around each bolt-hole, 

interrupted at free edge. 

4. 2ˊmx Circular pattern with bolt-hole as centre. 

  

leff in flush region  

1. Ŭm  Half-circular pattern, interrupted at free edge, but 

constrained by the beam tension flange. 

2. 2ˊm Circular pattern with bolt-hole as centre. 

 

In these expressions (see Figure 2.14),  

mx 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 flange ï endplate weld. 

ex 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.  

bp is the endplate width. 

Ŭ is determined using a graph, and is a function of two ratios: ɚ 1 and ɚ 2  
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m1 or m is the distance between the flush tension bolt centreline and the nearest 

face of the beam web, less 0.8 times sww (the leg length of the beam web ï 

endplate weld).  

m2 is the distance between the flush bolt centreline and the nearest face of the 

beam flange, less 0.8 times swf (the leg length of the beam flange ï endplate weld). 

(a) Extended region   (b) Flush region 

Figure 2.14 ï Nomenclature used in Eurocode 3 (1992) Annex J 

 

In Eurocode 3 the strength of these analogous tee-stubs is based on three tee-stub 

failure modes, similar to Kennedy et al (1981). Thus, mode 1 failure assumes two 

parallel yield-lines on either side of the web of an equivalent tee-stub ï one yield-

line at the bolt line and the other at the weld line - with complete yielding of the 

flange on the four yield-lines. Mode 2 is bolt failure combined with yielding of the 

flange on the weld lines, while mode 3 is bolt failure only with no endplate 

yielding. The Eurocode 3 (1992) equations for the design tension force Ft.Rd in the 

tee-stub web are: 
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n is the smaller of the edge distances for the endplate and the column flange but n 

Ò 1.25m.  

Bt,Rd is the design tension resistance for a bolt.  

Mpl,Rd is the plastic moment of resistance per each yield line, which is given by: 
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This is the familiar expression for plastic moment per unit length of material, 

multiplied by the participating length of the yield-line and divided by a material 

partial safety factor. 

 

Endplate Stiffness 

The secant stiffness Sj of the connection at a given moment M, was to be 

calculated as: 
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where M < MRd and MRd is the connection design resistance moment. 

h1 is the distance from the flush tension bolt row to the centre of resistance of the 

compression zone. 

ɛ1 and ki are the modification and stiffness factors respectively for component i. 

Fi and Fi.Rd are the applied force and the design resistance respectively for 

component i. 

twc is the column web thickness. 

The subscript i referred to the six components that had to be considered, 

numbered as follows: 

1. Column web shear zone 

2. Column web tension zone 

3. Column web compression zone 

4. Column flange tension zone 

5. Bolts tension zone 
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6. Endplate tension zone 

The endplate stiffness was based on the formula: 
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The factor ɛ1 was taken as 1 for the first three components and = 
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others. 

 

Since Sj could be calculated at any value of M, it meant that a designer could 

determine a point on the moment-rotation curve corresponding to M. In effect 

therefore, Annex J was providing a means to predict the moment-rotation 

characteristic for the connection. The designer could however choose to apply a 

bi-linear or multi-linear simplification instead. 

 

Rotation Capacity 

The ductility or rotation capacity of the connection was to be assessed via rules of 

thumb. Thus, a connection was considered to have adequate ductility for plastic 

analysis purposes, either if the moment resistance was governed by column panel 

shear or by bending of the endplate or column flange. The 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 check 
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for mode 1, where ɓ is the ratio of 4Mpl.Rd/m to the sum of bolt forces, calculated 

for both the column flange and endplate at each bolt row. ɚ = n/m 

 

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

however ö
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, the rotation capacity ɗCd was to be calculated as: 
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The subscript cr on ɓ indicates the lower of the two values calculated for the 

endplate and the column flange. The extended region was to be excluded in 

calculating ɓcr. The rotation capacity ɗCd refers to the rotation of the entire 

connection, and includes both elastic and plastic contributions.  

 

Criticisms of DD ENV 1993-1-1: 1992 Annex J 

The Eurocode 3 (1992) approach to connection resistance effectively extended 

Kennedyôs split-tee analogy and Zoetemeijerôs participating (effective) length 

concept, by applying the split-tee to the flush region as well. As mentioned earlier, 

the yield-line pattern in the flush region is actually quite complex and bears no 

resemblance to a tee-stub. There is no allowance for strain-hardening in this 

strength model, even though the code explicitly allows for ductile partial-strength 

joints. The allowed option of adopting a triangular linear bolt distribution is 

difficult to justify since that implies a thick (and inefficient) elastic endplate, 

leading to bolt failure.  

