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ABSTRACT

Recent fire tests on the Cardington full-scale test frame and observations from real fires
have demonstrated the significance of connections in fire, when they can have
beneficial effects on the survival time of the structure. The lack of experimental data on
the behaviour of steel and composite connections in fire means that this 1s insufficiently
addressed in current design codes and also limits the effective use of numerical models.
However, recent experimental tests on small-scale specimens have shown that it is
possible to derive accurately the moment-rotation relationships at elevated temperature
and have established the principles by which this could be achieved.

In order to extend the scope to include further parameters, five series of tests have been
carried out in a portable connection furnace at the Building Research Establishment.
The test series includes flush and flexible end-plate bare-steel connections, and flexible
end-plate composite connections. The testing procedure and the resulting behaviour are
described. The fire test temperature profiles across the connections are detailed and the
connection failure mechanisms are discussed. From the test results, moment-rotation-
temperature curves for different connection types are derived. The degradation of
connection characteristics is compared with that of structural steel. The experimental
behaviour is also compared with the results obtained from an existing finite element
analysis developed to model connection response in fire conditions.

The experimentally derived connection characteristics have been incorporated within a
parametric study of a typical sub-frame, to study the effect of connection type, end-plate
thickness, concrete strength, load ratio, and connection temperature. Analysis is
extended to a three-dimensional sub-frame.

The patterns of behaviour observed in the connection tests 1s compared with that of the
connections in the large-scale fire tests on the composite building at BRE’s Cardington

laboratory.

Based on knowledge about the behaviour of connections at elevated temperature, a
component-based model is developed for the elevated temperature response for flexible
end-plate connections, both as bare-steel and composite. This 1s based on the response
of constitutive parts of connection. The model is easy to use, and capable of modelling
the entire non-lincar range of connection behaviour. The predicted response is

compared with that recorded experimentally.
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1 INTRODUCTION AND CONNECTION BEHAVIOUR

1.1  GENERAL INTRODUCTION

Steel has become one of the most popular construction materials for both low and high
rise buildings, and its structural properties such as high strength and ductility, offer
distinct advantages when compared with concrete'. Fast erection speed, long spans,
elegance and adaptability are other features which make steel a popular structural
material. In 1997 nearly 58% of all multi-storey structures and some 95% of the frames
for single storey industrial buildings in the UK were steel framed®.

Steel however is seriously affected by fire, losing strength and stiffness leading to large
deformations and often collapse. This has highlighted the need to understand the
behaviour of structural elements in fire conditions. Interest in the elevated temperature

performance of building elements started in the late nineteenth century’ following major
structural failures resulting from fire. Research then was focused on devising new
materials and methods to protect the structural members from reaching the critical
failure temperature and thus enhancing their performance during the required fire

duration. This has resulted in different forms of fire insulating materials for coating,
painting, spraying or encasing structural members. Until recently this was the common
method for protecting the structure from high temperatures. However, the appllcatlon
of protection materials increases the overall cost of the structure by up to 30%°. Also
there are secondary costs associated with time delays because the application of fire
protection may hinder the progress of construction’. This offsets many of the
advantages associated with steel-framed construction.

From an engineering point of view it is more logical to design the structure to withstand
fire without protection rather than designing the structure for normal condition and then
applying protection. Therefore in recent years there has been much interest in
understanding the response of different structural elements under fire conditions either
in 1solation or as a part of a more complete structure. This facilitates the development
of new engineering methods of analysis and design taking into account any inherent fire
resistance of the structural steel, reducmg protection costs and construction time, and
simplifying the construction process®. This has caused the cost of protectlon material to
be cut by half’ and the market share of steel framed construction in the UK to double
from under 30% to over 60% since the early 1980°s°.

Beam-to-column connections are one of the structural elements which were found to be
of great significance in enhancing structural behaviour at ambient temperature and even
more at elevated temperatures. Observations from a damaged structure’ confirm that
connections have a considerable effect on the survival time of structural members in fire

through their ability to redistribute forces. In order to take advantage of this it is
necessary to assess the influence of connection rigidity on the response of structural

members. This may then lead to improvements in design methods as well as providing
raw data for developing numerical models. If the fire protection to beams could be
reduced or eliminated, for example by relying on the inherent continuity of steelwork
connectltoons estimated savings of up to £75 million annually could be made throughout
Europe .
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1.2 SEMI-RIGID BEAM-TO-COLUMN CONNECTIONS

The word ‘connection’ refers to the structural steel components which mechanically
fasten the members within the structure. Such components include the bolts, end-plate,
web and flanges of beams and columns. Traditionally the design of steel framed
structures assumes that the actual behaviour between the beam and the column is either
rigid (implying complete rotational continuity) or pinned (implying no moment
resistance)”''. However studies have revealed that in reality the actual connection
behaviour exhibits characteristics over a wide spectrum between these two limits. For
instance most connections regarded as pinned possess some rotational stiffness whilst
rigid connections display some flexibility. Therefore, it might be more rational to
categorise most connections as “semi-rigid” with pinned and rigid considered as
extreme cases. Incorporating ‘semi-rigid’ connections in the design of steel framed
structures has the benefit of transferring moments from the beams to the supporting
columns leading to lighter beams. The effect of connection rigidity on the beam
response 1s shown in Fig. 1.1.

