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Summary

This thesis investigates the applicability of flush end-plate joints to frames in low-to-moderate
seismic zones. Although a great deal of research has been carried out on the use of semi-rigid
joints in frames, most of this has concentrated on the monotonic, rather than the cyclic or dynamic
response of the joints. In addition, the majority of research has examined angle and extended end-
plates. Flush end-plate joints are advocated for use in the wind-moment design method in the
United Kingdom and considerable design guidance is available. In order to ensure a ductile
response, careful selection of design details, such as the end-plate thickness, bolt size and spacing
amongst others, is necessary. Although the available guidance already considers these criteria as
part of the ductility requirements, it is uncertain whether sufficient rotation capacity for seismic

engineering applications is always provided.

Monotonic and cyclic tests were carried out on beam-to-column sub-assemblages employing a
range of joint details. In order to carry out this experimental work, a new computer-based control
system for the testing of structural elements was developed. By using servo-hydraulic actuators,
this system is capable of imposing various different displacement loading patterns on test

specimens.

Both monotonic and cyclic tests were performed and the resulting moment-rotation characteristics
of the specimens are examined for initial stiffness, ductility, moment capacity and stability under
cyclic loads. A total of twenty-two beam-to-column sub-assemblages were tested in three test
series. The first series was used to calibrate and test the experimental control system, and therefore
problems were expected with the these specimens. The second and third test series consisted of a
range of specimens designed with various end-plate thicknesses, column sizes and bolts. These
experimental results are compared to the design characteristics determined from Eurocode 3. It is
observed that the design characteristics over-estimate the initial stiffness of the joint and under-

predict the resistance capacity.

The specimen details are varied to provide different types of joint failure mode as defined in BS
5950 and Eurocode 3. These failure modes are based on a notional T-stub, and the ratio of the
flexural resistance of this T-stub to the axial resistance of the bolts. Mode 1 joints are subject to
formation of plastic hinges in the T-stub at the bolt line and the beam, or column, web line, while
the bolts remain elastic. Mode 2 joints form plastic hinges at the web line followed by yielding of
the bolts, while mode 3 joints are subject to yielding of the bolts only, while the T-stub plate

remains elastic.




Based on these experimental results, a prediction model for the moment-rotation response of flush
end-plates is developed. This model was developed using a moment-curvature relationship to
predict the force-displacement curve of a notional T-stub. This force displacement relationship is
translated into the moment-rotation curve for the joint. The effects of column web deformations
are also included. These resulting moment-rotation relationships are compared to the experimental
results and the design characteristics. It is observed that the proposed model gives a much better
prediction for those joints employing thinner end-plates. This is due to the relative importance of
the different components of the joint. The prediction model displays a much better correlation with
the initial stiffness and the moment capacity of the joint than is observed for the Eurocode 3 design

method.

In order to investigate the viability of flush end-plate joints in areas of low-to-moderate seismic
risk, a number of design cases studies are investigated. Four moment-resisting frames are designed
using the wind-moment method and then evaluated for seismic resistance. The joints employed in
these frames were varied to examine the effect of employing joints with different failure modes.
The frames were also evaluated using three different joint models. These were the Eurocode 3
design model; the Eurocode 3 model employing a modified stiffness expression; and the proposed
model. As the wind-moment method is a semi-rigid design method and the joints employed were
partial strength, it is observed that the joint moment capacity is the critical factor in the seismic
design ground acceleration. It was observed that the proposed model predicted higher critical
seismic resistances for all of the joints employed in the study than either of the other two models.
It was also observed that the joint ductility directly affected the seismic resistance of the frame. It
was concluded that flush end-plate joints are viable for use in the earthquake-resistant design of

low-to-medium rise buildings in areas of low-to-moderate seismicity.
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Chapter 1 — Introduction

1.1 Introduction

In the design of joints for moment-resisting steel frame buildings, it is common to assume that the
joints are either fully rigid (continuous construction) or perfect hinges (simple construction). For
design in seismic regions, rigid joints are preferred either for moment resistance or because semi-
rigidly connected frames are considered too flexible. Towards this end, most earthquake-resistant
designs specify full-strength heavily welded beam-column joints, with the result that the
advantages of semi-rigid joints, such as lower construction costs and simpler fabrication
procedures, cannot be realised. In recent years it has been noted that semi-rigid joints may be used
to great advantage in frames situated in areas of low to medium seismic risk, and the wind-moment
joints advocated for use in the United Kingdom would seem well-suited to this application. These
joints, illustrated in Figure 1.1, are usually characterised as semi-rigid, partial-strength joints that
yield in a controlled and ductile manner. To ensure this ductile response, careful selection of

design details such as end-plate thickness and bolt size is essential.

Figure 1.1: Typical wind-moment joint (flush end-plate)

In earthquake regions, as elsewhere, steel frames may be designed as moment-resisting or braced.
While the design of more complex building structures may involve the use of structural cores and
hybrid construction, the majority of designs are executed by considering idealised collections of
plane frames. In comparison with braced structures, the greatest disadvantage associated with
moment-resisting frames is the large interstorey deflections experienced under service load
conditions. Eurocode 8 (CEN, 2000), for instance, limits allowable interstorey drift to 1.5% of

storey height, and this becomes the controlling criterion in many designs.

2
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Nevertheless, moment-resisting frames are often favoured in design because of the freedom they
offer the internal arrangement of the building. In seismic design, such frames are especially
attractive as, with correct detailing, they may possess high global ductility capacities. This
ductility allows the seismic energy input during an earthquake to be dissipated through repeated
inelastic cyclic deformations, justifying the use of large seismic force reduction factors. This is
achieved by following the capacity design approach, in which the relative strengths of connected
frame elements are controlled to ensure a desired pattern of inelastic behaviour. Specifically, the
resistances of energy-dissipative elements are designed to be lower than those of connected
elements in which seismic energy is not intended to be dissipated. In moment-resisting frames, it is
usual for the dissipative zones to take the form of plastic hinges in beams, while elastic conditions
are maintained in columns and joints. However, there is no reason in principle why joint elements
cannot be considered as potential dissipative zones, unlike columns where inelastic frame stability

problems can arise.

The wind-moment design approach is a well established method for the design of unbraced steel
frames. The method relies on the rotational stiffness of the joints to resist any horizontal loading,
such as wind-loading, and assumes that the joints are pinned when considering vertical loads such
as gravity loading. This 'simple' design approach is allowed for in BS 5950 (BSI, 1990) and
Eurocode 3 (CEN, 1993). Now recognised as a form of semi-continuous design, the wind-moment
method allows the economic benefits offered by the use of semi-rigid joints to be realised. Frames
designed using such joints have been shown to be practical and economical when the wind-moment

method is used within recommended limits.