 

The stiffness model of Eurocode 3 (1992) was particularly criticised in the 

literature. In SCI (1995) for example, it was reported that the stiffness model of 

Eurocode 3 Annex J ñdoes not give accurate predictions, and designers are warned 

against reliance on it in critical casesò. In their paper on the need for the Annex J 

revision, Weynand et al (1996) mention that the model led to contradictory results 

ï an unstiffened endplate was predicted to be stiffer than a stiffened endplate.  

 

There is no ductility (rotation capacity) model in Eurocode 3 (1992) for mode 1 

failures. Moreover, the limits for checking mode 1 failure are again based on the 

tee-stub analogy, and bear little resemblance to actual behaviour in the flush 

region. The formula for ɗCd in mode 2 failure seems to have a semi-empirical 

basis, and no ductility limit is given to provide a basis for accepting or rejecting 

the calculated ɗCd. The inclusion of elastic components in ɗCd is problematic given 

the criticisms of the initial stiffness model, and given that initial stiffness has been 

known to vary for nominally identical connections (see Chapter four).  
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2.6.2 The Revised Annex J Model 

 

In the Revised Annex J (1994), the strength model was unaltered in its philosophy 

except that the (elastic) triangular bolt force distribution was taken out. Some 

other changes were as follows: 

 

An alternative expression was included for calculating the tee-stub design tension 

force in Mode 1 failure, as follows (Revised Annex J, 1994): 
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=   Eqn 2.27 

where ew is dw/4 and dw 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 uniformly distributed 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 in Eurocode 3 (1992), but this was taken out of the Revised 

Annex J. The chart used to determine Ŭ (for the yield-line case of semi-circular 

yielding in the flush region next to the stiffener) was also extended to include 

more values of Ŭ.  

 

The number of yield-line patterns checked for a 4-bolt extended endplate 

increased for the extended region, so that the prticipating lengths were now:  

leff in extended region Yield pattern implied 

1. 4mx + 1.25ex,  Half-circular pattern around each bolt-hole, 

interrupted at free edge on end of plate. 

2. e + 2mx + 0.625ex Corner patterns around each bolt-hole, in a 

óquarter-circleô shape 

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

 

4. 0.5w + 2mx + 0.625ex Half-circular pattern around both bolt-holes as a 

group, interrupted at free edge on end of plate. 
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5. 2ˊmx Circular pattern with bolt-hole as centre. 

 

6. ˊmx + w Circular patterns around both bolt-holes but with 

portion between holes also yielded. 

7. ˊmx + 2e Half-circular pattern around each bolt-hole, 

interrupted at free edge on edge of plate. 

leff in flush region  

1. Ŭm  Half-circular pattern, interrupted at free edge, but 

constrained by the beam tension flange. 

2. 2ˊm Circular pattern with bolt-hole as centre. 

 

In these participating lengths the smallest value was adopted for each region, and 

the symbols mean the same as before. 

 

The stiffness model was where most of the changes to Annex J took place. The 

basic formula for the stiffness Sj at a moment Mj.Sd less than the design moment 

resistance Mj.Rd, was now given (Revised Annex J, 1994) as: 
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with ki = stiffness coefficient for component i 

z = lever arm 

µ = a stiffness ratio Sj.ini/Sj, and 

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

µ was to be determined from 
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For a bolted endplate, ɣ = 2.7. 

 

Thus, the definition of µ implies a constant ratio between the initial tangential 

stiffness on the moment-rotation curve, and the secant stiffness of the curve at 

failure. This ratio was defined as equal to 3 for an endplate connection. Weynand 

et al (1996) explained that the µ values were semi-empirical, based on tests and 
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parameter studies. From comparing the equations for µ and Sj, it is evident that 

the implicit formula for Sj.ini would then be (Revised Annex J, 1994): 

ä
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S   Eqn 2.30 

 

For an extended endplate, the components whose stiffness coefficients ki were to 

be considered included the column flange in bending, the endplate in bending, and 

the tension bolts. The endplate stiffness for each tension bolt row was given as: 
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where leff is the participating (effective) length for an equivalent tee-stub as 

determined for the strength model.  

In Weynand et al (1996), the same formula is given as 
3
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=  where leff,ini 

is the value of participating length required to establish the initial stiffness from a 

tee-stub model. Thus, leff,ini  = 0.85 leff. The participating length leff of course 

relates to the strength model. Their model for k5 is shown in Figure 2.15. 