Rigid

4 iz

Semi-rigid
o
-T_ <WL/12
WL El
l <\f]./8
N Pinned
WL/ <WL/8

| !
Figure 1.1: Effect of Connection Characteristics on Beam Behaviour

The primary function of a connection is to facilitate transfer of forces and moments
between the individual structural members. These forces can take different forms,
which may include, in the case of beam-to-column connections, bending moments,
shearing and axial forces and torsion. The rotational behaviour of the connections is the
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most important parameter that determines the properties of the beam-to-column
connections and can have a significant influence on the structural frame response' .
Other forces may be assumed to have an insignificant effect on the frame behaviour
since the axial and shearing deformations have only a small influence in comparison
with the rotational deformation. The basic requirement for a connection is to have
sufficient strength and stiffness to transmit forces safely between elements within the
structure. All connection components should be able to resist the applied loads and

possess adequate stiffness to prevent excessive deformation and slip.

Assumed Point of Rotation

Figure 1.2: Rotational Deformation of a Connection

The rotational characteristics of a connection are usually represented by a moment-
rotation relationship. When loads are applied to the connection, a moment M’ is
induced causing the connection to undergo a rotation ‘@‘. This rotation is the change in
the angle of the end of the beam and the mating column face as shown in Fig. 1.2. By
establishing the moment-rotation characteristics of a connection, the main properties
such as strength and stiffness are defined. Experimental testing is the most reliable
method of determining accurately connection moment-rotation characteristics.

Various forms of connection are commonly used in the construction industry, the most
popular being end-plate, fin-plate, and cleated connections. Selecting suitable and cost
effective connections 1s a complicated decision governed by many factors. Some of
these include fabrication costs, ease of transportation and fitting, the capability of the
connection to resist the applied loads and the erection time. End-plate connections

include extended, flush and flexible end plates, whilst cleated connections include
flange cleats, web cleats and a combination of these. The characteristics of these

connections can vary considerably from almost pinned to nearly rigid. Depending on
the basic use of the connections, they may be further sub-divided into the following
categories:

e Moment connections which are designed to resist both bending moments and shear
forces; they are mainly used in large span portal frames and in low rise buildings but
rarely used in modern high rise commercial buildings.
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e Simple shear-resisting pinned connections are widely used in modern steel and
composite framed multi-storey buildings in which lateral forces are resisted by
vertical bracing and shear walls. This avoids the complexities associated with semi-
rigid design and difficulties in defining the moment-rotation behaviour of the

connections!'?.

Fig. 1.3 illustrates the most popular connections together with an indication of their
moment-rotation characteristics.

End-plate Connections

Flange & Web

Moment

Rigid

Extended End-plate

Flush End-plate

Flange and Web Cleat

Semi-rigid
Flexible End-plate
Web Cleat
: Flange Cleat
— Pinned
Rotation

Moment-Rotation Characteristics

Figure 1.3: Connection Types and Their Moment-Rotation Characteristics
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The mechanical properties of the connection are enhanced by casting a concrete slab
over the connected beams and connections. The resulting system can be described as a
composite construction. In order to ensure that the composite system performs
satisfactorily, no slip should be allowed at the interface between the connection and the
concrete slab. This can be achieved by the use of shear studs which are welded or shot
fired to the steel beam and embedded in the concrete slab. Composite construction
ofters enhanced stiffness and higher strength allowing the use of shallower sections and
so reducing the height of the structure. This can lead to further savings, for example 1n
the cost of cladding, or the provision of more space for services. It has been estimated
that savings in steel when using composite construction could reach up to 50%

compared with the use of non-composite systems'>'°.

The most important factors that determine the ngidity of common types of connection
are summarised as follows:

Depth and length of the connected beams;

Type and size of fasteners;

Whether connected to a column web or column flange;

Physical properties of end-plates, members and fastener materials;
Beam and column contact during deformation;

Position of end-plate (in some connection types);

Size of the composite slab;

No. of shear connectors and the degree of interaction;

o i e

Developing an understanding of connection response is complicated by the wide variety
of connection types. However there have been recent moves towards standardisation of
the design and detailing of connections'’. Connection tests can be cumbersome,
expensive and time consuming. Some research has therefore been directed towards
developing numerical methods for predicting connection response, using test results for
validation. These methods range from extrapolation from existing test results to
sophisticated finite element analysis as well as models based on the component method

concept.

