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Abstract

ABSTRACT

Connection failures which occurred in the Cardington full-scale fire tests and in the collapse of
the World Trade Centre indicate that connections are the most vulnerable parts of the structure in
fire. Failure of connections can lead to a series of consequences, including the detachment of a
connected beam from an adjacent column, the collapse of floors, the spread of fire into other
compartments, the buckling of the column, and even the final progressive collapse of the entire
building. Therefore, connections play a key role in maintaining structural integrity and stability
under exposure to fire. However, conventional connection types lack the ductility to accommodate
either the thermal expansion of beams during initial heating by a fire, or the tensile deformation
generated by the catenary action of beams at high temperatures.

In order to prevent connection failures and improve structural robustness in fire, a novel
connection with high ductility has been proposed in this research project. This novel ductile
connection consists of two identical parts, each of which takes the form of a fin-plate, a face-plate
and a semi-cylindrical section between these two parts. The latter can provide additional
deformability by allowing the fin-plate to move towards and away from the face-plate. Equations
have been proposed to quantify the ductility demand of both bare-steel and composite beams
under fire conditions, which can be used as an indicator to determine the radius of the semi-
cylindrical section of the ductile connection.

The analytical models of the semi-cylindrical section and the face-plate parts have been developed
based on simple plastic theory. Experiments and Abaqus simulations have been carried out at both
ambient and elevated temperatures to validate the analytical models of the semi-cylindrical
section. An initial component-based ductile connection model has been proposed. Analytical
models of the FPSC (face-plate-semi-cylindrical) component have been built, in which the face-
plate part and the semi-cylindrical section are considered to deform as a whole. A second
component-based model has been proposed based on the analytical models of the FPSC
component. The two component-based models have been compared and validated against both
experiments and Abaqus simulations. Compared with the first model, results from the second
component-based model are more consistent with Abaqus simulation results. The component-
based model of the composite ductile connection has been established by adding a reinforcement
component to the bare-steel connection model, which can consider the pull-out of reinforcing bars
the anchorage from the weld points in the mesh.

The component-based models of the ductile connection have been converted into connection
elements following the principles of finite element method, and incorporated into the software
Vulcan. Single beam models and 2-D bare-steel and composite sub-frame models with ductile
connections have been created using both Vulcan and Abaqus to check the performance of the
ductile connection elements. The 2-D bare-steel sub-frame models have also been used to
compare the performance of the ductile connection with that of other connection types.
Comparative results show that, the axial force generated in the beam with ductile connections is
significantly reduced compared with those of the beams with other types of connections,
indicating that the proposed ductile connection can provide excellent ductility to accommodate
the axial deformation of beams in fire. Parametric studies have been carried out on several key
parameters, including the connection thickness, inner radius of the semi-cylindrical section,
connection temperature, vertical bolt spacings and connection material. The progressive collapse
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Abstract

of a three-storey three-bay plane frame with ductile connections has been modelled using the
static-dynamic solver in Vulcan.

Parametric studies have also been conducted to test the effects of connection thickness, inner
radius of the semi-cylindrical section, and the number of longitudinal reinforcing bars within the
effective width of slab, on the performance of the composite ductile connection using the 2-D
composite sub-frame models. In order to consider the influence of out-of-plane structure on the
composite connection behaviour, 3-D composite frame models have been built to compare the
performance of the ductile connection with other connection types within composite structures.
Finally, the effects of shear stud spacings and unconnected length between slab and beam at the
beam end on the performance of the composite ductile connection have also been investigated.
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Chapter 1 Introduction

1.1. Background

Fire accidents occur frequently all over the world every year, causing huge losses to people's lives
and properties. The tragic fire accident in the 24-storey Grenfell Tower block of flats in North
Kensington, London caused huge casualties, including 72 deaths and more than 70 injuries, which
brought great shock to the British society (MacLeod, 2018). This was the most serious building
fire in the UK since the Piper Alpha disaster in 1988, and was also the worst residential fire in the
UK since World War II. This disaster also prompted a review of building regulations and fire
safety in the UK, Scotland, and Australia. The high temperatures caused by fire lead to the
degradation of building materials. Taking steel as an example, the advantages of steel, including
high strength to weight ratio, fast erection speed, high robustness and ductility, make steel one of
the most popular building materials in the world. However, steel is a highly temperature-
dependent material. The yield strength and elastic modulus of steel start to decrease dramatically
at 400°C, and the residual strength of steel after being heated at 800°C is only 11% of the ambient
temperature strength. In addition, steel has a high thermal conductivity, which leads to a rapid rise
in its temperature. The thermal expansion of steel members can also generate compressive forces
on adjacent structural elements. Compared with steel, concrete has a much lower thermal
conductivity, and can therefore act as its own insulation, generally resulting in a slow temperature
rise. However, concrete can experience heat-induced explosive spalling when it is exposed to high
and rapidly-increasing temperatures, which can lead to a significant reduction of the cross-section
and direct exposure of reinforcement to fire, resulting in a significant reduction of the load-bearing
capacity of a structural member.

Connections play a key role in maintaining the integrity of a structure, by connecting all other
structural elements together. Traditionally it is assumed that connections have adequate fire
resistance, since they can be much cooler than the structural members to which they are connected
in a fire. Connection failures occurred in the collapse of the World Trade Centre (McAllister and
Corley, 2002) and in the Cardington full-scale fire tests (Newman et al., 2000), indicating that
connections are potentially the most vulnerable parts of a structure exposed to fire, and connection

failures may trigger the progressive collapse of the entire building (Gann et al., 2008). Typical
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connection failures include buckling of the beam lower flange during heating, nut thread stripping
at the end-plate for end-plate connection, fracture at the heel of a web-cleat and double shear of
bolts at the beam web for web-cleat connections, and block shear failure of the beam web for fin-
plate connections. Connection failures can occur during cooling. Figure 1-1 shows some examples
of connection failures for flexible end-plate connections and fin-plate connections, observed in
the cooling stage of the Cardington fire tests (Burgess et al., 2012). The failure of connections
may lead to a sequence of consequences. For example, if beams separate from their connected
columns, the consequences can be collapse of the local floors, the spread of fire to other
compartments, the increase of slenderness ratio of the separated columns, leading to their possible

buckling, and even the final collapse of the whole structure.

(a) Flexible end-plate connection failure (b) Fin-plate connection failure

Figure 1-1. Two typical connection failures (Newman et al., 2000)

The behaviour of connections under fire conditions is quite different from that at ambient
temperature. During a fire accident, the internal forces experienced by connections can be
approximately divided into four stages. The first stage is at ambient temperature. At this time,
connections are mainly subject to vertical shear forces, accompanied by some moments,
depending on the types of the connection. During the initial heating of the fire, the restrained
thermal expansion of the connected beam will generate additional compressive force on the
connection and the attached column will therefore be pushed out, as shown in Figure 1-2 (a),
which can be regarded as the second stage. As the temperature rises to a high level, the weakening
of its material dominates the behaviour of the connected beam, and the beam enters the catenary

action stage, resulting in tensile force being applied to the connection, as shown in Figure 1-2 (b).
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The final stage is during the cooling of the fire, in which the thermal contraction of the connected

beam will superpose large tensile force on the connection.

Tensile force on
connections

Compressive force on

connections \

Column
pushed out : syl

Thermal expansion of beam Catenary action of beam

(a) At low temperatures (b) At high temperatures

Figure 1-2. Force variation of connections in fire

Current commonly-used connection types lack axial ductility to accommodate the thermal
expansion of connected beams at low temperatures, their net shortening caused by catenary action
at high temperatures, or their thermal contraction during the cooling stage of the fire. Therefore,
this research aims to propose a novel connection with high axial ductility to accommodate the
axial deformation generated by the connected beam under fire conditions, so as to prevent the
brittle failure of the connection and improve the robustness of the structure in fire.

Numerical simulation is the main method adopted in this research to investigate the fire
performance of the novel ductile connection. However, using a detailed finite element method to
simulate the ductile connection involves a large number of elements and usually requires a
dynamic solver, due to the complex contacts between bolts and bolt holes. This hinders the
modelling of the real connection behaviour in an overall frame analysis to consider the effects of
the connection on the structural performance. Compared with continuous FE modelling, using a
high-temperature component-based method to simulate connection behaviour within a structural
frame modelling FE software is a more feasible and efficient way to carry out large frame analysis
including connections in fire. It was therefore decided to develop component-based connection

clements of the ductile connection and to incorporate these elements into Vulcan to facilitate
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global frame analysis.

1.2. Scope of research

The scope of this research is to develop a novel ductile connection and investigate its fire
performance within bare-steel and composite structures. There are four main research objectives,

listed below:

L To engineer a novel connection with high ductility to prevent the brittle failure of
connections and to enhance structural robustness in fire.

IIL. To develop component-based connection elements of the ductile connection for
structural fire engineering frame analysis of both bare-steel and concrete-steel
composite structures.

I1I. To understand the fire performance of the ductile connection within both 2-D and 3-D
bare-steel and composite frames.

Iv. To develop practical design guidance for the ductile connection.

1.3. Thesis outline

The thesis consists of eight chapters. Each chapter begins with an introductory section and ends
with a concluding section that outlines the key findings and conclusions.

Chapter 2 - Literature Review

This chapter presents background information related to connection behaviour in fire. The basic
knowledge is briefly reviewed, including material properties at high temperatures, different fire
time-temperature curves, the definition and classification of joints, and three principal numerical
methods to simulate connection behaviour. Among these, component-based modelling is the main
numerical simulation method adopted in this research and is, therefore, introduced in detail. In
addition, relevant numerical and experimental research work on the behaviour of bare-steel and
composite connections in fire is also reviewed.

Chapter 3 - Proposal of the Novel Ductile Connection

This chapter presents the design and initial investigation of the novel ductile connection.
Equations are derived to quantify the ductility demands of bare-steel beams under fire conditions,
which can be used as important criteria for the design of the ductile connection. The tensile and

compressive analytical models of the semi-cylindrical section of the ductile connection are
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developed based on simple plastic theory, and validated against experiments and Abaqus
simulations at both ambient and elevated temperatures. The rotational behaviour of the whole
connection is modelled using a set of identical connection strips as parallel components according
to the concepts of the component-based method. Simple case studies are carried out to test the
performance of the ductile connection.

Chapter 4 - Component-based Modelling of the Ductile Connection

This chapter introduces an improved design version of the ductile connection, and presents a
comparison between the performance of the improved version and that of the original version.
The analytical models of the face-plate component of the ductile connection, and the face-
plate/semi-cylindrical component (FPSC), in which the semi-cylindrical section and the face-
plate component are considered to deform as a whole, based on simple plastic theory, are
developed. Combined with some research work conducted by researchers from the Structural
Fire Engineering Research Group at the University of Sheffield, two component-based models of
the ductile connection are proposed. The loading and unloading behaviour are incorporated into
individual components, and the results of the two component-based models are compared and
validated against both experiments and Abaqus simulations. Two simple example applications are
modelled using the proposed component-based element, to illustrate how different spring rows
affect the connection deformation process.

Chapter 5 - Performance of the Ductile Connection in Steel-framed Structures

This chapter describes the incorporation of the component-based model of the ductile connection
into the software Vulcan. An analytical model of bolt pull-out failure is added to the component-
based model, since it is a major failure mode of the ductile connection. The tangent stiffness
matrix derived by Block (2006) is used to convert the component-based model of the ductile
connection into a connection element following the principles of the finite element method. A
single beam with ductile connections at both ends is modelled using both Vulcan and Abaqus to
check whether the connection element has been correctly incorporated into Vulcan. The analytical
model of a web-cleat connection developed by Yu (2009d) is implemented within Vulcan in the
same way as the ductile connection element. Sub-frame models are created using Vulcan to
compare the performance of the ductile connection with that of other connection types, including

idealised rigid and pinned connections, and the commonly-used end-plate and web-cleat
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connections. Parametric studies are carried out to optimize the performance of the ductile
connection under the tensile axial forces generated by the eventual catenary action of unprotected
beams at high temperatures. The progressive collapse of a three-storey, three-bay plane frame
with ductile connections is modelled using the static-dynamic solver of Vulcan.

Chapter 6 - Fire Performance of the Ductile Connection in Composite Construction

This chapter investigates the performance of the ductile connections in composite structures.
Equations are derived to represent the axial ductility demands of composite beams in fire. By
adding a reinforcement component to the bare-steel ductile connection model, the component-
based model of the composite ductile connection is established and incorporated into Vulcan, and
this is then validated against detailed Abaqus simulations. Parametric studies using Vulcan are
carried out to study the effect of three parameters on the performance of the composite ductile
connection. The influence of the spacing of shear studs on the connection performance is also
investigated.

Chapter 7 - Three-Dimensional Modelling of Composite Frames with Ductile Connections
This chapter presents 3-D modelling of composite frames with ductile connections in fire. The 3-
D composite frames with different connection types, including the ductile connection, idealised
rigid and pinned connections, and conventional end-plate and web-cleat connections, are
modelled using Vulcan. The influence of unconnected length between slab and beam on the
connection performance is also investigated.

Chapter 8 - Conclusions and Recommendations for Future Work

This chapter summarises the main conclusions, and puts forward recommendations for future

work.
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2.1. Chapter introduction

This chapter briefly reviews the fundamental knowledge and research work related to connection
behaviour in fire. Material properties of steel and concrete, and different fire time-temperature
curves are introduced first. Definition and classification of joints is then reviewed. Three principal
numerical methods to simulate the connection behaviour at elevated temperatures are introduced
in detail. Finally, relevant numerical and experimental research work on fire performance of bare-

steel and composite connections are reviewed.

2.2. Structures under fire conditions

2.2.1. Material properties of steel at elevated temperatures

To analyse the behaviour of structures in fire, the priority is to understand the performance of
materials at high temperatures. It is well known that steel is a temperature-dependent material,
and its strength, stiffness, thermal expansion coefficient, specific heat and thermal conductivity
are all affected by temperature. For heating rates between 2 and 50 K/min, the high-temperature
stress-strain relationship of carbon steel can be calculated using the Equations (2-1) - (2-9) given
in the Eurocode 3 (CEN, 2005b), and the stress-strain curves of S275 steel at different
temperatures are shown in Figure 2-1. This figure shows that steel begins to lose strength from
400°C at a steady rate up to around 800°C. After that, the strength of the steel decreases at a lower

rate up to about 1200°C, beyond which it has effectively zero strength.

When e<¢,, o=¢E,, (2-1)
2705
When ¢,,<e<¢,, o=f, —c+(b/a)[a2 —(&,0—¢) } (2-2)
When ¢,,<¢<¢, o=f, (2-3)
When ¢,,<¢<¢,, o=f, |:1—(8 —gtyg)/(gule &y )] (2-4)
When &,<e<¢g,, 0=0.0 (2-5)
go=T0lEy &,=002 &,=015 ¢ ,=020 (2-6)
a’ :(gyﬂ —gpﬂ)(gyﬂ —&,,+C/ Eaﬂ) (2-7)
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b* = C(gyvg —(‘,‘pﬂ)Eaﬂ +c’

( fyﬂ B fpﬂ)z

Cc=
(5%9 —gpﬂ)Eaﬂ - 2( fyﬂ - fpﬂ)

(2-8)

(2-9)

in which, fy' o and fpﬂ are the effective yield strength (stress at 2% strain) and proportional limit,

respectively. E, , is the slope of the linear elastic range. €, ,, &, and &, , are the proportional

limit strain, yield strain and ultimate strain, respectively. &, is the limiting strain for yield

strength. Eurocode 3 Part 1-2 gives the reduction factors for the effective yield strength,

proportional limit, and the slope of the linear elastic range at elevated temperatures, as shown in

Figure 2-2.
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Figure 2-1. Stress-strain curves of S275 steel at different temperatures
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Figure 2-2. Reduction factors of carbon steel at elevated temperatures
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The thermal properties of steel are also important parameters to analyse the behaviour of steel-
framed structures in fire. For example, the thermal expansion of a steel beam will generate
compressive axial displacement on the connections at its ends, which can potentially lead to the
buckling of both beam and column if rigid connections are used. Eurocode 3 (CEN, 2005b) gives
Equations (2-10) - (2-12) for calculating the thermal expansion of steel at different temperatures.
It should be noted that the thermal expansion of steel increases with temperature until about 750°C,

at which point the crystal structure of steel begins to change.

When 20°C< 0, <750°C Al/1=1.2x10"0, +0.4x107°0’ —2.416x10™" (2-10)
When 750°C< 6, <860°C Al /1=1.1x10" (2-11)
When 860°C < 6, <1200°C Al/1=2.0x10°¢, -6.2x10° (2-12)

in which | is the original length at ambient temperature, Al is the temperature-induced
elongation and 6, is the steel temperature. The relative elongation of carbon steel with increase

of temperature is shown in Figure 2-3 (a).

The amount of heat stored per unit mass of steel for a temperature rise of 1°C is defined as the
specific heat. The rate of heat transfer over a unit cross-sectional area of a material at a unit
temperature gradient is defined as the thermal conductivity. Compared with concrete, the thermal

conductivity of steel is much higher, about 50 times that of concrete. Eurocode 3 (CEN, 2005b)
provides Equations (2-13) - (2-16) (the unit of c, is J /kgK ) and (2-17) - (2-18) (the unit of 4,

is W/ mK) to calculate the specific heat and thermal conductivity of steel, respectively. The
sudden rise in specific heat at around 750°C is actually an indicator of the energy required by the
crystal structure transformation. The variation of specific heat and thermal conductivity of carbon

steel with temperature are shown in Figure 2-3 (b) and (c) respectively

When 20°C< 6, <600°C C, =425+7.73x1070, ~1.69x10°07 +2.22x10° ¢’ (2-13)
When 600°C < 8, <735°C ¢, =666+13002/(738-6, ) (2-14)
When 735°C< 6, <900°C ¢, =545+17820/(6, —731) (2-15)
When 900°C < 6, <1200°C c, =650 (2-16)
When 20°C< 6, <800°C 4, =54-3.33x1070, (2-17)
When 800°C < 6, <1200°C A, =27.3 (2-18)

Page | 11



Chapter 2 Literature Review

0.02 5000
g -
2 0.015 A 4000
5 =
g o 3000 A
L= =
S 0.01 - g ,
E 2. 2000 - ';':
= J \
3 0.005 1000 - AN
0 T T T T T 0 T T T T T
0 200 400 600 800 1000 1200 0 200 400 o600 800 1000 1200
Temperature (°C) Temperature (°C)
(a) Relative thermal elongation (b) Specific heat
60
250 {7~ <
3= ~ o
é 40 4 S ..
§ 30 ; R T
= 20 4
5
= 10 1
0 T T T T T

0 200 400 600 800 1000 1200
Temperature (°C)

(c¢) Thermal conductivity

Figure 2-3. The change of thermal properties of carbon steel with temperature

2.2.2. Material properties of concrete at elevated temperatures

Steel-concrete composite structures have been widely used across the world in recent decades due
to their higher structural efficiency and lower cost compared with bare-steel structures. The
ductile connection proposed in this thesis can also be used in composite frames, and so it is
necessary to review the performance of concrete under fire conditions. The high-temperature
compressive stress-strain relationship of uniaxially stressed concrete given in Eurocode 2 (CEN,
2004a) is shown in Figure 2-4. The ascending part of the stress-strain curve can be calculated
using Equation (2-19). The descending branch should be taken into consideration for numerical
purposes, and linear or non-linear models can be used for this phase. It should be noted that the
concrete material model presented here is applicable for heating rates between 2°K/min and
50°K/min, since the creep effect is not considered explicitly. The tensile strength of concrete is
low and is usually neglected. In the case where the concrete tensile strength needs to be considered
(e.g. in advanced calculation methods), Equations (2-20) - (2-22) given by Eurocode 2 can be
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used.

When ¢<¢,, o(0)=3¢f,,/ [‘5}1,9 (2 + (g &, )3 )}
fck,t (9) = kc,t (0) fck,t

When 20°C< 9, <100°C K, (0)=1.0

When 100°C < 6, <600°C k_,(#)=1.0-1.0(6-100)/500

(2-19)
(2-20)
(2-21)

(2-22)

in which, f_, is the high-temperature compressive strength of concrete, which can be calculated

using the ambient-temperature compressive strength and reduction factors. Eurocode 2 (CEN,

2004a) specifies different reduction factors for normal weight concrete containing calcareous or

siliceous aggregates.

c
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Figure 2-4. The compressive stress-strain relationship of concrete at elevated temperatures

As for the thermal properties of concrete, Eurocode 2 (CEN, 2004 a) provides Equations (2-23) -

(2-26) to calculate the thermal elongation in different temperature ranges. The specific heat of dry

concrete (moisture = 0%) at different temperatures can be obtained using Equations (2-27) - (2-

30). The thermal conductivity of concrete can be determined between the maximum and minimum

limits given in Equations (2-31) and (2-32).
For siliceous aggregates:

When 20°C< 6<700°C &,(0) =-1.8x10" +9x10°0+2.3x10 16

When 700°C < 0 < 1200°C &, () =14x10"°
For calcareous aggregates:

When 20°C <0< 805°C ¢,(0) =-1.2x107 +6x10°0+1.4x10™"¢°
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When 805°C< 0 < 1200°C £,(6) =12x107° (2-26)
When 20°C <6< 100°C C,(6) =900 (J/kg K) (2-27)
When 100°C <0 <200°C ¢, (6) =900+ (6-100) (J/kg K) (2-28)
When 200°C < 6 <400°C ¢, (6) =1000+(6—-200)/2 (J/kgK) (2-29)
When 400°C < 6 < 1200°C ¢, (6) =1100 (J/kg K) (2-30)
When 20°C <0 < 1200°C 4, =2-0.2451(6/100)+0.0107(6/100)" (W/m K) (2-31)
When 20°C <6< 1200°C 4, =1.36—0.136(6/100)+0.0057(6/100)° (W/m K) (2-32)

2.2.3. Design fires

In order to accurately simulate the behaviour of structures in fire, it is necessary to first understand
the fire development process. The complete process of a natural compartment fire can be divided
into two stages; pre-flashover and post-flashover. These two stages are separated by a ‘flashover’
point, at which all the contents in the compartment begin to burn, at which the atmosphere
temperature has reached about 550°C - 600°C. There are three methods of compartment fire
simulation: single-zone model, in which the compartment is considered as uniformly heated; two-
zone model, in which the compartment is divided into two layers of gases with different
temperatures; and the more complex CFD (Computational Fluid Dynamics) model, which is
based on a finite element method and is usually used to simulate smoke movement. Eurocode 1
(CEN, 2002) gives four different fire time-temperature curves for the single-zone model, as shown
in Figure 2-5. Among them, the Standard curve, External curve and Hydrocarbon curve can be

obtained using Equations (2-33), (2-34) and (2-35), respectively.

©, =20+345log,, (8t +1) (2-33)
©®, =660(1-0.687e ** —0.313¢*" )+ 20 (2-34)
©®, =1080(1-0.325¢ ***" —0.675¢ **' ) + 20 (2-35)

The parametric fire curve is more representative of a natural post-flashover fire as a single-zone
model compared to the other three fire curves, and it considers the effects of fire load, ventilation
characteristics (vertical vent height and vent area), compartment geometry and the thermal

properties of walls, floor and ceiling. Eurocode 1 (CEN, 2002) provides Equations (2-36) - (2-39)
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for the heating and cooling phases of the parametric fire curve. It should be noted that the
parametric fire equations presented here are only applicable to compartments meeting the
following criteria: 1) the floor area of the compartment should not be larger than 500m? in the
generic Eurocode (the area is unrestricted in the UK National Annex); 2) there should be no

openings in the compartment roof; and 3) the compartment height should not exceed 4m.
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Figure 2-5. Fire curves
Heating phase:
®, =20+1325(1-0.324e **" ~0.204e " — 0.472¢™") (2-36)
Cooling phase:
When t,,, <05 ©, =0, —625(t* ~t . -X) (2-37)
When 05<t,, <2 ©,=0,, - 250(3—t;ax )(t e x) (2-38)
When t,, 22 © =0, - 250(t* -t -x) (2-39)

in which ©, is the gas temperature in the fire compartment, t is time. t'=t-I" and the

calculation of I" is documented in detail in Eurocode, so it is not repeated here.
2.2.4. Structural fire engineering

Structural fire engineering involves calculating the possible fire conditions in different areas of a
building, evaluating the impact of fire on structural members, and designing structural members
to achieve sufficient fire resistance. In general, structural fire engineering includes three stages.

The first stage is to predict the fire temperature development in a compartment. This can be
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achieved by using the fire curves given in the Eurocode (CEN, 2002), including the standard fire
or more complex parametric fires as mentioned in the previous section for regular compartments
of appropriate area. For irregular or large compartments, the design fire needs to be simulated,
using a single-zone, two-zone or CFD model. The second stage of structural fire engineering
design is to predict the temperatures of individual structural members, which is usually affected
by their location, size, and fire protection. The fire growth rates and the heat transfer relationships
specified by the Eurocodes (CEN, 2002, 2005b) can be used in this stage to predict the member
temperatures. The final stage is to analyse the response of the structural members and design them
to have adequate fire resistance.

Conventionally, the "Yellow Book" (ASFP, 2004) prescribes insulation materials to keep the steel
temperature below their critical temperatures. These may be specified as 550°C (if the four sides
of the steel member are exposed to fire) to 620°C (if the concrete slab is on the top flange of the
steel member), which is called the prescriptive fire protection approach. However, the
disadvantage of prescriptive fire protection method is that it does not take into account the load
level on structural members and is over conservative in most cases. Compared with the
prescriptive fire protection method, the single member design methods given in BS5950 Part 8
(EN, 1990) and Eurocodes (CEN, 2004a, 2005b, 2005¢) are more performance-based and less
conservative in most cases, since they consider the fire limit state load level. These procedures
are also included for passive protection materials in the “Yellow Book”. The single member
design methods are based on furnace tests on isolated members, and do not consider structural
continuity or the load-sharing between different structural members in real structures. The
Cardington full-scale fire tests (Newman et al., 2000) show that the fire resistance of the test
building was much higher than that predicted by either the prescriptive method or the single
member design method. Taking this on board, the Steel Construction Institute published the BRE
membrane action method in SCI P288 (Bailey et al., 2006). The BRE method considers the beam
and slab as a whole, and accounts for the strength enhancement brought by the tensile membrane
action and compensate for the reduction of beam bearing capacity. The conservative aspects of
the BRE method include deflection limitations, ignoring the effects of beam catenary action, and
ignoring the restraints from continuity to isolated slabs. However, the BRE method does not

predict the connection forces, and connection failures may lead to the progressive collapse of the
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entire building. In addition, the BRE method assumes that the supporting beams do not deflect
and the edge beams remain composite, and ignores the column movement and possible column
buckling, all of which are unconservative features of the BRE method. Advanced modelling is
another approach to designing the structure to achieve the required fire resistance. In this method,
representative areas of a structure are modelled using a structural finite element software.
Therefore, the efficiency and reliability of the method is related to the selected finite element
software. Modelling the representative areas of a structure under fire conditions using commercial
finite element software (e.g., Abaqus and Ansys) is extremely time-consuming and
computationally expensive. This is because it involves a huge number of elements and usually
requires a dynamic explicit solver to overcome the convergence problems caused by large
deformation and complex contact conditions. Vulcan is a specialist software designed for high-
temperature global frame analysis considering geometric and material non-linearity. It was
developed by the Structural Fire Engineering Research Group at the University of Sheffield for
many years (Huang et al., 1999a, Huang et al., 1999b, Huang et al., 2000, Huang et al., 2002,
Huang et al., 2009). Block (2006) and Dong (2016) incorporated the component-based end-plate
connection elements into Vulcan, to enable it to consider the effects of connections in frame
analysis. Sun et al. (2012a, 2012b) combined the static and dynamic solvers to develop a new
solver and incorporated it into Vulcan, so that the advantages of these two solvers could be fully
used to simulate the behaviour of structures in fire more effectively, from local failure to the final
collapse of the entire structure. In the process of model calculation, the static solver is used until
the local instability of the structure occurs, and then the dynamic solver is activated to track the
motion of the structure until stability is regained. After that, the static solver is reactivated. With
the component-based connection elements and the static-dynamic solver, Vulcan can efficiently
simulate the complete behaviour of a structure under fire conditions, from local connection

failures to the final collapse of the entire structure.

2.3. Definition and classification of joints

2.3.1. Definition of joints

To start with, it is necessary to distinguish the definition of joint from that of connection.
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According to Eurocode 3 (CEN, 2005a), a ‘connection’ refers to the location at which two or more
connected members meet, and it consists of components that transfer moments and internal forces
between connected members. A ‘joint’ refers to the zone where two or more connected members
meet, and it consists of all the relevant components required to transmit moments and internal
forces between connected members. As shown in Figure 2-6, the joint includes a web panel in
shear and a connection (if it is a single-sided joint), or a web panel in shear and two connections

(if it is a double-sided joint).
» ! Joint Web panel in shear 1=

1 .
| Connection

(a) Single-sided joint (b) Double-sided joint

Figure 2-6. Configuration of beam-to-column joints

2.3.2. Classification of joints

Joints can be classified as nominally pinned, semi-rigid or rigid, according to their rotational
stiffness. A pinned joint should be able to transfer internal forces and bear certain rotations without
developing significant moments. A rigid joint has infinite rotational stiffness, which can transfer
all the moments between connected members without generating a change of rotation between
the members. A joint which cannot meet the nominal-pinned or rigid joint criteria is classified as
a semi-rigid joint. Eurocode 3 (CEN, 2005a) provides the classification boundaries for joints, as
shown in Figure 2-7. In reality, no joint is ideally pinned or rigid, and all joints are semi-rigid.
However, some joints are close enough to these two extremes and are classified as nominally-
pinned or -rigid. For example, a fully welded joint can be simplified as nominally-rigid, and a
web-cleat connections can be regarded as nominally-pinned.
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J Rigid: S, ,, 2 kEI, /L,
where k&, =8 for braced frames
k, =25 for other frames

Nominally-pinned: S, <0.5EI, /L

Ani

where I, is the second moment area
. ofa beam
Rigid )
L, is the span ofa beam
Semi-rigid

Nominally-pinned

¢

Figure 2-7. Classification of joints according to stiffness

Joints can also be classified as nominally-pinned, partial-strength or full-strength by comparing
their strengths with the moment resistances of the connected members. A joint with design
moment resistance equal to or larger than that of the connected members can be classified as a
full-strength joint. A joint, of design resistance less than 25% of the required resistance of a full-
strength joint, is regarded as nominally-pinned, provided that it still has sufficient rotation
capacity. A joint between these two extremes is considered as a partial-strength joint.

Jaspart (2000) used the idea of member classes, and classified joints according to their rotation
capacities. Joints with sufficient rotation capacity to allow the formation of plastic hinges in the
connected members can be classified as Class 1 ductile joints. The other extreme is a Class 3
brittle joint, which should be only used in elastic design. A joint between these two boundaries is
considered as a Class 2 semi-ductile joint.

When carrying out global analysis, the role of joints on the internal force transfer and overall
structural behaviour should be considered in general. However, under some circumstances, the
effect of joints is very small and can be neglected. There are three kinds of simplified joint model:
simple, continuous, and semi-continuous. If it is assumed in design that the joint does not transfer
bending moment, the simple joint model is adopted. If the influence of the joint on the structural
performance is negligible, the continuous joint model should be adopted, otherwise, the semi-
continuous joint model should be used. Table 2-1 summarizes how to select an appropriate joint
model. This table shows that the selection of joint model depends on the joint classification and

global analysis method.
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Table 2-1. Selection of joint model (CEN, 2005a)

Global analysis method Joint classification
Elastic Nominally pinned Rigid Semi-rigid
Rigid-plastic Nominally pinned Full-strength Partial-strength
Rigid and full Semi-rigid and partial-strength
Elastic-plastic Nominally pinned 1g;trearr11gthu Ser.nl.-rlgld and full—strength
Rigid and partial-strength
Joint model Simple Continuous Semi-continuous

2.4. Analysis methods of semi-rigid joints

Nethercot and Zandonini (1989) summarized early work on the modelling of the moment-rotation
characteristics of semi-rigid joints. In general, several approaches can be used including
simplified analytical models, curve-fit methods, detailed finite element modelling and the

component-based method. In this section, the last three methods are introduced in detail.