 

Figure 2.15 ï Forces acting on tee-stub stiffness model in Revised Annex J  

(based on Weynand et al, 1996) 

 

Secondly, when the first plastic hinge formed on the tee-stub flange, this was 

assumed to form at the weld line, and to have a value of 0.322F.m. (When this 

m m 1.25m 1.25m 

0.13F 0.13F 

0.63F 0.63F 

F 
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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 

leff,ini, Weynand et al (1996) calculated the bolt force Fel corresponding to this 

moment of 0.322F.m as  y

2

ini,eff

el f
m288.1

tl
F Ö

Ö
=   Eqn 2.32 

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

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 strain-hardening is omitted, so that there cannot 

be prying forces on the tee-stub at ultimate collapse from the model, or the plate 

moment of resistance 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 implicitly assumed to be zero). But this is what 

happens when Fel is multiplied by 3/2 above. 

 

In the ductility or rotation capacity model of Revised Annex J (1994), a bolted 

connection was again considered to have adequate rotation capacity for plastic 

analysis purposes if the moment resistance was governed by a mode 1 failure in 

bending of either the endplate or the column flange. In addition however, the 

endplate thickness tp was limited to a value: 

tp = yub ffd36.0   Eqn 2.33 

where d is the nominal bolt diameter, fub is the bolt ultimate tensile strength, and fy 

is the endplate yield strength.  

This appears to be a semi-empirical rule. The calculation for rotation capacity ɗCd 

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 time period, and it was based partly on Eurocode 3 (1992) 

and partly on BS 5950: Part 1 (1990).    

 

The resistance moment or strength model was again based on the use of effective 

tee-stubs with all the yield line patterns of Revised Annex J being allowed for to 

determine the partipating length leff. Unlike Eurocode 3 (1992), but 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 included 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 models ï neither the original nor 

the revised version. Instead, the rule was adopted that full-strength connections 

used in braced or single-storey portal frames and designed according to the guide 

could be considered rigid. For multi-storey unbraced frames, the designer was 

encouraged to adopt thick, full-strength and rigid endplates. These endplates 

would fail in mode 3, but as full-strength connections, the beam would fail first. 

 

In order to determine if the endplate was óthinô enough for a full plastic 

distribution (mode 1 failure), SCI introduced a similar rule of thumb to that in 

Revised Annex J: 

 yubyub ffd53.0ff
9.1

d
t =¢   Eqn 2.34  

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 the model however, with the Revised Annex J limit referring to the tee-stub 
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model for a single bolt-row, 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 wind-moment connections 

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 partial-strength 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 would be the 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 SCI (1995) was similar to Eurocode 3 (1992) 

Annex J but with additional checks taken from BS 5950. As in Eurocode 3 (1992), 

there was only limited guidance in the area of ductility, however standard details 

were presented which had been verified by tests. 

 

2.6.4 The Model of BS EN 1993-1-8 

 

BS EN 1993-1-8 (Eurocode 3, 2005) was published in 2005 and replaces Annex J. 

The design philosophy for extended endplate connections is unchanged, with the 

strength and stiffness being calculated by components, using the analogy with tee-

stubs. The possibility of a triangular bolt distribution (which was criticised in SCI, 

1995) is retained. However, it is reserved now for slip-resistant 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 tee-stub participating lengths. As in Revised Annex J, an 

alternative equation is given for Mode 1, which takes the width of the bolt head 

into consideration. The 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 this fourth óno-pryingô mode to apply is that: 
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where, 

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, 

As is the tensile stress area of the bolt, 

Lb is the bolt elongation length (grip length + ½ bolt head height + ½ nut height), 

leff,1 refers to the effective tee-stub length leff for mode 1, and  

tf is the thickness of the tee-stub flange. 

 

The participating lengths (and so the yield-line patterns) considered for endplates 

and column flanges in bending, are the same as those considered in Revised 

Annex J (1994) ï seven for the extended region, and two for the flush region 

when there is only one row of flush tension bolts. 

 

The stiffness model of Eurocode 3 (2005) is again the same as for Revised Annex 

J. However, the factor of 0.85 in the value of leff,ini has been altered to 0.9, so that 

leff,ini  = 0.9 leff. That effectively resolves the inconsistency in Revised Annex J 

where a prying force of 25% 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) also gives a simplified method for the stiffness of extended 

endplates with only two tension bolt-rows. Rather than calculate keff,r and keq for 

each bolt-row from  
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Instead, keff,r is calculated for the extended bolt-row, and keq is then calculated 

using twice that value for each bolt-row, and taking zeq as the average value of hr 
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for both bolt-rows. This simplification is said to lead to a lower value for the 

rotational stiffness Sj. 

 

As in Revised Annex J, there is no model given for rotation capacity of extended 

endplates, but the same rule of thumb is provided. Thus, the rotation capacity is 

assumed satisfactory when the design resistance is governed by (mode 1) bending 

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

flange or the endplate has a thickness t such that t < yub ffd36.0 , where d is the 

nominal bolt diameter, fub is the bolt ultimate tensile strength, and fy is the 

endplate or column flange yield strength. 