1.3 BEHAVIOUR OF CONNECTIONS AT ELEVATED TEMPERATURES

Modern steel and composite framed buildings are normally designed with simple shear
resisting connections and lateral forces are resisted by vertical bracing and shear walls.
At ambient temperature, even simple connections can resist significant moments, albeit
at large deformations. Recent fire tests on the Cardington full-scale test frame'® and
observations from real fires’ have demonstrated the significance of connections in fire
in improving the survival time of the structure. In fire, beams are allowed to deform
significantly more than under normal conditions provided that they maintain sufficient
load-carrying capacity. The forces generated from the heated beams are transferred to
the adjacent cold structures via the connections, leading to an enhancement in the beam
performance 1n fire as 1llustrated in Fig. 1.4.

Also, connections tend to heat up slower than the material within the span of the beam
due to their relative massivity and shielded location. This allows the development of
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higher moments within the connections leading to a reduction in the effective load ratio
and hence the amount of fire protection required.

BS5950: Part 8" gives no guidance on the design of beam-to-column connections under
fire conditions, assuming the connection to have the same properties as used in the

design at ambient temperature. That is a connection, which is assumed to be pinned at
ambient temperature 1s assumed to behave 1n a similar manner at elevated temperatures.

.; dronn Loading Aronn l
.-L..._ l 1 = 2 l.
—

S £

Meconn Meconn

Connection
Moment

Free Moment

Bending moment diagram in fire

Figure 1.4: Behaviour of Beam in Fire Conditions

1.4 DEVELOPMENTS IN RESEARCH INTO THE BEHAVIOUR OF BARE
STEEL AND COMPOSITE BEAM-TO-COLUMN CONNECTIONS AT

AMBIENT AND ELEVATED TEMPERATURES

In 1917 connection behaviour was first studied by Wilson and Moore®® who carried out
tests to establish the rigidity of riveted joints in steel structures. Research into
connection behaviour progressed slowly until the early 1970’s when the potential
benefit of connection rigidity in framed structures was realised”'. In 1983, Jones et al *
reviewed the available test data obtained by many researchers concerning the
performance of semi-rigid connections and pointed out the need for further
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investigations into the effect of semi-rigid end restraint on the behaviour of individual
beam-column members and complete frames.

Since then extensive experimental work, literature reviews and data banks have been
published by Nethercot****, Anderson et al.*, Davison et al*®*’, Chen”®*, Chen and
Kishi’™~'"%, Xia and Nethercot, Aggarwal®* and Xiao et al’>. A number of books have
also been publised’®?"~® reviewing the recent advances in the performance of various
types of structural connections and their influence on the behaviour of isolated structural
elements as well as complete structural frames. These advances have resulted in

considerable improvements in design codes.

The current UK code for steel design, BS 5950: Part 1°° provides general guidelines to
ensure that the connection satisfies the ultimate limit state design criteriza without
defining any method for determining the connection stiffness or capacity. However in
the European Code, EC3* the connection response is considered in much more detail
and presented in Annex J. The ‘component’ approach is adopted in which the
behaviour of each component of the connection is determined individually. The overall
connection response is then determined by superimposing the behaviour of these
components.

To take advantage of the more recent developments in connection design, a number of
connection design guides have recently been published dealing with the design of

. 41,42 3 . : 44 . . . ‘
simple” """, moment™ and composite connections . These guides provide a simplified
design procedure covering the various forms of connection which are widely used in
practice.

In recent years there have been many investigations into the behaviour of structural
members at elevated temperatures either in i1solation or as part of a frame. Nevertheless,
very few studies have been reported on the elevated temperature performance of steel
and composite beam-to-coJumn connections. This is mainly due to the high expense
associated with connection testing and limitations of existing furnaces. The first
experimental fire tests on connections were conducted by CTICM™ in 1976 with six
connection types ranging from “flexible” to “rigid”. The primary purpose of these tests
was to investigate the performance of high strength bolts at elevated temperatures, and
no indication of the performance of the connections was reported. Although a concrete
slab was cast over the top flange of the beam to provide a heat sink, composite action
was not taken into account. The results suggested that the gross deformation of the
other elements preceded failure of the bolts. Two tests were carried out by British Steel
in 1982% on a “rigid” moment resisting connection. Despite the limited results
obtained, 1t was concluded that connection elements can suffer significant deformation
in fire.

The first tests to measure the behaviour of beam-to-column connections at elevated
temperatures were carried out by Lawson*’. The aim of the programme was to develop
a design approach for steel beams taking the rotational restraint provided by the
connections into consideration. Five of these tests were on non-composite beams, two
on composite beams and one on a shelf angle floor beam. Three types of typical
connections were studied. These were an extended end-plate, a flush end-plate and a
double sided web cleat. The tests demonstrated the robustness of these connections in
fire and showed that significant moments (up to two thirds of their ambient temperature
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design moment capacity) could be sustained in fire conditions. Lawson noted that the
bolts were not susceptible to premature failure, and that the rotation of the connections
in all tests exceeded 6° which is consistent with the deflection of beams in standard fire
tests. In addition, he suggested that composite action in fire contributed to an enhanced
moment capacity of connections which could be estimated by adding the moment
capacities of the bare-steel connection and the reinforced concrete slab. Lawson
proposed simple rules for designing simply supported beams in fire taking into account
the moment transferred via connections in fire conditions*. However the tests results
provided insufficient data to describe the moment-rotation characteristics of the
connections.