2.4.1. Curve-fit method

The curve-fit method is usually used to fit data obtained from experiments, so as to incorporate
test data into analytical models. Figure 2-8 illustrates typical mathematical expressions, ranging

from linear, bi-linear, tri-linear, multi-linear to curvilinear.

35 i on
Initial Stiffness, S, Tangent Stiffness. S,
30 +
—_ 25 T
=) M
= I et/
z 204 T— Reduced Stiffness, S
= Bi-linear
g 15 4 Curve-linear
§ Multi-linear
10 Unloading Stiffness, S, =S,
5 Secant Stiffness, S ;
7 J

0 10 20 30 40 50 60 70 80 90 100
Rotation (Millirads)

Figure 2-8. Typical mathematic expressions (Al-Jabri, 1999)
Baker (1934) and Rathburn (1936) were the first to use a mathematical expression to fit the initial
slope of the connection moment-rotation curve by introducing a connection factor Z for a semi-
rigid joint as shown in Equation (2-40) (Nethercot and Zandonini, 1989). Some early computer-
based structural analyses (Jones et al., 1980) adopted this connection factor to investigate the
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influence of semi-rigid end joints. However, this expression is too simple and conservative, and
can only represent the elastic behaviour of the connection. In order to take into account high
deformations, Romstad and Subramanian (1970) used a bi-linear expression for double-angle
connections. This bi-linear expression is still insufficient to accurately predict connection
performance, especially at high rotation levels. Moncarz and Gerstle (1981) adopted tri-linear
forms in the development of an analysis program to consider the nonlinear behaviour of
connections. Poggi and Zandonini (1985) used multi-linear expressions to represent joints in the
analyses of single-storey portal frames. Sommer (1969) derived a polynomial expression for
flexible end-plate connections using a least-square curve-fitting method, which can accurately
predict the non-linear connection behaviour. However, because of the inherently oscillatory nature
of polynomial expressions, negative connection stiffnesses can potentially be generated by using
polynomial expressions (Sherbourne and Bahaari, 1997). To overcome this defect, Ang and
Morris (1984) used and modified the Ramberg-Osgood (1943) function, which was originally
derived to simulate the stress-strain relationships of metallic materials, to fit the moment-rotation
curves of joints. This function always produces positive connection stiffness and can be used at
both ambient and elevated temperatures. EI-Rimawi (1989, 1997) further extended this function
to model connection behaviour in fire, as shown in Equation (2-41). The temperature-dependent
parameters 4, B and r in this equation represent the connection stiffness, connection capacity and
shape of moment-rotation curve, respectively. This equation was later used by Leston-Jones
(Leston-Jones et al., 1997, Leston-Jones, 1997) and Al-Jabri (1999) to model the moment-

rotation-temperature behaviour of bare-steel and composite flush end-plate connections.

Z=¢/M (2-40)
¢ :%mm(%) (2-41)

in which ¢ and M respectively represent the rotation and moment of the connection.

The advantages of the curve-fit models are obvious. For example, they can predict the moment-
rotation behaviour of connections with reasonable accuracy, and can easily be incorporated into
the global frame analysis through a spring element at the beam end. However, the curve-fit models
rely on experiments, and they can only be applied to connections that have been tested before. It

is impossible to cover such a large range of connections of different types and sizes by
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experiments. In addition, the forces that connections undergo under fire conditions are quite
complex. The thermal expansion of beam will generate compressive axial force on connection,
which is a key factor affecting connection performance, and is quite difficult to reproduce in
experiments, except in full-scale tests. Therefore, the influence of beam thermal expansion on

connection behaviour cannot be taken into consideration by the curve-fit methods.

2.4.2. Finite element modelling

As mentioned previously, the complex combinations of axial forces, shear forces and moments
that connections undergo during a fire event cannot be reproduced in experiments on isolated
members. Finite element modelling is a powerful and reliable technique to investigate connection
behaviour under the effects of material degradation, thermal expansion and complex load
combinations. In an FEA frame analysis that considers the connection behaviour, a large number
of elements are needed to model the connections in detail, and the geometry, material properties,
the contact details of the connections and the interactions between different structural members
can be considered. The outputs can then reflect the deformation and the distributions of stress and
strain within the connections.

Finite element modelling has already been widely used by researchers around the world. It was
Liu (1996, 1998a, 1999) who made the first attempt to simulate joint behaviour at elevated
temperatures using the FEM method. He developed a program called FEAST, which could take
into account the non-linear material properties, non-uniform thermal expansion and large
deformation of connections at high temperatures. Liu validated his program against various
experiments (Lawson, 1990a, 1990b, Leston-Jones, 1997, Leston-Jones et al., 1997, Al-Jabri,
1999), and good agreement was found between the experimental and simulation results. Sarraj
(Sarraj et al., 2007, Sarraj, 2007) built a series of Abaqus models considering geometric
nonlinearity, material nonlinearity, large deformation and contact conditions to carry out
parametric studies on the fire performance of beam-to-column fin-plate connections. Based on
these parametric studies, Sarraj further proposed equations to describe the shearing behaviour of
bolts, and the bearing behaviour at the bolt holes in the fin-plate and beam-web, which can be

used to establish the component-based model of the fin-plate connection. To overcome
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convergence problems induced by complex contacts within bolted steel connections, Yu (2008b)
employed the dynamic-explicit solver in her Abaqus connection models, and validated the
simulation results against experiments (Al-Jabri, 1999). Yu carried out parametric studies to
investigate the effects of loading speed and mesh size on the simulation results, and concluded
that by controlling the loading speed, such quasi-static problems could be simulated with a
dynamic solver. Dai (2010) built Abaqus models to simulate fire tests on bare-steel beam-column
assemblies with axial restraints (Dai et al., 2009). Five different connection types were adopted
in the beam-column assemblies, including flexible end-plate connection, flush end-plate
connection, extended end-plate connection, web-cleat connection, and fin-plate connection.
Garlock and Selamet (2010) used Abaqus to model the single-plate shear connections, which are
bolted to the secondary beam-web and welded to the girder (primary beam), to study the influence
of slab, heating and cooling on the fire performance of steel plate connections. Gao et al. (2013)
built Abaqus models of flush end-plate connections, which were verified against their
experiments, to carry out parametric studies on the influence of the ratio between tension and
shear on the connection behaviour under fire conditions. Qiang et al. (2014b) used Abaqus to
simulate the fire behaviour of high-strength steel end-plate connections, and compared the
moment-rotation characteristics, failure modes and yield-line patterns of the simulation results
with their experimental results (Qiang et al., 2014a). Rahnavard and Thomas (2018) established
three Abaqus connection models, including two bolted end-plate connections and one welded
connection, to study the effect of fire on the connection performance, and validated their
numerical results against the experiments conducted by Wald (2006) and Qiang (2015).

Finite element modelling can produce accurate simulation results considering a wide range of
factors that affect connection performance. However, the establishment of finite element models
usually takes a long time, and the computational costs required to complete a simulation are large.
Therefore, finite element modelling is not suitable for practical structural fire engineering design,

especially where global frame analysis is needed.

2.4.3. Component-based method

Compared with detailed finite element modelling, component-based modelling is a more practical
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compromise between accuracy and computational costs. The component-based method divides
the joint into several components, which can be represented by springs with known stiffness and
strength. This method was initially proposed by Zoetemeijer (1990) to simulate the moment-
rotation behaviour of steel connections at ambient temperature, and was later introduced into
Eurocode 3 Part 1-1 (CEN, 2005a). Jaspart (2000) summarized the three fundamental steps of the
component-based method; namely, the identification of active components, the specification of

component characteristics and the final assembly of active components.

2.4.3.1. Identification of active components

The active components of a joint are the parts that may cause joint deformation or limit joint
strength. Taking a joint with an end-plate connection as an example, its basic active components

are shown in Figure 2-9.

&P Beam web in tension

@ Beam web in compression
@ Beam flange in compression
@» End-plate in bending

@ Column flange in bending
@ » Bolts in tension

» Column web in tension

Column web in shear

@» Columnweb in compression

/\F

Figure 2-9. Active components of a joint with an end-plate connection

2.4.3.2. Specification of component characteristics

This is the most important step in component-based modelling, since the accuracy of the
component-based model depends on the quality of the component characteristics. The component
characteristics are usually represented by the force-displacement curves of the components, which
can be bi-linear, tri-linear or curvilinear, and can be obtained through experiments, analytical

models, or finite element modelling. In Eurocode 3, the characteristics of a component are
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described by an elastic-perfectly-plastic curve, where the initial slope is the component’s initial
stiffness and the peak load is the design resistance of the component. This approach is appropriate
for ambient-temperature analysis. However, under fire conditions, due to material degradation
and the complex load combinations in the joints, the simple elastic-plastic curve is inadequate to
describe the force-displacement curves of the components, and a more complex non-linear
relationship is needed. This, in turn, requires the component-based model to be solved iteratively,
which should not be a problem if the component-based model is incorporated into a non-linear

finite element program.
2.4.3.3. Assembly of active components

The final step is to assemble all the components together and analyse the moment-rotation
response of the joint. The joint with one end-plate connection shown in Figure 2-9 is again used
here as an example. Figure 2-10 illustrates the component-based model of the joint, in which each

component is represented by a horizontal spring. According to Eurocode 3, the moment resistance

M jra and the initial rotational stiffness S j of the joint can be calculated using Equations (2-42)

and (2-43), respectively.

A%
PANA=ANNANAAN
<
PANA=ANAN AN
M
=\~ AN
A, ——
aAMN~ Column web in tension =AM~ Column flange in bending
="\~ Boltin tension AN~ End-plate in bending
=AM~ Beam web in tension =AM~ Columnweb in Shear
Column web in compression =AM~ Beam flange in compression

Figure 2-10. Component-based model of the joint with one end-plate connection
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M = Z h Fi g (2-42)
1
s, = E2° /[“ZE] (2-43)

in which i is the number of bolt rows, h; is the distance from the bolt row i to the centre of

rotation, and F; oy is the design tension resistance of the bolt row i. It should be noted that the

design tensile resistance of the bolt row should be determined by the weakest component of the

bolt row. In stiffness term, k; is the stiffness of component i, z is the lever arm, and

#=3 ;i | S; is the stiffness ratio.

2.4.3.4. Research work on the component-based modelling by the Structural Fire

Engineering Research group at the University of Sheffield

For many years, researchers from the Structural Fire Engineering Research group at the
University of Sheffield have been applying the component-based method to the simulation of
connection behaviour under fire conditions. Leston-Jones (1997) developed a high-temperate
component-based model to simulate the rotational behaviour of flush end-plate connections,
including components representing end-plate in bending, bolts in tension, column flange in
bending and column web in compression. Continuing his work, Al-Jabri (1999) proposed
component-based models for bare-steel and composite flexible end-plate connections, and
validated his models against experiments. Block (2006) developed a component-based model for
end-plate connections and incorporated this connection model into the software Vulcan. In Block's
model, a simple analytical model developed by himself is used to predict the force-displacement
curve of the column web in compression, and the analytical model for T-stubs proposed by Spyrou
(2002) was adopted to represent the tension bolt rows of the end-plate connection. Sarraj (Sarraj,
2007, Sarraj et al., 2007) carried out a series of parametric studies, and derived equations to
describe the characteristics of bolts in shear, fin-plate in bearing and beam web in bearing for fin-
plate connections. Based on Sarraj’s equations, Taib and Burgess (2013) proposed a component-
based model for the fin-plate connection. Yu (2009a) established a T-stub model for end-plate
connections considering large deformations and failure modes, and verified her model against
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both experiments and finite element simulations. Yu (2009d) also developed a mechanical model
to describe the behaviour of web cleats under tying forces. On the basis of this mechanical model,
she further proposed a component-based model for web-cleat connections, which also includes
other components, such as holes in bearing, bolts in tension, and bolts in double shear. Dong
(2016) combined Yu's work with Block's, and proposed component-based models for end-plate
connections and reverse-channel connections, which have all been incorporated into Vulcan. Hu
(2009) developed a component-based model for flexible end-plate connections and validated his
model against experimental results. In this study, the component-based method will be used to
model the ductile connection, and some work conducted by the researchers from the Structural
Fire Engineering Research group at the University of Sheffield will be directly applied to the

component-based models of the ductile connection.

2.5.  Connection behaviour under fire conditions

It is traditionally assumed that connections have sufficient fire resistance, since their temperatures
in fire tend to be much lower than those of the structural elements to which they connected.
However, the connection failures observed in many fire accidents and in large-scale frame fire
tests indicate that connections are actually the weakest parts of the structure. It is, therefore,

necessary to investigate the connection performance in fire.

2.5.1. Behaviour of bare-steel connections in fire

The numerical studies on the high-temperature behaviour of bare-steel connections have already
been summarized in Section 2.4. Therefore, the work reviewed in this section focuses on high-
temperature experiments on bare-steel connections.

Kruppa (1976) made the first attempt to conduct fire tests on connections, including fin-plates,
angle cleats, flush end-plates, and extended end-plates. The purpose of these tests was to obtain
the high-temperature performance of high-strength bolts, and the behaviour of the connections
themselves was not given. Lawson (1990a, 1990b) carried out tests on eight cruciform joints
exposed to the ISO 834 standard fire to study the global rotational behaviour of the joints. Leston-

Jones (Leston-Jones, 1997, Leston-Jones et al., 1997) was the first to obtain the moment-rotation
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curves of joints at different temperatures by conducting eleven tests on cruciform joints with flush
end-plate connections. The experimental results confirmed that the stiffness and the strength of
joints decreased with the increase of temperature, especially above 500°C. In a following project,
Al-Jabri (Al-Jabri, 1999, Al-Jabri et al., 1999) continued Leston-Jones’s work, conducting twenty
high-temperature tests on flush and flexible end-plate joints. Al-Jabri further studied the effects
of several parameters on joint behaviour, including connection type, member size and failure
mechanism. It was during this project that Al-Jabri realized that, due to the lack of axial forces
generated by the connected beam, the tests on isolated joints cannot reflect the actual behaviour
of the joints within a structural frame under fire conditions.

Yu carried out a series of tests on web-cleat connections (Yu et al., 2008a, 2009c¢), fin-plate
connections (Yu et al., 2009b), and flush end-plate connections (Yu et al., 2010) at both ambient
and elevated temperatures. The experiments on web-cleat connections mainly studied the tying
and rotational capacities of this kind of connection under different load combinations of tension
and shear. It was found that the two main failure modes of the web-cleat connections, including
fracture at the heel of the web-cleat and double shear of bolts at the beam web, are not particularly
sensitive to the loading conditions, but are more related to the temperature. The tying capacity of
web-cleat connections decreases rapidly with the increase of temperature, whereas their rotational
capacity is much higher than that of other conventional connection types. The experimental results
of 14 tests on fin-plate connections under tension and shear showed that temperature has a
significant effect on the resistance of fin-plate connections, and bolt shear was the main failure
mode in the tests of fin-plate connections. Using bolts with higher grade may change the failure
mode of web-cleat connections into block shear failure of the beam web. According to Yu's
experimental results on flush end-plate connections, flush end-plate connections exhibit much
stiffer behaviour than web-cleat and fin-plate connections. The maximum resistance of the tested
flush end-plate connections can be achieved when the connection is rotated by as little as 2°, and
can be maintained until the connection is rotated by 7°. As with web-cleat and fin-plate
connections, the failure mode of the flush end-plate connection is greatly affected by its
temperature. With the increase of temperature, the failure mode of flush end-plate connections
changed from failure of the end-plate to failure of bolts. During the same period, Hu (2008)

conducted experiments on flexible end-plate connections, and found that the tying capacities of
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the connections calculated on the basis of the Eurocode were overestimated compared with his
test results. The experimental setup used by Yu and Hu is shown in Figure 2-11. Huang (2013)
also conducted a series of tests on reverse-channel connections between a steel beam and a CFT
column with this kind of test device. It was found that the main failure modes of reverse-channel
connections include fracture of the reverse-channel web, punching failure and tensile fracture of

bolts.

Reaction frame

Camera

Support beam

Load jack

Figure 2-11. Experimental setup

In order to investigate the behaviour and ductility of connections with structural interaction under
fire conditions, Wang conducted 10 high-temperature tests on restrained steel sub-frames with
different connection types, including fin-plate, web-cleat, extended end-plate, flexible end-plate
and flush end-plate connections. Two column sizes were used in the tests to apply different levels
of axial restraint to the beam. The results showed that the ductility of the web-cleat connection is
the best among the five kinds of connections, and this allowed the connected beam to develop
catenary action without connection failure, while the ductility of the flexible end-plate connection
was the worst. Wang (2011) concluded that if the catenary action of beams is considered in fire
resistant design, the influence of connection type should be also taken into account.

The concept of the novel ductile connection was first proposed by Ian Burgess. Then, two MSc
students at the University of Sheffield conducted simple tests on the model-scale specimens under
the supervision of lan Burgess. Briggs (2016) used 3D printing technique to produce 316L
austenitic stainless-steel specimens, and selected four temperatures (including 350°C, 450°C, 550°C
and 650°C) to carry out high-temperature compression tests. Kalawadwala (2018) used S275 steel

to produce test specimens and conducted three tensile and three compression tests at ambient
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temperature. In this research, the experiments done by Briggs and Kalawadwala are used to

validate the analytical models of the ductile connection.

2.5.2. Behaviour of composite connections in fire

Due to the continuity of the concrete slab in composite floor, the behaviour of connections in
composite structures is quite different from that of connections in bare-steel structures. The
composite slab can act as insulation to the connection, reducing its temperature. In addition, it can
restrain the thermal expansion of the steel beam, leading to the thermal bowing of the whole
composite beam, which will also affect the connection behaviour. Leston-Jones (Leston-Jones et
al., 1997, Leston-Jones, 1997) carried out three tests on composite flush end-plate connections
with constant external loading and increasing temperature, and obtained the high-temperature
moment rotation characteristics of the connections. Al-Jabri (1999) tested two composite flexible
end-plate connections at elevated temperatures, and developed a component-based model for this
kind of connection. Liu (1998b) further developed his finite element program FEAST to model
the behaviour of composite connections in fire, considering the influence of non-linear
temperature profile, and the interaction between bolts, shear studs and reinforcements. He
validated the composite connection model against experiments done by Lennon and Jones (1995),
and the numerical results were in good agreement with the experimental results. Li et al. (2012b)
conducted three high-temperature tests to investigate the performance of composite flush end-
plate joints in fire considering the influence of axial force. It was found that the failure of the
composite joints without stiffeners was controlled by the buckling of the beam bottom flange near
to the beam end, and that the axial force affected the rotational stiffnesses and moment capacities
of the joints. They further built a three-dimensional Ansys model to simulate the behaviour of
composite joints in fire considering the effects of axial force, which was verified with their
experimental results, and developed a simplified component-based model to calculate the initial
rotational stiffness and moment capacity of composite joints (Li et al., 2012a). Pucinotti et al.
(2011) studied the performance of welded full-strength composite joints under seismically-

induced fire, both numerically and experimentally.
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2.6.  Chapter conclusion

In this chapter, the basic knowledge and research work relevant to the performance of connections
under fire conditions have been reviewed. The mechanical and thermal properties of steel and
concrete at elevated temperatures have been introduced. Different fire time-temperature curves
have been described. The definitions of joints and connections have been clarified to avoid
confusion, and different classifications of joints according to their rotational stiffness, rotational
capacity and strength have also been introduced. As the focus of this research is the numerical
study of the performance of the ductile connection in fire, three commonly-used numerical
methods have been introduced in detail, including curve-fitting, finite element analysis and the
component-based method. Finally, experimental and numerical studies on the fire behaviour of
bare-steel and composite connections have been reviewed.

The finite element method and the component-based method are the two principal methods
adopted in this research to investigate the fire performance of the ductile connection. To
accurately model connection behaviour in fire, the non-linear material properties at high
temperatures should be taken into account. This can easily be achieved by inputting the high-
temperature material stress-strain curves into the commercial finite element software when the
connection is modelled using the FE method. If the degradation of material properties with
increasing temperature is considered in a component-based model, then the component-based
model should be solved iteratively. This should not be a problem if the component-based model
is incorporated into a finite element program. Some research work conducted by the researchers
from the Structural Fire Engineering Research group at the University of Sheffield will be directly
applied to the component-based models of the ductile connection, which will be introduced in

detail in the following chapters.
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3.1. Chapter introduction

In maintaining structural integrity and preventing progressive collapse, connections play a very
important role by acting as the critical components tying all other structural members together.
As mentioned previously in the background, the internal forces experienced by connections in
fire can broadly be classified into four stages. In the initial stage, at ambient temperature, the
major force carried is vertical shear accompanied by some bending moment depending on the
details of the connection, due to the design loading carried by the beams. After heating starts, a
connection begins to experience additional compression normal to the column face due to the
restrained thermal expansion of the connected beam at a stage when weakening of the beam’s
material is not very significant. Eventually, at very high temperature, when material weakening
becomes more important than thermal expansion, the connected beam carries its load mainly by
catenary action, and the connections become subject to tension. In cooling, from either of the two
previous stages, the thermal contraction of the beam as it regains stiffness superposes tensile force
on the connection.

However, conventional connection types lack the axial ductility to accommodate either the
compressive or tensile axial forces mentioned above, and this could allow connection fractures to
take place. This research aims to develop a novel ductile connection which allows the large tensile
and compressive deformations imposed by the connected beam at elevated temperatures, so as to
reduce the connection forces generated and prevent connection fracture in fire. This chapter
illustrates the development and initial investigation of this new ductile connection. The analytical
tensile and compressive model of the connection components has been developed on the basis of
simple plastic theory, and the rotational model is achieved using an array of these components.
The analytical model is compared against experiments and Abaqus finite element simulations at
both ambient and elevated temperatures. Finally, simple case studies using a single beam model

and a sub-frame model have been carried out to test the performance of the ductile connection.

3.2. Ductility demand and design of the novel ductile connection

Connections are restrained by adjacent structural members. As described previously, during the
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initial stage of a fire accident a beam will apply axial compressive force to its connections due to
restraint to its free thermal expansion. When the temperature increases further, and the beam has
lost most of its bending resistance, tensile force will be applied to the connection due to the
catenary action of the beam. The examples presented in Figure 3-1 illustrate this change in axial
internal force acting on the connection. The difference between Figure 3-1 (a) and (b) is that the
free thermal expansion of the beam in Figure 3-1 (b) is accommodated by ductile boundary
conditions, so that both the compression and tension forces generated in (b) are much smaller than

those in (a).

Temperature (°C) Temperature (°C)
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
I F\ 1 ‘\ L 1 I T T T . T T
400 b \ Coolinw. . Steel tensile| 400 | \ Steel tensile
\ g N trengtl Cooling \ trengtl
. o L/S ength . / strength
o 200F ' £ 220~ T~ YK
c) TENSION ™~ _ Pt & ~~._ TENSION ~~-_T'—._
8 0 | N Siignmear == 8 0N SR LI T
3 S )
= 200 | & 200
= K N
g~ % —> Axial force i
400 F _ -400 F i ial force in
Heating N Heating  1octrained beam
-600 F —7 Axial force in -600 [
restrained beam
-800 -800
(a) with strong axial restraint (b) with axially ductile connections

Figure 3-1. Change of axial internal forces of a connection in fire conditions (Burgess et al., 2012)

It is clear that a structure requires connections with high ductility in order to retain its integrity
and stability under exposure to fire. The design of a proposal for an appropriate ductile connection
is therefore governed firstly by the degree of ductility required. In the early stage of a fire, usually
while the beam temperature is below about 600°C, the connection should be able to accommodate
the thermal expansion of the connected beam, together with the effects of beam-end rotation and
effective shortening due to beam deflection. This reduces the force transmitted to the adjacent
structure and prevents connection fracture in compression. As shown in Figure 3-2 (a), the bottom

end of the connection should be able to withstand the horizontal movement:

A -%(aIT+h6’)—%52/I 3-1)

low—temp —
Where ¢ is the thermal expansion coefficient of steel, T is the beam temperature, | is the length
of the beam, h is the height of the beam section and ¢ is the mid-span deflection of the beam.
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Connection Connection

e o

B

(a) Low-temperature movement (b) High-temperature movement

Figure 3-2. Beam-end movements in different temperature phases
In the high temperature range, when the beam acts essentially in catenary action, the top edge of
the connection should be able to accommodate a movement Ay, o ma t0 prevent fracture at the
top of the connection and to avoid hard contact between the beam bottom flange and column face,
as shown in Figure 3-2 (b). Deformation Ay, temp, and Apgy emp max €an be calculated using

Equations (3-2) and (3-3). Furthermore, the connection should be able to withstand the tensile
force generated by the catenary action of the beam, which can be calculated according to Equation
(3-4), in which W; is the uniformly distributed line load intensity. The deformability provided in

tension effectively reduces the tensile force in the connection, especially when the beam is subject

to large deflection, and this in turn helps to prevent connection fracture.

Ahigh—temp :%5max2 / I —%((ZIT + he) (3—2)
Ahigh—ternp,malx :gémax2 /1 —%((llT - hg) (3-3)

F=w]l1°/85,, (3-4)

To meet this prescribed ductility demand presented by the beam behaviour, taking into account
ease of construction, the connection shown in Figure 3-3 is proposed. Advantages such as low
cost and ease of installation currently make fin-plate and end-plate connections popular within
the construction industry. The new connection consists of two identical parts, which can be
considered as shaped web cleats. Each cleat includes; a fin-plate, bolted to the beam web; an end-
plate, bolted to either the column web or flange, and; a semi-cylindrical section (which is either

circular or elliptical in shape) between the fin-plate and end-plate. These deformed cleats can be
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fabricated by bending a steel plate. An alternative fabrication method might be to weld two plates
to a semi-tubular section, which is a costlier and more labour intensive, and therefore not preferred.
The semi-cylindrical section is the key to providing the required push-pull ductility, allowing the
fin-plate to move towards and away from the end-plate in order to accommodate the thermal
expansion and catenary action of the connected beam, in surviving the different force conditions
as the beam temperature rises. This is intended to enable the connection to resist large tensile and
compressive deformations and to minimise the probability of brittle failure modes that may

initiate progressive collapse.

Semi-cylindrical
section
End-plate

Figure 3-3. The proposed detail of the novel ductile connection

Fin-plate

As mentioned above, the cylindrical section should be able to accommodate the deformation of
the connected beam during fire within both the low-temperature and high-temperature ranges.
The diameter of the cylindrical section is a critical design parameter, which has the greatest impact

on the ductility of the whole connection, and should be selected according to the values of
Atowtemp > Dhightemp.max aNd Ay oy - The example design demonstrated here is for a beam of
length 7.5m, subject to a uniform line load at the Fire Limit State of 32.6 kN/m. The beam is
designed to be UKB 533x210%x109. The fin-plate and end-plate of the ductile connection have

been designed to the Eurocode. The dimensions of the connection are shown in Figure 3-4, and

M20 Grade 8.8 bolts in 22mm diameter bolt holes are adopted. The ductile cylindrical section of
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the novel connection type will accommodate the large deflection of the connected beam at high
temperature, which in turn significantly reduces the axial force in the connection. Therefore, the
tensile forces in the welds and bolts will be modest. They will mainly take shear, which they are

designed to Eurocode to take, and so they are not expected to be critical in this case. It is sized to

satisfy Equations (3-1) - (3-3). When the temperature of the beam is 600°C, A, o, Of the beam

is 29mm. When its temperature reaches 800°C the catenary force is governed by the reduced

tensile strength of the beam. Therefore, the maximum beam deflection &, which is 548mm,

max 2
can be calculated according to Equation (3-4), and is then substituted into Equations (3-2) and (3-

3) to calculate the axial deformation of the beam. The movements Ay oo max and Apigy oy Of

the beam at 800°C are 57mm and 22mm, respectively. Therefore, if the beam is designed to resist
a temperature of 800°C, the connection should be able to accommodate at least 50mm axial
deformation. If the inner radius of the cylindrical section is designed to be SO0mm, this enables the
cylindrical section to have enough deformability to accommodate the axial deformations of the
beam in both directions. The connection must, of course, be adequate for ambient-temperature
Ultimate Limit State conditions. This involves checking shear capacity of the cylindrical section
using Equation (3-5), and verifying the resistance of the connection according to BS EN1993-1-
8 (CEN, 2005a) at ambient temperature, under:

e bolt shear,

bolt bearing,

shear and bearing of the fin-plate,

shear and bearing of the bolt group,

shear of the end-plate.

i
V.. = Y -
ra = A o (3-5)

Where Vi and A, are respectively the shear capacity and cross-sectional area of the cylindrical

section.
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Figure 3-4. Dimensions of the connection for the case study

3.3. Development of simplified analytical models

Any horizontal slice through the connection is mainly subjected to tensile and compressive forces
which cause the semi-cylindrical section to bend. Plastic hinges will form in the cross-section
where the maximum internal bending moments occur. Therefore, simple plastic theory (Horne,
2014) is adopted to model the plastic behaviour of any slice through the cylindrical section.
Material and geometric nonlinearities are considered. The effects of shear and axial forces on
plastic moments are neglected, as they have very limited influence (Bhatt, 1999) on the formation
and capacity of plastic hinges. According to the virtual work principle, the rate of work done by
external loads should equal the rate of strain energy increase generated by the rotation of plastic

hinges.

3.3.1. Calculation of the strain energy of a plastic hinge

A bi-linear stress-strain relationship is assumed at ambient temperature, changing to a tri-linear
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constitutive law for high temperature analysis, as shown in Figure 3-5 (a).

Bi-linear material

»
|

»
>

(a) Stress-strain relationships (b) Stress distributions within the bending cross-section

Figure 3-5 Material properties adopted

Yu’s method (2009a) of calculating the strain energy of a plastic hinge is adopted. The derivation
process is well documented, and so it is not described in detail here. The stress distributions across

the bending cross-section of a plastic hinge under different conditions are shown in Figure 3-5

(b). The maximum strain is &, and the maximum stress within the cross-section is o, . The

internal moment of the plastic hinge is calculated by integrating over the cross-section.

For the bi-linear stress-strain relationship:

B, t* Ee, o( 1

When 5, <5, M,=—" (Tj and W, =B, t (EEHJ (3-6)
Byt’(Es; f, &

When En >€y Mp ZT ?4_?(1_5_2) (3-7)

y

5 (3-8)

and W,, =B tZEEgz—ng +M+Ej
PH eff y yCy

For the tri-linear stress-strain relationship:

When ¢, <&, the equations are the same as for the bi-linear case.
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(3-9)

(3-10)

(3-11)

(3-12)

(3-13)

where M, is the plastic hinge moment capacity, W, is the strain energy, By is the effective

width of the cross-section and @ is the rotation angle of the hinge. If the length of the plastic

hinge is assumed to be equal to the thickness t of the cross-section, the rotation angle can be

calculated as:

j— gm
ot/ 2

3.3.2. Tensile analytical model

Hinge 1 Hinge 2 Hinge 1 Hinge 2 Hinge 1 nge 2

v W Hinge 3 Hinge 4

Hinge 3 Hinge 4 Hinge 3 Hinge 4

Figure 3-6. Location of plastic hinges in a deforming tensile mechanism

Since the proposed connection is symmetric, the analytical model is developed for half

(3-14)

of the

connection. Four plastic hinges, located at the two ends and the outer edge of the cylindrical
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section, are assumed to form during the deformation of the connection, as shown in Figure 3-6.

Several assumptions are made for the tensile geometric model. As shown in Figure 3-6, the
positions of the two end plastic hinges (Hinges 1 and 2) remain unchanged throughout the
deformation process. However, the two hinges (Hinges 3 and 4) at the outer edge of the cylindrical
section will move towards the end hinges as the section is stretched. During this process, the
curvatures of the parts of the cross-section between Hinges 1 and 3 and between Hinges 2 and 4
remain unchanged. Finally, Hinges 3 and 4 respectively meet Hinges 1 and 2 when the cylindrical
section has been stretched flat. Since the strain energy equations have already been derived, the
geometric relationship shown in Figure 3-7 (a) between the displacement of the moving hinges

and the rotation angle of each plastic hinge is the key to solving the virtual work equation.