 

Discussion of Eurocode 3 models 

Eurocode 3 (2005) is open to the same criticisms as Revised Annex J (1994) and 

DD ENV 1993-1-1 (Eurocode 3, 1992) before it. The yield-line pattern in the 

flush region is actually quite complex and bears no resemblance to a tee-stub, so 

that the use of an equivalent length is questionable. As reported later, experiments 

suggest that the yield-line pattern distribution may change as the flush region 

becomes inelastic, so that a participating length that is suitable at the early onset 

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

 

Eurocode 3 allows certain joints to be designed as ductile, but the underlying 

material model excludes strain-hardening. This is contradictory as ductile inelastic 

strains imply that there must be strain-hardening. The tee-stub model for stiffness 

is based on an assumed geometry that is not explicitly stated in the code itself 

(edge distance e = 1.25m ï see Figure 2.15 in Section 2.6.2), and the model 

implicitly assumes large prying forces at collapse ï a further contradiction.  

 

From the perspective of this work, the most important criticism however, is the 

lack of a suitable model for estimating rotation capacity, which would be required 

for serviceability calculations on partial strength connections for example. In 

Eurocode 3 (1992) the possibility of a mode 2 endplate failure being sufficiently 

ductile for plastic analysis was accepted. However, this was removed in the 
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subsequent revisions. In effect therefore, the ductility criterion became more 

stringent in Revised Annex J by comparison with Eurocode 3 (1992), and 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 (average fub = 788 

MPa) and Grade 300WA endplate (average fy = 309 MPa), the Revised Annex J 

and Eurocode 3 (1995) rule-of-thumb would lead to a maximum endplate 

thickness of 11. 5mm. This limit is rather conservative as shown later. For the 

same connection tests (M20 bolt, average fub = 788 MPa, average fy = 309 MPa), 

the SCI rule-of-thumb would lead to a maximum endplate thickness of 16.9mm. 

This is much less conservative than the Eurocode 3 (2005) requirement. For use in 

partial-strength (wind moment) connections however, SCI (1995) limits the 

endplate thickness to 60% of db. For an M20 bolt that would mean a maximum 

endplate thickness of 12mm. 

 

 

2.7 SOUTH AFRICAN EXTENDED  ENDPLATE STUDIES 

 

Figure 2.16 ï Yield-line Pattern of Truby (1995), 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 

Hogging lines 

Sagging lines 

Truby made 

position of 

this yield-line 

a variable 
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approach. Dekkerôs model was then compared with test results. Dekkerôs work 

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 (1995) 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 yield-line analysis of the Mechanism A 

yield-line pattern of Bernuzzi 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, so that the model could only be solved 

iteratively using a purpose-written computer programme. In Trubyôs programme 

the effect of tension bolt elongations was included as an option. The possibility of 

assessing bolt forces in the extended region as a fixed proportion of forces in the 

flush region was also included as an option.  

 

To establish the corresponding rotation at the endplate yielded moment, Truby 

considered the deflection of only the extended region of the endplate from the 

assumption that this portion of 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 moment-curvature relationship across 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 of Trubyôs work. The yield-line formulation is 

complex and could only be solved 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 yield-line 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 rotation is governed by the 

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

 

Truby did attempt to cater for strain hardening in the material model assumed in 

his computer programme, but he conceded that large strains would be 

incompatible with the yield-line analysis. Truby also did not attempt to determine 

the connection rotation capacity, but only the rotation at the fully yielded point ï 

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

 

In order to have a better understanding 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 setup and to rectify problems with the 

instrumentation. Three other tests were then carried out with two connections per 

test, involving the testing to failure of 10mm, 12mm and 14mm endplates. The 

intention in these tests was to gain insights into thin extended endplates and 

increase the available data to include endplates as thin as 10mm. 

Thus, there were five connection tests in total as follows: 

¶ Pilot Test A ï 10 mm endplates 

¶ Pilot Test B ï 12 mm endplates 

¶ Test 1 ï 10 mm endplates 

¶ Test 2 ï 12 mm endplates 

¶ Test 3 ï 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 beam-to-column 

connections were tested simultaneously. Figure 3.1 shows the 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 were 

in tension while the upper flanges were in compression. The 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 was restrained against lateral and longitudinal displacement. 
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Figure 3.1 ï Setup for the Connection Tests 

 

The column web was also laterally restrained against out-of-plane rotation just 

above the beam tension flanges, using struts of adjustable length, with rollers at 

their far ends that fitted into guides fixed to the load frame. These restraints were 

necessary to prevent out-of-plane rotation of the column (leading to unwanted 

secondary effects), and to prevent instability under load. The 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 cross-section and 

prevent bearing failure. 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 flange levels and accept minor column deformations. 
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During the pilot test the column was instrumented with an inclinometer to 

measure any in-plane column rotations. In the latter tests this measurement was 

discarded and the bottom part of the column was instead restrained with snug 

fitting vertical guides to prevent any in-plane rotation. The column restraints are 

shown in Figure 3.2. At the beam-to-column connection end, each beam was 

welded to its endplate with E70XX 10 mm fillet welds (flanges - both sides) and 6 

mm fillet welds (web - both sides). These welds were chosen to exclude the 

possibility of the connections failing by weld fracture.  