The most recent connection tests have been conducted by Leston-Jones et al.*”*”'" to
develop moment-rotation relationships for flush end-plate connections at elevated
temperatures. Eleven tests were carried out on small-scale specimens, including two
tests at ambient temperature, for both bare-steel and composite connections. It was
observed that both the stiffness and moment capacity of the connection decreased with
increasing temperature with a significant reduction in capacity for temperatures in the

range of 500°C to 600°C. For the first time, a number of moment-rotation curves at
different temperatures were derived, describing the full connection response at elevated

temperature.

Studying connection behaviour at elevated temperature is much more complicated than
at ambient temperature. This is largely because a number of tests must be conducted,
either isothermally or anisothermally, on identical specimens in order to define the
moment-rotation-temperature characteristics.  Unfortunately, the majority of the
experimental tests performed so far have been conducted on single specimens under
transient state conditions and this does not give a full description of connection
behaviour as required for the numerical analysis of framed structures.

1.5 SCOPE OF RESEARCH

In recent years significant developments have been made 1n analysing the behaviour of
steel-framed structures at elevated temperatures. These have demonstrated the
significance of connections in enhancing the performance of structures under fire
conditions. The current lack of experimental data on the behaviour of connections
means that this 1s not properly addressed in current design codes. It also limits the
effective use of numerical models, since the degradation of the connections at elevated
temperatures has to be based on empirical relationships postulated either from ambient
temperature tests or from very small amount of elevated temperature data. However,
recent experimental tests on small-scale specimens’ have shown that it is possible to
derive accurately moment-rotation relationships at elevated temperatures.

The main aim of this study is to establish full moment-rotation-temperature
characteristics for typical bare-steel and composite connections, and to investigate the
influence of connection characteristics on frame behaviour at elevated temperatures.
The connections studied have been selected as being typical of those used in the UK>
and designed as simple shear-resisting connections. Part of the work presented in this

thesis follows on from the programme of tests conducted by Leston-Jones®* who
developed an experimental methodology for structural furnace testing of beam-to-
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column connections, and conducted a series of tests on small flush end-plate joints.
Leston-Jones investigated the behaviour of connections within the lower range of
available section sizes (254x102UB22 connected to a 152x152UC23 by a full-depth
end-plate connection) using both bare-steel and composite specimens. The present:
work extends the scope to study the influence of parameters such member size, and
connection type, and investigates different failure mechanisms. In total twenty tests in
five different configurations have been conducted so that a series of load levels can be
applied for each detail. The configurations tested include three which were typical of
those used 1n the experimental composite-framed building at Cardington in which a
series of large-scale fire tests was performed during 1995 and 1996.

The results from such tests will be of great value to other researchers, especially those
developing numerical modelling approaches to the behaviour of steel and composite
structures 1n fire. Also it will allow direct comparison between the behaviour of
connections when tested 1n 1solation with those forming part of a structure. Therefore 1t
1s necessary to understand the elevated temperature response by means of testing over
the complete moment-rotation-temperature range. The primary goal of this investigation
1s to derive characteristics for typical connections and not to devise joints that are
capable of improving the structural response of frames under fire conditions.

1.6  THESIS LAYOUT

The thesis consists of eight chapters as described below:

The first part of Chapter 2 reviews briefly the stages of fire growth and the building fire
regulations. The second part considers the effect of elevated temperature on the
mechanical properties of the structural materials and connecting elements which are
widely used in the construction of steel frames including structural steel, concrete, bolts,
reinforcing steel and shear connectors.

Chapter 3 describes the test procedure and results for three series of tests conducted to
establish the moment-rotation-temperature relationships for two flush and one flexible
end-plate bare-steel connections. The temperature profile across the connection, its
behaviour and the observed failure modes of the connections are discussed.

Chapter 4 describes two more series of tests conducted on flexible end-plate composite
connections typical to those used in the Cardington Large Building Testing Facility
(LBTF). As for bare-steel connection tests the observed failure mechanism of the

connections and the temperature profile across the connections are discussed. The
enhancement provided by the composite slab on the connection survival is also
considered.