In earthquake engineering, the use of spectral design accelerations and force reduction (or
‘behaviour’) factors allows earthquake-resistant designs to be verified using simplified sets of
equivalent static forces. Consequently, the design process commonly reduces to the provision of a

structural system with adequate lateral resistance and stiffness.

Many of the same issues are encountered when designing for wind loads. When semi-continuous
construction is employed, the use of standard details can be beneficial: joint stiffness and moment
capacity can be readily evaluated from design tables, while sufficient ductility can be assumed.
This ductility is guaranteed by following a procedure similar to the capacity design approach
favoured in earthquake-resistant design. One or more components of the joint are selected as the
yielding locations, while all others are required to remain elastic, irrespective of the level of
response. Typically, weld failure is prevented because it is considered a brittle response mode,

while column shear panel or end plate yielding is encouraged.
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For earthquake resistance in moment-resisting frames, steel joints must be sufficiently stiff (for
serviceability requirements), strong (for ultimate limit state requirements), ductile (when energy

dissipation is required) and display a symmetrical response under cyclic loading conditions.

Stiffness:
Although the primary need for adequate joint stiffness is to limit interstorey displacements, it
also has implications for the natural vibration period of the structure. An accurate estimate of
this period is necessary if design seismic forces are to evaluated accurately. Conventional
column design procedures also rely upon reasonable estimates of joint stiffness. For static load
conditions, improved stiffness can be achieved through the use of thicker end plates and
column flanges, the addition of column web stiffeners, or the use of deeper beams. However,
during strong ground motion, cyclic inelastic joint response will display continuously varying

stiffness characteristics and not all of these approaches may remain valid.

Strength:
The yield and ultimate moment resistances required from a joint will depend on the seismic
action and force reduction factors employed in a given design. Adequate resistance is provided
by the conventional approach of employing deeper beams and larger joint elements. Whenever
a joint is selected to be a dissipative zone, the capacity design approach requires an accurate
and reliable upper bound estimate of joint resistance, as well as the lower bound normally
required. A conservatively low estimate of resistance will not therefore suffice. It this context,
it may be useful to identify those components of the joint whose resistance can be determined

accurately, and to ensure that these become the controlling features of joint behaviour.

Ductility:
In earthquake-resistant design, the ductility capacity of a structure or member must be
sufficient for the seismic force reduction factor employed. As with the wind-moment method,
designers are not required to quantify the ductility capacity of individual members, instead
standard design details are available which, when followed, are deemed to provide a known
level of ductility. These details are normally stipulated in terms of semi-empirical rules, based
on experimentally demonstrated cyclic response characteristics. Typically, test specimens are
required to repeatedly display the same resistance in three or more cycles of the same

amplitude.

While high levels of ductility capacity are always attractive, the ductility demand on a

dissipative structural element will vary with both peak ground motion and yield resistance.
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Hence, in regions with low or moderate design seismic actions, or in designs where small force

reduction factors are employed, less ductility will be required.

In addition to determining the location of the plastic hinges in moment-resisting frames based on
the above parameters, it is also possible to pre-determine the failure mode of the joints in that
frame. Therefore, a frame that is designed to allow the joints to yield, and hence control the failure
of that frame, may still possess varying levels of global ductility. BS 5950 and Eurocode 3 both
define three standard failure modes for joints that may be represented by bolted T-stubs. Based on
the failure mode of the joint, the frame may provide higher or lower levels of seismic resistance.
Therefore, a moment-resisting frame should not only be designed to incorporate the location of the

yield points but also the manner of the joint failure.

1.2 Scope of Research Study

Despite the advantages of pre-determining the joint failure mode in a frame, very little work has
been done in this area. The majority of work in the area of joint failure in frame systems has
concentrated on the pre-determination of the hinge location in the frame. While having the joint
yield holds advantages, these may be negated by the type of failure mode. In addition, much of the
work in this area has concentrated on the joint failure mode under monotonic testing. It is possible
that continuous load reversals and fatigue may adversely affect the joint behaviour. The principal

areas in which work is needed are explained below.

1. Eurocode 3: Annex J provides a design model for the use of semi-rigid partial strength
joints under monotonic loads. This design model is capable of producing a moment-
rotation behaviour curve for a large number of joint typologies including extended and
flush endplates, top and seat angles and web angle joints which may be represented using
equivalent T-stubs. The Eurocode 3 design model is able to determine the joint failure
mode based on the ratio of flexural resistance of the T-stub to axial resistance of the bolts.
These failure modes have been shown to be accurate for monotonic loading and are widely
accepted in practice. However, no work has been done to determine if these modes
continue to be valid under cyclic or dynamic loads.

2. As the Eurocode 3 design model is intended to be used with a wide range of joint details
and joint types, some simplification must be accepted. However, previous work has raised
doubts over the accuracy of the design moment-rotation behaviour for both extended and
flush end-plate joints produced with this method. The design moment-rotation
characteristics must be compared to experimental results with regard to the rotation

capacity, moment resistance and stiffness of the joint.
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3. The Eurocode 3 design model also lacks the means to predict the failure rotation of a joint.
Simplified rules are presented to determine if the joint possesses adequate rotational
capacity for use in a global frame analysis. For use under monotonic loads, this would
normally be adequate. However, under seismic loads, the rotational demand on a joint and
hence the structure may be much higher. Based on this, an accurate model of the joint
ductility capacity is required if these joints are to be used in areas of seismic activity.
Although Eurocode 8 already provides this to some extent by the use of behaviour factors,
a model capable of producing available ductility for a particular joint would remove some
of the uncertainty in the use of these factors.

4. As stated above, it is possible to control the failure behaviour of a frame by pre-
determining the location of plastic hinges. However, if the joints are chosen as the location
of the plastic hinges, which will happen if partial strength semi-rigid joints are employed,
the failure mode of the joint could affect the global behaviour of the frame under cyclic and
seismic conditions. There have been no studies done on how this joint failure mode will
affect the seismic design forces acting on a frame, and hence the maximum ground

acceleration for the frame.