 

 

Figure 3.2ï Lateral restraint of the column 

Recessed  

load button 

Lateral restraint: 

Column out-of-plane 

rotation 

Lateral restraint: 

Column in-plane 

rotation 
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At the simply supported end, each beam was supported on back-to-back double 

channel cross-beams, which were supported in turn on laced and battened ótowersô 

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 

by providing a pair of ribbed bar óguidesô fitting snugly on either side of the beam 

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 moments due to rotational restraint, during tests. Rotational 

and longitudinal freedom was ensured using a rocker consisting of a half-round 

bar supported on needle roller bearings, with a load cell between the half-round 

and the rollers. The rollers allowed the beam 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. In the first pilot test we 

supported the half-round 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 fashion as during 

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 3.3. 

 

The choice of endplate geometry was made to reflect typical South African 

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 

Grade 8.8 HSFG bolts. The bolt holes were located at a gauge of 100 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 end as can be 

calculated from the dimensions in Figure 3.1. 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 flange thickness). 

 

 

 

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

 

Figure 3.3 ï Supports at Test Beam ends 

 

 

3.2 THE TEST SPECIMENS 

 

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

¶ The use of óaverageô-sized sections/details that would be applicable in a wide 

variety of situations. 

¶ Section sizes and details that are relatively commonly used in South Africa, 

and which are typically used together. 

¶ The need for failure of the test specimens to be initiated by the endplate rather 

than by failure of the beam flanges or column flange. 

 

Based on these considerations, I elected to use a 305 x 165 x 41 I section (305 UB 

41) as the beam in all the tests, with a 203 x 203 x 60 H column (203 UC 60) ï 

both in Grade 300WA. The use of a 305 series beam facilitates comparison with 

several well-documented published test results using similar sized beams 

(Bernuzzi et al (1991), Zandonini & Zanon (1988) and Jenkins et al (1986). It was 
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considered that the 305 UB 41 and 203 UC 60 sections could typically go 

together, and would be suited to a medium load in a commercial or industrial 

structure. These parallel-flange section sizes are in common usage in South 

Africa. The intention in the tests is to limit bending of the column flange so the 

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 Class 1 ï plastic design sections (both flange and web) under the 

provisions of SANS 10162 (2005). The beam web is Class 1 in bending but not in 

axial compression. From the South African Institute of Steel Constructionôs 

Handbook (SAISC, 1997), these section sizes have the following nominal 

dimensions: 

 

Table 3.1 ï Nominal Dimensions for Test Section Sizes 

 

Designation m D b tw tf r1 hw A 

mm x mm x kg/m kg/m mm mm mm mm mm mm 10
3 
mm

2
 

         

305x165x41 I 40.5 303.8 165.1 6.1 10.2 8.9 266 5.16 

203x203x60 H 59.7 209.6 205.2 9.3 14.2 10.2 161 7.60 

 

In Table 3.1, D is the overall depth of the section, b is the breadth, tw is the web 

thickness and tf is the flange thickness. The dimension r1 is the root radius at the 

web-flange joint, and hw is the clear distance from the top of the root radius above 

the bottom flange to the bottom of the root radius below the top flange. The beam 

mass is denoted as m in kg/m and the cross-sectional area as A. Three endplate 

thicknesses were used in the tests ï 10mm, 12mm and 14mm. These were all in 

Grade 300WA steel. A 14 mm endplate was taken as the upper limit, since this 

was the maximum value at which I expected to find the endplate behaving as 

óthinô, based on the literature reviewed. 10mm was selected as a lower limit as 

there are few tests 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. I did not extend the lower limit to 8mm as an 8mm endplate would be 

considered unreasonably thin, relative to the beam size, in current practice. 

Typical South African practice is to standardize connection bolts on M20 and 

M24 sizes for Grade 8.8 HSFG. I therefore used M20 Grade 8.8 HSFG bolts in all 

the tests. 