Chapter 5 1s divided into three sections in which the first section compares the high
temperature degradation of the connection properties with those of the basic materials as
specified 1n design codes. The second section deals with the representation of
connection characteristics in a form suitable for incorporation within numerical models.
The last section reviews finite-element models for connections at both normal and fire
conditions. Comparison 1s made between the experimental connection test results and
results obtained from a finite-element model developed at the University of Manchester.
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In Chapter 6 parametric studies to investigate the influence of connection characteristics
on frame behaviour at elevated temperatures are described. Various parameters were
considered such as connection type and end-plate thickness, connection temperature,
load ratio and concrete strength. The analyses were carried out utilising existing finite-
element software developed at the University of Sheffield’*. The analysis is extended in
the second section to consider a large-scale frame representing the Cardington LBTEF.
The third section of Chapter 6 compares the behaviour observed in the Cardington full-
scale frame with observations from isolated connection tests.

In Chapter 7 a simple component-based model capable of defining the complete range
of connection response is presented. Both bare-steel and composite flexible end-plate
connections are considered. Comparison is made between the results obtained from the
proposed model and those from the connection tests presented in Chapters 3 and 4.

Finally, general conclusions and recommendations for future work are presented in
Chapter 8.
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2 FIRE ENGINEERING APPROACH AND ELEVATED
TEMPERATURE MATERIAL PROPERTIES

Since the discovery of fire mankind realised its power and began to search for sensible
ways to minimise its occurrence and the destruction, which it might cause. The risk of
fire exists in every building and it is accepted that complete safety from fire 1s
impossible. Fire statistics® within the UK reveal that in 1996 there were over 17000
injuries and nearly 800 deaths caused by fire. Beside loss of life, there 1s an estimated
cost of at least £220 million each year in damage to property.

Fire safety regulations for buildings have two main obj ectives®®:

e to reduce the loss of life and ensure the safety of the occupants and those in the
neighbourhood of building fires;

e to minimise the financial loss both in the property and its neighbourhood.

Fire precautions have been introduced to meet these objectives. These can be classified
into two categories as defined in BS4422: Part 5°’:

o fire prevention: ‘the concept of preventing the outbreak of fire or reducing the nsk
of fire spreading and avoiding danger from fire to persons or property’.

e fire protection: ‘the design features, systems or equipment within a building, to
reduce danger to persons and property by detecting, extinguishing or containing
fire’. This comprises both active and passive measures; the former 1s the process of
fire detection and extinction, whilst the latter covers means of escape and structural
fire protection, designed to minimise the damage to the structure.

From a structural point of view, ‘passive’ fire protection is the main concern. Building
Regulations™® specify that, in the event of fire, the structural integrity should be
maintained for a certain period. At present the most popular method of providing
structural fire protection for steel-framed structures is to use some form of insulating
material, with the prime purpose of limiting the temperature of the steel so that adequate
strength is retained. However more recent design methods have been proposed for
calculating the inherent period of fire resistance of the steel'””’, These were developed
largely on the basis of experimental studies on isolated members. More recent large-
scale fire tests'® have demonstrated that the fire resistance of whole structures is greater

than for isolated elements. Therefore, there is a move to refine existing methods and
constructional forms to take advantage of the interaction between members, providing a

more rational design approach.

2.1 DEVELOPMENT OF A FIRE

In order to study structural behaviour in fire it is necessary to understand the growth of
fire. For fire to occur three components must be present: these are ignition source, fuel
source and oxygen which together are called the fire triangle. Fire is a very complicated
phenomenon, being governed by the surrounding environment and fuel load. A
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compartment fire is generally simplified as having three distinct phases: the ignition (or
growth), steady-state combustion and decay (or cooling) phases.

During the early stages of the ignition phase, some combustible materials begin to burn
releasing smoke and a small amount of heat. At this stage, the risk to life and property
is not very high and active measures such as fire detection devices, fire extinguishers
and sprinklers have a vital role. The growth of fire in this phase causes burning of more
combustible materials and produces more smoke. Although the fire 1s still local this
causes danger to the occupants and financial losses. At this stage the possibility of
structural damage is small although glazing may be shattered.

Pre-flashover Post-flashover

Temperature
Passive Measures SO - 834
Active Measures - Structural

Protection

- Fire detection
- Fire extinguisher
-Ventilation

- Compartmentation SMOKE + HEAT
- Sprinklers \
Failure of Active Measures
(2 —— -§uccess of Active Measures ~
SMOKE
Time
Growth 7€ | Ignition | pmouldering Heating Cooling Phase
Phase Governed by - o N
%lfllfltym Eeezlg;fnmeilt(e Fire Load Density Ventilation Conditions

Figure 2.1: Real Fire Development in a Compartment

The transition from a local to a fully developed fire is known as ‘flashover’, the point
which separates the ignition state and steady-state combustion. After flashover most of
the materials within the compartment are engulfed; the flames reach the ceiling and
spread out increasing the surface area of the fire. The onset of flashover may take a
long time depending on the ventilation available within the compartment. If there 1s
insufficient ventilation it may not be reached at all due to lack of oxygen. The flashover
temperature depends on the combustibility of the material. At steady-state combustion,
active measures have no effect in extinguishing the fire and the structural risk of

collapse is high unless the structure is protected by passive measures. The temperature

within the compartment at this stage 1s extremely high often in excess of 1000°C
depending on the compartment geometry, ventilation and fire load. The fire will
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continue to burn at this rate until the fuel begins to run out and the decay phase is
entered. An illustration of the real fire phases is shown in Fig. 2.1.