Moving point 6+a Fixed point

(a) Geometric relationship (b) Correction of displacement calculation

Figure 3-7 Geometric relationships in the tension model

The centre line of the semi-cylindrical cross-section is shown as OC in Figure 3-7. The black solid
curve in the figure represents the original shape of the semi-cylindrical section. The red and blue
solid lines represent the shapes of the cross-section at small and large deformations respectively.
The angle of rotation about the plastic hinge of the arc centre relative to the x axis is a. It is
assumed that the endpoint A of the arc is fixed, and the other end B moves along the x axis to
deform the arc. It is obvious that the rotation angles of the four plastic hinges are always identical
during the whole deformation process. When the plastic hinge at the fixed endpoint A rotates by
a small angle @ (Figure 3-7 (a)), the black solid arc becomes the dashed arc. The new position of
Hinge 4 should be the highest point on the dashed arc, which is the intersection point (D) of the
vertical line (through the new centre point O’) and the dashed arc. The new position of Hinge 3

should be at the mirrored position of Hinge 4 with respect to Point C’. Thus, the displacement of

Page | 41



Chapter 3 Proposal of the Novel Ductile Connection

the moving Point B is calculated as:

Ax=2r[sing+cos(f +a)—cosc| (3-15)
where 7 is the radius of the arc. Then, if there is a small rotation dé , the displacement increment
of the moving point is:

dx =2r[cos-sin(f+a)]d6 (3-16)
However, when the rotation angle of the plastic hinges is large, a displacement calculation error
A occurs, shown as Figure 3-7 (b). Point C is the centre-point between Hinges 3 and 4 in the initial
state and Point H is the centre-point between Hinges 3 and 4 in the large-rotation stage. According
to the geometric model assumption, the x-coordinate of Point C”” should be equal to that of Point
H. However, as illustrated in the magnified part of Figure 3-7 (b), this assumption is no longer
true; there is a small horizontal distance 4 between Points C”” and H. The error 4 increases as the
hinge rotates. Therefore, the originally calculated distance between Hinges 3 and 4 needs to be
corrected. When the rotation angle & is large, € should be divided into » steps and the plastic

hinge rotates by @/ n in each step. Accordingly, Equations (3-15) and (3-16) should be modified

to:
Ax=2r|nsin(8/n)+cos(6+a)—cosa | (3-17)
dx=2r[cos(6/n)-sin(0+a) | (3-18)

According to the virtual work equation:

6+do 4
Fax=[ " 4M,do [ 4M do (3-19)

Substituting Equations (3-6) - (3-14) and (3-18) into (3-19), the relationship between the external
force F and the rotation of plastic hinge 6 can be obtained.

For the bi-linear stress-strain relationship:

F Eht’0
Y 6r[cos(@/n)—sin(d +a)]

When ¢, <& (3-20)

ht*[ 367, - (121,27 ~8Ez; |
~ 66%r[cos(8/n)—sin(6+a)]

When ¢, > ¢, (3-21)

For the tri-linear stress-strain relationship:

When &, < ¢, the equation is the same as that in the case of the bi-linear material.
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_ ht? [E6°+(E-E)@30°, —45)) |
~ 66°r[cos(@/n)—sin(d+a)]

When ¢, <¢, <¢g, (3-22)

ht*[36°f, + (E—E)(3e,&] — &) + 2E&) — 31,5 |
66°r [cos(@/ n) —sin(d + )]

When ¢, >¢, F= (3-23)

where /£ is the width of the connection and ¢ is the thickness of the cross-section. A sensitivity
analysis at ambient temperature is carried out to determine the appropriate value of n and the
results are shown in Figure 3-8. Convergence is reached when 7 is larger than 10, and this value

is therefore adopted.
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Figure 3-8. Influence of # value on tension curve
3.3.3. Compressive analytical model

The difference between the tensile and compressive models is that the positions of top two hinges
(Hinges 3 and 4) remain unchanged in the compressive model. According to the geometric
relationships shown in Figure 3-9, the calculation equation for displacement should be:

AX = 2r[cosa — (cos(6 — a) —sin )] (3-24)
Then, if there is a small rotation d&, the displacement increment is:

dx = 2r[sin(6 — ) +cos0]do (3-25)
Substituting Equations (3-6) - (3-14) and (3-25) into (3-19), the relationship between external
force F' and the rotation angle 6 of the plastic hinge can be obtained:

For the bi-linear stress-strain relationship:
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For the tri-linear stress-strain relationship:

When &, < &y the equation is the same as that in the case of bi-linear material.
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Figure 3-9. Geometric relationships of compression model

3.3.4. Push-pull behaviour of a connection

(3-26)

(3-27)

(3-28)

(3-29)

Applying Equations (3-20) - (3-23) and Equations (3-26) - (3-29) for a connection of depth

360mm and plate thickness 6mm with a semi-circular inner radius 50mm, fabricated in steel of

grade S275, a continuous curve linking force and movement can be constructed, and this is shown

in Figure 3-10. It can be seen that the tensile curve stiffens with displacement after its plastic

mechanism has been created, while the compressive curve reduces its force with displacement, at

least until it is fully compressed when the two edges contact one another.
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Figure 3-10. Full push-pull force-displacement curve for the example connection strip

3.3.5. Rotational model

The concept of the component-based method can be used here to model the rotational behaviour
of the whole connection using a set of identical connection strips as parallel components. As can

be seen in Figure 3-11, the whole connection is divided into a number of horizontal strips.
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Figure 3-11. Rotational connection strip component-based model

When the connection is rotated about its centre point, these strips are either pushed or pulled. The
normal force of each strip under tension or compression can be calculated using the tension or
compression models described previously. Then the rotational moment of the whole connection

can be obtained by calculating the moment of each strip’s force about the centre of rotation:

N/2
M=> " (T+C)Z (3-30)
In this equation N is the total number of connection strips and Z; is the distance between the
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centre point of the 7 th connection strip and the centre of rotation of the entire connection. A
sensitivity analysis was carried out at ambient temperature to find the appropriate strip number N,

and the results are shown in Figure 3-12.
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Figure 3-12. Influence of total number of strips on connection moment

It can be seen that the resulting curve of the analytical model with 8 connection strips is consistent
enough, but the connection models at high temperatures have adopted 10 strips. However, it has
been seen from Figure 3-10 that the tensile strength of the connection is higher than its
compressive strength in the plastic stage. Under the same displacement, a tension connection strip
will generate a larger force than the corresponding compression strip. Therefore, an external axial
force, which may be the reaction at the centre of rotation, is required to equilibrate this model. A
model to which a pure moment is applied will experience a shift of its centre of rotation in order
to balance the total tension and compression forces; this will be accompanied by a horizontal

movement of the centre of rotation.
3.4. Validation of analytical models against Abaqus simulations

In this section, the general-purpose finite element software Abaqus is used to validate the tensile,
compressive, and rotational analytical models proposed, at both ambient and elevated
temperatures. The shell element S4R is adopted in the Abaqus simulation, to save cost in

computation compared with the use of solid elements.
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3.4.1. Validation of tension and compression models at ambient temperature

The geometries of the tension and compression models are identical, and the details are those
shown in Figure 3-4. The material used is S275 steel. As for the boundary conditions of the
Abaqus model, the end-plate is fixed and the out-of-plane displacement of the fin-plate is
constrained by being bolted to the beam web. A mesh sensitivity analysis indicated that an element

size of 10mm x 10mm was adequate for the connection model, as shown in Figure 3-13.
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Figure 3-13. Mesh sensitivity analysis

The analytical model is in satisfactory, although not complete, agreement with the Abaqus model;
the comparison of two models is shown in Figure 3-10. The initial slopes of the tension and
compression curves in the linear-elastic stage are equal. In the plastic stage, as the connection is
pulled in tension, the force required increases steadily up to the tension deformation limit is
reached, when the connection is effectively straightened, and the four plastic hinges are located
on the same line. The slope of the tension curve in the plastic stage increases continuously and
becomes almost vertical near to the tension deformation limit, because of the continuous reduction
of the lever arm between the applied axial force and the top two plastic hinges (Hinges 3 and 4 in
Figure 3-6). For the compression curve, the force required to increase the compression
displacement decreases steadily in the plastic stage up to the final compression deformation limit,
at which contact, either within the cylindrical section or between the cylindrical section and the
end-plate, occurs. This is opposite to the trend of the tension curve due to the increasing lever arm

between the applied force and the top two plastic hinges.
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3.4.2. Validation of rotation model at ambient temperature

For the analytical rotational model, the connection behaviour is considered as the sum of its
components’ behaviour. Rotation of the entire connection is simulated by tension and compression
of each connection strip. Deformation compatibility of two adjacent connection strips is only
piecewise in this analytical model; this ignores the horizontal shear force between adjacent strips.
In order to make a more reasonable comparison between the analytical and Abaqus models, two
Abaqus connection models were created, which are shown in Figure 3-14. These were used to
study the effect of the shear between strips on the rotational behaviour of the whole connection.
In the strip model compatibility is maintained between adjacent strips except with respect to
horizontal movements, although the ends of each strip are tied so that their movements are in a
straight line. As with the component-based analytical model, defined in Figure 3-11, the
connection is constrained to rotate about a point at the base of the fin-plate, about which it is also

free to move in the vertical direction, although restrained in the axial direction.

Rotation centre

(a) The whole connection piece (b) The strip model

Figure 3-14. Two Abaqus models

The comparison of the two Abaqus models and the analytical model is shown in Figure 3-15. A
significant difference can be seen between results from the Abaqus strip model and the analytical
model. The difference between the Abaqus strip model and whole connection model indicates that
an additional moment is generated by the shear force between adjacent strips in providing rotation

compatibility, mainly due to compatibility of the torsional rotations of adjacent strips. This
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compatibility is hard to implement in a simple model and it is considered unnecessary to include
it; this might be considered using a safety factor at a later stage. The discrepancy between the
Abaqus strip model and analytical model will be explained later in Section 3.4.4. In any case, the

analytical model gives a more conservative result than either Abaqus model.
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Figure 3-15. Comparison of rotation analytical model against Abaqus models
3.4.3. Validation of analytical models at elevated temperatures

The material properties of the connection at elevated temperatures are calculated according to
Eurocode 3 Part 1-2 (CEN, 2005a). For Abaqus simulation, the model is first heated to a pre-
defined temperature and then a pure tension, compression or rotation displacement is applied to
the model to obtain the force-displacement curve at this temperature value. The comparison of
the Abaqus and analytical models over a range of elevated temperatures is shown in Figure 3-16
and Figure 3-17.

It can be seen from Figure 3-16 and Figure 3-17 that all curves are of the same shape, and the
difference between analytical and Abaqus models decreases as temperature rises. This indicates
that temperature does not influence the deformation mode of the connection. Above 400°C the
force required to produce a certain deformation decreases progressively with increase of
temperature. However, it is obvious that this ductile connection can provide satisfactory push-pull

ductility at elevated temperatures.
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Figure 3-16. Comparison of tension/compression analytical push-pull model against Abaqus

model at elevated temperatures
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Figure 3-17. Comparison of rotational analytical model against Abaqus model at elevated

temperatures

As mentioned above, with a fixed centre of rotation the force equilibrium of the rotational model
is not satisfied due to the difference between the resultant forces in the tensile and compressive
zones of the connection. Therefore, external axial reaction forces are required to balance the
model of the connection during the rotation process at different temperatures; these axial forces,

obtained by the analytical and Abaqus models are shown in Figure 3-18.

Page | 50



Chapter 3 Proposal of the Novel Ductile Connection

16
14 — 20°C Abaqus model
12 4 = = =20°C Analytical model
—— 500°C Abaqus model
> 10 ~ - = = 500°C Analytical model
o) g - —— 600°C Abaqus model
S — = = 600°C Analytical model
o 6 - —— 700°C Abaqus model
4 — = = 700°C Analytical model
— 800°C Abaqus model
21 Al e T T = — — = 800°C Analytical model
Dl e m Tt ot - -

0 0.03 006 009 012 015 018 0.21
Rotation (rad)

Figure 3-18. Resultant axial forces of the connection during rotation
3.4.4. Analysis of the discrepancy between analytical model and Abaqus models

Differences can be seen between the tension/compression analytical model and the Abaqus model
in Figure 3-10 and Figure 3-16. In the initial elastic stage, the analytical model is stiffer than the
Abaqus model, which is reasonable due to the simplifications in this phase of the analytical model.
For example, the elongation of the connection’s cross-section is not considered in the analytical
model. Therefore, the deformation of the Abaqus model under any load level is slightly greater
than that of the analytical model. In the plastic stage, the Abaqus model becomes the stronger of
the two because of the positions of the plastic hinges. In the analytical model, it is assumed that a
plastic hinge is generated at a discrete point. However, it can be seen from Figure 3-19 and Figure
3-20 that the end plastic hinge of the Abaqus model is not located at a precise point but has a finite
length, which gradually increases and then stabilizes at a certain value as the deformation of the
connection proceeds. As described above in the derivation of the analytical model, the position of
the plastic hinge is related to the variable a. The change of length of the end plastic hinge in the
Abaqus model could be explained as being equivalent to an analytical model with a different

initial angle a. Larger plastic hinge lengths cause greater values of the variable angle a.
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Figure 3-20. Stress distribution of Abaqus compression model

In the tension case, the displacement of the Abaqus model in the plastic stage is slightly lower

than that of the analytical model at a certain force value, because the part of the deformed shape
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that is straight and parallel to the force direction in the analytical model (between Hinges 3 and 4

in Figure 3-6) has some reverse curvature, as shown in Figure 3-21.

Figure 3-21. Reverse curvature between the two intermediate plastic hinges in tension

The discrepancy between the rotational mechanical and Abaqus models is significant, as has been
shown in Figure 3-15 and Figure 3-17. The main reason for this discrepancy seems to be that
compatibility of the torsional rotations of the parts of the semi-circular connection strips which
are more aligned perpendicular to the fin-plate has been ignored in the mechanical model. As
shown in Figure 3-22 (a), the rotational behaviour of the entire connection consists of two actions,
namely tension/compression and torsion/bending of each connection strip. The variation of in-
plane moment at the end of every strip is shown in Figure 3-22 (b), and the sum of these moments

is shown in Figure 3-23 (the blue curve).
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(a) Deformed shape of Abaqus strip model
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Figure 3-22. Bending of connection strips
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Figure 3-23. Analysis of discrepancy between rotation analytical model and Abaqus model

The red curve shown in Figure 3-23 is obtained by subtracting the analytical model curve in
Figure 3-15 from the Abaqus curve. Its initial value is negative, due to the fact that the analytical
model is stiffer than the Abaqus model in the initial elastic stage. It can be seen from Figure 3-23
that the sum of the strips’ end moments is very close to the difference between the analytical and
Abaqus model, which indicates that bending/torsion of strips is the main cause of the difference.
In order to illustrate this difference more clearly, the sum of the strips’ end moments, shown in

Figure 3-23, is added to the original analytical model’s curve from Figure 3-15 to form a modified
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analytical model curve, shown in Figure 3-24. As can be seen from this figure, the modified curve

is very close to the Abaqus strip model curve.
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Figure 3-24. Modified rotational analytical model curve

The in-plane bending behaviour of a circular ring has been well studied in the past (Gittleman,
1946, Prescott, 1924). As for out-of-plane bending behaviour, Krahula (1965) proposed a

calculation method; the relationship between moment and rotation angle is described as:

ro =—Asing —Bcos¢ + Ca cosh \/E¢+ Easinh \/5¢+ H sin¢+%cos¢
(3-31)

a+f+1 . 2k (a+ p+1 .
-H %(qﬁcos«/ﬂ 2sin ¢) +W%(—¢sm¢+ 2C0s¢)
Where r is the radius of the ring, ¢ is the out-of-plane rotation angle, M is the out-of-plane
moment, ¢ is the angular coordinate of the cross-section of the ring. The calculation equations
for constant a,  and H are documented by Krahula, and are not described here. 4, B, C, E, F and
Kk are six constants determined by the boundary conditions of the circular ring. However, the
relationship between angle and moment given by (3-31) is linear-elastic. The black line in Figure
3-23 is calculated by this method, and the slope of this line is very close to the slope of the red
line in the elastic stage. However, it is very difficult to study the bending and torsion behaviour
of a connection strip by a theoretical method. Each connection strip is pushed or pulled at the
same time as it is bent and twisted. This means that the cylindrical section will no longer remain
circular in shape, and circular ring bending theory is no longer appropriate. The boundary
conditions of the cylindrical section are hard to describe. There is a small curved section between
the cylindrical section and the end-plate, so that the boundary conditions of the cylindrical section
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at this end cannot be simply treated as fixed-ended or simply-supported. In the context of the
moment necessary to apply a significant rotation to the beam-end, the moment generated by
applying the same rotation to the connection is small, and so an exact model of aspects such as

bending and twisting of connection strips is not very important to this study.

3.5. Validation of the analytical model against experiments

Experiments on this ductile connection have been carried out at model scale by Briggs (2016) and
Kalawadwala (2018). In this section the experiments conducted by Kalawadwala are used to test
the tension/compression analytical model at ambient temperature, and experiments by Briggs are

used to validate the compression analytical model at elevated temperatures.

3.5.1. Validation at ambient temperature

S275 steel was used by Kalawadwala (2018) to produce the test specimens. The dimensions of
the specimens are shown in Figure 3-25 (a); the test setup of the ambient temperature tests, shown
in Figure 3-25 (b), used a 10kN Shimadzu universal testing machine to apply compressive axial
force to the specimen. The force was measured by a load cell. The deformation of the connection
specimens during tension and compression tests is shown in Figure 3-26, and the comparison

between the analytical model and experiments is shown in Figure 3-27.

Reaction frame

Ugl
ol

—p Testing

machine
=
v

Test Specimen

bench
L e
(a) Dimensions of the ambient-temperature test specimens (b) Test setup

Figure 3-25. Ambient-temperature test setup and specimen dimensions
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(a) Tension test (b) Compression test

Figure 3-26. Deformation of connection during tests
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Figure 3-27. Comparison of analytical model against experiment at ambient temperature

As shown in Figure 3-27, the initial stiffnesses of the analytical curves are higher than that of the
experimental curves. A potential reason for this is that both the cylindrical section and the low-
radius curved section between the cylindrical section and the end-plate contribute to the total
displacement during the whole loading process, whereas only the cylindrical section is considered
in the analytical models. This simplification was made on the basis that the connection ductility
at large deformation phase and the ultimate strength are perhaps more important than the initial
elastic stiffness for structural fire engineering analysis, where the prevention of fracture/collapse
is the key concern. A satisfactory correlation was obtained in tension between the experimental

and analytical model curves. In compression, the test specimen behaved in a stronger manner,
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requiring higher force to generate displacement than the analytical model. A potential reason for
this is that contact could occur at high deformation between the cylindrical section and the test-
bench bolt, as shown in Figure 3-26 (b). This could also enhance the compressive strength of the
connection test specimen. These factors have not been considered in the analytical model.
However, the general trend of the experimental and analytical curves shows good correlation in

both the tension and compression quadrants.

3.5.2. Validation at elevated temperatures

The 3D printing technique was used by Briggs (2016) to produce 316L austenitic stainless-steel
specimens. The material properties of 3D printed 316L stainless steel at elevated temperatures
had been well studied by Wilkinson (2015). However, Wilkinson’s specimens were annealed at
between 1050°C and 1120°C to relieve residual stress, whereas Briggs did not follow the same
procedure due to equipment limitations. Herliansyah (2015) studied the effect of annealing
temperature on 316L stainless steel, and found that annealing can significantly reduce the yield
and ultimate strengths, whilst increasing the ductility of the 316L steel. Briggs also conducted
three simple material tensile tests, and the comparison of his test results and Wilkinson’s material
properties are shown in Table 3-1. Differences can be seen between annealed and non-annealed
specimens in the table, and Briggs’s material properties are used in the analytical model to make

a more reasonable comparison with his experiments.

Table 3-1. Comparison of material properties.

Material tests Yield Strength (MPa) Ultimate Tensile Strength (MPa)
Test 1 548.7 639.5
Test 2 577.4 671.6
Test 3 572.2 674.3
Average 566.1 661.8
Wilkinson’s material properties 325.5 565.1

Since Briggs did not specifically measure Young’s modulus in his material tests, the value
299.3GPa obtained by Wilkinson is adopted as the modulus in the analytical model calculation.
The dimensions of the specimen are shown in Figure 3-28 (a). The test setup at elevated

temperatures is shown in Figure 3-28 (b). A high temperature oven was used to heat the specimens.

Page | 58



Chapter 3 Proposal of the Novel Ductile Connection

- Reaction frame
25
e Furnace > Testing
machine
s
yw _
3 1
Test Specimen
I — bench
(a) Dimensions of the ambient-temperature test specimens (b) Test setup

Figure 3-28. High-temperature test setup and specimen dimensions

Four temperatures, namely 350°C, 450°C, 550°C and 650°C, were selected to carry out elevated-
temperature compression tests. As shown in Figure 3-29, all temperature curves follow the same
general trend, showing a slight decrease of compressive force as the compressive displacement
increases. The differences between the analytical model and experiments shown in Figure 3-29
may be caused by the uncertainty in the material properties of 316L stainless steel. The large
increase of compression force shown in experimental curves beyond -8mm is due to the contact
which occurred between the cylindrical section and end-plate. The compression force of the
connection under any given displacement should decrease with the increase of temperature.
However, an exception can be found in Figure 3-29, for the connection at 450°C has higher
resistance than the connection at 350°C. The reason for this may be the heating time of specimen
before it was loaded. Specimens at 450°C, 550°C and 650°C were loaded immediately after they
reached the required temperature, whereas the specimen at 350°C was held in the oven for a
greater period before it was loaded. In general, the experiments at high temperatures show that
temperature only affects material properties and does not affect the deformation mode of the

connection.
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Figure 3-29. Comparison of analytical model against experiment at elevated temperatures

3.6. Case studies for the ductile connection

After the development of the novel ductile connection and its analytical models, which have been
described above, preliminary studies using single beam models are now conducted in this section

to investigate the structural performance and the failure modes of the new connection.

3.6.1. Simplified single beam model

An isolated 7.5m beam of UKB 533x210x109 section with an appropriately designed ductile
connection at its ends is investigated here; the dimensions of the connection are the same as those
shown in Figure 3-4.

Simplifications of the FEM model, as shown in Figure 3-30, are listed as follows:

e One half of the model is created to save computational cost, and an axis of symmetry is
applied as a boundary at mid-span of the beam.

e The complex contact conditions between bolts and clearance holes lead to non-
convergence of the simulation using a static solver, and therefore are not considered in
this preliminary study. To avoid complex contacts within the connection zone, the bolts
are not modelled, and the fin-plate is directly tied to the corresponding area of the beam
web.

e Constraint boundary conditions are applied at the bolt positions of the end-plate,
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connecting it to a fixed thick plate representing the column flange.
e Simple hard contacts are defined between the fin-plate and beam web, and between the

end-plate and column flange.

b 4

X

k: L.

z

Figure 3-30. Simplified Abaqus model of beam with ductile connection

The element size in the connection model is similar to that used in the half connection model
presented in section 3.4. Since the behaviour of the connected beam is not the prime concern of
the simulation, its mesh size can be much coarser than that of the connection, to save
computational time. External load is first applied to the beam flange at ambient temperature,
generating a load ratio of 0.31 with respect to a simply supported beam and then the temperature
of the model is gradually increased until the simulation fails to converge. It should be noted that
0.31 is a relatively low load ratio in practical terms. This example serves as a case study in this
section. It is assumed that the temperature distribution within the beam and connection is uniform
across the depth, and the standard fire curve is used in the model. Lawson (1990a, 1990b) assumed
that the temperature of the connection was about 70% of that of the bottom flange at the mid-span
of the beam. In order to study the effect of temperature on analytical behaviour of the connection,
two cases are simulated, in which the connection temperature is set to 70% and 100% of the beam
temperature respectively. The deformation of the connection during the entire simulation process
is shown in Figure 3-31. It can be seen that the cylindrical section is initially squeezed due to
thermal expansion of the connected beam at temperature up to about 600°C, beyond which the
beam develops catenary action, and the rotation angle of the connection increases rapidly with
the increase of beam deflection. Eventually, large strains are formed around the top of the

cylindrical section, and the connection starts to fail. It can be concluded that the novel connection
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can accommodate large deformations induced by the connected beam because the ductility of its

cylindrical section allows the fin-plate to move towards and away from the end-plate.
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Figure 3-31. Deformation of the connection (T, =70%T, )

Deflections of the mid-span of beams with different boundary conditions are shown in Figure
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3-32. It can be seen that curves representing the ductile connection are very close to the solid
curve representing the case with simply supported boundaries. The comparison of axial forces
(Figure 3-33) shows that the axial force generated in the beam with the ductile connection is
significantly reduced due to the high axial ductility created. Thus, the conclusion can be
tentatively drawn that the ductile connection behaves more like an idealized pinned joint and has
considerable axial ductility to accommodate the deformation of the connected beam in reducing
axial forces. This ductile connection will be implemented within Vulcan, and then its ability to
reduce the axial force of connected beam will be verified against the Vulcan model. In the cases
where the connection temperature is 70% of the beam temperature, the beam deflects less than

when the connection temperature is equal to the full beam temperature.
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Figure 3-32. Comparison of beam mid-span deflection
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Figure 3-33. Comparison of beam axial forces
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To assess the influence of the beam span on the performance of the ductile connection, four
different beam spans are adopted. The corresponding beam sections are listed in Table 3-2. Except
for the connection depth, the other dimensions of the connections (e.g. plate thickness and
cylindrical section radius) are the same in all four cases. The comparative results are show in
Figure 3-34 and Figure 3-35, which illustrate the connection rotation and the axial forces
generated in the beams of different spans. It can be seen from Figure 3-34 that the ductile
connection can rotate a significant angle before failure occurs, which once again demonstrates its
good deformability. Figure 3-35 shows that with the increase of beam span, the beam axial force
also increases. Reason leads to this may be that the radius of semi-cylindrical section, which is
the most critical factor affecting the connection ductility, is insufficient in the case of the relatively
long-span beam. Further studies are required to establish guidance on the optimum radius of
cylindrical section. In general, the novel connection can be regarded as a ductile connection and

can provide satisfactory deformation capacity.

Table 3-2. Parameters of the beams of various spans

Beam Span (m) 6 9 12 15
Beam Section UKB UKB UKB UKB
356x127%33 406x178%60 457x191%x98 610%229x125
Load Ratio 0.4 0.4 0.4 0.4
Connection Depth (mm) 260 290 320 410

Rotation (rad)

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 3-34. Rotation of connections for beams of different spans
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Figure 3-35. Axial force of beams of different spans

3.6.2. Detailed single beam model

As a preliminary study of failure modes of the ductile connections, bolts should be modelled and
incorporated into the Abaqus connection model. Therefore, a detailed connection model is built
using the 3D solid element C3D8R (Figure 3-36). A thick plate with all degrees of freedom

constrained is created to represent the column flange.

-

Figure 3-36. Detailed Abaqus model of beam with ductile connection

As mentioned previously, the complex contacts involved in this model may lead to numerical
singularities if the Abaqus static solver is used. Therefore, the dynamic explicit solver is adopted
here to analyse the model. To solve a quasi-static problem using a dynamic procedure, the loading
speed is of most concern. When a dynamic system is subject to a linearly increasing load and the
loading duration is longer than the natural period of the system, the response of the system can be
regarded as approximately static. Since the total analysis time is proportional to the step time, it

is unnecessary and inefficient to use real time as the step time in the simulation. Usually, the real
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time is scaled to a very short time period, as long as the response of the model remains static. Yu
(2008b) carried out a parametric study to investigate the influence of loading step time on the
response of a bolted connection model using the dynamic explicit solver, and concluded that cases
with loading time of Is or 0.1s gave smooth results close to the static analysis results. The
simulation of the ductile connection presented here consists of six steps: the first step is to apply
external load on the beam at ambient temperature, and the remaining five steps are used to
gradually raise the temperature of the model to 800°C. The loading step time is set to 1s, and the
time of all heating steps is set to 0.1s. According to the Abaqus/Explicit manual (Hibbitt and
Sorensen, 2004), if the kinetic energy to internal energy ratio of the model is less than 10%, the
simulation can be considered as quasi-static, whereas responses greater than 10% should be
regarded as dynamic and excluded from the results. To make sure that the simulation results are
quasi-static, the energy relationship is shown in Figure 3-37. It can be seen from the figure that
the kinetic energy is less than 10% of the internal energy, and the maximum ratio of the two
reaches 1.4695, at which the connection failure occurs. Therefore, the conclusion can be drawn

that the detailed simulation of the ductile connection using the dynamic solver is quasi-static.

0.2
Kinetic energy/Internal energy

0.15
.2
g 0.1 1 M

0.05

0 T T T
0 0.3 0.6 0.9 1.2 1.5
Time

Figure 3-37. The ratio of kinetic energy to internal energy

The mesh of the surfaces where contact may occur needs to be refined in this detailed model. The
failure mode of the connection is shown in Figure 3-38. As can be seen from the figure that the
end-plate of the connection deforms considerably at the top and is stretched away from the top
bolt row. This failure mode, which is the most common and critical failure mode of the ductile

connection, is named as bolt pull-out failure, and will be studied in detail and incorporated into
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the component-based model of the ductile connection in Chapter 5. The mid-span beam deflection
from the detailed connection model is compared with that of the simplified connection model in
Figure 3-39. It can be seen from the figure that the deflection of the detailed model is larger than
that of the simplified model, which is due to the fact that the constraint provided by the bolts on
the end-plate of the ductile connection in the detailed model is weaker than the tie constraint

between the end-plate of the ductile connection and the thick plate in the simplified model.
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Figure 3-39. Comparison of the deflection

A preliminary parametric study has been carried out using the detailed Abaqus model to study the
effects of three parameters on the structural performance of the ductile connection, including the
connection thickness, the inner radius of the semi-cylindrical section and the connection height.

The endpoints of all curves in Figure 3-40 are determined by the failure of the end-plate as shown
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in Figure 3-38.
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Figure 3-40. preliminary parametric studies
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As shown in Figure 3-40 (a), the increase in connection thickness delays the failure of the end-

plate and thus allows more deflection of the connected beam. However, excessive increase of

plate thickness will reduce the ductility of the connection, which is contrary to the original design

intention of the new connection. Therefore, further investigations are needed to determine the

criteria for determining the most appropriate connection thickness. The connection height has

little effect on its performance (Figure 3-40 (b)), so its value can be determined directly according

to the end-plate or fin-plate design criterion provided by Eurocode 3. At any temperature, the

larger the inner radius of the semi-cylindrical section, the greater the mid-span deflection of the

connected beam., as shown in Figure 3-40 (c). This phenomenon can be explained by the

Equations (3-20) - (3-23) for tension and (3-26) - (3-29) for compression derived from the
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analytical model of the connection. The larger the radius, the smaller the variable a (shown in
Figure 3-7 and Figure 3-9). A large inner radius and a small variable a cause the denominators in
Equations (3-20) - (3-23) and (3-26) - (3-29) to increase, which means that as the inner radius of
the semi-cylindrical section increases, less force is required for the connection to generate the
same deformation. In the case of large inner radius, failure of the endplate will occur at a lower

temperature, resulting in a decrease in the final mid-span deflection of the connected beam.

However, if the inner radius of the cylindrical section is much less than the A shown in

low—temp

Figure 3-2 (a), the cylindrical section may buckle at low temperature due to the thermal expansion
of the connected beam. In this section, only three values have been tested for each connection
dimension, and the results may not represent the effect of a particular dimension on connection
performance or failure modes. Therefore, further extensive parametric studies are required to

determine the optimal dimensions of the ductile connection.

3.7. Chapter conclusion

This chapter has proposed the design of a novel ductile connection consisting of two connection
pieces, each of which takes the form of a fin-plate, an end-plate and a semi-cylindrical section
which can provide additional ductility to reduce the probability of brittle failure.
Tension/compression analytical models of the ductile connection based on plastic theory and the
virtual work principle have been developed. The rotational behaviour of the entire connection is
simulated by pure tension or compression of individual connection strips, using the concept of
the component-based method. The tension/compression analytical models have been validated
against Abaqus simulations and experiments at both ambient and elevated temperatures. Finally,
case studies have been carried out using single beam models to test the performance of the ductile
connection and its failure mode. The following conclusions can be drawn based on these studies:
e A good consistency can be seen between tension/compression analytical models and
Abaqus models at both ambient and elevated temperatures; this indicates that the
proposed analytical model is able to predict the tension and compression behaviour of the
connection.

e A good correlation has been found between the analytical models and experiments at both
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ambient and elevated temperatures in both tension and compression quadrants. It can be
concluded from the force-displacement curves at elevated temperatures obtained by the
analytical model, the Abaqus model and experiments that temperature does not affect the
deformation mode of the connection.