To advance the level of knowledge in these areas, a combined experimental and analytical
programme of research has been undertaken. The joints in this study were confined to flush end-
plate joints with two bolt rows. To assess the moment-rotation characteristics of these joints under
cyclic loading, an extensive series of experiments were carried out. In order to facilitate this work,
a new control system was developed for the servo-hydraulic actuators available. A total of twenty-
two specimens were tested under both monotonic and cyclic loads, employing different joint
details. These details included the beam and column sections, the end-plate thickness, the bolt size
and the bolt grade. Combinations of the various joint details were used to control the failure mode
of the joints which were then evaluated for resistance and rotational capacity. These experimental
results were first compared to the Eurocode 3 design model results for both the moment-rotation
characteristics and the failure modes. A prediction model was then developed, the results from
which were also compared with the experimental results. The final part of the study was to
perform a small series of seismic design frame analyses to determine the affects the joint failure
modes would have on the maximum ground acceleration that the frames could withstand. These
frames are analysed using the Eurocode 3 joint characteristics as well as those from the new

prediction model. The presentation of this work is outlined in the following section.
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1.3 Organisation of Thesis

Chapter 2 presents a comprehensive literature review on the behaviour of semi-rigid joints and
frames. Frame definitions are first outlined, followed by methods of classifying joints based on
their stiffness and strength. A proposed classification method based on rotational capacity is also
presented. The failure modes for the joints is then set out as defined in Eurocode 3. As
earthquakes involve sudden load reversals and changes in the strain rates, a discussion of the
effects of these on steel and joints is presented. Thereafter, a limited review of previous
experimental work on semi-rigid joints and frames is presented, followed by a comprehensive
review of modelling techniques for joint behaviour. These techniques range from simple
mathematical models to highly complex finite element solutions. Using this review, the optimum

model for the joint type under consideration could be chosen.

In Chapter 3, a new computer-based test control system developed as part of this study is presented.
The software used for this system was a graphical programming language called LabVIEW which
has been developed specially for use in laboratory studies. This software provides commands to
the data acquisition hardware that controls the hydraulic test system. Three separate programs
were developed to facilitate a wide range of applications. The first is a “Shakedown test Program”.
This program imposes a small displacement wave on the specimens and records data obtained from
measurement devices. This allows the user to check that everything is working correctly before
executing a full test. The second program developed was the “Constant Amplitude Test Program”.
This program was designed to impose a set number of constant amplitude displacement cycles on a
specimen. The first of these cycles can also be considered as a monotonic test if the displacement
amplitude is large enough. The third program is the “Structural Cyclic Test Program”. This
program was developed to impose an increasing amplitude displacement wave on the specimen.
All of these programs are capable of simultaneously controlling the actuator system while reading
from multiple measurement devices. The program code is set out in Chapter 3 and the integration
of the computer into the test system is explained. Tests carried out to investigate the accuracy of
the system are also presented. The versatility of the system is demonstrated with a short discussion

of the testing of some reinforced concrete specimens.

Chapter 4 is the first of two experimental chapters in the thesis. The experimental procedures and
parameters employed are fully explained in this chapter. The experiments in this study were
divided into three separate test series. The details of the experimental specimens are presented for
all three series, along with the design moment-rotation characteristics from Eurocode 3: Annex J.
This is followed by the experimental results from the first test series. Not all of these experiments
were successful and, therefore the results are not considered to be fully reliable. The moment-

rotation characteristics of each specimen are presented and the results discussed in terms of
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resistance capacity, resistance drop and failure mode. The results are also compared to the design

characteristics and the discrepancies are discussed.

The second experimental chapter is Chapter 5 in which the results from the second and third test
series are presented. Again, the results are discussed in terms of moment resistance capacity,
rotational capacity, and failure mode. The Eurocode 3 design calculations are compared to these
results, showing similar discrepancies to those observed in the first test series. The joint behaviour
for all three experimental series is summarised in terms of failure mode, ductility and cyclic
evaluation parameters such as the resistance drop. The implications of the differences between the
experimental results and the design characteristics are discussed and a number of recommendations

are made with regard to the use of flush end-plates with Eurocode 3: Annex J.

In Chapter 6, a moment-rotation prediction model is presented. This is a T-stub model for flush
end-plates similar to those tested as part of this study. The model was developed using a force-
displacement curve model developed for extended end-plate joints combined with a second model
for the column web behaviour under compression, tension and shear. The assumptions and
approximations required for the model are listed and explained. The formula required to calculate
the moment-rotation curve are presented fully. Results from the prediction model are then
compared to the experimental results. The discrepancies between the model and experimental

results are discussed and the accuracy of the prediction results is shown.

Chapter 8 presents a small study carried out on the behaviour of frames with different joint failure
modes. These frames are all designed using the wind-moment method and the joints details
selected accordingly. Linear pushover analyses are carried out on these frames using both the
Eurocode 3 design calculations and the new prediction model results. The results from these
analyses are compared with each other and with the results of a pushover analysis of a rigidly

jointed frame. Recommendations on design behaviour factors and joint failure modes are given.

In the final chapter, a summary of the work is presented along with the principal conclusions. The

areas in which further research is required are identified.
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2.1 Introduction

In the last three decades, a large body of research has been produced with regard to the behaviour
of frames and the influence of the beam-to-column joints. As this study concentrates on the non-
linear response of flush end-plate joints under cyclic loads, it is important that a clear
understanding of the joint behaviour under static loads is obtained. To this end, this chapter begins
by defining the difference between a joint and a connection. These two terms are often used

interchangeably by engineers involved in both research and practice.

The classification of frames is presented. Frames are classified as either braced or unbraced, and
sway or non-sway based on the lateral stiffness and the influence of second order effects. Methods
of classifying the behaviour of joints are then presented. These joint methods commonly refer to
the strength or the stiffness of the joint compared to the connected members. A third classification
method, recently proposed, is also presented, although it has not been finalised as yet. Based on
the frame classification and the joint classification, the type of analytical model to be used for a

particular frame may be determined.

This is followed by a discussion of the static failure modes of certain types of joints. These joints
encompass top- and seat-angles, extended end-plate, flush end-plate, welded and any other type
that may be designed using the guidelines set out in Eurocode 3: Annex J employing a tee-stub
model. A review of research carried out of the effects of increased strain rate is then presented. As
cyclic loading is often used to approximate earthquake loading, an understanding of how the
sudden and dramatic load reversals would affect the response is highly important. This review

covers work directly related to the behaviour of steel joints as well as the material properties.