 

 

3.2.1 Beam and Column Material Properties 

 

Table 3.2 ï Material Properties for Connection Tests 

 

       

Col flange 209.6 299.1 1.43 16.60 3.82 483.0 

Col web 201.9 333.9 1.65 12.20 4.01 494.7 

       

Bm flange (1) 209.7 324.4 1.55 17.75 5.09 494.9 

Bm web (1) 213.6 365.3 1.71 21.10 3.91 525.4 

Bm flange (2) 205.7 318.9 1.55 16.80 4.91 493.7 

Bm web (2) 212.1 381.8 1.80 14.55 3.88 534.6 

       

10 plate (pilot) 212.1 304.5 1.44 11.60 5.84 537.6 

12 plate (pilot) 219.1 306.0 1.40 13.50 5.04 510.2 

10mm plate (Test 1) 202.2 331.3 1.64 13.45 3.50 505.7 

12mm plate (Test 2) 219.1 306.0 1.40 13.50 5.04 510.2 

14mm plate (Test 3) 213.0 295.0 1.39 13.60 4.58 478.3 

 

        

 Youngôs Yield Yield Hardôg Hardôg Ultimate 

 Modulus stress strain strain Modulus Stress 

 GPa MPa 10
-3

 10
-3

 GPa MPa 
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The beam and column 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 the endplates 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. Also a minimum of four coupons were 

taken per plate ï two in the longitudinal direction and two from the transverse 

direction. The material test data is included in Appendix A, and the averages of 

the properties determined are summarized in Table 3.2: 

 

The material properties measured in the tensile tests were essentially tri-linear 

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

finally a strain-hardening region with a reduced but non-zero slope. Thus the 

material behaviour has been summarized by the moduli of the elastic and strain-

hardening regions, and the stresses at which yielding commenced and at which 

strain-hardening commenced. We were unable to measure the strain-weakening 

behaviour because of the likelihood of causing damage to the extensometer, 

however we did determine the fracture load and so the ultimate stress in each test. 

A typical stress-strain curve derived in one of the material tests is shown in Figure 

3.4 to illustrate the tri-linear nature. 
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Figure 3.4 ï Typical Stress-Strain 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 pilot tests. The actual 

dimensions of the beams, columns and plates were measured, and these and the 

material properties above have been used to compute the actual beam and column 

section properties, which are reported in Table 3.3.  

 

The yield moment My for the column and beams has been derived from the 

following equation:  

y

f.I
M

yxx

y

ä
=  Eqn 3.1 

where the summation is for the flanges and web; Ixx is the second moment of area, 

fy is the yield stress and y is half the section depth. My and Mp 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 3.3 ï Actual Section Properties for Test Specimens 

 

  Flange Web Elastic Plastic Yield Plastic 

 thickness thickness Modulus Modulus Moment  Moment  

 mm mm 

x 10
3
 

mm
3
 

x 10
3
 

mm
3
 

My  

kN-m 

Mp  

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 taken 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 strains. Strain is measured as a 

surrogate for the bolt extension.  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, I needed to 

determine stress-strain characteristics for the different grip lengths to be used in 

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

endplate thicknesses.  

 

Figure 3.5 ï Layout of Bolt Yoke 

 

We designed a óyokeô that could be gripped in the Amsler tensile testing machine, 

and which would allow the bolt and nut assembly to be pulled apart in pure 

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

Figure 3.5, and a picture of the test is shown in Figure 3.6. The yoke consists of 
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two symmetrical halves with each half having a base and an upper part attached to 

a rod. 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 the bolt can be pulled apart. Three yokes with different recess depths 

were used to simulate three different grip lengths. 

 

 

 

Figure 3.6 ï Bolt Material Test in progress 

Figure 3.7 ï Strain gauging the bolt 

Hole for 

gauge wires 

Gauge 

position 
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The bolt strains were measured by putting strain gauges 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, with the gauges 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 gauge and to prevent 

the gauge from damage during tests. The machined region was 6mm wide and 

10mm long, so that the nominal bolt diameter was reduced locally by 0.46mm and 

the area reduced by 1.38 mm
2
. The actual shank diameter and actual machined 

area was measured for each bolt, and the actual areas were calculated and used to 

convert forces to stress. Holes 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 non-conducting lacquer. The drilled holes had to continue as a groove 

into the shank for a short length so the gauge wires did not ópinchô with bolt 

tightening. The bolt modification for strain gauges can be seen in Figure 3.7. 
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Figure 3.8 ï Bolt Stress-Strain Curves 

 

Two bolts were tested for each of the three required grip lengths. Each test was 

carried out to failure. The stress rate was kept at about 3 MPa/sec, and the strain 

was kept to about 0.0025/s from the yield point to fracture. In all tests, the bolts 

failed in tension by fracturing across the threads. The exact yield point was 
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determined graphically. The stress-strain curves for the bolts are essentially 

bilinear with no intermediate plateau. These are shown in Figure 3.8. The curves 

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

strain-hardening modulus, 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 connection tests, into actual bolt forces.  