The discrepancy between the rotational mechanical and Abaqus models is significant.
The main reason for this discrepancy is that compatibility of the torsional rotations of the
parts of the semi-circular connection strips which are more aligned perpendicular to the
fin-plate is ignored in the mechanical model. However, the moment needed to apply a
significant rotation to the connection is much lower than the moment required to apply
the same rotation to the beam-end. Therefore, an exact model of torsional rotation of
connection strips is not very important to this study.

Through the deformation process of the ductile connection in the simplified Abaqus
single beam model, it can be seen that the semi-cylindrical section provides additional
ductility to accommodate large axial deformation caused by the horizontal movement of
the connected beam. From the comparison of beam mid-span deflections under different
boundary conditions, it can be concluded that the ductile connection behaves like an
idealized pinned joint.

From the detailed Abaqus single beam model, the most common and critical failure mode
of the ductile connection can be observed. The end-plate of the connection deforms
considerably at the top and is stretched away from the top bolt row. This failure mode is
named as bolt pull-out failure and will be included into the component-based model of

the ductile connection in Chapter 5.
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4.1. Chapter introduction

The internal forces experienced by connections change, from a combination of shear and axial
compressive force due to restraint of the thermal expansion of beams in the initial stage of a fire,
to tensile force caused by the eventual catenary action of beams at very high temperatures.
Therefore, it is difficult to reproduce such complex loading conditions in experiments, other than
in full-scale tests. Compared with experiments, numerical modelling is a more feasible and
inexpensive method to investigate the behaviour of connections under the combined action of
material degradation and complex internal forces. The finite element method is a reliable
technique which enables prediction of the behaviour of connections in a very detailed manner.
However, such detailed finite element approaches are not suitable in practical fire engineering
design, because of the time-consuming nature of model building and computational costs,
particularly where global frame analysis needs to be carried out. An alternative way of conducting
large-scale frame analysis in fire is to use the component-based method to simulate connection
behaviour in structural frame analysis software. In the case of structural frame, or sub-frame,
analysis for fire conditions, it seems the only practically feasible way of taking account of
connection behaviour within a 3-dimensional frame analysis.

This chapter presents an improved version of the ductile connection and compares its performance
with that of the previous version using a sub-frame model. Five case studies are carried out, in
which the ductile connections are applied to sub-frames with different beam spans. The analytical
models of the “face-plate” component of the ductile connection, and the face-plate/semi-
cylindrical component (FPSC component), in which the semi-cylindrical component and the face-
plate component are considered to deform as a whole, based on simple plastic theory are
developed. Based on these, two component-based models for the ductile connection have been
proposed. The loading and unloading behaviour have been incorporated into individual
component behaviour, and the results of the two component-based models are compared and
validated against both Abaqus simulations and experiments. Finally, the proposed component-
based model is applied to two simple examples, to illustrate how different spring rows contribute

to the process of connection deformation.

Page | 72



Chapter 4 Component-based Modelling of the Ductile Connection

4.2. Optimized design of the ductile connection

As mentioned in Chapter 3, the basic element of the ductile connection can be manufactured
simply by bending a steel plate. In order to facilitate this cold formation, the design proposed in
the previous chapter has been modified as shown in Figure 4-1. The sharp intersection between
the semi-cylindrical part and the end-plate has been replaced by a curve of higher radius in order

to reduce the plastic residual strains induced by bending.

Figure 4-1. Optimized design of the ductile connection

To check whether this change of specification causes unforeseen changes in behaviour, a simple
two-storey three-bay plane steel frame, shown in Figure 4-2, has been modelled using Abaqus.
The dimensions of the original and modified connections are shown in Figure 4-3. Fire is assumed
to occur only on the ground floor of the central bay and the standard fire curve is adopted. The
two adjacent cold bays on both sides can, therefore, be simplified as elastic horizontal springs
with known axial stiffness, which can be calculated using Equation (4-1). Only half of the central
bay is created in the Abaqus model to save computational cost. A uniform line transverse load is
applied to the beam’s top flange, generating a load ratio of 0.5, which is slightly larger than typical

values for the Fire Limit State, with respect to simply supported beams.

1
K= (4-1)
2/ K connection +1/ Kcolumn

in which Keoumn and Keomnecion r€Spectively represent the lateral sway stiffness of a perimeter

column and the axial push-pull stiffness of the connections in the outer bays.
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Figure 4-3. Dimensions of the two versions of connection (all dimensions in mm)

Comparing results from the frame with the previous connection design and the same frame with

the improved connection design are shown in Figure 4-4 and Figure 4-5. It is assumed that the

temperature distribution within the beam is uniform, and the abscissa in Figure 4-4 and Figure

4-5 is the beam temperature. It can be seen from Figure 4-4 that the solid curve representing the

mid-span deflection of the beam with the improved design of connections is very close to that of

the beam with previous version of connections, represented by the dashed line. The comparison

of axial forces (shown in Figure 4-5) shows that the axial force generated in the beam with the
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improved version of connections is much smaller than that of the beam with the old version of
connections. This indicates the significantly enhanced deformability and ductility of the new
design, as expected during the redesigning of the connection. The failure of the two versions of
the ductile connection is still controlled by the bolt pull-out failure (Figure 3-38). It can be seen
from Figure 4-5 that, when the beam is under catenary action, the tensile axial force of the
connection decreases rapidly after reaching the maximum value, indicating that the top row of
bolts has been pulled out from the face-plate part of the connection. After that, the excessive
deformation around the first row of bolt holes of the face-plate part of the connection leads to the

non-convergence of the simulation.
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Figure 4-5. Mid-span axial force of beam
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4.3. Application of the optimized ductile connection

In this section, the sub-frame shown in Figure 4-2 is used to conduct case studies, as a preliminary
demonstration of the optimized ductile connection in building frames. Various beam spans (from
6m to 12m) are considered. A uniformly distributed line load of 42.64 kN/m is applied on the
beam and the load ratio of 0.4 is adopted in all cases. The selected beam sizes based on span and
load ratio are shown in Table 4-1. A UKC 305 x305x198 is selected for the columns for all cases.
As mentioned previously, the semi-cylindrical section of the connection is critical in providing
the required ductility. The radius of this section should not be too small, otherwise, the ductility
will be reduced, and the axial force generated in the adjacent structural members will be increased.
Therefore, the radius of the semi-cylindrical section should be determined according to the
ductility demand of the connected beam during a fire event (as shown in Figure 3-2), which can

be calculated using Equations (3-1) - (3-3) proposed in the previous chapter. The diameter of

semi-cylindrical section should be larger than the maximum value of Ay, ey s Apightemp and

Avigh-temp.max - The fin-plate and the end-plate of the ductile connection can be designed based on

Eurocode (CEN, 2005a). The dimensions of the ductile connections for all cases are shown in
Table 4-2. The connections must be adequate for ambient-temperature Ultimate Limit State
conditions. Therefore, the capacities of the connections have all been checked according to the
Eurocode (CEN, 2005a), which include shear capacity of the semi-cylindrical section, bolt shear
capacity, bolt bearing capacity, shear and bearing capacity of the fin-plate, shear and bearing

capacity of the bolt group and shear capacity of the end-plate.

Table 4-1. Beam sizes and ductility demands

(SHTnn) Beam section Load ratio Bio-tenp (1) Arigh-tenp Bnigtenp. e (MIN)
(mm)

6000 UKB 457x152%82 0.40 23.74 7.85 72.90

7500 UKB 533%x210x109 0.40 29.61 11.86 76.54

9000 UKB 533%x312x151 0.39 35.28 20.00 57.39

10500 UKB 610x305%179 0.40 41.22 24.17 62.78

12000 UKB 610x305%238 0.39 46.88 37.08 39.70
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Table 4-2. Connection sizes

Inner radius of semi- . Fin-plate End-plate

Span cylindrical section Plate thickness width x depth Width x depth Number of
(mm) (mm) (mm) (mm) (mm) bolt rows
6000 50 6 100x360 100x360 5
7500 50 6 100x360 100%360 5
9000 50 6 100x360 100x360 5
10500 50 6 120%430 100x430 6
12000 50 6 120x430 100x430 6

Mid-span deflections and the axial forces of the beams are shown in Figure 4-6 (a) and (b). In
order to compare the performance of the ductile connections with that of the commonly-used end-
plate connections, the five sub-frames, whose ductile connections are replaced by end-plate
connections, are also simulated using Abaqus. In extreme cases, if the beam is fully restrained in
axial direction without buckling, then the axial forces generated in the beams during the initial
stage of heating can be simply calculated by the Hooke's law (Equation (4-2)). The comparison
results of the axial forces generated in the beams under different axial restraint conditions, the
ductile connection, the end-plate connection, and the axial fully restraint without buckling, at the
temperature of 400°C are shown in Table 4-3. It is obvious that the axial compressive forces

generated in the beams are significantly reduced by adopting the ductile connections.
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Figure 4-6. Results of case studies

The horizontal displacements of the node on the top flange and the node on the bottom flange at
the beam end are shown in Figure 4-6 (c) and (d). These two figures clearly show the deformation
capacity of the ductile connection, which can allow the connected beam to fully develop its
catenary action at high temperatures. As can be seen from the case studies presented here, the
ductile connections are quite suitable for bare-steel frames with different beam spans. It should
be noted that the radius of the semi-cylindrical section of the ductile connection is the most
important parameter, being based on the demand for push-pull ductility. This should be
determined according to the span of beam, its size, applied load and required fire resistance
temperature, using Equations (3-1) - (3-3). The ductile connection should also be applicable to
composite structures, but the behaviour of connections within a composite floor is quite different
from that in a non-composite steel frame, due to the influence of the concrete slab in resisting
thermal expansion of the beam. Performance of the ductile connections within composite

structures will be studied in Chapters 6 and 7.

Table 4-3. Comparison of the compressive axial forces of the beams at 400°C

Axial force Axial force Axial force
Beam span (m)  (quctile connections) (end-plate connections) (axial fully restraint)
6 -71.41 kN -824.42 kN -3285.01 kN
7.5 -75.52 kN -985.28 kN -4348.72 kN
9 -77.18 kN -1139.47 kN -6006.87 kN
10.5 -89.52 kN -1152.98 kN -7133.16 kN
12 -112.24 kN -1328.10 kN -9479.59 kN

4.4. Initial component-based model

The new connection design consists of a fin-plate, a semi-cylindrical section and a face-plate. The
active components of the component-based connection model are shown in Figure 4-7. Each
spring row of the component-based model consists of five components working in series. Among
them, the fin-plate in bearing, beam-web in bearing and bolt in shear constitute the fin-plate
component; characterisation of these components has been done previously (Sarraj, 2007). The
gap between the compression spring row and the rigid bar is designed to represent the maximum

compressive displacement before contact occurs. The two end nodes of the connection element
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are located at the intersection points between the reference axes of the beam and column. The
vertical shear behaviour, representing the slip between the beam end and the column flange, has
not been taken into consideration, although this will be an issue to be investigated since it is
relevant to ambient-temperature design. Therefore, the component-based model is assumed to be

rigid in the vertical direction.
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=== AN oA o NG0B Ao
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H- - \NT=omA A== 0B A oAl
N\
e
A
Az Gap represents the maximum
A, compressive displacement

before contact occurs
oMM~ Face-plate oA\~ Semi-cylindrical section oA\~ Column web in compression

Fin-plate part
AN~ Fin-plate in bearing "\~ Beam web in bearing Bolt in shear

Figure 4-7. First scheme of the component-based model

4.4.1. Analytical model of the semi-cylindrical component

The analytical models of the semi-cylindrical component developed in the previous chapter are
directly used here to generate the force-displacement curves of this component (Equations (3-20)
- (3-23) for pulling and Equations (3-26) - (3-29) for pushing). It can be seen from these equations
that the pulling/pushing force increases with the increase of plate thickness. This means that the
ductility of the connection decreases with the increase of plate thickness. However, due to the

shear capacity requirements of the ductile connection, the plate thickness should not be too small.

4.4.2. Analytical model of the face-plate component

Simple plastic theory is adopted here to model the plastic behaviour of the face-plate component,
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considering both material and geometric nonlinearities. The relationship between the applied
force and displacement of the face-plate component is obtained based on the virtual work
principle. The calculation of the strain energy of plastic hinges is documented in the previous
chapter, and so it is not described here.

The geometric relationship illustrated in Figure 4-8 between the displacements and the rotation
angles of the plastic hinges is the key to solving the virtual work equation. It is assumed that the
bolt connected to the column flange provides full fixity, and therefore the fixed-point A is located

at the edge of the bolt head.

1 = 4
Ay Dy A
s t—
I
|
EDC I
Fer ] N
2(6/2N) ! 6/2N g
[
[
—

Step 2 A

Figure 4-8. Geometric relationships

The deformation of the face-plate can be divided into two steps. The leg of face-plate, represented
by AB in Figure 4-8, first rotates by the angle 6. The arc section CE then deforms to a straight
horizontal section in the second step. This can be achieved by rotating angles 6/4 and 6/2 at the
hinge C and hinge D respectively, if the arc section CE is divided into 2 segments (N=2). For the
more general case, if the arc section CE is divided into N segments, the first hinge rotates 6/2N
and the other hinges rotate 2x(6/2N) at the second step. The total horizontal displacement can
then be calculated as:

A=A +A,+A;=(Lsin@—r)+rcosd+2Nrsin(0/2N) (4-3)
Then the relationship between the horizontal force and displacement can be obtained by solving

the virtual work equation. For bi-linear material at ambient temperature:
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Eht?6 AN-1
12{Lcos€—rsin0+ rcos(;\lﬂ 2N (4-4)

When ¢, <¢, : F=

ht? [392 fy —(12 fyé‘; —SESS )] 4N -1

When €. >¢. : F= .
m -~y 4-5
12(92[Lc050—rsin9+rcos(;\lﬂ 2N (4-5)

where / is the width of web-cleat, E is Young’s modulus, ¢, is the maximum strain of plastic

hinge, ¢, and fy are yield strain and stress, respectively.
For tri-linear material at elevated temperatures:
When ¢, < ¢, equation is the same as that in the case of bi-linear material.

ht? [E0°+(E-E)(30%, -4¢)) ] 4N -1

When &, <g, <¢,: F=
m <&y 4-6
692[Lcose—rsin9+rcos(2?\|ﬂ 2N (4-6)

ht*[36°f, + (E —E,)@3e,&; —&)) + 2B, — 31,60 | 4N -1
2N (4-7)

When ¢, > ¢, : F= ;
129{Lcos:9—rsin9+ rCOS(ZNH

where E, is tangent stiffness, ¢, and f, are ultimate strain and stress, respectively.

A sensitivity analysis on the value of N has been carried out at ambient temperature, and the
results are shown in Figure 4-9. As shown in this figure, adequate convergence is achieved when

N is larger than 10, and this value is, therefore, used in subsequent calculations.
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Figure 4-9. Influence of N value on analytical model
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4.4.3. Fin-plate component and column web in compression

The fin-plate component of the connection consists of three components, including fin-plate in
bearing, beam web in bearing and bolt in shear. Sarraj (2007) carried out a finite element
parametric study, based on which, he proposed Equation (4-8) to describe the normalised force-

displacement curves of the bearing components using different curve-fit values ¥ and ©.

F YA
Fo.ra (1"'50'5)2

(4-8)

where F, , is the nominal plate strength and A is the normalised bolt hole bearing deformation.

Sarraj (2007) also developed a modified Ramberg-Osgood expression, Equation (4-9), to
represent the relationship between force and bolt shear deformation. Equations (4-8) and (4-9) are
adopted in this work to generate the force-displacement curves of fin-plate in bearing, beam web
in bearing and bolt in shear.

F ool P = (4-9)
K, \F

v,rd
where K, is the shear stiffness of a bolt, and F, ., is its shear strength. The index m controls the

curvature of the response curve. As for the column web in compression, the force-displacement
curve proposed by Block (2006) is adopted in this component-based model. This compression
curve is divided into elastic and plastic parts, represented by Equations (4-10) and (4-11),

respectively.

When 6 <6, : F=05k; (4-10)
b
When 8, <5<6, : F=F, —c+g,/a2—(§u -6)’ (4-11)

where k; is the tangent stiffness of elastic part and is calculated using the parameters a, b and c.

The detailed calculations of k; , @, b and ¢ can be found in Reference (Block, 2006).

4.4.4. Loading and unloading process of spring row

When the connection deforms, the forces in each component of a spring row are identical, and the

deformation of the whole spring row is the sum of deformations of all components. The resistance
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of each spring row is governed by the weakest component in this series.

4.4.4.1. Unloading at constant and changing temperature

Irreversible deformation occurs when the deformation of a component enters the plastic range.
Block (2006) and Dong (2015) employed the classic Masing rule (Gerstle, 1988), based on which
the unloading curve is obtained by doubling the loading curve in scale and rotating by 180°, to
represent this ‘memory effect’. However, since the tensive and compressive curves of the semi-
cylindrical component are not identical in shape as presented in the previous chapter, the Masing
rule is not suitable for this connection. The unloading path of the proposed connection is
simplified to be linear, with slope equal to that of the initial linear-elastic part of the loading curve,

as shown in Figure 4-10.

80
Loading curve Intersection :point, Otmter,T
ol =7~ Pulling unloading
= - = Pushing unloading
40

Reference point, 6, ¢

Force (kN)

S
‘\\"'\«

=]
[
I
I
I
I
®
I
I
I
I
I
I
I
I
I
I
I

| Intersection point, Sy ¢
a

° Referenge point, 6, 7
Compression

T T T T T

%)
S
L

-40 r T
-120 -100 -80 -60 -40  -20 0 20 40
Displacement (mm)

Figure 4-10. Unloading at constant temperature

The intersection between the unloading path and the horizontal-axis is defined as the Reference
Point, representing the permanent deformation caused at zero force. The intersection of the
unloading path and the loading curve is defined as the Intersection Point. Displacement control is
adopted to calculate the force-displacement response of the component-based model. During the
calculation process, the displacement of the intersection point di..- and that of the reference point
op at the end of each displacement step is stored. If the applied displacement at an arbitrary step
0 is larger than Jiwer, the loading path will be followed and the permanent deformation will be

updated accordingly. Therefore, both the intersection point and reference point are updated at the
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end of this step. If J is less than J;..- but larger than the J,;, the unloading path will be followed
and the permanent deformation will not change. If ¢ is less than J,, the push-back curve for

tension or the pull-back curve for compression will be followed.

Loading at 20° = = = Unloading at 20°
Loading at 600° = = = Unloading at 600°

60

Force (kN)
[ [¥%) 4 h
[e=] (e (=] [e=]

jut
o

0 5 10 15 20 25 30
Displacement (mm)

Figure 4-11. Unloading with changing temperatures

When the connection is exposed to fire, its temperature changes continuously, and the force-
displacement relationships of the components are temperature-dependent. The ‘Reference Point’
concept is introduced to generate the unloading curve of each component at changing
temperatures. This concept, assuming that plastic strain is not affected by the change of
temperature, was initially used by Franssen (1990) to describe the unloading behaviour of
composite beams and columns, and by El-Rimawi (1996) to describe the cooling behaviour of
steel beams and columns. Bailey (1995) used the concept to incorporate unloading into the simple
moment-rotation connection spring element in the early version of Vulcan. Continuing his work,
Block (2006) and Dong (2015) also adopted the concept in the development of the end-plate and
reverse-channel connection elements. When using this concept to describe the unloading
behaviour of a component at changing temperatures, all force-displacement curves at different
temperatures unload to the same Reference Point, as shown in Figure 4-11. At 20°C, the semi-
cylindrical component is loaded to a displacement J,, generating a permanent deformation J,. In
the next step, it is assumed that the temperature of connection changes to 600°C, and the applied
displacement at this step is .. The corresponding force F; needs to be calculated in three steps.

The first step is to generate the force-displacement curve at 600°C. The second is to calculate the
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intersection point (Jimer, Finer) Using the displacement at the reference point J,; of the previous
step at 20°C and the slope of the linear-elastic part of the loading curve at 600°C. The final step
is to determine which force-displacement relationship (loading, unloading, push-back or pull-
back) should be used for the calculation of force £, on the basis of the relationship between d2,

5inter and 51)l~

4.4.4.2. Combined loading and unloading curve of each spring row

Figure 4-12 shows the calculation procedure for each spring row. The force-displacement curves
of all five components (springs) in each spring row are combined into one force-displacement
relationship based on the fact that these springs work in series. At an arbitrary force level, the
displacement of the combined force-displacement curve is the sum of the displacements of all
components under this force. The loading and unloading process has been described in detail
previously. The maximum deformation limit of a spring row during pulling is reached when any
component in a row reaches its failure force. In the loading stage, this deformation limit is checked,
as shown in the flowchart of Figure 4-12. If the deformation limit is not reached, the force and
displacement of this spring row will be output and the corresponding displacement of the
Reference Point of each component will be updated. Otherwise, this spring row is considered as
having failed and is deactivated. A spring row is pushed back from tension, or pulled back from
compression, when the applied displacement in a new displacement step is less than the
displacement of the reference point J,; of the previous step. The combined push-back or pull-back
curve needs to be determined. The push-back and pull-back curves of the semi-cylindrical
component can be obtained using the compression and tension analytical models developed in
Chapter 3, together with the existing deformation of the connection. The push-back curve of the
face-plate can be obtained using the same method as the semi-cylindrical section, except that the

deformation of the already deformed connection should be considered.
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Figure 4-12. Calculation procedure for each spring row

Following this procedure, the complete force-displacement relationship under cyclic load of an
example connection of the size shown in Figure 4-3 (b), fabricated in steel of grade S275, is
established, as shown in Figure 4-13. The blue loop starts in pulling, and then the connection is
unloaded and pushed-back to its original state. As shown in Figure 4-13, during push-back, the
force increases sharply when the displacement is around 10mm. This is because the maximum

force of the push-back curve of the face-plate component is smaller than that of the push-back
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curve of the semi-cylindrical component, and so the face-plate component will be pushed back to
its original position first. The push-back of the semi-cylindrical component then causes the sudden

increase in force. The red loop starts in pushing. The connection is then unloaded and pulled back

to its original shape.
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Figure 4-13. Loading and unloading process for a spring row
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Figure 4-14. Second scheme of the component-based model

In the scheme given in Section 4.4 for the component-based model, the semi-cylindrical section
and the face-plate are treated as two separate components, working in series. However, in the
actual deformation process, these two parts of the connection interact with each other directly.
Therefore, a face-plate/semi-cylindrical (FPSC) component is adopted as an improved scheme for
the component-based model. This considers the semi-cylindrical section and the face-plate as a
single component, as shown in Figure 4-14. Two deformation cases generally need to be
considered when developing the FPSC component, according to the position of the face-plate

bolts; these are described below.

4.5.1. Case 1 of the FPSC component

In Case 1, the length of the face-plate leg from the edge of the bolt head to the initial plate bend
is larger than the radius of the semi-cylindrical section. It is assumed that five plastic hinges can
be formed during the deformation of the component, which are located at the two ends and outer
edge (considered as two adjacent hinges) of the semi-cylindrical section, and the edge of bolt
head, as shown in Figure 4-15. The position of the bolt is indicated by L;; this is 99.6mm for the
example component. The dimensions of the example FPSC component analysed here are shown

in Figure 4-3 (b).

Hing 5 Hing 2 Hing 5 Hing 2

Hing 4 Hing 3 Hinge’4 Hing 3

Hing 1 LIl Hing 1

(a) S (b) g

Figure 4-15. Schematic diagram of Case 1
45.1.1. Pulling

The pulling of the FPSC component can be divided into two stages. In the first stage, only Hinges
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1, 2 and 5 rotate; in the second stage, all the plastic hinges rotate, as shown in Figure 4-16. In both
stages, the rotation of one (the “control” hinge) of the five hinges is firstly assumed; the rotations
of the other hinges are then calculated. Assuming that the rotation of the control hinge is 8, the
sum of the rotation angles of all plastic hinges and the total horizontal displacement are functions

of 6. According to the virtual work principle:

F-dA(6)-do=M,[A(6)]-dA(6)-d6 (4-12)

where A(6) is the total horizontal displacement, M, [A(H)] is the plastic moment, and A(6) is

the sum of the rotations of all plastic hinges. The calculation of plastic hinge moment has been
documented in the previous chapter. The relationship between force and displacement is obtained

from:

= _ M. [A©)]-dA®)

(4-13)

dA(6)

(b) End of stage 1

rn
Yim

(c) Stage 2 (d) End of stage 2
Figure 4-16. Pulling analytical model of Case 1
The key to solving Equation (4-13) is to derive the relationship between the rotation of the control
hinge and the total horizontal displacement. Since in the first stage only Hinges 1, 2 and 5 rotate,

the distance D between Hinges 2 and 5 remains unchanged during this stage. If the rotation of

Hinge 1, the control hinge in Stage 1, is 6, the angle @' can be calculated by Equation (4-14).
According to the geometric relationship, the rotations of Hinges 2 and 5 are (a'+9) and o',

respectively. The total horizontal displacement and its increment can be obtained using Equations
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(4-15) and (4-16).
a' = arcsin[L2 (cosA, —Cos(A,+6))/ D] (4-14)

A=L,(sin(A, +6)—sin A2)+\/D2 —L,*(cosA, —Cos(A,+6))° —D (4-15)

L, sin(A, +6)[cos A, —cos(A, +6)] 40

dA=| L,cos(A, +6)+
\/Dz —L,2[cosA, — Cos(A,+0)]

(4-16)

Stage 1 switches to Stage 2 when Hinges 1, 2 and 5 form a straight line, as shown in Figure 4-16
(b). Hinges 3 and 4 are then activated, and they will move towards the end hinges as the semi-
cylindrical section is stretched. Hinge 2 is the control plastic hinge of Stage 2. Therefore, the
rotation of Hinge 2 is firstly assumed, as f. Hinges 1, 2 and 5 always form a straight line. The
distance D" between Hinge 2 and Hinge 5 is calculated with Equation (4-17), using the tensile

analytical model of the semi-cylindrical section developed in the previous chapter.

D"=D+2r[nsin(B/n)+cos f—1] (4-17)

where n is a parameter used to modify the calculation of the tensile deformation of semi-

cylindrical section (see detail in previous chapter). According to the geometric relationship, the

rotations of Hinges 1, 3, 4 and 5 are AJ—A) ., B, p and p+A]— A ., respectively. The

horizontal displacement and its increment in this stage can be calculated by Equations (4-18) and
(4-19). The end of Stage 2 is when the component is stretched flat, shown in Figure 4-16 (d), and
then the component is purely in tension. By substituting the relationship between the rotation of
the control hinge and the total displacement into Equation (4-13), the force can be obtained. The
first and second schemes of the component-based model are compared against the Abaqus in
Figure 4-17.

This figure shows that the second scheme of the component-based model matches the Abaqus
results better than the first scheme, due to the application of the FPSC component. The kink in
the blue curve representing the second scheme of the component-based model is caused by the

transition from the first stage to the second stage.

A:\/[D+2r[nsin€+cos,8—1]+ LZ} —(L,cosA)* —L,sinA —D (4-18)
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{D + 2r(nsin§+cosﬂ—1j+ Lz}{Zr(cosf—sin /a’ﬂ

dA =
\/{D + 2r(nsinf+cosﬂ—1}+ Lz} —(L,cosA,)?

(4-19)
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= = = First scheme component-based model /
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Figure 4-17. Pulling curves of Case 1 connection
4.5.1.2. Push-back

Similarly to the first component-based model, the loading stage (loading, unloading, push-back
or pull-back) of the FPSC component in the second scheme is still determined by the flowchart
of Figure 4-12. For pushing back, there are two cases: 1) the component is pushed back from
Stage 1 of pulling; and 2) the component is pushed back from Stage 2 of pulling.

If the component is pushed back from Stage 1 of pulling, the push-back deformation is the reverse
process of the deformation of the first stage of pulling. The force-deformation relationship of the
connection when it is pushed back from Stage 1 of pulling, from the Abaqus model and the two
component-based model schemes are shown in Figure 4-18. From the comparison shown in
Figure 4-18, both the first and second component-based model schemes can produce results which
are generally in agreement with the Abaqus simulation. The semi-cylindrical section of the
Abaqus model deforms slightly (around 2mm) in the first stage of pulling. This is finally pushed
back, causing the sudden kink towards the end of push-back. The second component-based model
scheme assumes that the semi-cylindrical section does not deform during the Stage 1 of pulling,

and so it cannot model this phenomenon.
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The deformation process of the push-back of the connection from Stage 2 of pulling, simulated
in Abaqus, is shown in Figure 4-19. This figure shows that the face-plate is pushed back to its
original state at first, and then the semi-cylindrical section is pushed back. Therefore, the push-

back of connection from Stage 2 of pulling includes two steps as shown in Figure 4-20.

Abaqus
— — —First scheme of component-based model
= - = Second scheme of component-based model

40_ -_-.—l-l"*

Force (kN)

0 5 10 15 20 25 30 35 40 45 50 55
Displacement (mm)

Figure 4-18. Push-back curves of Case 1 connection from Stage 1 of pulling
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Figure 4-19. Deformation process of pushing back of connection from Stage 2

The initial distance between Hinge 2 and Hinge 5 is related to the displacement D, at the
reference point (when pushing back starts), and is calculated using Equation (4-20). In the first

stage of push-back, the control plastic hinge is Hinge 1. Assuming that the rotation of Hinge 1 is

0., angle o/ is calculated from Equation (4-21). Based on geometry, the rotations of Hinge 2 and
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Hinge 5 are 90°—a;-A), and 90°-a/—-A . -0, , respectively. The total horizontal

displacement and its increment are calculated using Equations (4-22) and (4-23). Stage 1 switches
to Stage 2 when Hinge 2 has rotated back to the horizontal line passing through Hinge 5, as shown
in Figure 4-20 (c). Stage 2 is the pushing back of the semi-cylindrical section. The analytical
model of the semi-cylindrical section in compression developed in the previous chapter can be

used here to calculate the force and displacement of the FPSC component.

LY

S~ J\ Unitial

Aj Initial M-

A2,Initia1

‘D;\J

Nitia)

(a) Initial state (b) State 1

A1 Initial

Dinitial

(c) End of state 1 (d) State 2

Figure 4-20. Push-back analytical model of Case 1 from Stage 2

The force-displacement relationships of the connection when it is pushed back from Stage 2 of
pulling, resulting from the first and second schemes of the component-based and Abaqus models
are compared in Figure 4-21. The sudden increase of push-back forces shown in the figure
indicates that the face-plate has been pushed-back to its original state, and the semi-cylindrical
section has begun to be pushed back. The second component-based model scheme simulates the
face-plate being pushed back to its original position earlier than for the other two models. This is
because this model assumes that in the first stage of pushing back only the face-plate deforms,
whereas the other two models also consider the tiny deformation of the semi-cylindrical section

at the same time, which is insignificant.

Dlnitial = \/(Dref + I‘2 Sin A2 + D)z + (Lz cos AZ)Z - L2 (4'20)
a =arcsin [ L, (COSAz —CoS(A, niial — ‘90))/ Dl ] (4-21)
A= Dref _(Dref +D+ LZ sin AZ - Dlnitial COSQC’ - L2 sin AZ,C) (4-22)

Page | 93



Chapter 4 Component-based Modelling of the Ductile Connection

|:L2 cos AZ - I‘2 COS(AZ,InitiaI - 90)] ’ I‘2 Sin(AZ,InitiaI - 00)
2
Dlnitial \/Dlznitial - [ Lz cos Az - Lz COS(AZ,InitiaI - 90):|

dA =L, cos(A, a —6,) — (4-23)
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Figure 4-21. Push-back curves of Case 1 connection from Stage 2 of pulling

4.5.2. Case 2 of the FPSC component

Similarly to Case 1, it is assumed that five plastic hinges can be formed during the deformation
of the FPSC component, as shown in Figure 4-22. The key difference between Case 1 and Case
2 is that in Case 1 the length L, between Hinges 1 and 2 is larger than the radius of the semi-
cylindrical section, whereas L: is smaller than the radius of the semi-cylindrical section in Case
2. The size of the example connection analysed in this section is shown in Figure 4-3 (b) and the

dimension L; is equal to 46.6mm.