The next section presents conclusions from some of the experimental work carried out into semi-
rigid joints. This section begins with a review of beam-to-column sub-assemblages experiments.
The second part is concerned with full scale tests carried out on frames that employ semi-rigid
joints. It should be noted that this study is not exhaustive and is intended only to give a broad
outline, due to the volume of research available. These types of tests are important to gain accurate
responses for the modelling of joints. Numerous modelling techniques are presented in the final
section. These range from simple curve fitting techniques to highly complex finite element
programs. These techniques are discussed and conclusions are drawn on the usefulness of the

different methods.
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2.2 Joint Definition

Steel building frames consist of beam and column elements assembled together by means of joints.
These joints may consist of beam-to-beam splices, beam-to-column joints or column-to-foundation
bracing joints. However, in practice, and in much of the literature, the terms joint and connections
are often used interchangeably when discussing the interactions between members. The two terms
actually refer to different areas of interest. The definition employed by Eurocode 3: Annex J
(1998) appears to be the most consolidated one and has been accepted by a number of researchers
(Nethercot & Zandonini, 1990; Faella et al, 2000; Kirby et al, 1990). In this definition, the
connection is defined as the set of physical components that comprise the joint as well as the actual
location of the fastening between the structural elements. The joint is defined as the connection
combined with the interaction zone of the elements under consideration. This is illustrated in

Figure 2.1.

Joint

e

Connection

(e.g. bolts, endplate)

Figure 2.1: Illustrated definition of joint and connection

The actual components of the connection set vary depending on the type of joint that is being
considered. For flush end-plate joints, as are investigated in this study, six main components that
must be considered. These components are shown in Table 2.1, together with the principal forces
affecting each of them. In a major axis beam-to-column joint, it is possible to identify three main

sources of joint deformability. These are shown in Figure 2.2 and are as follows:
e The shear deformation of the column web which is assumed to be caused by the forces carried

through the beam flanges. These forces can also be assumed to be statically equivalent to the

beam moment;

11
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Component Description Component Diagram

1 Column Web panel in Shear

VSd

Column Web in compression
-5 Fc, Sd
1 Fi sq
<+ —>

3 Column Flange in bending

[§9)

I:I,Sd

B |
4 Column Web in tension ‘

5 End-Plate in bending

6 Bolts in tension S ﬁ—’ Fi sa

Table 2.1: List of components for flush end-plate connections
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(b) connection elements (c) load-introduction effects
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Shear Panel, Vgq4 -y Connection, M - 6

Figure 2.2: Sources of joint deformability

e The deformation of the connection which is defined as the rotational deformation of the
connection elements, such as the end-plate, bolts and the column flange; and

e The deformation effects of load-introduction on the column web from the connecting elements.

To obtain the full moment-rotation characteristics for a joint it is necessary to combine the
moment-rotation curve of the connecting elements, the moment-rotation curve of the load-

introduction effects and the shear-deformation for the shear panel.

Eurocode 3 also defines four other important structural properties that are associated with the

behaviour of a joint which are illustrated in Figure 2.3, and are defined as follows:

e The design moment resistance of a joint, Mgq, Which is equal to the peak value of the
design moment-rotation characteristics;

e The design moment of a joint, Mg, is the moment imposed on the joint at a particular point
in the loading life;

e The rotational capacity of a joint, O¢q, is taken as the rotation achieved in the joint at the
maximum design moment resistance, Mgy (likely to be conservative);

o The rotational stiffness of a joint, Sj, is taken as the secant stiffness of the moment-rotation
characteristics for a particular joint. The initial rotational stiffness used in Eurocode 3,
Sjini» 15 the stiffness associated with the elastic range of the design moment-rotation

relationship

13
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Once the structural properties of the joint have been determined, these can then be integrated into a

global frame analysis.

M A

MRd —t
MSd %

S ini

S

eCd

Figure 2.3: Structural properties of a joint

2.3 Classification of Steel Frames

Eurocode 3 classifies steel frames according to the structural system used to provide resistance to
lateral displacements. The two classifications are braced and unbraced frames. A frame is
considered to be braced if adequate resistance to lateral displacements is supplied by a bracing
system. Eurocode 3: clause 5.2.5.3 states that this bracing system must contain sufficient stiffness
to reduce the horizontal displacements by a minimum of 80% (CEN, 1992). This allows the
designer to safely assume that all of the horizontal loads imposed upon the structure are resisted by

the bracing system. If these conditions are not fulfilled, the frame is classified as unbraced.

A second classification may also be made based on the sensitivity of the frame to second order
effects in the elastic range. A frame may be classified as non-sway if the in-plane lateral stiffness
is sufficiently high to justify neglecting second order effects in internal forces and moments. Any
other frame is classified as a sway frame and second-order effects must be considered. Eurocode 3
states that a frame may be classified as non-sway for any given load case if the elastic critical load

ratio is less than or equal to 10, or stated numerically:

hSlO Eqn: 2.1

Cr
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where Vg is the design load value for a particular load case and V¢, is the elastic critical load for

failure in a sway mode.

In traditional design methodologies, engineers have usually assumed that the joints in a steel frame
behave in one of two different manners: nominally pinned or rigid. In a nominally pinned joint, it is
assumed that the joint is incapable of transferring any beam moment to the column. Therefore, the
joints only have to transfer the shear force from the beam to the column. In comparison, a rigid
joint has a very high rotational stiffness. Therefore, the beam end reaction and the end moment are
transferred to the beam and continuity is preserved with no rotation of the beam relative to the
column. Frames with these types of joints are modelled as pinned, in the first case, and continuous
for the second case. In reality, most joints behave somewhere in between these two ideals, or in a
semi-rigid manner. The joint usually possesses some rotational stiffness that allows the transfer of
moment from the beam to the column. Modern design codes allow for this behaviour and have
introduced the semi-continuous model, allowing the design of a steel frame to be based on the
actual load versus deformation behaviour of the joint. Based on the joint classification (see section
2.4) and the type of global analysis required, the type of frame model required may be determined,

as illustrated in Table 2.2

Method of Global

Classification of Joint

Analysis
Elastic Pinned Rigid Semi-Rigid
Rigid-Plastic Pinned Full-Strength Partial-Strength

Semi-Rigid and Partial Strength
Elastic-Plastic Pinned | Rigid and Full Strength Semi-Rigid and Full Strength
Rigid and Partial Strength

Type of Frame Model Simple Continuous Semi-Continuous

Table 2.2: Eurocode 3 frame model type

A similar method of classification has been introduced by the American Institute of Steel
Construction (AISC, 1986, 1989) for the design of steel frames. The Allowable Stress Design, or
ASD, specifications (AISC, 1989) lists three frame types for use in the design of a multi-storey

frame:

e Type 1 frames are rigid frames in which the joint stiffness is assumed to be sufficiently

high to prevent any rotation between the members. These joints are sometimes referred to
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as moment connections as they are capable of transferring all of the moment between
members with no deformation. Type 1 frames are similar to the continuous model in
Eurocode 3.

e Type 2 frames are analogous to the pinned model in Eurocode 3. The joints in these
frames are incapable of transferring any moment and are referred to as shear connections.
These joints are only capable of resisting gravity and other vertical loads.

e Type 3 frames are designated as semi-rigid frames. These frames are based on
intermediate values of moment capacity and rotational stiffness. They fall into a category
between the Type 1 and Type 2 frames and are similar to the semi-continuous model in

Eurocode 3.