2.2 STANDARD FIRE CURVES

The design data used in solving fire engineering problems and those used in
determining the fire resistance of structural elements are normally obtained from testing
specimens in special furnaces. Tests are usually conducted under temperature regimes
which follow a ‘standard fire curve’ in which the furnace temperature varies with time
in accordance with BS476: Part 20°° or ISO834°' as described by the equation:

T =Ty + 345 log1o(8t + 1) 2.1
where,
T and Ty = temperature in the fire compartment and ambient temperature (°C)
respectively;

t = time (minutes).

This relationship is also shown graphically 1n Fig. 2.2.
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Figure 2.2: Standard Fire Curves

There is some variation in the standard fire curves adopted in different countries, see for
example the differences between ISO834, ASTM-E.119%* and JIS A 1304% as shown in
Fig. 2.2. Although two furnaces may accurately follow the standard fire curve, the
specimen under test may heat up at different rates. This difference may be due to the
type of fuel used 1n the test furnace as well as the type of walls of the furnace and its
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general interior geometric features which lead to different convection and radiation
conditions and thus effect the heat transfer to the specimen.

It can be seen from Fig. 2.1 that the standard fire curve does not accurately follow the
phases of a natural fire, and ignores the growth phase prior to flashover as well as the
decay phase. However, it is generally accepted that the standard temperature-time curve
does provide a basis for comparison between different fire tests.

2.3 FAILURE CRITERIA IN STANDARD FIRE TESTS

The primary aim of standard fire tests on structural members is to determine the time for
which an element can survive without violating any of the specified performance
criteria. The temperature regime within the furnace is controlled according to the
standard fire curve. The standard test is therefore a means of comparing the
performance of one construction with another by maintaining a standard heating
environment™,

Within the UK standard fire tests are conducted according to BS 476°*%. Three criteria
have been imposed by BS476: Part 21 for a load-bearing element of construction:

1. Stability or load-carrying capacity: failure of the structural member to support the
applied loads in a fire. The stability of the member depends on the temperature it
reaches during the fire and is influenced by the following factors:

(a) The applied load;

(b) The type and strength of the material at elevated temperature;

(¢) The rate of heating;

(d) The effect of restraint, continuity and composite action from surrounding

structures.

Depending on the member type (beams or columns) different failure criteria are defined
as:

(a) Beams: failure is based on maximum deflection and rate of deflection. Failure of the
element 1s assumed not to occur until the deflection exceeds span/30. However
deflections in excess of span/30 up to a maximum of span/20 are allowed if the rate of
deflection (mm/min.) remains less than span®”/(9000 x member depth). Similar criteria
are specified in the European Code®® but with a limiting deflection of span’/(400 x

member depth) instead of span/20.

(b) Columns: there 1s no specific deflection limit is defined but the failure occurs when
the column fails to support the applied load. Column regain its original length i.e.
effects of thermal expansion is exactly balanced by that of material softening.

The fire resistance 1s reduced by 20% if the element fails to support the load 24 hours

later®’.

2. Integrity: this refers to the ability of a compartment boundary to sustain fire
tightness, preventing the passage of smoke or flame from one compartment to another
as a result of breaks or cracks in the wall or floor.
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3. Insulation: a fire on one side of a compartment wall or floor should not cause
combustion of objects on the unexposed side.

In some cases a wall or floor could fail due to insulation or integrity while at the same
time still supporting the applied loads. For structural steel elements, it is the stability
criterion which is of most importance.

24 PROPERTIES OF MATERIALS AT ELEVATED TEMPERATURE

There 1s a large body of data concerning the degradation of mechanical properties of
structural materials at elevated temperature. The rate of degradation of mechanical
properties varies significantly between different structural materials®®. The exact nature

of this degradation depends on the chemical and crystalline structure of the material and
on the type of manufacturing processes used in forming the structural section. This 1s
discussed 1n the following sections.

2.4.1 Degradation of Structural Steel

Steel 1s non-combustible but softens when exposed to fire. The mechanical properties
of a material are often expressed in terms of stress-strain characteristics. Much
experimental research °*®%'%’1'%27 has been conducted on structural steels in order to
establish their behaviour at elevated temperatures. Special steels have been developed
in Japan which have the ability to retain up to two-thirds of their ambient temperature
yield stress up to 600°C’®. These are utilised in certain applications, but the high cost
usually restricts their more general use.