Hinge 5 Hinge 2

Hinge 4 Hinge 3 Hinge 4 Hinge 3

(@) (b)

Figure 4-22. Schematic diagram of Case 2
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45.2.1. Pulling

The pulling of the FPSC component can be divided into two stages. In the first stage, only the
semi-cylindrical component is stretched. In the second stage, all the plastic hinges rotate, as shown

in Figure 4-23.
DJ

Hinge 4 Hinge 3
(a) Stage 1

D!f

Hinge 4

Hinge 3
(b) Stage 2

Figure 4-23. Analytical model of Case 2 in pulling

The analytical model of the semi-cylindrical section in tension developed in the previous chapter
is adopted here for the first stage of pulling. During the second stage, the behaviour of the hinges
is more complex than that of Case 1. Therefore, the procedure shown in Figure 4-24 is followed
to calculate the force and displacement of the component. At first, the rotation of Hinge 2

increases to S, and the length between Hinges 2 and 5 increases to D", correspondingly. The
force F,,,, used to stretch the semi-cylindrical section is calculated. f,..x represents the maximum
rotation of Hinge 2 in the second stage, which is equal to 4> minus the rotation of Hinge 2 in Stage
1. The rotation §; of Hinge 1 then increases while D" remains unchanged. The maximum limit of

0;, named as .., is calculated from Equation (4-24); 0,.4. is reached when Hinges 1, 2 and 5 form

a straight line. With the increase of 8;, the force Fj; increases. However, 6. may not be reached

if Fi; is bigger than F,;, -cosa”, which is the horizontal component of the force used to stretch

the semi-cylindrical section. If F;; is smaller than F,

xial - COSQ” , the force Fj; and displacement

A, ; are output. Otherwise, the semi-cylindrical section will be further stretched, and the rotation
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of Hinge 2 will increase to fi+;. As shown in Figure 4-25, the second component-based model

scheme leads to a better comparison with the Abaqus result because of the FPSC component.

O =arCsin((L, cos A,) / (D"+ L)) (4-24)

Increase the rotation of Hinge 2 to

)B.f (ﬁi :i x )Br;l:axhl) (i:L 11)

3

\ 4
s N

Calculate the new length D;"and the force
used to stretch the cylindrical section F

Y

Increase the rotation of Hinge 1 to

9,1" (9 J:j X gmm',f "'rm-) (j:l, m) =l

A J

Y

[ Calculate the force F;;and displacement A;; ]

A 4 Y

[ F;j <F gyiqicosa” ] [ F;; > Fggcosa’’ ]7

h

4[ Output F;;and A ]

Figure 4-24. Calculation process of Stage 2
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Figure 4-25. Pulling curves of Case 2 connection
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45.2.2. Push-back

There are two different situations of push-back in Case 2. When the connection is pushed back
from the first stage of pulling, the analytical model of the semi-cylindrical section in compression
developed in the previous chapter is used to calculate the force and displacement of the FPSC

component, as shown in Figure 4-26.

Abaqus
— — = First scheme of component-based model
— - = Second scheme of component-based model

60

Force (kN)

0 3 6 9 12 15 18 21
Displacement (mm)

Figure 4-26. Push-back curves of Case 2 connection from Stage 1 of pulling

Abaqus
— — = First scheme of component-based model
= - = Second scheme of component-based model

120
80 1 _.-f
,,——-""'-' — - - "_-. _____ ";"
Z‘ 40 { pem—=e ===~ "7 !
3
3
[

Displacement (mm)

Figure 4-27. Push-back curves of Case 2 connection from Stage 2 of pulling

When the connection is pushed back from the second stage of pulling, the model developed for
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Case 1 is also applicable to Case 2. The push-back curve given by Case 2 of the second scheme
of the component-based model is plotted in Figure 4-27, and compared with the first model and
Abaqus. The resulting curves from the second scheme of component-based model is in better

accordance with the Abaqus results.

4.5.3. Pushing and pull-back of the FPSC component

For pushing, when the component is pushed from its initial state, it is assumed that only the semi-
cylindrical section deforms in both Cases 1 and 2. Therefore, the analytical model of the semi-
cylindrical section in compression developed in previous chapter is adopted for pushing of
connection. For pull-back after pushing, the pulling models developed for Cases 1 and 2 can still
be used, except that the pre-deformed connection geometry needs to be considered. It should be
noted that the choice of Case 1 or 2 for post-pushing pull-back needs to be re-assessed based on
the deformed connection geometry. For instance, the appropriate case could be Case 1 for pulling

but Case 2 for pulling back.

4.6. Comparison of the two component-based models against experiments

In this section, the experiments on model-scale connections conducted by Kalawadwala (2018)
are used for comparison with the two component-based model schemes proposed above. The
dimensions of the tested specimens are documented in Chapter 3 and are not repeated here.
Kalawadwala conducted three experiments, unloading from different levels of compression; -

7.9mm (Experiment 1), -16.6mm (Experiment 2) and -24.0mm (Experiment 3).

HOE/NYOOE ALIDVAVD et ARG Y '”
OFES0-E ON LUvd 50D Mo s
e n S ST o OFESO-LVE N Livd

nzavwrs [

HOE/NI00E ALIDVEYD
OrEsO-00E N LIV

R

(a) Initial state (b) Pushing (¢) Pull-back (d) Pulling
Figure 4-28. Experimental photos
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The deformed shapes of the specimens from all three experiments are similar; those of Experiment
3 are shown in Figure 4-28. Figure 4-28 (a) illustrates the initial state of the specimen and (b)
shows the deformed shape and the beginning of unloading. Figure 4-28 (c) shows that the
specimen is pulled back to its original state. Figure 4-28 (d) shows the specimen when it is

eventually stretched flat.

e Experiment
Abaqus

= = = First scheme of component-based model
= - = Second scheme of component-based model

Force (kN)

—
<o
]
Lh
o 44— ——
Lh

10 15 20 25
Displacement (mm)

Figure 4-29. Experiment 1 results and modelling
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Figure 4-30. Experiment 2 results and modelling
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Figure 4-31. Experiment 3 results and modelling

The experimental results, shown in Figure 4-29, Figure 4-30 and Figure 4-31, are compared with
the Abaqus model and the two component-based model schemes. These figures show that the
slope of the initial linear elastic loading path and that of the unloading path given by the
experiments are lower than those given by the Abaqus simulation and the component-based
models. This may be because of slip between the clamps of the testing machine and the specimen.
The pushing curves of the two component-based models are the same, since both assume that
only the semi-cylindrical component deforms during pushing. The results of the second
component-based model scheme are closer to the test and Abaqus than those of the first

component-based model scheme.

4.7. Example applications of the component-based model

The aim of the research is to implement the component-based model of the ductile connection
into global frame analysis. Before this is done, it is important to demonstrate how the model works
in simulating isolated connections. Two load cases are discussed in this section. The above
sections indicate that the second component-based model scheme delivers the better simulation
results of the two, and so it is adopted in this section. As shown in Figure 4-32, a connection of

the same dimensions as that shown in Figure 4-3 (b) is divided into five spring rows, each
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representing a bolt row. In Load Case 1, a horizontal tensile displacement is applied to the
connection first, and then a rotation is applied to the centre line of the connection, with a centre
of rotation as shown in the figure. In Load Case 2, a horizontal compressive displacement is
applied first, followed by a similarly applied rotation. The results from Abaqus and the
component-based model are compared in Figure 4-33. The force-displacement relationships of
each spring row of these two cases are shown in Figure 4-34 and Figure 4-36. The force-rotation

relationships of each spring row of these two cases are shown in Figure 4-35 and Figure 4-37.

Spring Row 5

Spring Row 4 Tension 30 mm Compression 30 mm

_ Rotation centre . Spring Row 3 3 3

Spring Row 2 Rotation 0.45rad Rotation 0.45 rad

Spring Row 1 Load Case 1 Load Case 2

Figure 4-32. Division into 5 component rows for application examples

7 5

67 4
g 5 g
g 4] g 3
g 3 - " 1§, f----=------=-"=-"1
L = 7]
s 21/ =

14/ Abaqus 1 1 Abaqus

= = = Component-based model = = = Component-based model
0 T T T 0 T T T
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Rotation (rad) Rotation (rad)
(a) Load Case 1 (b) Load Case 2

Figure 4-33. Comparison of moment generated with Abaqus simulations
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Figure 4-34. Force-displacement relationships of all spring rows in Load Case 1
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Figure 4-35. Force-rotation relationships of all spring rows in Load Case 1
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Figure 4-36. Force-displacement relationships of all spring rows in Load Case 2
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Figure 4-37. Force-rotation relationships of all spring rows in Load Case 2

The discrepancy between the moment-rotation curves of the component-based model and Abaqus
is quite large, as shown in Figure 4-33. This discrepancy may be due to the fact that torsion of the
semi-cylindrical section and the semi-circular section of the face-plate is ignored in the
component-based model. The rotational behaviour of the entire connection consists of two actions,
which are pulling/pushing of each spring row and torsion of the semi-cylindrical and semi-circular
parts. However, it is very difficult to represent the torsional behaviour using an analytical model,
since each bolt row is simultaneously subject to axial push/pull, as well as torsion. In the context
of the moment necessary to apply a significant rotation to the beam-end, the moment generated
by applying the same rotation to the connection is small, and so an exact model of aspects such
as torsion of the connection section is not very important to this study. Deformation of two

adjacent spring rows is only piecewise-compatible in the component-based model, which means
that the horizontal shear force between adjacent spring rows is ignored. In Load Case 1, all spring
rows experience pulling until 30mm, at which stage the rotation is applied. With the increase of
rotation, spring rows 1 and 2 undergo unloading, push-back and pushing, as shown in Figure 4-34
and Figure 4-35. The reason for the sudden increase of compressive force in both Spring Rows 1

and 2 at around Omm displacement is explained in Section 4.5.1, concerning pushing back from
Stage 2 of pulling. Since Spring Row 3 is on the centre line of the connection, the applied rotation
does not cause additional displacement to this row, and, therefore, the displacement of Spring

Row 3 remains 30mm during rotation. Spring Rows 4 and 5 are always in tension (pulling)
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because they are above the centre line of the connection. In Load Case 2, all the spring rows are
subject to 30mm of compression (pushing) and then Spring Rows 4 and 5 switch to unloading,
pull-back and finally pulling, as shown in Figure 4-36 and Figure 4-37. Spring Rows 1 and 2 are
always under compression. Spring Row 3, on the connection centre line, maintains the

compressive displacement of 30mm during rotation.

4.8. Chapter conclusion

This chapter has introduced an improved design version of the ductile connection, which aims to
enhance its practical feasibility of design and ease of fabrication. The performance of the
improved connection has been initially compared with that of the previous version using a sub-
frame model. Five case studies have been carried out, in which the ductile connections are applied
to sub-frames with different beam spans. The first analytical component-based model, including
a face-plate component model and a model of the semi-circular ductile part, based on simple
plastic theory, has been proposed. The second component-based model, including a FPSC
component, in which the semi-cylindrical component and the face-plate component are
considered to deform as a whole, has been also developed. The resulting curves of the two
schemes of component-based model have been compared against one another, as well as against
Abaqus simulations and experiments. Finally, two preliminary application examples have been
conducted to investigate the performance of the proposed component-based model. The following
conclusions can be drawn based on these studies:

e By comparing the axial force of the beam with the improved connection with that of the
beam with the previous connection, it can be found that the improved version produced
smaller axial thrust than the previous version, which indicates an enhanced ductility.

o The five case studies illustrate the design requirements of the ductile connection, and
demonstrate the satisfactory deformation capacity of the ductile connection by comparing
the axial forces generated in the beams with ductile connections with those of the beams
with rigid connections.

o The ‘Reference point’ concept is adopted to describe the unloading behaviour of

individual components, and this is developed to calculate the complete loading-
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unloading-reloading behaviour of the ductile connection.

The results from the second (FPSC) component-based model are more in line with the
behaviour given by Abaqus than those from the first model. Therefore, the second
component-based model will be incorporated into the software Vulcan in the following
work aimed at facilitating global frame analysis for structural fire engineering design.
There is some discrepancy between the moment-rotation curves of the component-based
model and Abaqus simulations in the preliminary application examples, which is
probably due to neglecting the torsion of the semi-cylindrical component parts of the
component-based model. However, in a connection whose objective is to act essentially
as non-moment-transmitting at ambient temperature and to permit a large amount of axial
beam-end movement in fire, the moment resistance is more or less irrelevant, provided
that it is low compared with the moment resistances of the connected members. In general,
the two simple examples illustrate how different spring rows work in the process of

connection deformation
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5.1. Chapter introduction

In order to simulate the complete behaviour of a structure in fire, from local instability to final
collapse, Sun (Sun et al., 2012a, 2012b, Sun, 2012) developed a procedure which combined static
and dynamic solvers to make full use of the advantages of each. In this way, Vulcan can use its
static solver to simulate the static behaviour of the structure until instability occurs, at which stage
the dynamic solver is activated to track the motion of the structure until stability is regained.
Combining this with the parallel development of component-based connection models, Vulcan is
capable of tracking the behaviour of connections from initial movement, through the fracture of
individual components, to eventual failure.

This chapter aims to incorporate the component-based model of the ductile connection into
Vulcan. The analytical model of bolt pull-out failure has been added to the component-based
model. The tangent stiffness matrix derived by Block (2006) has been used to convert the
component-based model of the ductile connection into a connection element, following the
principles of the finite element method. A single beam model with these connections at each end
has been modelled using both Vulcan and Abaqus, in order to establish whether the component-
based model in Vulcan adequately represents the behaviour shown by a detailed FE analysis. Sub-
frame models have also been created in order to compare the performance of the ductile
connection with that of conventional connection types. Different types of connections are used in
these sub-frame models including idealised rigid and pinned connections, and the commonly-
used end-plate and web-cleat connection types. In order to model the web-cleat connection using
Vulcan, the analytical model developed by Yu (2009d), has been implemented in the software in
the same way as the new element. Parametric studies have been carried out, in order to optimize
the performance of the ductile connection under the tensile axial forces generated by the eventual
catenary action of unprotected beams at high temperatures. Five key parameters including the
temperature of the connection, the inner radius of its semi-cylindrical section, the plate thickness,
the bolt spacing and the connection material are selected. Finally, the static-dynamic solver has
been used to simulate the progressive collapse of a three-storey three-bay plane frame using the

ductile connections.
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5.2. Incorporation of the component-based model into Vulcan

To integrate the component-based model, shown in Figure 5-1, of the connection into global frame
analysis, the component-based model needs to be converted into a connection element and then
incorporated into Vulcan. The component-based model proposed in the previous chapter includes
the behaviour modes associated with fin-plate connections (bolt and plate shear and bearing), and
those of the semi-cylindrical section (plastic bending and tensile fracture). However, the detailed
Abaqus simulations in Section 3.6.2 show that bolt pull-out failure from the face-plate zone may
be the most critical failure mode in practical designs. Therefore, a simplified model of bolt pull-
out failure has been added to each spring row (bolt row) of the component-based model as a
separate component, before converting the whole component-based model into a connection

element and incorporating it into Vulcan.

Column web in compression
Bolt in shear

Beam web in bearing

Fin-plate in bearing

Web-cleat-cylindrical component

Bolt pull-out

Figure 5-1. Component-based model of the ductile connection

5.2.1. Analytical model of bolt pull-out failure

Dong (2016) developed a simplified ‘plastic cone’ model to calculate the local deformation of
steel plate around a bolt hole during pull-out, as shown in Figure 5-2. According to the virtual

work principle, the external work done by the bolt tensile force F in a vertical displacement
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increment do , should be equal to the increment of internal absorbed work dW, which

otal

includes increments of the plastic work in the circular plastic hinge dW

circular

and the plastic work

induced by circumferential stretching of the cone wall dWStrip (Equation (5-1)). The contact

between the bolt head and steel plate in the ‘cone’ model is considered by determining the
deformation of the cone wall according to the position and diameter of the bolt head, as shown in
Figure 5-2. However, the proposed ‘cone’ model is just a simplified way of incorporating bolt
pull-out failure into the component-based model. The effects of stress concentration, cracking of
the steel plate around the bolt hole and the complex contact between the edge of the bolt head and
the steel plate when the steel plate is under partial bending and tension are neglected. Equations
(5-2) - (5-7) derived by Dong are adapted here to generate the F-D curve of the bolt pull-out

component. The plastic work induced by stretching of the cone wall at a given bolt head

movement § can be calculated using Equation (5-2) according to the relationship between Algy,,
AL, and AL, . The rotation & of the cone wall relative to its original position is calculated using
Equation (5-3) and is shown in Figure 5-2. ALy, is the average elongation of a strip of the cone

wall circumference, and is given in Equation (5-4). AL, and AL, are respectively the elongation

of the cone wall under yield and ultimate load, which can be calculated using Equation (5-5).

Equations (5-6) and (5-7) are respectively used to calculate the increment of internal absorbed

work dW

oa » the maximum movement of the bolt head J,,, and the maximum rotation of the

cone wall @_. . The F-D curves of the other components are obtained using the analytical models

developed in the previous chapters. The revised component-based model of the ductile connection
is shown in Figure 5-1. The gaps included in the compression spring rows at the upper and lower
beam flanges represent the maximum clearance between these flanges and the column-face before
contact occurs. Since the vertical shear behaviour has not been taken into consideration, the
component-based model is assumed to be rigid in the vertical direction. The loading and
unloading behaviour have been incorporated into the individual component characteristics, to
enable simulation of the complicated loading conditions experienced by the connection under fire

conditions.
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Average cone wall radius r,,,: R-(R-d/2-2)/2

Circular
pl:asnc —» /2 — Cone wall
hinge L Average cone under tension

wall radius
Bolthead

Circular
plastic hinge

.......... 5
Bolt head 7
2R 2R L | 2R
Figure 5-2. Simplified 'cone' model
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AW, =4 f,A-d (ALy, ) + L—(Al_strip —AL)-d(ALy;,) AL, <ALy, <AL, (5-2)
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fu A-d (ALstrip) ALstrip > AI‘u
6 =arctan (%j do= di (5-3)
" 1+ %% | |R-d,/2)
R-d, /2
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f L. flyw (f,—f )L

AL — y strip A — y —strip + u y /7 =strip _

Y E ’ L E E, (5-5)

f t?
AW qpar =M, x27RxdO=| = ds (5-6)
4 o+t ’
1+ —>2— (R —-d, /2)
R-d /2

O, =arccos((R-d,, /2)/(R-d/2-2)), 5., =(R-d/2-2)sin@,,, (5-7)

in which d is the diameter of the bolt shank, I,, =R —[R - (d [2+ 2)] /2 is the average radius

of the cone wall, Ly, =27, is the average circumference of the cone wall, 4 is the average

cross-sectional area of the cone wall, ¢ is the thickness of the cone wall, and t; is the thickness of

Page | 110



Chapter 5 Performance of the Ductile Connection in Steel-framed Structures

the bolt head.

5.2.2. Incorporation into Vulcan

The existing subroutine SEMIJO of Vulcan was originally specified for simple spring elements,
including rigid, pinned and semi-rigid connections. This subroutine passes the incremental
displacement vector to the connection element and returns the tangent stiffness matrix and force
vector to the main program. The properties of the ductile connection element developed in this
research are accessible to this subroutine, which was also used by Block (2006) and Dong (2016)
for their connection elements. Following the principles of the finite element method, the tangent
stiffness matrix derived by Block (2006), represented by Equations (5-8) and (5-9), is adopted
here to convert the component-based model of the ductile connection into a connection element.

The symbols i and j in Equation (5-8) represent the two end nodes of the connection element.

| J
U \ W R, R, R, U v W R R R,
K, O 0 0 K; O K, O 0 0 -K; O U
0 0 0 0 0 0 0 —o 0 0 0 0 \
i 0 0 K; O 0 0 0 0 K, O 0 0 W
0 0 0 0 0 0 0 0 0 - 0 0 Ry
Ky, O 0 0 Ky, 0 K, 0 0 0 K, O R,
K B 0 0 0 0 0 0 0 0 0 0 0 —o| R,
Comeeton = | K, 0 0 0 -K, 0 K, 0 0 0 K. 0| U
0 —o 0 0 0 0 0 0 0 0 0 0 \Y
0 0 -K; O 0 0 0 0 Ky O 0 0 W
j 0 0 0 - 0 0 0 0 0 ) 0 0 Ry
-K, 0 0 0 K, 0 K,; O 0 0 Ky O R,
0 0 0 0 0 -o 0 0 0 0 0 0 R,
(5-8)
in which
n 2 n 2
K11=ZKT|+ZkC| K15:K51=an IT|+ZkC| le,
i1 i1 i1 i1
N 2 (5-9)
Ky =K, Kes =D K, ‘ITZ,i +ch,i 'Ié,i
i=1 i=1

in which the subscripts 7, cand s represent the springs working in tension, compression and shear
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respectively, and n is the number of bolt rows. k. / k. ; represents the stiffness of ith

tension/compression spring row. | ; |, represents the lever arm of the ith tension/compression

spring row to the centre of rotation.

During the calculation process, Vulcan provides an incremental displacement of the connection
element based on the previous step’s stiffness, and then the tangent stiffness matrix is recalculated
and the incremental force vector is updated. The updated tangent stiffness matrix and the
incremental force vector are returned back to the main program. A convergence check based on
out-of-balance forces is carried out to determine whether either the next load or temperature step
will be applied to the model or the current load step should be reduced until the convergence
criteria are satisfied. As shown in Equation (5-8), the out-of-plane and torsional DoFs are assumed
to be connected rigidly and without interaction, since they are in any case of relatively minor

importance in steel structures.
5.3. Validation of the connection element against Abaqus

In order to verify whether the connection element in Vulcan adequately represents the behaviour
shown by a detailed FE analysis, a single beam (Figure 5-3), with ductile connections at both ends,

is modelled using both Vulcan and Abaqus.

) 360 )
140,70 70 70 70 407
1T i jul i T

o r® ¢ @
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Figure 5-3. Single beam model

It is difficult to verify the single-beam model with connections at the beam ends. Therefore, the
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verifications of the beam and connection parts of the model were conducted separately. The
connection part of the model has already been validated in previous chapters against push/pull
experiments on model-scale specimens with good agreement between the test and modelling
results. The beam part of the model is checked against hand calculations for a simply supported
beam under increasing distributed loading at different temperatures (20°C and 500°C). The
comparison of results is shown in Figure 5-4, indicating that the Abaqus results correlate well

with the hand calculations before inelasticity occurs.

—— 20°C-Hand calculation = - = 20°C-Abaqus
0 —— 500°C-Hand calculation = - = 500°C-Abaqus
| |
1 1
1 L. 1
220 - ~ Inelasticity !
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=] . | - 1
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D 1 . 1 L
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: “ I
1 . 1
-100 r L T T —1
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UDL (N/mm)

Figure 5-4. Comparison between Abaqus and hand calculation results

A uniformly distributed line load of 42.67 kN/m is applied on the beam model and the load ratio
of 0.4 is adopted for all the cases with respect to a simply supported beam. It is assumed that there
are five cases in total, as listed in Table 5-1. Comparisons between results from Vulcan and
Abaqus are shown in Figure 5-5 - Figure 5-9. As can be seen from Figure 5-5 - Figure 5-7 that
the changes of beam span and beam section have little influence on the compressive mid-span
beam axial force during the low-temperature stage before 600°C, which is contrary to the results
obtained by adopting traditional connection types (as shown in Table 4-3). This is due to the
excellent axial deformability of the ductile connection, which can accommodate the thermal
expansion of connected beam. It is obvious that the ultimate failure temperature of the connection
decreases with the increase of connection temperature relative to that of the beam (Figure 5-6,

Figure 5-8 and Figure 5-9), as expected. As shown in Figure 5-5 (a) - Figure 5-9 (a), the mid-span
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deflection of the Vulcan model increases rapidly after 500°C, until the slope of the deflection-
temperature curve is nearly vertical, indicating the failure of the connection by bolt pull-out. The
connected beam then detaches from the column and loses its axial constraint. This is shown by
the rapid decreases of the axial tensile forces in Figure 5-5 (b) - Figure 5-9 (b). The failure
temperatures predicted by Abaqus in Cases 2 and 5 are higher than those predicted by Vulcan.
This is because fracture criteria are not set in the Abaqus models, resulting in unreasonably large
deformation rather than fracture. The failure modes of the five cases modelled in Vulcan are all
bolt pull-out failures, which are consistent with the simulation results of Abaqus, as shown in
Figure 5-10. Except for the final failure stage, the deflection and the axial force predicted by
Vulcan are very close to those given by Abaqus, indicating that the ductile connection element

adequately represents the behaviour of the connection.

Table 5-1. Parameters for different cases

Beam span Beam section Connection temperature
Case 1 6m UKB 457x152x82 Tconnection = 50% Theam
Case 2 7.5m UKB 533%x210x109 Tconnection = 50% Theam
Case 3 9m UKB 533x312x151 T connection = 50% Theam
Case 4 7.5m UKB 533%x210x109 20°C
Case 5 7.5m UKB 533x210x109 T connection = 100% Theam
0 250 val
— — =Vulcan
~ -200 = 2007 Abaqus !’\|
E Z 150 ,
"‘;’ -400 8 100 1
g < 50 !
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(b) Mid-span axial force of beam

Figure 5-5. Comparison results of Case 1
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Figure 5-6. Comparison results of Case 2
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Figure 5-8. Comparison results of Case 4
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Figure 5-9. Comparison results of Case 5
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Figure 5-10. Bolt pull-out failure

Figure 5-11 (a), Figure 5-12 and Figure 5-13 (a) show the force-displacement curves of each
spring row for Cases 2, 4 and 5. It can be seen that each spring row will undergo different stages
as the connection deforms; pushing, unloading of pushing, pulling-back and finally pulling.
During the pulling-back stage, a spring row is pulled back to its original state after compressive
deformation. In Case 5, since the temperature of the connection is equal to that of the connected
beam, the temperature of the connection reaches nearly 600°C before it enters the pulling-back
stage. The mechanical properties of steel degrade rapidly after 400°C, which leads to the decrease
of compressive forces shown in Figure 5-13 (a). The force-temperature curves of each spring row
in Cases 2 and 5 are shown in Figure 5-11 (b) and Figure 5-13 (b). As expected, the evolution of

the axial force of each spring row almost corresponds to the beam’s axial force development. In
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the initial stage of heating, each spring row is subject to compressive force, due to restraint of the
thermal expansion of the connected beam. When the temperature of beam exceeds 600°C, it enters
the catenary action phase, and the force of all spring rows becomes tensile. After the deformation
limit is reached, the tensile force of each spring row increases rapidly in a pure tension mechanism.
Since the failure temperature of the connection in Case 2, which is around 760°C, is higher than
that in Case 5, which is around 660°C, the ultimate tensile force of each spring row in Case 2 is

higher than that of the corresponding row in Case 5.
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Figure 5-11. Results for each spring row of the novel connection in Case 2
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Figure 5-12. Force-displacement curves of each spring row of the novel connection in Case 4
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Figure 5-13. Results for each spring row of the novel connection in Case 5

5.4. Comparison of the ductile connection with conventional connection types

100
G
il

—
(=]
(=]

W
[«
W
[«
[9¥]
[«
& OW

Beam section: UKB 533x210x109
Column section: UKC 305x305x198

1

Y » |7
Teouma = 20°C 4
4

B

i

~
o

LN
.

Tconnection =50% Tbeam

BV g

Tcolumn =50% Tbeam

.

.

R e . s o 0
Rl R S

40470 | 70 { 70 {70 {40
360

R 360
407 70 T 70 T 70 170 190

40470 J_70 { 70 { 70 {40
360

B NN “ " — e = AN 2
e 4200 Attached to Attached to
I — column flange beam web
(a) Sub-frame model (b) End-plate connection (c) Web-cleat connection

Figure 5-14. The sub-frame model
The motive behind introducing the ductile connection is to enhance the ductility of connections,
so as to accommodate the large deformations generated by the connected beams as their
temperatures rise, in order to improve their robustness in fire. To compare the performance of this
new connection type with that of conventional connection types, a sub-frame model, shown in
Figure 5-14 (a), is used. It is assumed that the connections and columns in the first floor are
protected to the same level, and that 50% is a fairly typical ratio of the protected column
temperature to the unprotected beam temperature. Therefore, the column and connection

temperatures are both set to 50% of the unprotected beam’s temperature, and the standard fire
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curve is used. Different types of connection have been used in this sub-frame model, including
idealised rigid and pinned connections, as well as the commonly-used end-plate and web-cleat
connections. An end-plate connection element has already been incorporated into Vulcan by
Block (2006) and Dong (2016). Although the Structural Fire Engineering Research Group at the
University of Sheffield has done some research on web-cleat connections, including experiments
(Yu et al., 2009c) and the derivation of analytical models (Yu et al., 2009d), the web-cleat
connection had not yet been incorporated into Vulcan. The web-cleat connection will be

implemented in Vulcan in this chapter.

5.4.1. Integration of web-cleat connection element into Vulcan

A F
E: Beam web T
i
L)'_ : elem_:l """" 9‘1‘1
Ly ' Siena| Mo
£ 1
TR 0 I

Column flange

(a) Mechanical model

(b) Deformation of Beam 1 in stage 5

Figure 5-15. The model of web-cleat connection

During the process of developing the mechanical model of a web-cleat connection, Yu (2009d)
made three assumptions: (i) the two legs of the web-cleat are considered as two orthogonal
cantilever beams connected at the middle of the heel with concentrated forces at their ends; (ii)

the bolts attached to the column flange can provide full fixity; and (iii) the bolts connected to the
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beam web allow movement in the plane of the web, as shown in Figure 5-15 (a). Plastic hinges
are formed at the ends of Beams 1 and 2. Depending on the relative relationships between the
moments M,; and M,; (Figure 5-15 (a)) at the beam ends with M, (yield moment capacity of the
plastic hinge) and M, (ultimate moment capacity of the plastic hinge), the state of the plastic hinge
can be divided into five stages. The forces and deformations of the web-cleat are then derived

differently depending on the current stage.

Stage 1: (M,; <M,)

t? f 2
M, =" M, =t (5-10)
1 [1 F 1
|-1='-o+Z(EI)ZL—OFZQ—Z(FLO—MO)L‘S+§(FLO—MO)ZL3} (5-11)
(L, - L,)El + FL2L, /3
M, = ]
T 16420013 (5-12)
31q_ 2
51,end = FLO /3 EII\AOLO /2 (5'13)

in which w and ¢ are respectively the effective width and the thickness of the web-cleat. The
meanings of the other parameters in these equations are shown in Figure 5-15 (a). At any applied

external force F, Ly can be found iteratively after substituting Equation (5-12) into Equation (5-

11). Once Ly is obtained, M, and the vertical displacement ¢, , at the end of Beam 1 can be

obtained from Equations (5-12) and (5-13), respectively.
Stage 2: (M, <M, <M, and My < M,)

At this stage, the external force F increases by a small amount AF in each step, and M, is used
as the controlling incremental parameter. The value of Ly from the previous step is used as the
initial value for each step; it is then updated at the end of the step using Equation (5-17). C; is a

variable used to simplify Equation (5-17), and is calculated using Equation (5-16). Once F, C;
and Ly are known, the vertical deformation &, ., can be obtained using Equation (5-18).

_BEI(L - L) +3M,15 /2

H
L

(5-14)

i My +M, —HML / (2E1) + (K, + HLy)[ M, (L, +L,) —HL3 / 2]/ (EI)

(5-15)
L, — HL 1 (3E1) + L2(K, + HL,)/ (2EI)
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Cl=Mo(Lo+L2)—%FL€—%HL§ (5-16)
2F%L3 /15-5FM, Ly /12+ (M, + 2FC,)L; /3—MC,L; +C}

L-L,= Ly obo (2(0E|)2 Db 0~10 1 Lo (5-17)
3 2

5. - FL3/3 MIOEII_0/2+C1LO (5-18)

Stage 3: (M, < M,; <M, and M, < My <M,)
In this stage, the two cantilever beams begin to rotate relative to each other, once their end
moments have reached their yield values. H and Ly are still calculated using Equations (5-14) and
(5-17), respectively. F' and C; are obtained from Equations (5-19) and (5-20), respectively. Once
these parameters are updated, the vertical deformation &, ., can be obtained from Equation (5-
18).