The load and resistance design factor, or LRDF, specifications (AISC, 1986) allow for two types of

frames based on the restraint type:

e Type FR, or fully-restrained, which corresponds to the ASD Type 1 frame.
e Type PR, or partially-restrained, which covers Type 2 and 3 from the ASD specifications.
If type PR is to be used, the effects of joint rotation must be considered in the design of the

structure.

However, all frame types may still be classified as braced or unbraced frames regardless of which

type or model is chosen.

2.4 Classification of Structural Steel Joints

Eurocode 3 and BS5950 classify joints in two different ways: by stiffness and by strength, based on
the properties of the frame for which the joints are intended. The classifications provided are
pinned, semi-rigid and rigid for stiffness, and pinned, partial strength and full strength for strength.
Based on the classification of the joint, a global analysis methodology may be determined for the

steel frame.

Joint classifications by stiffness and strength are set out below as defined in Annex J of Eurocode 3
(1998). The concepts are discussed and the governing formulae are presented. It has also been
proposed (Kuhlmann & Fiirch, 1997) that in order to correctly classify joints, the ductility, or
rotational capacity of the joint must also be considered, and this classification method is also

discussed below.
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2.4.1 Classification by Stiffness

The classification of joints using stiffness is based on the comparison of the design joint stiffness to
two stiffness boundaries. This is illustrated in Figure 2.4, in which M; is the moment in the joint, 6;
is the rotation of the joint and S;;y is the initial stiffness of the joint as defined in section 2.2. For
the sake of simplicity in design, the boundaries have been defined to allow a direct comparison

with the initial design joint stiffness.

The classification of joints are dependant on the ratio EI/ | which is the flexural stiffness of the
P I

connected member, and S;;, which is the initial stiffness of the joint..

M; A
i Stiffness
Boundaries
Semi-Rigid
e e Initial Joint
Stiffness
Pinned
» o

J

Figure 2.4: Stiffness Classification Boundaries

However, the boundaries depend on whether the type of frame to be analysed is braced or
unbraced. This allows for the greater flexibility expected in unbraced frames or sway frames. The

stiffness boundaries for the classification are given as follows:

e Rigid Joint

S... >~ (Unbraced Frames) Eqn. 2.2

Do & % (Braced Frames) Eqn. 2.3
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e Semi-Rigid Joint

% <SS < o (Unbraced Frames) Eqn. 2.4
% <S8 < EE—I (Braced Frames) Ean.. 2.5

e Pinned Joint
Siimi S 2£LI,— (All Frames) Eqn.i2.6

2.4.2 Classification by Strength

To classify joint behaviour by strength, the design moment resistance of the joint, M;gg, is
compared to the moment resistance of the weaker of the connected elements, either the beam or the
column as shown in Figure 2.5. In the case of strength classification, the full-strength boundary is
taken as the lower of the beam or column moment resistances. The pinned value is assumed to be
one-fourth of the full-strength value. If the joint moment resistance is lower than this value, it is

assumed that it is unable to transfer any moment to the column.

The classification boundaries based on the strength of the joint are as follows:

e Full-Strength Joint

M. 2M

j,Rd = YL Full-Strength Eqn. 2.7

e Partial Strength Joint

M
Full-Strength = Mj,Rd <M Eqgn. 2.8

Full -Strength

o Pinned Joint

MFulI—Stren th
My & Tg Eqn. 2.9

where Mpui-swengn 1S the design resistance of the weaker of the member elements.
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MFull-Strength
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Figure 2.5: Strength Classification Boundaries

2.4.3 Classification by Rotation, or Ductility, Capacity

A classification system based on the rotational capacity of joints for use in plastic analysis has
recently been proposed under the framework of the COST program in the University of Stuttgart
(Kuhlmann & Fiirch, 1997). The rotational capacity of a section, whether a member or joint,
characterises the ability of a plastified section to rotate while maintaining the ultimate design
moment resistance. However, due to strain-hardening effects, the actual resistance moment often
exceeds the ideal plastic moment. Based on their web and flange slenderness, members can be
divided up into four distinct classes as given in Eurocode 3 section 5.3.2. These classifications are
widely accepted and thus a verification of rotation capacity is not required here. It is proposed that
joints be classified according to the rotation capacities derived from their connection elements’
deformation capacity. The deformation capacity of these components can be distinguished by their

mode of failure which falls into one of the three categories defined below.

e Components with High Ductility: These components, such as the column web in shear,
column flange in bending or the end-plate in bending, have a plateau type response as
shown in Figure 2.6 (a). The deformation capacity of these components is very high or

nearly unlimited.

o Components with Limited Ductility: After reaching a maximum load level, the resistance
of these components decreases, normally due to buckling or instability. At a certain point,

the resistance of the component falls below the ultimate resistance, Frq, as shown in Figure
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2.6 (b). The deformation at this point, 8., is considered the failure point for the
component. Components with limited ductility include column webs in compression or

beam flanges and webs in compression.

e Components with Little or No Ductility: These components, such as bolts in tension,
allow very little deformation as the load increases. They are liable to fail in a sudden or
brittle manner, with little or no warning. It is possible that these components will be

unable to reach the full resistance. This is shown in Figure 2.6 (c).

It has been proposed that joints should be classified is a system that is analogous to that defined in

Eurocode 3 for members. To this end the following classes of joints have been defined:

¢ Class 1 joints are those able to reach the ultimate design moment resistance, and with a
sufficiently good rotation capacity to allow plastic design of the frame.

e Class 2 joints are those able to reach the ultimate design moment resistance, but with a
reduced plastic rotation capacity. A plastic verification of the sections is allowed.

e Class 3 joints are those where brittle failure (or inherent instability) limits the moment

resistance and does not allow full redistribution of the internal forces in the joint.