The stress-strain characteristics of structural steel at elevated temperature are well
established and represented in design codes BS5950: Part 8'” and EC3: Part 1.2°° and a
typical set of curves for a range of temperatures is shown in Fig. 2.3. The whole stress-
strain relationship 1s usually taken into account when using a finite element analysis.
When considering simplified analytical models, on the other hand, 1t 1s sufficient to
incorporate the main parameters representing the degradation of material properties with
temperatures.

Two test methods are commonly used for determining stress-strain characteristics for
structural steel at elevated temperature. Transient-state (or anisothermal) tests are
carried out by exposing the test specimen to a constant load and increasing temperature.
Strain and temperature are measured during the test. Since the test is performed under
constant load, a temperature-strain relationship is recorded during the test. Stress-strain
curves are derived from a number of curves at different stresses. Steady-state (or
isothermal) tests are conducted by heating up unloaded test specimens to a certain

temperature and then performing a tensile test. The stress-strain curve is recorded for
the specified temperature. Several tests must be carried out at different temperatures in
order to establish a family of stress-strain curves at elevated temperature. Both methods
have been utilised by Kirby and Preston’' to determine the mechanical properties for

Grade 43A and 50B steels over a temperature range of 20°C to 900°C. They concluded
that transient-state tests indicate lower strength than steady-state tests but are more
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representative of actual behaviour. Experimental data from these tests have been
adopted in BS5950: Part 8" and later in EC3: Part 1.2 to replace those produced by
ECCS” which were found to be too conservative.
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Figure 2.3; Stress-Strain Curves at Increasing Temperatures for S275 Steel (EC3
Curves)

The heating rate can be important due to onset of creep at temperatures above 450°C.
This phenomenon of time-dependent deformation at constant load and temperature’ is
difficult to incorporate into time-independent design methods. Therefore experimental

investigations have concentrated on practical rates of heating of between 5°C/minute
(for well insulated sections) and 20°C/minute (for poorly insulated sections). These

relate to limiting temperature of 600°C at failure times of 30 and 120 minutes
respectively assuming a linear rate of heating.

2.4.1.1 Degradation of Steel Strength

Design codes have adopted the concept of “Strength Retention Factor” to represent the
degradation of matenal strength at elevated temperature. This 1s basically the residual
strength of the steel at a particular temperature relative to the basic yield strength at
room temperature. At ambient temperature, the stress-strain characteristics of steel are
approximately bi-linear with a distinct yield plateau. At high temperature, however, the
stress-strain curves decrease and loose their bi-linear nature making it difficult to define
the exact yield poimnt and elastic modulus (Fig. 2.3). To overcome the problem a
limiting strain 1s specified and the relationship between strength retention factor and
temperature will depend on the limit chosen. The design codes BS5950: Part 8 and
EC3: Part 1.2 have adopted 0.5%, 1.5% and 2.0% strain limits for the fire limit state.
The appropriate limit depends on whether the steel is bare or composite and the strain
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limit of any protective material used. In some cases strains as high as 5% may be
developed”’.
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Figure 2.4: Degradation of Strength and Stiffness for Grade 43 Steel with
Temperature

The degradation of steel strength for strain limits of 0.5% and 2.0% as considered in
both BS5950: Part 8 and EC3: Part 1.2 is shown in Fig. 2.4(a). The same test data 1s
used for both codes which explains the similarity between the two. For steel strength
corresponding to 0.5% proof strain there is a gradual decrease in strength up to 400°C
beyond which the degradation 1s much more rapid.

2.4.1.2 Degradation of Steel Stiffness

At ambient temperature the elastic modulus of steel is defined as the slope of the elastic

region of the stress-strain curve. At elevated temperature the tangent modulus must be
used because of the non-linear nature of the curves. However this depends on the proof

strain at which the elastic modulus is measured. Therefore, a bi-linear relationship is
usually used with the elastic modulus expressed as function of temperature.

Fig. 2.4(b) shows the stiffness retention factor for steel with increasing temperatures as
adopted in BS 5950: Part 8 and EC3: Part 1.2. Once again, there is very little difference
between the stiffness retention factors adopted in the two.
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2.4.1.3 Thermal Expansion of Steel

Most materials expand when heated but at varying rates depending on material type and
chemical composition. The rate at which the material expands as a function of

temperature is known as the coefficient of thermal expansion, as. For steel, this
coefficient increases slightly with temperature. BS5950: Part 8 recommends a value of

12x10°%/°C at ambient temperature and 14x10°/°C for temperatures in the range 200 to
600°C. Steel also undergoes a change in the phase diagram at temperatures around

730°C. This causes a significant change in the expansion properties as energy 1s
absorbed and the material develops a denser internal structure. BS5950: Part 8 suggests

a formula for calculating the total extension, 6s from 20°C up to the phase change.