 

The average yield stress measured was 725.58 MPa, versus the nominal yield 

value of 640 MPa. The average ultimate stress measured was 788.22 MPa versus 

the nominal value of 800 MPa (but there would be stress concentrations at the 

threads). The ratio of yield to ultimate stress is 92% rather than the nominal 80%. 

Thus, a bolt failure would be more brittle and unexpected and possibly more 

catastrophic.  

 

The change in grip length from one test to another did not appear to have a 

consistent effect. Therefore, although the measured values for each endplate 

thickness are used wherever appropriate, grip length was not considered as a 

variable after these tests.  

 

Table 3.4 ï Measured Material Properties for Bolts 

 

Grip Length 

(Excluding washer 

thickness) 

Youngôs 

Modulus 

(GPa) 

Yield 

Stress 

(MPa) 

Yield 

Strain 

(10
-3

) 

Harden 

Modulus 

(GPa) 

Ultimate 

Stress 

(MPa) 

Ultimate 

Capacity 

(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 connection to the column. 

 

1. The connection moment and the corresponding rotation. 

2. 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 moment 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.  

 

 

The rotation measurements were made with linear voltage-displacement 

transducers (LVDTs) and with inclinometers (see Figure 3.9). LVDTs actually 

 

Figure 3.9ï Test Instrumentation 
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- Inclinometer 
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measure displacement but this is easily converted to rotation once the exact 

distance from the column axis is known. Inclinometers measure angles directly. 

The positions of some LVDTs and inclinometers were changed after the first test, 

and Figure 3.9 shows positions that were constant for all the connection tests. 

 

Each beam had an inclinometer at the beam support and another at 300mm from 

the endplate face. A fifth (dual-axis) 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 (90mm from the 

column face ï 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 compression 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 the column 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 as a check on the inclinometer 

readings. However, problems with faulty inclinometers led to us discarding the 

inclinometer readings and using the LVDT data only. The column inclinometer 

readings became redundant after the pilot test and were discontinued, as lateral 

restraints were introduced to prevent in-plane and out-of-plane rotation of the 

column. Guides were introduced at the level of the beam compression flanges to 

prevent out-of-lane rotation. Other supports were fixed in place at the base of the 

test rig to guide the lower part of the column and prevent in-plane 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 were instrumented per connection ï one in the tension flush region 
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(immediately above the beam tension flange in Figure 3.9) and the second in the 

extended region of the connection ï making four instrumented bolts in each test. 

These measured bolt strains could then be converted to stresses and axial force, 

using the stress-strain curves obtained in the bolt material property tests for the 

given grip length, and the measured bolt diameter, to effect the conversion. 

 

In the two pilot tests and in the Test 2 (12mm endplate test), I 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, to allow an LVDT 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 discontinued after the first test because it was 

difficult to manoeuvre the LVDT into position. Thus, the column web cut-outs 

and cover plates were not used in the 10mm and 14mm tests. 

 

Figure 3.10 ï Strain Gauges on the Endplate and Beam End  

 

Strain gauges were placed on the endplate and beam ends as shown in Figure 

3.10. There were 13 gauges on each endplate including three 0-45-90 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 beam-endplate 

weld. When the 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 Figure 3.10. Thus, for example the uppermost gauge on the left in the 

figure is referred to as gauge A1. Gauges A1-3, B1, B2, and C1-3 are in the 

extended region of the endplate; gauges A6, A8, B6-7 are in the tension part of the 

flush region, while gauges B4-5, B12-13, C4, C8-11, and C13 are on the beam 

end web and flanges.  

 

By comparison with Figure 3.1 which gives the endplate dimensions, Figure 3.10 

has been rotated to have the beam tension flange above the compression flange, as 

this is the more typical presentation in literature. 

 

The strain gauges used on the bolts, endplates and beam ends were mostly Kyowa 

single gauges KFG-2-120-C1-11 bonded with CC-13A glue ï a room-

temperature-setting cyanoacrylate. These are self-temperature-compensating 

(SELCOM) gauges designed to operate around ambient temperature on steel 

specimens with a linear expansion coefficient of 11 x 10
-6
/degree Centigrade. All 

the tests were carried out in an indoors laboratory environment with no exposure 

to direct sunlight. Ambient temperatures indoors during tests varied by only a few 

degrees Centigrade, with 20 degrees Centigrade as an average value, and there 

were no temperature gradients across the specimens. SELCOM gauges are 

completely self-compensating under those conditions, from about room 

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 were KFG-2-120-D17-11. 