This classification system has yet to be finalised. A great deal of work has to be completed to
verify the rotation capacity for various joint typologies. As the verification of all of the connection
components and the interplay of the various effects described above is too complex to consider at

present, simplified rules such as those used for member cross-sections are required.

2.5 Discussion of Joint Failure Modes

Some modern design codes allow for the modelling of certain joint typologies using an equivalent
tee-stub method to represent joint components. These codes include Eurocode 3 (1998) and BS
5950 (1990). The typologies considered include top- and seat-angles, beam splices, fully-welded,

extended and flush end-plate joints.
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Figure 2.6 (a): Components with High Ductility
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Figure 2.6 (b): Components with Limited Ductility

F a

FRd

S

Figure 2.6 (c): Components with Brittle Failure
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Figure 2.7 illustrates the equivalent tee-stub for a single bolt row in a flush end-plate joint. The
effective length, le, of the tee-stub is a notional length and does not necessarily correspond to the
actual physical length of a joint component. The effective length of the tee-stub is calculated from
the joint geometry, the assumed yield line pattern, the location of the bolt row and the number of
bolt-rows being considered. The yield line patterns can be circular or non-circular as shown in
Figure 2.8. In the case of the joints in this study, there are no inner bolts, so only the end-bolt row

case applies as detailed in Eurocode 3: Annex J.

Using these equivalent tee-stubs it is possible to further classify joints according to their failure
mode. Eurocode 3: Annex J and BS 5950 both define three failure modes for a tee-stub. These
failure modes may be used to sub-classify a joint. For example it is possible that a semi-rigid
partial strength joint could be Mode 1, Mode 2 or Mode 3. This sub-classification is used
extensively throughout this study, and is illustrated in Figure 2.9. The Mode 1 failure mechanism
is defined as yielding of the end-plate, or column flange, only. This results in plastic hinges
forming at the bolt-line and at the beam web line. In this failure mode, the bolts are expected to
remain perfectly elastic throughout the joint response. The second failure mechanism, Mode 2,
results when the end-plate yields at the beam flange line, followed by yielding of the bolts. Mode 3
failures occur when the end-plate remains elastic while the bolts yield. In general, Mode 1 joints
can be expected to possess the highest ductility, but also the lowest stiffness and moment
resistance. In contrast, Mode 3 joints tend to have the highest levels of moment resistance but are
subject to a brittle failure mechanism, with little or no prying forces. Mode 2 joints can resist

intermediate moments, while remaining reasonably ductile.

The failure mode of a particular tee-stub is dependant upon the geometry of the joint (Figure
2.9(a)), the axial resistance of the bolt, Bry, and the flexural resistance of the end-plate, Mga,

where

Lege U7 Eqn. 2.10
Mf,Rd = 4 fy qn. Z.

The ratio of flexural design resistance to axial bolt resistance is defined as:

4M Ry
2B Rdm

Pra = Eqn. 2.11
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leff

Figure 2.7: Equivalent Tee-Stub for a flush end-plate joint
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Figure 2.8: Yield line patterns for equivalent tee-stubs (Eurocode 3, 1998)

In Eurocode 3: Annex J, the following limit values for the design resistance, Fgqy, are defined to

determine the failure mechanism for a particular tee-stub.

Fra= Min{F, s F o Fypa | Eqn. 2.12

where

4M f,Rd

m

Fira = ... Mode 1 Eqn. 2.13

2M f,Rd + 2B Rdn

m+n

Forq = ... Mode 2 Eqn. 2.14

F3ra =2Bgg ... Mode 3 Egn. 2.15

where I is the effective length of the tee-stub, t; is the thickness of the plate and fy is the yield

strength of the material.
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(a)
Mode 1:
Yielding of end-
plate only

(b)
Mode 2:
Yielding of end-
plate and bolts

(c)
Mode 3:
Yielding of bolts

only

Figure 2.9: Failure Modes of equivalent Tee-stubs

It is recognised that the failure mechanism of a tee-stub is governed by Brgq which is also the ratio

of design resistances for Mode 1 and Mode 3 mechanisms. Defining a non-dimensional geometric
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parameter A = n/m, the following conditions may be derived:

2\

e Mode 1 mechanism occurs when Bgy <
1+2A

’

e Mode 2 mechanism occurs when i 22)» <PBrg £2;and
+

* Mode 3 mechanism occurs when 3 > 2.

These conditions are represented graphically in a non-dimensional form in Figure 2.10.

[ ———— PR
FRd .
Mode 3 mechanism
2By S e e e R S
0.8 - /_ Mode 2 mechanism
06 '
0.4
. Mode 1 mechanism
0.2
2\ A=1
" 11+2A : : ,
0 0.5 1 15 2 25 3 35 4

Figure 2.10: Graphical representation of failure mechanisms (Eurocode 3, 1998)

It should be noted that the above equations do not take into account moment-shear interaction in
the tee-stub. Research done in this area, notably by Faella et al (2000) has shown that the moment-
shear interaction influence is related to the ratio m/tp. The following equation for the design

resistance for a Mode 1 failure mechanism was developed using internal equilibrium equations:

2V
ke m | TR VW P Eqn. 2.16

Fira = 2
V3t (7{{)
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The ratio, F;grq between the design resistance of a Mode 1 mechanism including moment-shear
interaction and the design resistance of the same mechanism neglecting moment-shear interaction
is therefore:

1
2
2

il F m
Fl,Rd=—l-’&“g£ el gl Eqn. 2.17

4M T3t 2
f,Rd f (y )
Ly

Using Eqn. 2.17, it may be shown that for m/t; > 2.5, the reduction in the design resistance due to
moment-shear interaction is less than 10% and may therefore be neglected. A similar equation has
been developed for Mode 2 failure mechanisms, from which it is found that the reduction in design
resistance is less than 4% for m/t; > 2.5. Due to the geometric proportions required to obtain a
Mode 2 failure mechanism, this ratio is nearly always exceeded, and therefore moment-shear
interaction effects may be neglected. Mode 3 mechanisms are not affected by moment-shear

interaction influences as the critical component are the bolts.