. (Mg +M)El—HML5 / 2+ (K, +HL,)[ 2(My =M )EI / K, =HL} / 2+ M(L, +L,) |
EIL, —HL /6+K,L2/2

(5-19)

C1=2(MO—MY)EI/Kr—%FLé—%HL§+MO(LO+L2) (5-20)

Stage 4: (M,; = M, and M, < My <M,,)
In this stage, F and C; are updated using Equations (5-22) and (5-23), respectively, and L is still

iteratively calculated using Equation (5-17). The vertical deformation &, ,, can be obtained from

Equation (5-21).
~ 2(M, —=M)EIL, /K, ~M,L2/6+M(L:/3+L,L,)-HL,L:/2

8, og = 5-21
bend El +HL2/6 (21
F=(M, +M,+H3)/L, (5-22)
C, = (E1 8, — FL§ 13+ ML/ 2)/ L, (5-23)

Stage 5: (M,; = M, and My= M,)

In this stage, both ends of Beam 1 have reached their ultimate moment capacities, and therefore
Beam 1 actually rotates as a ‘link’, as shown in Figure 5-15 (b). The deformation at the end of

Beam 1 can be calculated using Equation (5-24).

O eng = Openg + LAOCOSO (5-24)

1,en
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The mechanical model of a web-cleat connection represented by Equations (5-10) - (5-24) has
been incorporated into Vulcan following the same methodology as for the ductile connection
element. Equations (5-8) and (5-9) are used to calculate the tangent stiffness matrix of the web-
cleat connection element. The Vulcan web-cleat connection element was verified against Abaqus
using a single beam model with web-cleat connections at both ends. Temperatures of the web-
cleat connections were assumed to be half of that of the connected beam. The mid-span deflection
and the axial force of the beam, as obtained by Vulcan and Abaqus, are compared in Figure 5-16.
It can be seen from the figure that Vulcan results have a good correlation with Abaqus results
before 500 °C. After that, the beam of the Vulcan model deflects more than that of the Abaqus
model (Figure 5-16 (a)). In addition, the compressive connection axial force of the Vulcan model
decreases at a higher rate and eventually becomes tensile at a lower temperature than those
predicted by the Abaqus model (Figure 5-16 (b)). This is due to the fact that the analytical model
of the web-cleat connection is of lower stiffness in plastic phase than that of the detailed FE model
(Yu et al., 2009d). Although the comparison is not perfect, given that the component-based

modelling is a simplified method, it is sufficient to be used for large-scale frame analysis in fire.
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Figure 5-16. Comparison results to validate the web-cleat connection element

5.4.2. Comparison of the ductile connection with other connection types

After incorporating the web-cleat connection element in Vulcan, sub-frame models of the
geometry shown in Figure 5-14 (a) were created, using different types of connection. It is assumed
that fire occurs on the first floor of the sub-frame, and that temperatures of the lower columns and
connections are half of that of the beam, whereas the upper columns stay at ambient temperature.
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Five different types of connection were selected, including the ductile connection, idealised rigid
and pinned connections, and conventional end-plate and web-cleat connections. The dimensions
of the ductile, end-plate and web-cleat connections (the latter two designed according to Eurocode
3 Part 1-1 (CEN, 2005a)) are shown in Figure 5-3, Figure 5-14 (b) and Figure 5-14 (c),
respectively. It should be noted that the end-plate and web-cleat connections have the same key
dimensions as the ductile connection, including the thickness, the width and the depth of the plate,
as well as their bolt spacing, to ensure comparability. The behaviour of the beam using these

different end connections is compared in Figure 5-17 to Figure 5-19.
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Figure 5-17. Mid-span deflection of beams with various end connections

As shown in Figure 5-17, the mid-span deflection of the beam with the ductile connections is very
close to that of the beam with web-cleat connections. The rotations at the beam ends with the
ductile connections are much higher than those with end-plate and web-cleat connections (Figure
5-18). The axial force generated in the beam with the ductile connections is very significantly
reduced compared to those with all the other connection types, as shown in Figure 5-19. These
phenomena indicate that the ductile connection provides much higher axial and rotational
ductilities, which successfully accommodate the deformations generated by the connected beams
as their temperatures rise. As part of this process, these connections are instrumental in greatly
reducing the axial forces to which the surrounding structure is subjected. The failure temperature
of the ductile connection under the tensile axial forces generated by the eventual catenary action
of the heated beams at high temperatures is much higher than that of end-plate and web-cleat

connections. This performance could be further improved by optimizing the design of the ductile

Page | 123



Chapter 5 Performance of the Ductile Connection in Steel-framed Structures

connection, which will be described in the next section.
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Figure 5-18. Rotations at beam ends for different connection types

mnection
force

400
0 i — e — — — — — — — — — —

-400 -
Z -800 A Failure of the co
S -1200 - under tensile
=
f -1600 A Rigid
o
% -2000 A - —Pinned

22400 - = - = End-plate

— — Tebh- ]
22800 - Web-cleat
3200 — - - Ductile connection

Temperature (°C)

Figure 5-19. Mid-span axial forces of beams with different end connection types

5.5. Optimization of the ductile connection design

In this section, parametric studies are carried out on several key parameters, using the sub-frame

shown in Figure 5-14 (a), to optimize the design of the ductile connection in terms of the beam’s

failure temperature.

It is generally assumed in these studies that the temperature of the connection is equal to half of
that of the connected beam in the model used in Section 5.4. Connections tend to experience lower
temperatures than the members which they connect during a fire event, due to their smaller section

factor, lower exposed surface area, and fire protection measures which tend to imitate those of the
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attached column. A sensitivity analysis has been conducted, adopting different relationships
between the connection temperature and the beam temperature. The results are shown in Figure
5-20 and Table 5-2. The beam temperature at which the connection fails is increased by 13.9%
when its temperature is reduced to 40% of the beam temperature. Further reductions of the
connection temperature ratio have little effect on increasing the failure temperature of the beam.
This is due to the fact that the temperature of the connection will not exceed 400°C if it is assumed
to be lower than 40% of the beam temperature. Therefore, it is a reasonable choice to protect the
connection to prevent its temperature exceeding 40% of the beam temperature. Further reducing

the connection temperature will only increase the cost of insulation to the connection.
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Figure 5-20. The effect of different temperature ratio assumptions

Table 5-2. Beam failure temperatures under different temperature ratio assumptions

Connection temperature ratio  Beam failure temperature (°C) Difference from original design

Tc=20%Ts 889 14.3%
Tc=30%Ts 887 14.0%
Tc=40%Ts 886 13.9%
Tc=50%Ts* 778 0.0%
Tc=60%Ts 745 -4.2%

* Control case

In the component-based connection element, if the axial force of a spring row reaches the failure
load of the bolt pull-out component, then the spring row is judged to have failed. Therefore, the
occurrence of bolt pull-out failure can be delayed by reducing the axial force generated in each
spring row. This can be achieved by improving the ductility of the connection, typically by
increasing the radius of the semi-cylindrical section. Another way to increase the failure load of
the bolt pull-out component is to increase the thickness of plate. The top bolt row experiences the

largest tensile displacement when the connection is subject to positive rotation. Moving from the
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top bolt row towards the bottom one, the tensile displacement of each bolt row decreases
progressively. In order to reduce the maximum tensile displacement, in the top spring row,
reducing the vertical bolt spacing could also be effective. Therefore, various inner radii of the
semi-cylindrical section, plate thicknesses and bolt spacings have been adopted. The effects of
these variations on the mid-span deflection and the axial force of the beam are shown in Figure
5-21 - Figure 5-23 and Table 5-3 - Table 5-5. As shown in Figure 5-21 and Table 5-3, increasing
the radius of the semi-cylindrical section can reduce the axial compressive force generated in the
beam. However, its effect on the maximum tensile force of the beam in catenary action, and the
final beam failure temperature, is negligible. For instance, even when the inner radius of the semi-
cylindrical section is increased to 90mm, the beam failure temperature is only 0.9% higher than
the control case (inner radius of semi-cylindrical section = 50mm). Increasing the plate thickness
can significantly improve the performance of the connection in the catenary tension stage, by
enhancing the ultimate failure temperature, as shown in Figure 5-22 and Table 5-4. However, the
increase of plate thickness also reduces the ductility of the connection, resulting in larger axial
forces generated in the connected beam. For example, the beam failure temperature with a
connection of 10mm thickness is 13.2% higher than that of the control case, whereas the
maximum compressive axial force increases by 207.2% during the initial heating. Therefore, the
plate thickness should not be increased excessively, otherwise, the ductility of the connection will
decrease sharply, and this may impose very high forces on adjacent structure. Figure 5-23 and
Table 5-5 show that the bolt spacing has little influence on the ultimate failure temperature of the
connection. The last parameter studied is the steel grade. In general, the steel grade of the
connections is the same as for the beams. However, Figure 5-24 and Table 5-6 indicate that the

use of a higher grade of steel for connections is effective in raising the failure temperature.
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Figure 5-21. The effect of changing the inner radius of the semi-cylindrical section

Table 5-3. Beam failure temperatures with different inner radii of the semi-cylindrical section

Connection temperature ratio  Beam failure temperature (°C) Difference from original design

50* 778 0.0%
60 779 0.1%
70 781 0.4%
80 782 0.5%
90 785 0.9%
* Control case
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Figure 5-22. The effect of changing the plate thickness of connection
Table 5-4. Beam failure temperatures with different connection plate thickness
Plate thickness Beam failure Difference from  Maximum compressive  Difference from
(mm) temperature (°C)  original design axial force (kN) original design
6* 778 0.0% -59.75 0.0%
8 878 12.9% -116.48 94.9%
10 881 13.2% -183.54 207.2%
12 888 14.1% -253.01 323.4%
14 894 14.9% -346.81 480.4%

* Control case
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Figure 5-23. The effect of different vertical bolt spacing
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Table 5-5. Beam failure temperatures with different vertical bolt spacing

Vertical bolt spacing (mm) Beam failure temperature (°C) Difference from original design

30 791 1.7%
40 786 1.0%
50 783 0.6%
60 780 0.3%
70* 778 0.0%
* Control case
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Figure 5-24. The effect of different connection materials

Table 5-6. Beam failure temperatures with different connection materials

Steel grade Beam failure temperature (°C) Difference from original design
S275 751 0.0%
S355 772 2.8%
S420 800 6.5%

* Control case

In order to test the effectiveness of the connection optimization, a ductile connection of 8mm
thickness is adopted in the sub-frame model shown in Figure 5-14 (a). The inner radius of the
semi-cylindrical section is 70mm, the temperature of the connection is assumed to be 40% of that
of the connected beam, and the vertical bolt spacing is 50mm. Figure 5-25 shows that the
optimized ductile connection delivers a much higher failure temperature compared with the
original design of the ductile connection (inner radius = 50mm, plate thickness = 6mm, bolt
spacing = 70mm, connection temperature = 50% of beam temperature), as well as with the end-

plate and web-cleat connections.
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Figure 5-25. Comparison of beam performance with different connection details

5.6. Progressive collapse modelling

Once a connection fractures, the connected beam can be detached from the supporting column,
leading to an increase in the column slenderness, which might cause the column to buckle.
Connection failures can also trigger the collapse of slabs and the spread of fire into adjacent
compartments. These may lead to a sequence of failures resulting in the progressive collapse of
the entire structure. In order to effectively model the global behaviour of structures in fire from
local instability to overall collapse, a combination of static and dynamic solvers was developed
by Sun (Sun et al., 2012a, 2012b, Sun, 2012) and implemented in Vulcan. The static solver is
computationally efficient and is used to track the static behaviour of a structure. Once local
instability occurs, the dynamic solver is activated to track the motion of the structure until stability
is regained, and then the static solver comes back into service. These two solvers are used
alternately to analyse the structure under stable and unstable states, respectively. In this section,
the static-dynamic solver is used to model the three-storey three-bay plane frame with ductile
connections shown in Figure 5-26, to illustrate the progressive collapse of a structure in fire.
Although this model is for a non-composite frame, the contributions of the slabs are considered
to some extent: 1) the restraint to lateral movement of the beam’s top flange provided by the slab
is considered by constraining the out-of-plane degrees of freedom of the frame; 2) the transfer of
external loads from the slab to the beam is considered by directly converting the external loads
into a distributed loading applied to the beam. It is further assumed that fire occurs only in the
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ground floor, and the horizontal springs on the outer columns of each floor are used to prevent
lateral sway instability of the frame. Only half of the frame is built in the Vulcan model, in order
to save computational effort, given that the structure is symmetric. A uniformly distributed line
load is applied to the beam on each floor, generating a load ratio of 0.4, with respect to a simply
supported beam. A concentrated vertical force of 3000kN is applied on each of the two
intermediate columns, representing superstructure loads. The temperatures of the connections and

columns at ground floor level are assumed to be half of that of the connected beams.

Beam section: UKB 533*210%109  300kN 3000kN
Column section: UKC 305*%305%198 J, Load ratio = 0.4 J,
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Figure 5-26. The three-storey three-bay frame

The calculation procedure for progressive collapse of the frame is shown in in Figure 5-27. Firstly,
input data is read in for a new temperature step. The static solver is used to analyse the model. As
soon as one component of a spring row reaches its failure limit, this spring row is considered as
failed, and is deleted. When all spring rows in a connection element fail, the connection is
considered as failed, and its stiffness matrix is set to zero. Once both connections have failed, the
connected beam detaches from the columns. It is then removed from the model by restraining all

its degrees of freedom.
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Figure 5-27. Static-dynamic calculation process

Figure 5-28 shows temperature-force and displacement-force curves of the spring rows of the
connections at the ends of Beam 2. Spring Row 1 (the top bolt row) undergoes the minimum
compressive displacement and maximum tensile displacement, whereas Spring Row 5 (the
bottom bolt row) undergoes the maximum compressive displacement and minimum tensile
displacement. The force-displacement curve of Spring Row 1 becomes almost vertical as failure
occurs. However, the tensile capacity of the spring row cannot be reached because its failure is
governed by bolt pull-out. Fortunately, several measures discussed in Section 5.5 can be taken to
delay the occurrence of bolt pull-out failure, so as to increase the ultimate failure temperature of
the beam. In the ductile connection element, once a spring row fails, the force of this spring row

falls to zero. The sequence of failures of the other bolt bows follows very closely, once the top
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bolt bow has pulled out at around 390°C. Once all the bolt rows have failed, the entire connection

is considered as having failed.
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Figure 5-28. Variation of spring row forces of the connection at the end of Beam 2

As can be seen from the progressive collapse of the frame in Figure 5-29 (b), the connections at
the ends of Beam 1 and Beam 2 fail when the beam temperature is 688°C, and then Beam 1 and
Beam 2 are deleted from the frame (Figure 5-29 (¢)). After that, Column 1 and Column 2 continue
to be heated, although it is assumed in this case that their upper continuations remain cool, until
both of their temperatures reach 550°C, at which point Column 2 begins to buckle due to the
increase of its slenderness ratio. Column 1 does not buckle because of its lateral restraint (Figure
5-29 (d) - (f)). The progressive collapse simulation of the frame presented in this section

emphasizes the importance of connections for the survival of the entire structure in a fire event.
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Figure 5-29. Progressive collapse of the frame

5.7. Chapter conclusion

This chapter has described the incorporation of the ductile connection element into the software
Vulcan. The bolt pull-out component, represented by the analytical model developed by Dong
(2016), has been added to the component-based model of the ductile connection to simulate bolt
pull-out failure. The tangent stiffness matrix equations derived by Block (2006) have been used
to convert the component-based model into a connection element following the principles of the
finite element method. Single beam models with ductile connections at both ends have been
modelled using both Vulcan and Abaqus to validate the ductile connection element. The analytical

model of a web-cleat connection, developed by Yu (2009d), has been implemented into Vulcan,
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following the same method used for the ductile connection element. A sub-frame model was used
to compare the performance of the ductile connection with that of conventional connection types.
Different types of connection were used in this sub-frame model, including idealised rigid and
pinned connections, and conventional end-plate and web-cleat connections. Parametric studies
have been carried out to optimize the performance of the ductile connection under the tensile axial
forces generated by the eventual catenary action of the unprotected beams at high temperatures.
Five key parameters including the temperature of the connection, the inner radius of its semi-
cylindrical section, the plate thickness, the bolt spacing and the connection material were selected.
Finally, the static-dynamic solver in Vulcan was used to simulate the progressive collapse of a
three-storey three-bay frame with ductile connections. The following conclusions can be drawn
based on these studies:

o The simulation results obtained by Vulcan single beam models are very close to those of
Abaqus single beam models, which indicates that the connection element can adequately
represent the behaviour of the ductile connection given by detailed FE modelling.

e By comparing the performance of the ductile connection with other connection types, it
can be concluded that the ductile connection can provide much higher ductility to
accommodate the deformations generated by connected beams as their temperatures rise.

e It was found from the parametric studies that it is possible to optimize connection
thickness, protection level, inner radius of the semi-cylindrical section and connection
material in order to delay the occurrence of bolt pull-out failure, and thus enhance a
beam’s ultimate failure temperature.

e The modelling of the progressive collapse of the three-storey three-bay frame shows that
failure of all the spring rows of the heated connection is triggered by the initial failure of
the top bolt-row at a certain temperature. When the connection was judged to have failed
the connected beam was then removed from the model. A column previously connected
to the deleted beam will eventually buckle due to the increase of its slenderness ratio.
This progressive collapse simulation emphasizes the importance of connections for the

survival of the entire structure in a fire
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6.1. Chapter introduction

Compared with bare-steel framing, composite construction has higher structural efficiency and
lower cost, because it allows the use of smaller steel sections. Therefore, in recent decades,
composite structures have been widely used in multi-storey construction. The performance of
composite structures at elevated temperatures has been studied by researchers across the world
(Wang, 1998, Sanad et al., 2000, Foster et al., 2007, Li et al., 2017). The structural behaviour of
connections in composite structures in fire is quite different from that of bare-steel connections,
due to the existence and continuity of the composite slab. At elevated temperatures, the composite
slab acts as insulation to the top part of the connection, reducing its temperature and thus
enhancing its performance. The top flange of a composite beam is likely to experience a much
lower temperature than the exposed parts, and this temperature difference may even be as high as
40% (Wainman and Kirby, 1988). Accordingly, the degradation rate of the strength of a composite
connection should in general be lower than that of an equivalent bare-steel connection, due to the
beneficial effect of this partial temperature reduction. In addition, the composite slab restrains the
thermal expansion of the steel beam in the initial stage of a fire, leading to thermal bowing, which
also affects the performance of its connections by causing higher early-stage rotations.

The behaviour of the ductile connections in bare-steel structures has already been well studied in
the previous chapters, it is appropriate now to investigate their performance in composite
structures. In non-composite steel frames, the thermal expansion of a complete beam can be
absorbed by plastic deformation of the ductile connections, thus greatly reducing the forces
imposed on the surrounding structure. However, in composite construction, unless a large number
of shear studs are fractured or highly deformed, the deformation of the ductile connections will
mainly be caused by rotation at the column face, which will mainly be caused by thermal bowing
of the composite beams. Hence the influence of these connections on the overall frame behaviour
is less easily predicted.

This chapter investigates the application of the ductile connections in composite structures.
Equations have been proposed to represent the axial ductility demands of the beam at four key

positions; the rebar level, the connection top surface, the connection bottom surface, and the beam
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bottom flange. In the calculation of ductility demand of the composite beam, the deflection caused
by thermal bowing of the composite beam has been included in its total deflection. A
reinforcement component, which considers the pull-out of reinforcing bars and the influence of
weld points in mesh, has been added to the non-composite ductile connection model to establish
a suitable component-based model for the composite ductile connection. This component-based
composite ductile connection model has been incorporated into Vulcan, and validated against a
detailed Abaqus FE model. Parametric studies using Vulcan have been carried out to study the
effect of three parameters on the performance of the ductile connections, including the connection
thickness, the inner radius of the semi-cylindrical section and the number of longitudinal
reinforcing bars within the effective width of the slab. Since the shear studs are not considered in
the component-based composite connection model, an Abaqus model of a plane composite frame
has been established to investigate the influence of shear studs on the behaviour of the connection.
The method of simulating the composite connection using Abaqus has been validated against

experiments carried out by Al-Jabri (1999).

6.2. Ductility demand of composite beam in fire

The deformation of a typical composite beam as its temperature rises is illustrated in Figure 6-1.
The connection needs to be able to accommodate the axial displacement caused by the combined
effect of the effective shortening of the beam due to deflection and the rotation of the beam end.
In a composite beam, as the slab does not expand with the thermal strain of the steel downstand,
the steel’s thermal expansion is included in the calculation of the thermal curvature of the
composite beam. There are four key positions where the axial displacement of the beam end needs
to be taken into consideration; the rebar level, the top surface of the connection, the bottom surface
of the connection, and the bottom flange of the beam. The top surface of the connection
experiences the maximum displacement away from the column-face, whereas internal contact
may occur at the connection’s bottom surface. In addition, to avoid contact between the beam
bottom flange and column flange, which may lead to the buckling of column web, the axial

displacement of the beam bottom flange is also considered when determining the ductility demand.

The displacements of these four key positions are represented by A, , A, , Ay, and Ay,

cts 2 S

Page | 137



Chapter 6 Fire Performance of the Ductile Connection in Composite Construction

respectively, and can be simply calculated using Equations (6-1) - (6-4). The lever arms used are
the distances between each key position and the neutral axis of the composite beam. As mentioned
previously, the slab restrains the thermal expansion of the composite beam. This leads to thermal
bowing, and the deflection due to thermal bowing needs to be included into the total deflection of
the composite beam. The total deflection of the composite beam also includes the deflection

caused by external load.
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Figure 6-1. Deformation of composite beam in fire
_4.
Ar_gé‘total /1 _tan(etotal)'(hr _hc) (6-1)
_ 4 2 h2 — Hcon
Acts - gé‘total /1-tan (etotal ) ' hl + T - hc (6'2)
4 h,+H
Acbszgé‘totalz/I_tan(gtotal)'(hl-i_%_hcj (6-3)
_4.
Abbf _gé‘total /1—tan (etotal ) ' (hl + h2 - hc) (6'4)
in which A,, A, A, and Ay respectively represent the axial ductility demands of the beam

at the rebar level, the connection top surface, the connection bottom surface, and the beam bottom

flange. 6, is the total rotation of the composite beam at beam end, and o, is the total

otal otal

deflection of the composite beam ( Oz = Oeytemal toad + Otvermal bowing )- 1> hy» h, and H_, represent

n

the length of the composite beam, the slab depth, the steel beam depth and the connection depth,
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respectively. h, and h, are the vertical distances from the top surface of the slab to the neutral

axis and to the longitudinal rebar, respectively.
To calculate the thermal bowing deflection of the composite beam, several assumptions are made
here:
1) the slab is assumed to remain at ambient temperature;
2) the temperature distribution within the beam section is uniform;
3) full shear connection between the slab and steel beam is assumed.
As shown in Figure 6-2 (a), the mechanical strain is obtained by subtracting the thermal strain

from the total strain, and is then used to establish mechanical equilibrium.
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(a) Strain distribution

(b) Calculation of deflection

Figure 6-2. Calculation of the thermal bowing deflection of composite beam

Due to the assumption of full shear connection, the curvature of the slab is equal to that of the

beam (Equation (6-5)).

=Y =Yy (6-5)

in which E;, A and |, are the Young’s modulus, the cross-section area and the second moment
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of area of the slab respectively. E,, A, and |, are the Young’s modulus, the cross-section area

and the second moment of area of the steel section respectively. The tensile force acting at the

centroid of the slab T,

«an » and the compressive force acting at the centroid of the steel section

C,. can be obtained using Equation (6-6).

steel

Tslab = ElAiy”el Csteel = E2A2 ((ZT - y”ez) (6—6)
in which o is the thermal expansion coefficient. € and e, are the vertical distances from the

neutral axis to the centroid of the slab and to the centroid of the steel section, respectively.

According to the horizontal force equilibrium, the curvature can be expressed by a formula

containing the two distances e, and e, (Equation (6-7)).

E,AaT

T =Cuea = EAY'e =E,A(aT —y'e,)) >y = —2 21—
slab steel 1A1y 1 2A2( y 2) y E1A191+E2A282

(6-7)

Moment equilibrium is then used to obtain the values of €, and e, , as shown in Equation (6-8).

_2(E1|1+E2|2) e _e+hl+h2

T hl+h2
~ EA(h+h) T2

slab

=M, +M, =>¢ (6-8)

Once the curvature is determined using Equation (6-7), the deflection due to thermal bowing is

calculated using Equation (6-9). The variables in Equation (6-9) are illustrated in Figure 6-2 (b).
L= sinl( /2

. J Def =1, aure (1—COS ) (6-9)

curvature
in which Def is the deflection due to thermal bowing.

An example composite beam of 10m span, subject to a uniform load intensity of 20 kN/m? applied
on top of the slab is used to demonstrate the determination of ductility demand. The steel
downstand of the composite beam is designed as a UKB 533%x210x109. The depth and width of

the slab are 130mm and 2600mm, respectively. It should be noted that the width used here is the

effective width of the concrete flange of the composite beam, which is by =1/4+b,, where b,

represents the width of the steel flange occupied by shear studs. After the position of the neutral
axis of the composite beam is obtained, the thermal bowing deflection and the displacements of
the four key positions are calculated using Equations (6-1) - (6-9), and are shown in Figure 6-3.
This figure shows that the connection should have an axial deformation capacity of at least
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28.1mm in “closing” and 10.7mm in “opening”, in order to meet the ductility demand of the
composite beam in fire, if the composite beam is designed to survive to 800°C. The elastic
modulus of steel decreases with the increase of temperature. When the temperature reaches 600°C,
the elastic modulus of steel decreases considerably, to the same order of magnitude as that of

concrete, which leads to the rapid change of thermal bowing deflection slope, as shown in Figure

6-3 (a).
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Figure 6-3. Determination of ductility demand of the example composite beam

The schematic diagram of applying ductile connections in composite structure is shown in Figure
6-4. As the bare-steel ductile connection, the inner radius of the semi-cylindrical section of the
composite ductile connection should be determined according to the ductility demands of

composite beam in fire using Equations (6-1) - (6-4).

Figure 6-4. Application of ductile connections in composite structure
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6.3. Component-based model of the composite ductile connection

Component-based modelling of bare-steel connections has been well studied in recent years.
However, few studies have been conducted on the component-based modelling of complete
composite connections. Madas (1993) proposed a component-based model of composite end-
plate connections for use in the analysis of composite frames under dynamic loading at ambient
temperature. In the Madas model, the concrete slab is divided into a finite number of layers and
each layer considered is subject to a uniform strain between studs and across the slab’s effective
width. Al-Jabri (1999) developed a high-temperature composite end-plate connection model by
adding two additional components, representing the reinforcement and shear studs, to his steel
end-plate component-based connection model. Rassati et al. (2004) developed an ambient-
temperature component modelling approach for the simulation of composite connections, which
is capable of accounting for the influence of partial interaction between the slab and beam, and
the cracking and crushing of the slab. Li et al. (2012a) developed a component model, which
includes bolts in tension, reinforcement in tension, end-plate in bending, column flange in bending
and column web in compression, to predict the initial stiffness and the ultimate moment capacity
of composite connections in fire. However, the component-based models reviewed above are
mainly for composite end-plate connections, and cannot be directly applied to the composite
ductile connection. In addition, the full load-deformation characteristics of the connection,
including the axial deformation of each spring row in the process of connection deformation, are
needed to investigate the performance of the ductile connection as part of a composite structure;
these are not available in existing models. It was, therefore, decided to develop a component-
based model of the composite ductile connection in this research.

A component-based model of the non-composite ductile connection has already been developed
in previous chapters and has been implemented into the Vulcan software for global frame analysis.
Using the same method as the bare-steel ductile connection, the composite ductile connection will
be implemented into Vulcan as a 2-noded spring element. Since the connections are within the
hogging bending moment zone, and the tensile strength of concrete is negligible, the concrete in
tension is ignored. In the following section, a reinforcement component will be added to the non-

composite ductile connection model to establish a suitable model of the ductile connection in a
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composite structure. This component-based composite ductile connection model will be

incorporated into Vulcan, and several case studies will be carried out to test its performance.

6.3.1. Reinforcement component

Crack face Crack face
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Figure 6-5. Model of the rebar component

Depending on its effective depth within the slab, the reinforcement above the connection may be
subject either to tensile or compressive strain due to the combination of hogging moment and
thermally-induced rotation. In the case where the reinforcement strain becomes tensile, as the

tensile strength of the concrete is very low, cracks usually occur, leading to reinforcement pull-

Page | 143



Chapter 6 Fire Performance of the Ductile Connection in Composite Construction

out within these cracks. The part of the rebar within the crack width is under uniform stress, which
is equal to its ultimate strength. However, the part of the rebar within the embedded length is
subject to stresses lower than those within the crack width, due to the surface bond stress. The
further away from the crack-face, the smaller the stress is. Sezen and Setzler (2008) considered
the pull-out of the rebar at concrete cracks when modelling the lateral deformation of a column
caused by rebar slip in the anchorage zone. Their simple model of rebar slip, shown in Figure 6-5
(a), was verified against 12 tests conducted by Sezen (2004) and by Lynn and Moehle (1996).

In this model, a bilinear stress-strain relationship is assumed for the rebar, with a shallow gradient

between the yield and ultimate stress points. The bond stress within the embedded length is

assumed to be locally constant, at either u, and u;. When the rebar strain is lower than the yield
strain, the bond stress is U, =1.0/ f_ , but when the rebar strain is above yield, the bond stress is

up = 0.5\/?C . This assumption is reasonable because only high rebar strain (above yield) and the

resulting high slip at the rebar perimeter can cause real damage to the adjacent concrete. The slip

of the rebar can be calculated using Equations (6-10) and (6-11). In the extreme case of rebar

fracture within the crack, f, = f, and ¢, =¢, . In the context of Figure 6-5,

l, = f,d, /4u, lg = (f, — f,)d, /4u] (6-10)
in which u, and u; are the bond stresses when the rebar strain is lower than the yield strain and
higher than the yield strain, respectively. |, and |; are the development lengths of elastic zone
and post-yield zone, respectively. fy and f, are the yield stress and ultimate stress of rebar. f

is the rebar stress between f, and f,. d, is the diameter of the rebar.

The total slip of the rebar from the crack-face, assuming that it is anchored in the concrete either

side of the crack is

slip=e 1, 12+ (e, +&)ly 12 (6-11)
where ¢, and ¢, are the yield strain and ultimate strain of rebar.

Burgess and Sahin (2018) further considered the contribution of the weld points on the transverse

reinforcing bars in the mesh when calculating the crack width at which rebar fractures using the
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simple slip model presented above. In fact, the weld points on the transverse bars at regular

spacing S, can provide physical anchorages to the longitudinal bars. The strength of each weld

should be at least 25% of the bar strength in accordance with Eurocode 2 (CEN, 2004a). If the
rebar stress at a weld point exceeds the strength of the weld, then the weld will fracture. The
distance from the crack-face to the next weld point is then used as the development length. In this
case, the pull-out of the rebar will increase suddenly when weld fracture occurs. Considering

different combinations of development length, rebar stress and weld strength, three typical cases

are shown in Figure 6-5 (b). The first weld is positioned at a distance of s, /2 from the crack

face, and the subsequent welds are at a regular spacing s, . In Case 1, the development length of

the rebar does not go beyond the first weld; this is likely to occur to deformed bars with very high
bond stress. If the development length reaches the first weld-point, there are two possible
scenarios, according to the relationship between the rebar stress and the weld strength.

1) Case 2: If the rebar force is less than or equal to the weld strength, the first weld does
not fracture, but becomes a positive anchorage point. The development length and crack
width are both reduced compared to when weld points are neglected;

2) Case 3: If the rebar force exceeds the weld strength, the first weld fractures and the
remaining anchoring force is borne by the bond stress developed beyond the broken weld.
For bars with low bond stress, such as plain circular bars, there may be more welds
broken before sufficient anchorage is accumulated.

According to Burgess's study (Burgess and Sahin, 2018), for plain rebars the bond stresses are

reduced to Uy = 0.15\/T and U, =0.3,/f, , where f, is the concrete strength. For deformed bars,

c

the two values (U, = O.SJTC and U, = 1.0\/?C ) mentioned earlier remain valid. The weld strength

is assumed to be 25% of the rebar strength according to Eurocode 2 (CEN, 2004a).