These are 0-45-90 rosettes with the three resistive elements being similar to the 

element in the KFG-2-120-C1-11. Thus, the behaviour is similar. 

 



 85 

Strain measurement was carried out for each gauge, using a 1-gauge Wheatstone 

bridge i.e. a bridge with the active gauge on one gauge arm and three precision 

resistors (120 Ý) on the other three arms. Little portable bridges were 

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 

before being fed into the recording multiplexer.  

 

Calibration of the strains was based on the specified gauge factors, which ranged 

from 2.05 to 2.15 for different batches. For the KFG-2-120-C1-11 the use of a 

specified gauge factor rather than a calibrated gauge factor leads to an estimated 

5% error for plastic strains i.e. above 8 000 to 10 000 µstrains. This was 

considered an acceptable error range. The resistive element in the KFG-2-120-C1-

11 is 2mm long, which means the measured strains are really averaged over a 

2mm length. This was also considered a reasonable level of accuracy. 

 

 

3.4 THE TEST PROCEDURE 

 

Each test was carried out in three steps as follows: 

1. The bolts were initially made finger-tight, then load was applied slowly via the 

jack to approximately 30 kN at the jack (15 kN-m per connection), and then 

unloaded, to allow the endplates to óbedô in and seat properly. 

2. The bolts were then made ósnug tightô and bolt strain readings were taken. 

Clause 21.12.2 of the South African structural steel design code SANS 10162-

1:2005 requires bolts in a slip-critical connection (which would be a typical 

application for an extended endplate), to be pretensioned. The pretension for 

an M20 Grade 8.8 HSFG bolt should be at least 142 kN (Table 7). The code 

provides for the pretension to be measured 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 2001-CS1:2005. We have chosen to use the turn of the nut method as 

this is more typical in everyday South African practice, and we consider this to 

be better than the other methods. Thus, 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 failed. In the loading we initially 

controlled the test based on the load applied (a constant rate of load 

application), but then moved to displacement-based control once it was clear 

that the connection had begun to yield and/or deform.  

 

In test 2 (which was the first test chronologically), the load application was 

actually carried out in four load cycles of load and unload ï an elastic cycle first, 

then three plastic ones with the last cycle continued to failure. In these tests, 

failure was defined as either the connection 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 Tests 1 ï 3 are given below in the rest of this chapter. The Pilot 

Test results are only included in the 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 into four categories ï the observations and failure modes, the 

connection rotation data, the bolt strain gauge data, and the endplate and beam 

strain gauge data. I have distinguished between the data for both beams in each 

test, differentiating them as a Beam A and a Beam B. Thus, in Test 2 for example, 

Beam 12A refers to the A beam in the 12mm endplate test. 

 

4.1 OBSERVATIONS IN CONNECTION TEST S 

 

4.1.1 Test 1 Observations 

 

Figure 4.1 ï Pilot Test A in progress  
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Figure 4.1 shows the specimen in Pilot Test A during the conduct of the test. In 

both Pilot Test A (the pilot 10mm test) and Test 1 (the actual 10mm test), the 

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 particularly evident in the flush tension region.  

 

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

Figure 4.2 ï Fractured endplate from Test 1  

 

The endplate yielding started around the extended and flush region tension bolts 

and initially appeared to be rotationally symmetrical around each bolt-head, thus 

suggesting a circular yield-line pattern. As the test progressed however, the 

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

mill scale, became similar to that described for thin endplates in Surtees & Mann 

(1970) and Mechanism A of Bernuzzi et al (1991). As the test progressed further, 
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the yielding progressed into straight lines rather than the initial circular pattern, 

until the endplate fractured in the flush tension region with straight longitudinal 

cracks running parallel to and adjacent to the beam web welds. There were also 

transverse cracks in the endplate extended region, parallel to and adjacent to the 

beam tension flange weld. The longitudinal cracks are apparent in Figure 4.2 (a). 

In Figure 4.2 (a) it is also possible to see a ókinkô in the beam profile where it is 

welded to the endplate, at the shear bolt level. Thus, the beam profile is in 

compression to the shear bolt level. In Test 1 the test was stopped only when the 

crack next to the beam tension flange weld developed into a complete transverse 

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

two pieces.  

 

 

Figure 4.3 ï Beams 10A and 10B after the test 

 

The fracture of the endplate in Test 1 was almost lamellar in nature, tearing at a 

shallow angle through the endplate, rather than in a clean break ï see Figure 4.2 

(a). (In Pilot Test A, which was on a nominally identical sample, the test was 

stopped when a bolt in the extended region fractured on one connection). The 

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