2.6 Strain-rate Effects on Steel Members and Joints

As the majority of testing is carried out in a quasi-static manner, concerns have been raised with
regard to the rate of loading imposition on the specimens. As quasi-static loading is carried out at a
relatively slow rate, strain-rate effects may be neglected as internal forces are able to equalise as
the loading is imposed. In an earthquake load, or other type of pulse loading such as blast or
impact, the loading is imposed at a much higher rate. This may lead to different material properties
being displayed. This is especially relevant for near-source earthquakes where spectral velocities

can be much higher than those assumed in design.

The first research work carried out on the effects of strain-rate on material behaviour was carried
out by Manjoine (1944). Tests were carried out using strain-rates varying from 9.5 x 107 sec” to
0.3 sec”'. The results, reproduced in Gioncu (2000) and shown in Figure 2.11, indicate an increase
in yield stress with strain-rate. The increase in the ultimate tensile strength was less dramatic. Due

to the change in the ultimate to yield stress ratio, a decrease in the material ductility occurs.
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Figure 2.11: Influence of strain-rate effects on properties of steel (Gioncu, 2000)

In recent years, experimental results have confirmed previous studies and allowed material laws to
model the influence of strain-rate (Wright & Hall, 1964, Soroushian & Choi, 1987, Kasser & Yu,
1992). Using these constitutive material laws, it is possible to relate the yield stress and the

ultimate stress of a material to the strain-rate as shown.

Wright & Hall (1964): 10 <€<10°
fys 5
== 1+ 2.77expl0.162(log € — 3.74)] Egn. 2.18
y
Soroushian & Choi (1987): 10* <£<10"
2 =146 -4.51x107f, +(0.0927-9.2x1071, Jlogé
f" Eqn. 2.19
= 115-77x107f, + (0.0497 - 2.44x107f, Jlogé
Wallace & Krawinkler (1989): 10° <¢<10"
f
2 =0.973+0.45E)”
fy Eqn. 2.20
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Kasser & Yu (1992): 10 <e<10'

f

% =1.289+0.109loge +0.009(logé ) ......f, = 320N/mm’

fy Eqn. 221
f” =1.104+0.302loge +0.002(log&)’ ... f, = 495N/mm’

y

where f, and f are the yield and ultimate stresses due to strain-rate effects, £ is the strain rate, and
f, and f, are the nominal yield and ultimate stresses. Under earthquake conditions, the likely strain
rate is approximately 10”. Based on the above relationships and assuming f, = 275 N/mm’, this
results in a fy; of approximately 285 N/mm’. Therefore, it may be assumed that the yield stress of
mild steel is not significantly affected by the increased strain rate encountered under earthquake

loading.

In the last few years, the emphasis on strain-rate testing has moved from how material properites
alter under different strain-rates towards how members and beam-to-column subassemblies respond
under increased strain-rates. Uang & Bondad (1996) carried out a series of five tests on pre-
Northridge bolted-web welded-flange joints to investigate the effects of increased strain-rates.
Three of the tests were carried out in a quasi-static manner using the ATC-24 protocol, while the
remaining two specimens were tested dynamically using a modified version of the protocol. The
strain-rate effect on the following parameters was investigated: plastic deformation capacity,
energy dissipation characteristics and the failure mode of the joints. A comparison of the static and
dynamic test results showed that the deformation capacity and the energy dissipation characteristics
were reduced by an increase in the strain-rate. It was found that the deformation capacity was
reduced by approximately 50%, while the energy dissipation was at the lower bound of the static
test results. It was also noted that the increased loading rate resulted in brittle cracking of the joints

being propagated and the final fracture pattern being altered.

Beg et al (2000) carried out a large series of tests to investigate the effects of increased strain-rate
on fillet and butt welds in joints. The experimental results displayed no significant change in the
ultimate strain when the strain rate was increased. However, it was determined that welds that
were intended to be used in joints subjected to high strain-rates should be designed to be as strong
as the connection elements. Based on the results from the weld tests, a series of full-scale joints
were tested under increased strain-rates. These joints consisted on both welded and bolted end-
plate joints. It was seen that the increase in strain-rate resulted in an increase in the yield and
ultimate resistance of the joint, in agreement with the previous work on material properties. In the

bolted joints, ultimate failure was due to brittle fracture of the beam flange. This is similar to the
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ultimate failure mode of these joints under quasi-static loading. It was also seen that the ductility
of all of the joints was dramatically reduced, in some cases by up to 50%. It was concluded that
although the failure mode of these joints were not affected by the strain-rate, the effects on the joint

response were significant and could not be neglected.

Sanchez & Plumier (2000) carried out further tests based on the above work. These experiments
consisted of three joint types, the extended end-plate, the dog-bone joint and a partial strength joint.
The loading was imposed as sinusoidal waveforms with two distinct frequencies, 0.4 Hz and 0.025
Hz, to give different strain-rates. It was observed that the increased strain-rate increased both the
yield and ultimate stresses in the joint. However, the yield stress, f,, was increased more than the
ultimate stress, f,. This resulted in the creation of local concentrations of plastic strains in the joint
and brittle failures, therefore reducing the available ductility. Such increased local strain demand
has the knock-on effect of reducing the fatigue life of the specimens. It was also noted that the
energy dissipation capability of the joints was reduced as the strain-rate was increased. However,
in contrast with Uang and Bondad, there was no evidence reported to suggest that the ultimate

failure mode was altered by the increased strain-rate.

Based on previous work with regard to strain-rate effects on the properties of steel and steel beam-

to-column joints, the following points may be determined.

* An increase in the strain-rate will result in an increase in both the yield stress, f,, and to a
lesser degree, the ultimate tensile strength, f,;

e The resulting change in the yield to ultimate strength ratio generates higher local plastic
strain demands. This has the effect of inducing brittle failures in the material. In turn,
these brittle failures reduce the available ductility of the material, and consequently of the
joints.

e Increased strain-rates also reduce the energy dissipation characteristics of the material,
which in turn contributes to brittle failure, and reduces the plastic deformation capacity
available.

e There is differing opinion on the influence of the strain-rate on the ultimate failure mode of

the specimen.
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2.7 Experimental Studies on Joint and Frame Behaviour

In the last two decades, a great deal of experimental research has been carried out into the
behaviour of semi-rigid joints under static and monotonic loads. This research has varied from
tests on beam-column sub-assemblages to experiments carried out on full scale frames. Most of
this work has concentrated on testing angle joints and extended end-plates. Although there has
been some experimental work on flush end-plate joints, this has not been to the same extent as with
other joint typologies. The research reported in this section therefore examines the behaviour of
numerous types of semi-rigid partial strength joints and not just flush end-plate joints. The section
is divided into two parts. The first section reviews tests carried out on semi-rigid joints outside of
the entire frame. While this type of experiment is the most common and is relatively easy to set-
up, there are limitations in the application of the experimental data to full-scale frame response.
The second section discusses experimental work on frames utilising semi-rigid joints and
investigating how these joints influence overall frame behaviour. While these tests are usually
much more comprehensive, but are also more difficult to set-up and execute, as well as more

expensive.