The force-slip curve of a bar is generated by using the rebar slip model considering the weld
anchorage described above. If the concrete crack occurs in the middle of the slab and there is
enough length on both sides of the crack to develop the anchorage, the crack-width should be
twice the slip from a single crack face. The tensile force of the rebar is obtained by multiplying

the rebar stress by its cross-sectional area. Taking deformed and smooth A252 meshes at 200mm
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x 200mm spacing as two examples, the properties of these two meshes and their weld fracture

predictions are listed in Table 6-1.

Table 6-1. Properties of deformed and smooth A252 meshes and the weld fracture predictions

Rebar type Diameter Ductility class  Strengths (MPa)  Ultimate strain Weld fractures

f, f, &, Ist 2nd 3rd
Deformed A252  8mm C 435 500 0.075 Y N N
Smooth A252 8mm C 435 500 0.12 Y Y Y

The calculated force-slip curves are shown in Figure 6-6 (a). This figure shows that only the first
weld of the deformed A252 breaks, whereas three successive welds break for the smooth A252
bar. The location of the concrete crack must be determined when the rebar component is
incorporated into the component-based model of the connection. Based on the results of the tests
conducted by Al-Jabri (1999), it is assumed that the crack occurs on the outer surface of the

column flange, as shown in Figure 6-6 (b).

28
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= 20 Weld 1 fracrimes
< 16 1i—> Weld 3 fractures
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0 | ———A252-Smooth-C
0 2 4 6 8 10 12 14 16 18 20 22
Slip (mm)
(a) Force-slip curves of two different (b) Development length of rebar
types of meshes component

Figure 6-6. Rebar component

The development length on the right side of the crack is assumed to be limited by the first three
weld points, since previous research indicates that the rebar development length usually does not
exceed the third weld point (Burgess and Sahin, 2018). The development length on the left side
of the crack is assumed to be limited by the first weld point and the centre line of the column
section, depending on whether the first weld point fractures. The slip on the left and right sides of
the crack should be calculated separately. The sum of the slips on both sides is the crack-width,

or the total displacement of the rebar component.
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6.3.2. Incorporation of the composite component-based model into Vulcan

The rebar component described above has been added to the component-based model of the bare-
steel connection to form the component-based model of the composite ductile connection. As
shown in Figure 6-7 (a), the proposed component-based model includes components representing
the face-plate and semi-cylindrical section, the column web in compression, bolt pull-out, rebar,
fin-plate in bearing, beam web in bearing and bolt in shear. The gap between the compression
spring row and the column face is designed to represent the maximum compressive displacement
before internal contact occurs. The component-based model is then converted into a connection
element, following the principles of the finite element method. The method is introduced in detail
in Chapter 5, and so is not repeated here.

The 2-D composite frame model shown in Figure 6-7 (b) is used to test the performance of the
composite connection element. The height of the upper and lower columns is 3m, and the beam
span is 10m. The rebar is assumed to be anchored to the centre line of the column section for both
the inner and outer column cases. For an inner column, the inherent symmetry of deflection about
the column line makes this assumption generally valid. For the outer column case, the rebar is
assumed to be anchored, generally by a hook, to the column, which would be normal good design
practice. In order to reduce the size of the model to save computation cost, only half of the frame
is modelled, and symmetric boundary conditions are applied at the mid-span of the beam and slab.
The bottom of the column is fully restrained, and the top can only move vertically. It is further
assumed that fire only occurs in the lower storey, and the standard fire curve is adopted. Lawson
(1990a, 1990b) assumed that the temperature of the connection was about 70% of that of the beam
bottom flange at the beam mid-span. This assumption applies to bare-steel structures. Since the
concrete slab can act as an insulation to the connection, it was decided to further reduce the
connection temperature to half of the beam temperature in the 2-D composite sub-frame model.
Columns in steel-framed structures are invariably protected, and so the temperature of the lower
column is set to be equal to the connection temperature, assuming that they are protected to the
same level. The slab and the upper column are assumed to remain at ambient temperature. Full
shear connection is assumed between the slab and beam, and this is modelled by shared nodes

between the slab and beam elements. In order to verify the developed connection element, an
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Abaqus 2-D composite frame model is also established. The Abaqus modelling approach is
described in Section 6.4, including material characteristics, contact settings, etc. The only
difference is that the shear studs in the Abaqus model are not modelled in detail in this section.
Full shear connection is achieved by fully tying the bottom of the slab and the top flange of the
steel beam. The deformations of the ductile connection at different temperatures obtained from
the Abaqus model is shown in Figure 6-8 for a perimeter column connection. As can be seen from

this figure, the proposed ductile connection exhibits satisfactory deformability.
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(a) The component-based model of composite ductile connection
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Figure 6-7. The component-based model and the 2-D composite frame model
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(a) 20°C (b) 600°C
(c) 800°C (d) 1000°C

Figure 6-8. Deformation of the ductile connection at different temperatures; connection to a

perimeter column

The results of the Abaqus and Vulcan models are compared in Figure 6-9. Looking at the mid-
span deflections and end rotations shown in Figure 6-9 (a) and (b), the Abaqus model appears to
be stiffer than the Vulcan model at temperatures above 200°C. These differences can be explained
by two different aspects of the respective models:

1) In its plastic phase, the push-pull analytical model of the semi-cylindrical section used
in the component-based model of the ductile connection is softer than the detailed
Abaqus connection model, as shown in Figure 6-9 (d);

2) The discrete concrete cracking and the pull-out of rebars are only introduced in the
Vulcan connection element; they are not considered in the Abaqus model, making the
composite slab of the Abaqus model apparently stronger than that of the Vulcan model.

The differences between the Abaqus and Vulcan models occur above 200°C, since all the spring

rows of the Vulcan connection element are within their linear-elastic phase below 200°C, and the
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difference between the push-pull analytical model used in Vulcan and the detailed Abaqus model
in the linear-elastic range is small (Figure 6-9 (d)). The comparison of the connection axial forces
obtained from the Vulcan and Abaqus models is shown in Figure 6-9 (¢), which shows that above
200°C the connection axial force of the Abaqus model is larger than that of the Vulcan model.
This is also due to the fact that the Abaqus detailed connection model is more rigid than the push-
pull analytical model in the plastic stage. At around 690°C, the compressive axial force of the
connection in the Vulcan model decreases rapidly and changes temporarily into tension at about
800°C. Above this temperature, the connection axial force becomes compressive again. During
heating, the behaviour of the connection is affected by the combined effects of thermal expansion
and material degradation. In the beam temperature range 700°C - 800°C, the change of steel
crystal structure causes a pause in the beam’s thermal expansion, which resumes when the
transition is complete. This can be seen (Figure 6-9 (b)) to cause a temporary change of direction
in the connection rotation. This causes the connection spring rows to reverse direction, causing
their forces to change rapidly into tension because of the rather stiff nature of the elastic unloading
curves. When the thermal expansion re-commences, the connection force again rapidly changes
to compression, as shown in Figure 6-9 (c). Figure 6-10 (a) and (b) show the temperature-force
and temperature-displacement curves of each spring (component) row in the Vulcan model,
indicating that the decrease in connection rotation leads to unloading of all the spring rows.
Among all the five spring rows, the reduction in the compressive displacement of the bottom
spring row (Row 5) is the largest, whereas the displacement reduction of the top spring row (Row
1) is the smallest. Therefore, Row 5 enters the so-called pulling-back stage, and its force
temporarily changes into tension, whereas Row 1 is within the unloading stage before the

compressive displacement increases again, and its force remains as compressive.
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Figure 6-10 (c) and (d) show the temperature-force and temperature-displacement curves of the

rebar component of the Vulcan model, which works only in tension. It is temporarily active at

Page | 151



Chapter 6 Fire Performance of the Ductile Connection in Composite Construction

ambient temperature due to the hogging moment applied to the connection; it then remains
inactive until about 600°C, since the beam’s thermal expansion compensates for the tensile
displacement of the rebar component. After the activation of the rebar component, the discrepancy
between results from the Vulcan and Abaqus models begins to increase, as shown in Figure 6-9
(a) and (c). At 689°C, the force in the rebar component increases almost vertically; this is caused
by a sudden increase of beam deflection (shown in Figure 6-9 (a)), as all the spring rows enter the
unloading stage, which is manifested by the sudden decrease of the compressive forces of all the
spring rows, as shown in Figure 6-10 (a). Most Vulcan results show a slight oscillatory pattern,
which is caused by the large unloading stiffness of the connection element. It is assumed that the
unloading stiffness of the spring row in the connection element is the same as the initial elastic
loading stiffness, and the initial elastic loading stiffness of the ductile connection is very large.
This leads to a sudden change of the spring force when unloading occurs, which is manifested by
the slight oscillatory pattern of the Vulcan result curves. In addition to this, the concrete model
used in the slab elements models cracking at different levels within the elements. This causes the
tensile stresses at various locations to vanish abruptly as the loading or heating proceeds. In
general, the performance of the Vulcan composite connection element is satisfactory compared
with the detailed model in Abaqus, indicating that the Vulcan composite connection element
which has been developed can be used to investigate the effect of utilising the ductile connection
within a composite structure in fire conditions. However, the rather large unloading path used in
the current component-based models can lead to a sudden change of the spring row force when
unloading occurs, which is one of the main reasons for the differences between the results of the
Vulcan composite connection element and those of the Abaqus connection model. Therefore, a

softer unloading path is needed to further improve the composite connection element in the future.

6.3.3. Parametric studies using Vulcan

In this section, the 2-D composite frame model shown in Figure 6-7 (b) is used for a series of
parametric studies. The effects of three parameters (the connection thickness, the inner radius of
the semi-cylindrical section and the number of longitudinal bars within the effective width of the

slab) are studied. As shown in Figure 6-11, an increase in connection thickness leads to a decrease
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in connection ductility. Frames experience lower mid-span beam deflection, smaller connection
rotation, larger connection axial force, larger rebar component force, and smaller axial
displacement at the beam end, as their plate thickness increases. As mentioned previously, the
inner radius of the semi-cylindrical section is a key parameter, determining the connection’s axial
deformation capacity, and should be determined on the basis of the ductility demands obtained

using Equations (6-1) - (6-4).
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Figure 6-11. Different connection thickness

Page | 153



Chapter 6 Fire Performance of the Ductile Connection in Composite Construction

The effect of the semi-cylindrical section’s inner radius on the connection’s behaviour is shown
in Figure 6-12. This figure shows that connections with larger inner radii have higher axial
ductility, which can significantly reduce the forces in the connection and reinforcing bars,
compared with connections of smaller inner radii. However, the influence of the cylindrical
section radius on the mid-span beam deflection, connection rotation and beam end axial
displacement are not obvious below about 500°C. Above 500°C, the mid-span beam deflection
and connection rotation of the composite frame models with larger cylindrical section radius are
smaller than those of the same frame with smaller radii. Although increasing the cylindrical
section radius can effectively improve the axial deformation capacity of the ductile connection, it
should be noted that an excessive increase in this radius may hinder the installation of bolts in the
face-plate part of the connection, and may lead to hard contact between the semi-cylindrical
section and the face-plate. Therefore, the limitation on the dimensions of the various parts of the
ductile connection does not generally depend on the analytical aspects of its behaviour, but on the

constraints of practical construction.
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Figure 6-12. Different inner diameter of the semi-cylindrical section

The difference between the component-based model of the bare-steel ductile connection and that
of the composite version is the introduction of the rebar component. Therefore, the effect of the
number of longitudinal bars on the behaviour of the composite connection is also worth attention.
In general, composite ductile connections with fewer longitudinal bars are prone to premature
failure. It can be seen from Figure 6-13 (a) and (b) that the mid-span beam deflection and
connection rotation of the composite frame model with 7 bars increase rapidly at 688°C. This is
caused by the failure of the rebar component (Figure 6-13 (d)). The connection axial force of this
model changes suddenly from compression to tension at 688°C, when the bars fail, and then
carries on increasing in tension from this point (Figure 6-13 (c)). At the same time, the axial
displacement of the beam bottom flange at beam end changes from compressive to tensile, which

is a first indication of run-away failure of this model.
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Figure 6-13. Different number of longitudinal rebars

Figure 6-14 shows the temperature-force and temperature-displacement curves of each spring row
of this model. Row 1 fails at 831°C, at which point the forces in the remaining spring rows
increase suddenly. Among these, the force increase in Row 2 is the largest, and this spring row
fails at a slightly higher temperature (859.5°C). The failure of Rows 1 and 2 results in an increase
of connection rotation and the axial displacement at the beam end in a stepped manner, as well as
a stepped decrease in connection axial force, as shown in Figure 6-13. Although increasing the
number of longitudinal bars can effectively delay the failure of the composite ductile connection,
the additional cost of doing so should also be considered. In addition, the spacing of rebars should
not be less than the minimum spacing specified in the Eurocode. The minimum spacing of
reinforcing bars should be greater than the reinforcing bar size, the maximum aggregate size +
Smm or 20mm (CEN, 2004b). In the immediate vicinity of the connection the spacing has to be

sufficient to bypass the column with an adequate clearance.
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Figure 6-14. Result curves of each spring row in the model with 7 rebars

6.4. Abaqus sub-frame model

The function of shear studs is to connect the slab and steel beam, transmitting the horizontal shear
force between the two. The moment capacity of the composite beam can be reduced if partial-
strength shear connection is applied. Therefore, shear studs are very important components in
composite structures. It is therefore useful to investigate the influence of shear studs on the
performance of the composite ductile connection. However, the shear studs are not included in
the Vulcan composite connection element, and so it was decided to establish a composite frame
model (Figure 6-7 (b)) in Abaqus to study the influence of shear studs. The behaviour of the steel
decking on which the concrete is cast cannot be guaranteed in a fire. The thin steel deck heat much
more quickly than the concrete, and usually separates from it under the influence of its own local
thermal expansion. The steel deck is of little importance at high temperatures, and is therefore

neglected to simplify the Abaqus model, and to save computational cost.

6.4.1. Concrete material model

The nonlinear behaviour of uniaxially compressed concrete at different temperatures is
represented by a series of stress-strain curves as shown in Figure 6-15. In compression, the stress-
strain relationship given by EC2 (CEN, 2004a) is used, in which a linear descending branch is
adopted for each curve. As for concrete in tension, it is assumed that the tensile stress increases

linearly with respect to strain until concrete cracking occurs, after which the stress decreases
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linearly to zero, and the strain corresponding to zero stress is taken as 10 times the cracking strain,
as suggested by the Abaqus user’s manual (Hibbett et al., 1998). In this work, the tensile strength
of concrete is set to be 10% of the compressive strength (Pi et al., 2006), and the total tensile
strain of concrete is assumed to be 0.1 (Liang et al., 2005). The Concrete Damage Plasticity model
in Abaqus, which is suitable for materials with different tensile and compressive strengths, is
adopted for concrete solid elements in this model. This material model combines the concepts of
isotropic damaged elasticity and isotropic tensile and compressive plasticity to represent the
inelastic behaviour of concrete. The yielded parts of the tensile and compressive stress-strain
curves of concrete are entered separately into the model. The material dilation angle and
eccentricity parameter are taken as 20° and 0.1, respectively. The ratio of biaxial to uniaxial
compressive strength is taken as 1.16. The stress-strain relationship of carbon steel without
consideration of strain-hardening specified in Eurocode 3 Part 1-2 (CEN, 2005b) at elevated
temperatures is adopted to simulate beam, column and ductile connection. This is widely used,
although it is an implicit-creep model based on transient testing. The current analysis does not

consider the effects of high-temperature creep explicitly.
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Figure 6-15. Concrete material model

6.4.2. Interaction and boundary conditions

In order to reduce the model size and to save computational cost, only a quarter of each model

was built, as shown in Figure 6-16 (a).
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Figure 6-16. The Abaqus composite frame model

The X-Z plane is assumed as a plane of symmetry throughout the model, and the Y-Z plane is
assumed as a plane of symmetry at the mid-span of the composite beam. Since the purpose of
these Abaqus models is to investigate the influence of shear studs on the performance of the
composite ductile connection, detailed shear studs are modelled using solid elements. The bottom
surface of the shear stud is tied to the steel section’s top flange. A cavity is created in the slab at
the position of each stud, and then hard contact between the outer surface of the stud and the inner
surface of the cavity is established. Other contacts, such as contact between the slab bottom
surface and steel section top flange, and those between the connection surface and beam web and
the bolt shank and bolt hole, are all included in these Abaqus models. All the reinforcing bars are
embedded in the slab. The slab is connected to the column using a tie constraint in the Abaqus

frame model.
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6.4.3. Validation against experiments

Limited research exists on the performance of composite connections in fire, and there is limited
experimental evidence for comparison. The experiments used to validate the modelling
methodology are a series of tests carried out by Al-Jabri (1999). Al-Jabri used a cruciform test
arrangement with a furnace wrapping the connection zone to conduct these high-temperature
experiments. His Group 5 (FLC-5) tests are selected for this validation. The experimental setup
of FLC-5 consists of a pair of UKB 610x229x101 sections connected to a UKC 305x305x137
column by 10mm thick flexible end-plates with 14 M20 Grade 8.8 bolts, as shown in Figure 6-17

(a). The Abaqus model is shown in Figure 6-17 (b).
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Figure 6-17. The Group 5 tests (FLC-5)

Two tests (FLC-5-2 and FLC-5-3) from this series were modelled. The difference between these
two tests is in the applied moment. In FLC-5-2, a moment of 80 kN-m was applied at a distance
of 1370mm from the column flange surface, whereas in FLC-5-3, the applied moment increased
to 134 kN-m. The comparison between the experimental results and Abaqus simulation results is
shown in Figure 6-18. This figure shows that the overall trend of the connection rotation-beam
temperature curves obtained from the experiments is very similar to those obtained from the

Abaqus models. However, the temperatures at which run-away failure occurs in the experiments
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are lower than those of the Abaqus models. This is because, in the tests, run-away failure was
caused by longitudinal splitting of the slab. This kind of cracking might cause the shear studs to
separate from the slab, essentially turning the composite beam to non-composite, and eventually
leading to a sudden increase in the connection rotation. Since such localised cracking is not
considered in the Abaqus models, the beams in these models always remain composite. This may
explain why the connection rotations of the Abaqus models are lower than those of the
experiments. Other than this, the comparisons between the modelling and test results are

satisfactory, validating the simulation method of the Abaqus models.
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Figure 6-18. Comparison between experimental results and Abaqus results

6.4.4. Parametric studies using Abaqus model

In this section, the Abaqus model shown in Figure 6-16 (a) is used to conduct parametric studies
on the influence of the shear studs on connection performance. It is assumed that the temperatures
of beam web and top flange are 90% of the temperature of the beam bottom flange. The lower
column and the connection are protected to the same level, and their temperatures are therefore
set to 60% of the temperature of the beam bottom flange, whereas the upper column is assumed
to remain at 20°C. The temperature of the slab bottom surface is assumed to be the same as that
of the beam top flange, and its top surface is assumed to remain at 20°C throughout the analysis.
The temperature distribution through slab depth is assumed to be linear.

As mentioned previously, the moment capacity of the composite beam could be reduced in cases
of partial shear connection. Three different shear stud spacings are selected here, and their
corresponding degrees of shear connection are listed in Table 6-2.
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Table 6-2. Degrees of shear connection corresponding to different shear stud spacings

Spacing of shear studs (mm) Degree of shear connection

200 106.84%
500 42.74%
1000 21.37%

The comparative results for the composite frame models with different shear stud spacings are
shown in Figure 6-19. It can be seen that the variation of stud spacing has negligible influence on
the beam mid-span deflection, connection rotation, axial force in the connection and axial
displacements of the top and bottom flanges of the steel section at the beam end. The only
significant difference is in the beam end slip, as shown in Figure 6-19 (d). In this figure the slip
is defined as positive when the steel section’s top flange moves away from the column-face and
the lower surface of the slab moves towards the column-face. If the degree of shear connection is
low, the connection between the slab and steel section is weak, then they will bear the external
loads more like two unconnected members. In this case, under the action of external loads at
ambient temperature, the bottom surface of the slab will stretch, while the top flange of the steel
section will contract, resulting in a positive beam end slip. Therefore, the composite beam with
the largest stud spacing (1000mm) experiences the largest initial positive beam end slip at ambient
temperature. With increase of temperature, the steel beam expands more than concrete due to the
non-uniform temperature distribution, leading to the observed change in beam end slip from
positive to negative. Compared with the other two cases, the composite beam with the smallest
stud spacing (200mm) experiences the smallest negative beam end slip, because the slab provides

the highest constraint to the thermal expansion of the steel beam among the three cases.
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Figure 6-19. Comparison of the composite frame models with different stud spacings
6.5. Chapter conclusion

This chapter has studied the influence of the ductile connection on the behaviour of composite
beams in fire conditions. Four equations have been proposed to calculate the axial ductility
demands of the composite beam at four key positions of the cross-section; the reinforcement layer,
the connection top surface, the connection bottom surface, and the beam bottom flange. The
deflection caused by the thermal bowing of the composite beam was included within the beam’s
total deflection in order to consider the effect of the concrete slab. A component-based model of
the composite ductile connection has been established by adding the reinforcement component to
the bare-steel ductile connection model developed in Chapters 4 and 5. The component-based
composite ductile connection model has been converted into a connection element following the
principles of the finite element method, and incorporated into the software Vulcan. A 2-D

composite frame model with ductile connections has been modelled using both Vulcan and
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Abaqus; the latter has used a detailed model of the connection’s geometry using solid elements.

Parametric studies on three design parameters were carried out, including the connection

thickness, the cylindrical section radius and the number of longitudinal bars in an effective width.

Since the shear studs are not considered in the component-based composite ductile connection

model, detailed Abaqus composite framed models were created to investigate the effect of shear

studs on the performance of the composite ductile connection under different stud spacings. The

Abaqus modelling approach was validated against the experiments previously conducted by Al-

Jabri. The following conclusions can be drawn based on these studies:

The proposed reinforcement component can consider the pull-out of longitudinal bars
across a discrete crack above the connection, and the physical anchorages provided by
the weld points to transverse bars in the welded mesh.

The comparison between Vulcan and Abaqus results shows that although the connection
in the Abaqus model is stiffer than that in the Vulcan model, the proposed component-
based composite ductile connection model can efficiently represent the behaviour of the
composite ductile connection without going to the extent of creating a full model using
solid elements.

It was found from the parametric studies that thinner plate thickness and larger cylindrical
section radii lead to higher axial ductility, which significantly reduces the axial force
carried by the connection. Lower numbers of longitudinal reinforcing bars tend to lead to
early failure.

The variation of stud spacings has little influence on the beam’s mid-span deflection,
connection rotation, connection axial force or the axial displacements of the top and
bottom flanges of the steel section at the beam end. The only substantial difference is in
the end slip between the steel section and the concrete slab. Composite beams with lower
degrees of shear connection experience an initially positive end slip at ambient
temperature, which becomes negative as the steel section temperature rises due to the

thermal expansion
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7.1. Chapter introduction

In the previous chapter, the component-based model of the composite ductile connection has been
developed, and isolated composite beam models with ductile connections have been created to
carry out parametric studies. However, structural elements in a composite steel-framed floor
system always interact with each other and work as a whole. The influence of the out-of-plane
structure, particularly slabs, on the connection performance cannot be accounted for by isolated
composite beam models. Flghazouli et al. (2000) created 3-D high-temperature grillage
composite floor models using the non-linear numerical modelling software ADAPTIC, in which
all the slabs, beams and columns were represented by cubic elasto-plastic beam-column elements.
These models were validated against two of the Cardington full-scale fire tests. Lamont et al.
(2004) used Abaqus to simulate a small generic composite steel frame and compared the structural
performance of the frame under two different single-floor compartment fire scenarios. Suwondo
et al. (2019) studied the progressive collapse of composite steel frames exposed to fire after
earthquake, using a 3-D Abaqus composite building model, in which connection failures were not
considered and all the connections were simplified either as ideally rigid or pinned.

Simulating a full 3-D composite frame in commercial finite element software (e.g., Abaqus) is
extremely time-consuming, since it involves a huge number of elements and usually requires a
dynamic explicit solver. In addition, to allow for reasonable computing times, most researchers
had to use idealised connections when building 3-D composite frame models. Vulcan is a
specialist software designed for high-temperature global frame analysis. It is capable of
simulating the behaviour of 3-D composite structures at elevated temperatures, considering both
geometric and material non-linearities. It was, therefore, decided in this research to use Vulcan to
conduct the 3-D modelling in fire conditions.

This chapter presents 3-D modelling of composite frames with ductile connections in fire. A single
floor panel within a composite frame has been designed according to the typical frame layout
adopted in the Cardington fire tests (Lennon et al., 1999, Wald et al., 2004). The 3-D models of
this composite frame compartment with different connection types, including the ductile

connection, idealised rigid and pinned connections, as well as conventional end-plate and web-
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cleat connections, have been created using Vulcan. In order to further save computational cost,
the 3-D composite frame compartment model has been reduced to a quarter of the original size
by applying planes of symmetry at as many boundaries as possible. These models have also been
used to investigate the influence of unconnected length between slab and beam on the connection

performance in this research.

7.2. Comparison of the ductile connection with conventional connection types

Due to the contribution of composite slabs, the connection performance in a composite structure
is very different from that of a bare-steel structure. When building a composite frame model, the
influence of the out-of-plane structure on the performance of the composite connections must be
taken into consideration. In this section, 3-D composite frame models with different types of
connections are created using Vulcan to compare the performance of ductile connection with other

connection types.

7.2.1. 3-D composite frame model

On the basis of the typical frame structure adopted in the Cardington full-scale fire tests (Lennon
et al., 1999, Wald et al., 2004), an internal compartment of a composite frame is designed as
shown in Figure 7-1. The sections adopted for primary and secondary beams are selected as UKB
356x171x51 and UKB 305%165%40, respectively. The column section is selected as UKC
305%305%198. The thickness of the composite slab is 130mm and A142 mesh is adopted. It should
be noted that the composite connection element already includes rebar component, therefore the
slab elements above the connections in the models do not contain reinforcement to avoid
repetition. It is assumed that fire occurs on the lower floor, including beneath adjacent floor panels,
and the standard fire curve is used. The beams on the column grid and the columns themselves
are protected to the same level, whereas the central secondary beam is unprotected. The
temperatures of all the gridline beams and lower columns are set to 70% of the central secondary
beam’s temperature, and the upper columns remain at ambient temperature. The temperature of
each connection is equal to the temperature of the beam to which it is connected. Taking the

permanent load as 3.65 kN/m? and the imposed load as 3.5 kN/m?, the combined load applied on
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the slab in the fire limit state should be 3.65+3.5%0.5=5.4 kN/m?. The detailed dimensions of the

ductile connections used in the composite frame are shown in Figure 7-2.

Primary beam: UKB 356 x 171 x 51  (S355)
Secondary beam: UKB 305 x 165 x 40 (S275)
Column: UKC 305 x 305 x 198 (S355)
Slab: 130mm (thickness) A142 (mesh)
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Figure 7-2. Detailed dimensions of the ductile connection (unit: mm)

7.2.2. Comparison of the ductile connection with other connection types

The 3-D composite frame models (Figure 7-1) with different types of connections, including
ideally pinned and rigid connections, and the conventional end-plate and web-cleat connections,
have been created using Vulcan to compare the structural performance using these connection
types. Full shear connection is assumed between the slab and beams, and this is modelled by

sharing the nodes between the slab and beam elements. To save computational cost, only a half
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of the models is built, and planes of symmetry are applied to the boundaries of each model. The
component-based model of bare-steel end-plate connections has already been incorporated into
Vulcan by Block (2006), and the component-based model of bare-steel web-cleat connections has
been incorporated into Vulcan in this research as described in Chapter 5. Rebar components have

now been added to these two models, to model the whole composite joint zone including either

end-plate connections or web-cleat connections.
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Figure 7-3. Comparative results (central secondary beam temperature)
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The results of the comparison are shown in Figure 7-3 (a) - (c), which shows that altering the
connection type has little effect on the mid-span deflections of the primary, central secondary and
edge secondary beams. At the same temperature, the deflections of the beams with ductile
connections and ideally pinned connections are generally larger than those of the beams with the
other connection types. Compared with the other connection types, the axial forces generated in
the ductile connections are considerably reduced, as shown in Figure 7-3 (d) - (f). This indicates
that the proposed ductile connection can provide satisfactory deformability to accommodate the
axial displacement applied by the connected beam in fire without increasing axial force levels
markedly.

In order to further illustrate the deformation capacity of the ductile connection, the axial
displacements at the ends of beams with different connection types are compared and shown in
Figure 7-4. In this figure, the negative value represents compressive displacement, and the
positive value represents tensile displacement. It is obvious that the axial displacements at the
beam ends with ductile connections are much larger than those of the other connection types, and
their values are not even of the same order of magnitude. Looking at the development of the axial
displacements at beam ends with ductile connections as temperature increases, the observed
increase in the compressive displacements at the beam ends are probably mainly due to the
thermal expansion of the steel beam. When the temperature of the central secondary beam exceeds
500°C, the increase in beam curvature caused by the reduced steel strength compensates for the
compressive displacement at beam end, resulting in a decrease of the compressive displacement,
as shown in Figure 7-4 (b). At around 800°C, the axial displacement at the end of the central
secondary beam becomes tensile, indicating that the beam is entering the catenary action stage.
After this stage, the tensile axial displacement of the central secondary beam basically remains
unchanged and does not continue to increase. It is well known that, at 800°C, the strength of steel
has dropped to about 10% of its original strength, and the steel beam has lost most of its flexural
load carrying capacity. In this model, the slab is assumed to be kept at ambient temperature, and
the concrete has some tensile strength, albeit very low. Therefore, the external load originally
borne by the central secondary beam is now largely taken by the tensile membrane action of the
concrete slab, and so the tensile axial displacement of the central secondary beam does not

increase further. The edge secondary beam is protected, so its axial displacement decreases much
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later than that of the central secondary beam. Since the section size of the primary beam is
relatively large, and its span is relatively short compared with the secondary beams, the

compressive displacement at the end of the primary beam keeps increasing during the whole

analysis.
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Figure 7-4. Axial displacements at beam ends (central secondary beam temperature)

The deformation of the 3-D composite frame model with ductile connections is shown in Figure
7-5. This figure shows that the ductile connection can provide very high axial ductility, thus
accommodating the net contraction of the beam during the high-temperature catenary stage,
without fracturing the connection. Figure 7-6 - Figure 7-8 illustrate the force-temperature and
displacement-temperature curves for each spring row and rebar component of the primary beam-
to-column connection, the central secondary beam-to-primary beam connection, and the edge
secondary beam-to-column connection. It is shown in Figure 7-6 that, until about 1100°C, the
primary beam has been in the thermal expansion stage, and the compressive displacement of each
spring row of the primary beam connection continues to increase. Compared with the primary

beam, the edge secondary beam has a smaller cross section and a longer span. Therefore, the edge
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secondary beam enters the catenary action stage at a lower temperature (around 900°C) compared
to the primary beam. The compressive displacement of each spring row begins to decrease after
exceeding this temperature, as shown in Figure 7-8. The central secondary beam is designed to
be unprotected, and has a higher temperature than the other beams, resulting in its entering the
catenary action stage at a lower temperature compared with the edge secondary beam. At around
700°C, the force in each spring row of the central secondary beam connection becomes tensile,
indicating that this spring row has entered the ‘pulling-back’ stage. The ‘pulling-back’ stage refers
to the pre-compressed connection being pulled back towards its original state as each spring row
is gradually pulled back towards its original length. During this period, the tensile force in each
spring row also gradually decreases, due to the degradation of the connection’s material properties
as its temperature rises. The displacement of the rebar component in Figure 7-6 (d), Figure 7-7
(d) and Figure 7-8 (d) represents the crack-width of the concrete slab above the connection, which
is determined by the rebar type (the development length of rebar), the weld-point locations of the
mesh and the position of the crack. In the connection element, the displacements and rotations of
the two connection element nodes are used to determine the axial separation at the rebar level
under the plane section assumption, and the rebar component is only activated under tension.
Figure 7-6 (d), Figure 7-7 (d) and Figure 7-8 (d) show that the rebar components of all the three
connections are temporarily activated below 100°C due to the hogging moment applied to the
connection. Beyond this point, the rebar components of the primary beam and edge secondary
beam connections remain inactive, since the beam’s thermal expansion compensates for the
tensile displacement of the rebar component, whereas the rebar component of the central
secondary beam connection is activated again at about 800°C. This confirms that the neutral axis
of bending moves during a fire event, as expected. At ambient temperature, the neutral axis of
bending is below the rebar. It then moves upward with the increase of temperature in the initial
heating stage. When the beam enters the catenary action stage at very high temperatures, the beam
has lost most of its bearing capacity and the neutral axis moves below the rebar again, causing the
rebar component to be re-activated. In general, compared with other types of connection, the
ductile connection exhibits considerable axial deformability in composite frames, which can
significantly reduce the forces generated in the connections and prevent premature fracture of

connections in fire.
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Figure 7-5. Deformations of the 3-D composite frame model (central secondary beam temperature)
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Figure 7-6. Primary beam-to-column connection (central secondary beam temperature)
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Figure 7-8. Edge secondary beam-to-column connection (central secondary beam temperature)

7.3. Influence of distribution of shear studs on connection performance

Shear studs are usually uniformly distributed along a beam span. The maximum sagging moment
usually occurs at the mid-span, whereas the maximum relative slip between the steel section and
slab occurs at the beam ends. Therefore, if the shear studs are concentrated in the central zone of
the beam span, allowing the steel beam to move freely relative to the slab at its ends, it might be
expected that the thermal bowing deformation of the composite beam would be reduced. It might
also be expected that the end-slip would increase (negatively), but this should easily be
accommodated by the ductile connection without generating a large axial force. In order to verify
this idea, the 3-D composite frame model shown in Figure 7-1 is used in this section to investigate
the impact of the shear stud distribution on the performance of the composite ductile connection.
The 3-D model shown in Figure 7-1 is a large model of a huge number of elements, which takes

nearly a month to run. It was, therefore, decided to build a quarter of the original model and apply
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planes of symmetry at the boundaries, as shown in Figure 7-9. The section sizes of the primary,
edge secondary, and central secondary beams, the column and connections remain unchanged. It
should be noted that due to the boundary conditions applied, only half of the beam and connection
sections, and a quarter of the column section, are included in the actual model. Taking full shear
connection as the control case (Figure 7-9 (a)), the shear studs of all secondary beams are
concentrated in the central zone of the beam span in the comparative models with different
unconnected lengths /. These are 250mm, 500mm, 1000mm, and 1500mm, as shown in Figure
7-9 (b). The primary beams in all models are fully shear-connected, since the primary beam is

protected and has shorter span and larger section compared with the secondary beams.
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Figure 7-9. Models with different unconnected lengths
It is to be expected that the longer the unconnected length of the beam, the larger the relative slip
at the beam end. Figure 7-10 shows that the effect of the unconnected length on the end slip is
negligible in the edge secondary beam, whereas, it is very obvious in the central secondary beam.
At a certain temperature, the central secondary beam of the largest unconnected length (1500mm)
experiences the largest negative end slip among all the central secondary beams analysed. Note

here that the end slip is negative when the beam end moves towards the column relative to the
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slab. As the temperature rises to about 1000°C, the negative end slip begins to decrease, indicating
that the beam is beginning to move away from the column as it enters the catenary action stage.
The comparative results of the models with different unconnected lengths are shown in Figure
7-11. This figure shows that the mid-span deflections and the axial connection forces of the
primary beam, the edge secondary beam and the central secondary beam are only slightly affected
by the unconnected length. Figure 7-10 (a) shows that the edge secondary beams with different
unconnected lengths generate almost the same end slip. It should be noted that the primary beams
in all models are fully connected to the slab. Therefore, it is reasonable to conclude that the
distribution of shear studs along the secondary beam has little effect on the behaviour of the
primary beam and the edge secondary beam. As for the central secondary beam, different
unconnected lengths do generate different relative slip at the beam end (Figure 7-10 (b)), whereas
the connection axial force is not significantly affected. The reasoning behind this is illustrated in
Figure 7-12. This figure shows the force-displacement curves of a spring row of the ductile
connection at different temperatures, indicating that, at a certain temperature, the compressive
force of the spring row reaches its peak value soon after it enters compression. After passing its
peak, the curve remains almost horizontal until the maximum compressive displacement is
reached, at which internal contact occurs within the semi-cylindrical section. Therefore, even

though different end slips are applied to the connections, the connection axial forces are almost

the same.
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Figure 7-13. Spring row curves of the primary beam-to-column connection

Although the influence of the unconnected length on the connection axial force is very low, the
axial forces in the primary beam and central secondary beam connections of the control case (fully
connected) are slightly different from those of the other cases of various unconnected lengths.
Figure 7-11 (d) shows that the primary beam connection force of the control case experiences a
rapid change at 1081°C, which is not observed in the other cases. To understand the reasoning
behind this observation, the temperature-force, and temperature-displacement relationships of all
spring rows of the control case, and those of the model with 1000mm unconnected length, are
compared in Figure 7-13. Figure 7-13 (e) and (f) show that the rebar component of the connection
in the control case reaches its maximum strength at 1081°C, and then its force and displacement
immediately drop to 0, indicating the failure of the rebar component. At that time, the tensile force
originally borne by the rebar component is transferred to the four spring rows, leading to the
sudden decrease in the compressive displacements of all spring rows (Figure 7-13 (b)).
Correspondingly, the spring row forces change rapidly from compression to tension (Figure 7-13
(a)), resulting in the total axial force of the whole connection also changing rapidly from
compression to tension (Figure 7-11 (d)). On the contrary, the maximum force experienced by the
rebar component of the connection of the model with 1000mm unconnected length is far lower
than its ultimate strength (Figure 7-13 (e) and (f)), and so the rebar component does not fracture,
explaining why the curves of the spring row forces and displacements are relatively smooth in
this case (Figure 7-13 (c) and (d)). As for the connection between the central secondary and
primary beams, Figure 7-11 (f) shows that the compressive connection force of the control case
decreases faster than in the other cases from about 650°C, and that it becomes tensile at about
700°C. Since full shear connection is adopted in the central secondary beam of the control case,
less beam-end displacement (since the thermal expansion of the beam is more restrained by the
slab) and larger thermal bowing curvature of the composite beam is seen, compared with the other
cases. As a result, the compressive displacements of all spring rows in the control case begin to
decrease at a lower temperature (about 600°C) than in the other cases, as shown in Figure 7-14
(b). In the control case, when the compressive displacement of a spring row is reduced to a certain

extent, the spring row enters the "pulling-back" stage, and the force in the spring row reverses
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into tension, as shown Figure 7-14 (a). In contrast, the compressive displacements of all the spring
rows in the model with 1000mm unconnected length continue to increase up to about 1188°C
(Figure 7-14 (d)), due to the lower restraint to thermal expansion and lower thermal bowing
compared to the control case. For the same reason, the decrease in compressive spring row force
of this model is mainly caused by the heat-induced material degradation (Figure 7-14 (c)) and so
it is much slower than that of the control case. In general, the influence of unconnected length on
the axial forces in ductile connections is very low, which also reflects the high axial deformability

of the ductile connection

S T—— Spring row 1 10 — Spring row 1
----- Springrow 2 .=, =
_ 0 = =Spring ow 3 i g0
4 - - — Spring row 4, g
o -5 =-10
3] 5]
S g
|6 —_
-10 220
[}
-].5 T T T T T -30 T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Temperature (°C) Temperature (°C)
(a) Temperature-force curves (control case) (b) Temperature-displacement curves (control case)
0 0 1 -
— Spring row 1
3 'g 10 - NN, ===-- Spring row 2
& E ' — — — Spring row 3
4 -6 1 i NN - - Spring row 4
e 20 ~
g . ot g NS
5 -9 qj — Spring row 1 g -
= n ) ====- Spring row 2 2 30
-12 “:. — — = Spring row 3 A
n .
- . — Spring row 4
- ].5 T T T T pl ulg |1 0\“ -40 T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Temperature (°C) Temperature (°C)
(¢) Temperature-force curves (1000 mm) (d) Temperature-displacement curves (1000 mm)

Figure 7-14. Spring row curves of the central secondary beam-to-primary beam connection

To compare the observed behaviours, the models with rigid connections and different
unconnected lengths were also built and analysed. Similarly to the models with ductile
connections, the influence of the unconnected length on the relative end slip of the edge secondary
beam is negligible, whereas the end slip of the central secondary beam increases with the increase
of the unconnected length, as shown in Figure 7-15. Another similarity is that the mid-span

deflections of the primary, edge secondary and central secondary beams, and the axial connection
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force of the primary beam, are only slightly affected by the unconnected length (shown in Figure

7-

16 (a) - (d)). In contrast to the models with ductile connections, the influence of the unconnected

length on the axial connection forces of the edge and central secondary beams with rigid

connections are obvious, as shown in Figure 7-16 (e) and (f).
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7.4. Chapter conclusion

This chapter investigates the fire performance of the ductile connection in composite structures.
The influence of the out-of-plane structure on the connection performance is important since the
structural elements in a composite frame always interact with each other and work as a whole.
Therefore, 3-D models of a fire compartment of a typical composite frame, designed based on the
Cardington fire test buildings, have been established using Vulcan. Different types of connections
were used in these models, including the ductile connection, idealised rigid and pinned
connections, and conventional end-plate and web-cleat connections, to compare their
performance in composite structures subject to fire.
In order to further reduce computational costs, the 3-D composite frame compartment model has
been reduced to a quarter of its original size by applying symmetry at the boundaries and reducing
the sections of beams and connections by half. A series of such models has been built to
investigate the influence of unconnected length between the slab and beam on the connection
performance. For comparison, frame models with rigid connections have also been created. The
following conclusions can be drawn based on these studies:
e Compared with other connections, the axial forces generated in the ductile connections
are considerably reduced, indicating that the proposed ductile connection can provide

satisfactory deformability to accommodate the axial displacement applied by the
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connected beam in fire. Therefore, the ductile connection can effectively prevent the local
buckling of the beam in the initial stage of a fire, and the brittle fracture of the connection
at high temperatures.

Although the unconnected length will affect the beam end slip, the influence on the
ductile connection axial force is almost negligible. This is due to the inherent mechanical
properties of the ductile connection, and also reflects its excellent axial deformation
capacity.

It was found that unconnected length affects both the relative slip at the beam end and the

axial force generated in the rigid connection.
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8.1. Main conclusions

Connections play the key role in maintaining structural integrity and stability of steel and
composite framed structures under exposure to fire. The internal forces experienced by
connections vary with the different stages of a fire event. In the initial heating stage of a fire, the
thermal expansion of a beam generates compressive forces on its connections, which may lead to
the buckling of the beam’s bottom flange or the column web. When the temperature rises to a
high level, catenary action of the beam occurs, and connection forces change to tension, which
may cause the fracture of parts of the connection, Including welds, or the failure of bolts. During
the cooling stage of the fire, the thermal contraction of the beam superposes tensile forces on the
connections, which further increases the possibility of connection fracture and bolt failure.
However, conventional connection types lack the ductility to accommodate the axial deformation
of the connected beam under fire conditions. In order to prevent connection failures and improve
structural robustness in fire, a novel connection with high ductility has been proposed in this
research project, and its fire performance within 2-D and 3-D bare-steel and composite frames
has been investigated. The research work can basically be divided into three parts, as described

below.

8.1.1. Design of the novel ductile connection

Equations have been derived to quantify the axial deformations of bare-steel beams at both their
top and bottom flanges. Equations have also been derived to represent the axial ductility demands
of composite beams at four key positions, including the rebar level, the connection top surface,
the connection bottom surface, and the beam bottom flange. All these equations should be taken
as important design criteria for bare-steel or composite connections in fire.

An initial specification of the novel ductile connection has been proposed, in which it consists of
two identical parts, each of which includes a fin-plate which is bolted to beam web, an end-plate
which is bolted to column flange or web, and a semi-cylindrical section between these two parts
to provide additional ductility. The basic elements of the connection can be simply manufactured

by deforming a steel plate. However, the sharp intersection between the semi-cylindrical part and
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the end-plate is not practicable in the cold formation process. Therefore, in the improved shape
of the connection, it was decided to use curves with an acceptable radius to replace the original
sharp intersections. This bent part, together with the end-plate, is referred to as the face-plate. A
simple two-storey three-bay plane steel frame has been modelled using Abaqus, to compare the
performance of these two versions of the ductile connection. The following conclusions came out
of these studies:

o The equations representing the axial ductility demands of bare-steel and composite beams
under fire conditions should be used to determine the minimum value of the inner radius
of the semi-cylindrical section.

e Comparative results showed that the axial force generated in the beam with the improved
version of the ductile connection is much smaller than that of the beam with the original
version, indicating that the improved design further enhances the deformation capacity

and ductility of the ductile connection.

8.1.2. Development of the component-based models of the novel ductile connection

Compared with experiments or detailed finite element modelling, using the high-temperature
component-based model of the connection in the structural finite element software Vulcan is a
more practical and effective way for large frame analysis to investigate the connection
performance within a real structure. In the component-based approach, the connection is divided
into a series of components represented by springs with known characteristics. The accuracy of
the component-based model mainly depends on the accuracy of representation of the
characteristics of the connection components. The ductile connection consists of a fin-plate, a
face-plate and a semi-cylindrical section. Some research work conducted by researchers from the
Structural Fire Engineering Research Group at the University of Sheffield has been directly
applied to some components of the ductile connection. For example, the equations derived by
Sarraj (2007) have been used to obtain the properties of the bolts in shear, the fin-plate in bearing
and the beam web in bearing. The force-displacement curve of the column web in compression
developed by Block (2006) has been adopted in the component-based model as the compression

spring, which is activated after the beam flange contacts the column flange. The plastic ‘cone’
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model developed by Dong (2016) has been modified to represent the bolt pull-out component,
since pull-out of bolts from the face-plate zone is the main failure mode of the ductile connection
observed in the Abaqus simulations.

Apart from the components mentioned above, the most important component of the ductile
connection — the semi-cylindrical section has been characterized by analytical models based on
simple plastic theory. It is assumed that four plastic hinges are formed during the deformation of
the semi-cylindrical section, and the relationship between applied force and displacement is
obtained by using the virtual work principle. Experiments and detailed Abaqus simulations at both
ambient and elevated temperatures have been conducted to validate the tensile and compressive
analytical models of the semi-cylindrical section. Following the same method, the analytical
model of the face-plate has also been developed. An initial component-based model of the ductile
connection has been proposed, which includes components representing bolts in shear, fin-plate
in bearing, beam web in bearing, column web in compression, bolt pull-out, semi-cylindrical
section and face-plate. It is assumed that the unloading stiffness of each component at constant
temperature is equal to its initial elastic loading stiffness. The ‘Reference Point’ concept has been
used to describe the unloading of each component at changing temperatures.

The semi-cylindrical section and the face-plate are treated as two different components,
deforming separately in the initial component-based model. However, by observing the
deformation process of the ductile connection in Abaqus simulations, it was found that these two
parts interact directly with each other. Therefore, an improved component-based model was
proposed, in which the semi-cylindrical section and the face-plate are considered to deform as a
whole (FPSC) component. Analytical models of the FPSC component were developed, in which
two cases were considered according to the geometric relationship between the length of the face-
plate leg and the radius of the semi-cylindrical section. The two component-based models were
compared and validated against both experiments and Abaqus simulations.

The component-based model of the composite ductile connection was established by adding a
reinforcement component to the bare-steel ductile connection model. This rebar component is
based on the simple rebar slip model developed by Sezen and Setzler (2008), and can consider
the pull-out of reinforcing bars and the influence of weld points in the mesh. The component-

based models of the bare-steel and composite ductile connections were converted into connection
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elements according the principles of finite element method, and incorporated into Vulcan. Single
beam models and sub-frame models with ductile connections were created using both Vulcan and
Abaqus, to check the performance of the ductile connection elements. The following conclusions

and discussions came out of these studies:

8.1.2.1. Conclusions

e The tensile and compressive analytical models of the semi-cylindrical section correlate
well with both experiments and Abaqus simulations at both ambient and elevated
temperatures.

e The Masing rule cannot be used to describe the unloading of the ductile connection since
the tensile and compressive loading curves of the semi-cylindrical section/FPSC
component are not identical in shape. Therefore, the unloading path of the ductile
connection is simplified as linear, and its slope is equal to that of the initial linear-elastic
part of the loading curve. However, the large stiffness of the unloading curve leads to the
sudden change of spring row force when unloading occurs, as shown in Figure 4-13.

e The concept of "Reference Point" is used to describe the unloading of components in the
component-based models at varying temperatures, which means that the force-
displacement curves of a component at different temperatures unload to the same
reference point (the intersection point between the unloading curve and the abscissa).

e The force-displacement curves of all the components in a spring row are combined into
one force-displacement curve since these components work in series. The complete
loading-unloading-reloading behaviour has been incorporated into each spring row of the
component-based model.

e Results from the second scheme of component-based model are more in line with Abaqus
simulation results than those from the first scheme of component-based model. It was
therefore decided to convert the second scheme of component-based model into a
connection element and incorporate it into Vulcan.

¢ Results from the Vulcan bare-steel single beam models are in good agreement with those

from Abaqus models, indicating that the developed bare-steel ductile connection element

Page | 189



Chapter 8 Conclusions and Recommendations for Future Work

can adequately represent connection behaviour given by detailed finite element
simulations.

e The proposed rebar component can consider the pull-out of longitudinal reinforcing bars
above the connection, and the anchorage provided by the weld points in the mesh. In the
development of the rebar component, it is assumed that the concrete crack of the slab
occurs on the outer surface of the column flange, and the development lengths on both
sides of the crack are determined by the first three weld points or the first weld point and
the centreline of the column section, respectively. The rebar slips on both sides of the
crack should be calculated separately and added together as the displacement of the whole
reinforcement component.

e The comparison between Vulcan composite sub-frame model and Abaqus composite sub-
frame model shows that although the connection in Abaqus model is stiffer than that in
Vulcan model, the developed composite connection element can efficiently represent the
behaviour of the ductile connection within composite structures. The differences between
Vulcan and Abaqus results can be explained mainly in two aspects: 1) the compressive
analytical model of the FPSC component used in the component-based model of the
ductile connection is softer than the detailed Abaqus model; 2) the concrete crack and the
pull-out of reinforcing bars are not considered in the Abaqus model, making the

composite slab in Abaqus model stronger than that in Vulcan model.

8.1.2.2. Discussions

e It was mentioned in Section 8.1.2.1 above that the large unloading stiffness of the
component-based model leads to a sudden change of spring row force when unloading
occurs, and the slight oscillation of the Vulcan result curves involving force (force-
displacement curve or force-temperature curve). This indicates that the simplified linear
unloading path with the initial elastic loading stiffness is too stiff. When a connection has
already been compressed to a certain extent, the loading stiffness when it is loaded again
is lower than that when it is loaded from its initial shape. This can be confirmed by

inspecting the experimental curves presented in Chapter 4. Therefore, a softer unloading
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8.1.3.

path is needed to further improve the component-based models. It should also be noted
that the softer unloading path will affect the location of the ‘reference point’.

Although the component-based model has a good balance between accuracy and
efficiency compared with the detailed FE modelling, its defect is also obvious. In the
component-based model, different components of a spring row work in series, and only
the tension and compression of each component are considered. However, the interaction
through continuity between adjacent upper and lower spring rows, and the bending /
torsion of individual components (especially the FPSC component) cannot at present be
taken into account in the component-based model, which is one of the main reasons for
the differences between Vulcan results and Abaqus results.

It is assumed that a discrete concrete crack occurs through the concrete slab at the outer
surface of the column flange in the development of the rebar component of the composite
connection model. This is appropriate for composite slabs with light reinforcement, as is
typical of normal composite slabs, in which the main design function of the mesh is to
inhibit cracking in setting concrete. However, discrete concrete cracks may not occur in
composite slabs with reinforcement which is normal for in-situ reinforced concrete slabs,
for which the reinforcing bars will not be pulled out, but cracking is distributed over a

finite length. In this case, the proposed rebar component is not applicable.

Investigation of the fire performance of the novel ductile connection within

bare-steel and composite structures

Having developed and validated the bare-steel and composite ductile connection elements, Vulcan

can now be used to carry out global frame analysis to investigate the effect of the ductile

connection on the behaviour of continuous structures.

2-D bare-steel sub-frame models have been built using Vulcan with different connection types,

including the ductile connection, idealised pinned and rigid connections, and the commonly-used

end-plate and web-cleat connections, in order to compare the effect on structural performance of

using the ductile connection with the other connection types. A series of parametric studies have

been carried out using these 2-D bare-steel sub-frame models to investigate the influence of five
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key parameters of the connection on the resulting performance. These are; the connection
temperature, the radius of the semi-cylindrical section, the connection thickness, the vertical bolt
spacings and the connection material. The progressive collapse of a three-storey three-bay plane
bare-steel frame with ductile connections has also been modelled using the static-dynamic solver
in Vulcan.

Parametric studies have also been carried out using Vulcan 2-D composite sub-frame models to
investigate the effects of three parameters of the composite ductile connection. These are; the
connection thickness, the radius of the semi-cylindrical section, and the number of longitudinal
reinforcing bars within the effective width of the slab. Since shear studs are not considered in the
Vulcan composite ductile connection element, Abaqus composite sub-frame models have been
built to study the influence of shear stud spacings on the performance of the composite ductile
connection. In order to take into account the influence of out-of-plane structure on the behaviour
of the composite connection, 3-D models of an internal compartment of a composite frame, which
is designed according to the typical frames used in the Cardington fire tests (Lennon et al., 1999,
Wald et al., 2004), have been created using Vulcan. Different connection types have been adopted
in the 3-D composite frame models to compare their fire performance using the ductile connection
with that using other connection types. The 3-D Vulcan composite frame models have also been
used to investigate the influence of the unconnected length between slab and beam at the beam
ends on the connection behaviour. The following conclusions and discussions came out of these

studies:

8.1.3.1. Conclusions

e Compared with the axial forces generated in the bare-steel beams with other connection
types, the axial force generated in the beam with ductile connections is significantly
reduced. This phenomenon indicates that the proposed ductile connection can provide
satisfactory ductility in bare-steel structures to accommodate the axial deformation
generated by the connected beam under exposure to fire.

e The ultimate failure temperature of the bare-steel beam with ductile connections under

high-temperature catenary action stage is much higher than that of the beam with end-
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plate and web-cleat connections. The failure temperature can even be further improved
by optimizing the design of the ductile connection.

Taking protection measures to reduce the temperature of the connection can improve its
final failure temperature. It is reasonable to keep the connection temperature not to exceed
40% of the beam temperature. Further reducing the connection temperature will only
increase the cost and has little effect on improving its failure temperature.

Increasing the inner radius of the semi-cylindrical section can reduce the axial
compressive force generated in the connection, but it has little effect on the final failure
temperature of the connection.

Increasing the thickness of the connection can significantly enhance its failure
temperature, but it can also reduce the ductility of the connection. Therefore, the
connection thickness cannot be increased excessively, otherwise the ductility of the
connection will decrease sharply, and the axial compressive force applied to the adjacent
structural members will increase dramatically, which is contrary to the original design
intention of the ductile connection.

Changing vertical bolt spacing has little effect on the connection failure temperature.
The use of higher-grade steel for the connection could effectively improve its failure
temperature.

In the progressive collapse simulation of the plane bare-steel frame, the static solver was
used first to analyse the model. Once a component in a spring row of the connection
element reaches its failure limit, then the spring row is considered to have failed, and is
deleted from the connection element. After all the spring rows of the connection element
fail, the connection is considered to have failed, and is deleted from the model by setting
its stiffness matrix to zero. The connection failure leads to the detachment of the
connected beam from the adjacent column, and the dynamic solver is then activated to
trace the motion of the structure.

The progressive collapse modelling of the plane frame once again emphasizes the
importance of the connection in the survival of the structure under exposure to fire.

The parametric studies using the 2-D composite sub-frame models show that the ductility

of the composite ductile connection can be improved by thinner connection thickness and
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larger inner radius of the semi-cylindrical section. In addition, composite ductile
connections with fewer longitudinal reinforcing bars within the effective width of slab
are prone to early failure.

e Changing shear stud spacings has little influence on the performance of the composite
ductile connection.

e The results from the comparison of the performance of different connection types using
the Vulcan 3-D composite frame models show that, compared with other connection types,
the axial force generated in the ductile connection is significantly reduced, indicating that
the ductile connection can also provide excellent ductility in composite structures to
accommodate the beam deformation in fire.

e Although the unconnected length between beam and slab at the beam end affects the beam
end slip, its influence on the axial force of the composite ductile connection is negligible,
which is due to the inherent mechanical properties of the ductile connection. On the
contrary, when rigid connections are adopted in the frame models, the unconnected length

affects both the beam end slip and the axial force in the connection.

8.1.3.2. Discussions

e Although increasing the radius of the semi-cylindrical section can reduce the axial
compressive force generated in the connection, a semi-cylindrical section with too large
a radius may hinder the installation of bolts. The ductility demand equations for
determining the lower limit of the radius have been given in this research project.
However, further investigation is needed to provide a criterion for determining the upper
limit of the radius. The criterion could be stated by considering the geometric relationship
between the bolt position, the bolt size and the size of the semi-cylindrical section. Further
research is also needed to determine the upper and lower limits of the connection

thickness.

o The shear capacity of the semi-cylindrical section at ambient temperature can be checked
using Equation (3-5). The deformation pictures of the ductile connection from the Abaqus

sub-frame models show that the semi-cylindrical section will not undergo shear failure at
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high temperatures. The plate thickness is identical to that in the fin-plate section, carries
the same vertical shear, but has no cut-out for the bolt holes; so, it is not the preferred
location for shear failure. Therefore, in the practical application of the ductile connection,

the shear capacity of the semi-cylindrical section will not be a problem.

e The progressive collapse modelling of the plane frame shows that failure of the
connection starts from the bolt pull-out failure at the top bolt-row. Once the top bolt-row
fails, the sequence of failures of the remaining bolt-rows occurs immediately thereafter.
The tensile capacity of a spring row cannot usually be achieved, since its failure mode is
controlled by the bolt pull-out. However, several measures can be taken to delay the
occurrence of the bolt pull-out failure according to the parametric studies (e.g., using
higher grade steel for connection, increasing connection thickness, reducing connection
temperature, increasing the bolt size, etc.). In addition, stiffeners can be placed around
the bolt holes on the face-plate part to locally stiffen the connection around the bolt holes,
in order to prevent large deformation. Further research is needed to test the feasibility and

effectiveness of this method.

8.2. Recommendations for future work

8.2.1. Component tests

Understanding the response of connection components to load reversal and temperature change
is very important to simulate the temperature-dependent component behaviour in a connection
within an interacting structure. The force-displacement curves of the FPSC (face-plate-semi-
cylindrical) section under complete tension-compression loading cycles at different temperatures
have already been obtained by the analytical models, and validated against detailed Abaqus
simulations in this research project. However, the simple experiments carried out in this research
focus on the unidirectional loading of the FPSC component. Therefore, it is necessary to carry out
experiments under tension-compression loading cycles to further validate the developed
analytical models. Since the behaviour of the FPSC component under tension is quite different

from that of the component under compression, two loading schemes are suggested, including
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tension-compression-tension and compression-tension-compression. The point has already been
made that force reversal tends to occur when the connection is highly distorted, and so the reversal
stiffness is not necessarily related to the initial loading stiffness. In this way, the force-
displacement curve of the component under a complete loading cycle can be obtained. Ambient
temperature tests using the universal testing machine (shown in Figure 8-1 (a)) should be carried
out first. Then a barrel-furnace can be used to wrap the universal testing machine platens and the
specimen to conduct high-temperature tests, as shown in Figure 8-1 (b). Both transient tests, in
which the specimen is loaded first and then its temperature is increased at a prescribed rate to a
certain value, and steady-state tests, in which the specimen is heated to a specified temperature
first and then external load is applied to the specimen, can be attempted. The specimens used in
the tests could be divided into several groups, with the dimension of the specimens in any group
being identical. However, a key parameter, such as plate thickness, radius of the semi-cylindrical

section and bolt gauge, should be varied between different groups of specimens.

Ambient temperature tests High temperature tests
Reaction frame Reaction frame
-« Tes‘ri?lg Furnace <« Tes‘ri?lg
machine v machine
o
Specimen Specimen
Test Test
bench bench
L2 — k= -
(a) Ambient-temperature test setup (b) High-temperature test setup

Figure 8-1. Component test setup

8.2.2. Connection tests under multi-directional actions

The proposed component-based models of the ductile connection have only been validated against
Abaqus simulations in this research project. Experiments on a range of complete ductile

connections are definitely needed to further check whether they behave in the way that would be

Page | 196



Chapter 8 Conclusions and Recommendations for Future Work

predicted by the proposed component-based models. The electric furnace and loading apparatus
used in several previous projects (Yu et al., 2008a, 2009b, 2009¢, 2010, Dai et al., 2009, Huang
et al., 2013) at the University Sheffield could be modified to allow the connection to be subjected
to normal, shear and moment actions at the same time, as shown in Figure 8-2. It can be seen from
the figure that a column-and-stub-beam test specimen is assembled in the oven, with the cantilever
stub passing through the cut-out in the wall, which would require modification to both the furnace
and the existing test rig. Digital cameras and image recognition software can be used to record

connection deformations.
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Figure 8-2. Connection test setup

It is recommended that connection tests be carried out at both ambient and elevated temperatures.
For high-temperature tests, a steady-state test scheme is suggested, since it is a controllable
situation and there is no need to try to reproduce the transient temperature distribution generated
during a real fire accident. The two actuators are used to apply loading cycles on the connection
specimen at constant temperature. The horizontal actuator generates a gradually increasing axial
compressive force on the connection, followed by reversal through to tension, while the vertical
actuator continuously increases its deflection at a controlled rate. Although the loading cycles
generated by the two actuators are rather artificial and cannot fully reflect the loading conditions
experienced by the connection in the real structure under fire, the actuators can make the
connection experience all the relevant force changes to be experienced in the fire. Therefore, the
recorded experimental results can be used to test the performance of the component-based models
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of the ductile connection.

8.2.3. Softer unloading path in the component-based model

The unloading path used in the component-based models in this research project has been
simplified as linear, and its stiffness has been set to be equal to the initial elastic loading stiffness.
In this way, the unloading stiffness is quite large, resulting in a sudden change of the spring row
force when unloading occurs. This is one of the main reasons for the discrepancies between the
results obtained using the composite ductile connection elements and those obtained by the
detailed Abaqus composite connection model. The large unloading stiffness probably leads to the
slight oscillation mode of Vulcan results, especially manifested in the result curves involving
forces. The evidence from the experimental curves (Figure 4-29 - Figure 4-31) indicates that the
unloading stiffness is lower than the initial loading stiffness. Results from the component tests
recommended in Section 8.2.1 can be used to establish the relationship between the initial loading

stiffness and the unloading stiffness.

8.2.4. Geometry of the section between the fin-plate and the face-plate

The section between the fin-plate part and the face-plate part can provide additional ductility for
the ductile connection, and is designed as a semi-cylindrical section in this research project. As
mentioned previously, the radius of the semi-cylindrical section should be determined according
to the ductility demands of beam in fire, which can be calculated using Equations (3-1) - (3-4) for
bare-steel connections, and Equations (6-1) - (6-4) for composite connections. From these
equations, it can be found that the ductility demands of the beam in the two directions of tension
and compression are not equal, which means that the section between the fin-plate and the face-
plate should not necessarily be semi-circular, but could be elliptical. It is therefore recommended
to change the geometry of the section between the fin-plate and the face-plate into an elliptical
general shape, and to compare the performance of the ductile connection as a function of the ratio

of the major to minor dimensions of the ellipse.
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8.2.5. Improved design guidance on the practical application of the connection

Equations have been derived in this research project to determine the lower limit of the radius of
the semi-cylindrical section. The fin-plate part and the face-plate part of the ductile connection
are designed according to the Eurocode (CEN, 2005a). As mentioned previously in Section 8.1.3.2,
further research is needed to determine the upper limit of the radius of the semi-cylindrical section,
as well as the lower and upper limits of the connection thickness. Once these studies are completed,
an improved guidance document can be produced on the practical applications and detailed design

of the ductile connection.

8.2.6. Performance of the ductile connection in the cooling stage of fire

In the cooling stage of a fire, the thermal contraction of the beam can superpose large tensile
forces on connections, which may lead to the shear failure of the bolts and the fracture of the
connection section. For the ductile connection, large tensile force can also lead to bolt pull-out
failure. In this research project, only the performance of the ductile connection during the heating
stage of a fire has been studied. It is therefore recommended to further investigate the behaviour

of the ductile connection in the cooling stage using Vulcan sub-frame models.
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