2.7.1 Beam-to-Column Sub-assemblage Tests

Testing of beam-to-column sub-assemblages has been carried out for many years with early
experiments carried out on riveted joints by Baker and Rathbun in the early 1900s (Nethercot &
Zandonini, 1990). However, only since the early 1970s has the usefulness of testing semi-rigid

joints truly been realised.

Kennedy (1969) carried out large series of 24 tests on angle and end-plate shear joints with
differing levels of moment-shear interaction. The results from these tests showed a number of
points when the results between the angles and plates were compared. The end-plate joints
behaved in a very similar overall manner to the angle joints, although detailed behaviour differed.
All of the joints displayed the same moment-rotation behaviour regardless of the moment-shear
interaction ratio. There was also a certain degree of stiffness hardening noted. This was attributed
to the lower beam flange bearing against the column. As will be seen in chapter 4, this is also

important when investigating the behaviour of flush end-plate joints.

In 1987, Davison et al carried out a series of static cruciform experiments on a variety of different
joint typologies including cleats, extended and flush end-plate joints. These connections were
attached to both the column flange and web for comparison. The goal of the test series was to
comparatively assess the different joints in terms of rotational stiffness, ductility and moment

resistance capacity. The web cleat joints showed very flexible behaviour until the beam flange
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came into contact with the column, as had already been noted by Kennedy (1969). Flange cleat
joints behaved in a bi-linear fashion with a constant stiffness up to approximately 15% of the beam
moment capacity at which point the stiffness quickly degraded until the behaviour became nearly
perfectly plastic. Similar behaviour was observed for the top- and seat angle joints. The flush end-
plate joints displayed large differences in behaviour depending on whether the plate was connected
to the column web or the unstiffened column flange. The flush end-plate joints were also tested
without the beam flange welds and this did not appear to seriously affect joint performance. It was
noted that the use of a lighter column section reduced the initial rotational stiffness while

increasing the ductility of the joint.

Popov (1987) investigated the effects of the column panel zone and continuity plates (column web
stiffeners) on joint flexibility. A series of full scale welded-flange bolted-web joint specimens
were tested cyclically. In order to remove the panel zone contribution to the moment-rotation
characteristics, a number of the specimens were rigidly attached to a testing frame. These joints
were tested and compared with tests results from joints where the panel zone was allowed to
contribute to the behaviour. The panel zone was found to make a large contribution to the joint
ductility, so that a properly designed column may be used to prevent inelastic rotations of the
connected beam. Further improvements in moment capacity and rotational capacity may be

achieved by the use of column web stiffeners in these types of joints.

Ghobarah et al (1990, 1992) carried out two series of cyclic tests on extended end-plate joints. The
first series of experiments consisted of five beam-to column joint sub-assemblages tested in the
inelastic range to determine the effects of design parameters on the moment-rotation
characteristics. These design parameters included end-plate thickness, column flange stiffeners and
bolt pre-tension loading. In all cases it was found that the design forces predicted were
conservative, with an average ratio of actual force to design force of 1.4. Based on these results it
was concluded that if the following rules are adhered to, end-plate joints can provide adequate

ductility for use in seismic zones:

e The use of unstiffened columns is not recommended. If the column is unstiffened, the
end-plate should be designed to sustain 1.3 times the plastic moment capacity of the
weaker connected member to allow for strain hardening.

e As significant drop-offs in the bolt pre-tension load was noted during the test, the bolts
should be designed to a minimum force of 1.3 times the plastic moment capacity of the

beam.

The second test series consisted of four beam-to-column sub-assemblages. The behaviour of
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individual components of the joint, such as the beam, column, connection elements and panel zone,
was examined, as was the overall behaviour. The performance of the joint and its components was
assessed in terms of stiffness, strength, ductility and energy dissipation capacity. As in the first
series, the experimental capacity of each joint exceeded the design capacity. It was found, as in the
case of Popov (1987), that the column panel zone is a very ductile component when correctly
designed and is capable of undergoing large numbers of strain reversals without displaying any
significant distress. By comparing the energy dissipation characteristics of the column panel zone,
beam and connection, it was observed that the joints that provide the best performance in terms of
moment capacity and ductility levels are those where the panel zone and beam are allowed to yield
together. By allowing these two components to provide higher load carrying capacity through
strain hardening, and higher ductility through large inelastic deformations, the connecting elements
(end-plate, bolts, and column flange) can remain elastic. This may be used to avoid severe damage
to the joint. It was also seen that the end-plate of the joint effectively controlled the plastic
deformation of the panel zone. This was done by comparing the experimental panel zone
deformation with a model prediction. Finally the authors recommended more research into the

contribution of the panel zone into the overall joint behaviour.

Tsai and Popov (1992) carried out a limited number of cyclic tests on extended end-plate joints to
investigate the use of stiffeners and the contribution of the bolts to joint response. A standard joint
was first tested as a control. This joint was then modified by the addition of flange stiffeners and
the use of an increased bolt diameter. It was observed that the end-plate was much more rigid near
the inner bolts than outside of the beam flanges. It was noted that the addition of flange stiffeners
below the beam flange caused the forces in the bolts to equalise between the inner and outer bolts.
The use of stiffeners together with an increased bolt diameter was seen to increase the rotational

capacity of the joint by 45%; an increase in the end-plate thickness had a similar effect.

Static cruciform tests were carried out on a series of flush and extended end-plate joints by Bose
and Hughes (1995) and Bose (1998). The purpose of these experiments was to investigate the
moment-rotation response of joints with varying end-plate thicknesses and bolt sizes. In the case of
all but one test, the observed moment capacities were between 60% and 120% greater than those
predicted by Annex J of Eurocode 3. From these tests, three different types of joint failure were
identified as column web buckling, bolt failure and end-plate fracture. It was also observed that
there were two distinct types of bolt failure: a classical fracture mechanism and stripping of the bolt
threads. Based on the experimental observations, it was recommended that joints with a rotational
capacity of 30 mrad or greater should be considered to be ductile while those joints with a capacity
of 2