In EC3: Part 1.2 the total extension of steel, ds is expressed by the following tri-linear
relationships including temperatures beyond the point of phase change:

20°C < £, < 750°C

8 = (0.4x107°F, + 1.2x107¢,- 2.416x107)/ 2.2a
750°C < t, < 860°C

8 = (1.1x10%)/ 2.2b
860°C < t, < 1200°C

8s = (2.0x107t, - 6.2x107)/ 2.2¢

It may be seen that this relationship is similar to the one recommended by BS5950: Part
8. Moreover, a simplified relationship is adopted for incorporation in simple calculation
models. This relationship is constant over the whole range of temperatures and may be
given by the following formula:

8 = (14x10°° (t, - 20))/ 2.2d

where,

ts = temperature of the steel (°C);
| = the original length of the specimen.

Steel density and Poisson’s ratio are are considered to be independent of temperature
and may be taken as 7850 kg/m’ and 0.3 respectively.

2.4.2 Degradation of Concrete at Elevated Temperature

Concrete consists mainly of mineral aggregate bound by a matrix of hardened cement
paste. The porosity of the paste is high and normally contains a large amount of free
water. Studying the behaviour of concrete at elevated temperature is complicated due to
the variation 1n its constituent materials and changes in the properties of any of these
will have a direct effect on the concrete behaviour.

Concrete suffers loss of both strength (in tension and compression) and stiffness at high
temperatures in a similar manner to steel’>”?°, There are several factors affecting the
performance of concrete structures in fire. These include: (1) type of aggregate; (2)
water content, both absorbed and free; (3) type of cement; and (4) loading conditions.
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The free water begins to evaporate at about 100°C causing the modulus of elasticity to
reduce by 10-20% while the compressive strength remains the same. At temperatures in
excess of 300°C, the concrete paste shrinks due to the loss of the hydration water. This
may be accompanied by a little expansion of the aggregate depending on type. A
gradual reduction In concrete compressive strength occurs at temperatures between
450°C and 500°C beyond which there 1s a rapid decrease. At temperatures around
600°C, some types of aggregate especially those containing quartz, undergo a
crystalline transformation leading to a significant volume expansion. This may cause
cracking and explosive spalling of the cement paste®’. The initiation of dehydration in
the calcium hydroxide and other cement hydration products also causes some

deterioration. As the temperature approaches 1000°C, calcium carbonate decomposes
and the remaining free and absorbed water is lost reducing the compressive strength to

zero. At very high temperatures, in the range of 1200°C to 1700°C the hardened cement
paste and aggregates melt 5%,
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Figure 2.5: Stress-Strain Curves for Concrete with Temperature

The strength and stiffness of the concrete in fire are represented in EC4> by stress-
strain characteristics at different temperatures. These have been derived from
compressive tests conducted on concrete specimens at elevated temperature. The curves
for concrete indicate a maximum compressive strength, occurring at strains which
gradually increase with temperature, followed by a decreasing branch. This is clearly
shown in Fig. 2.5 based on EC4: Part 1.2* recommendations for normal-weight and

lightweight concrete. It can be seen that at temperatures of approximately 600°C the
compressive strength 1s less than 50% of its value at ambient temperature. It is
normally assumed that the tensile strength for all types of concrete is zero.
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The strength retention factor according to EC4: Part 1.2% for both lightweight and
normal-weight concrete is shown in Fig. 2.6. EC4 suggests the use of the lower range
of strength values representing the siliceous type to describe the degradation of normal-
weight concrete. This assumption may

lead to a conservative assessment of the Strength Retention Factor

behaviour of other types of normal-
weight concrete such as calcareous-
aggregate concrete. Despite the fact
that lightweight concrete may be
produced using different forms of
aggregates, EC4: Part 1.2 represents the
degradation rate by only a single set of
strength retention factors.
Consequently, these data might be
inappropriate for some types of light-
weight concrete. As can be seen the

degradation of normal-weight concrete NWwC
is more rapid than for lightweight v~ | === =LWC
concrete. _ O  Steel (0.5% strain -

limit)

These are consistent with the results 0 200 400 600 800 1000 1200
obtained by Jau and Wu* from a series
of tests studying the performance of Temperature(°C)

lightweight concrete panels under fire _
conditions. It was found that normal- f#8ure 2.6: Degradation of Concrete

weight concrete has lower residual Strength at Elevated Temperature

strength, higher thermal expansion and 4ccording to EC4.
greater thermal conductivity than lightweight concrete at any temperature. The

degradation of the two types is also compared in Fig. 2.6 from which it may be seen that
the degradation of structural steel and normal-weight concrete is very similar.

BS 8110: Part 2% proposes two formulae for the strength retention factor for both
normal-weight and lightweight concrete:

For normal-weight concrete

350°C<¢t,<800°C

R = o.ax(soo-:c)+02 -
- 450 ' '

For lightweight concrete

500°C<t,<800°C

o 0.6x(800-t,_.)+04 Y
B 300 | . '

where,
I, = concrete temperature
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2.4.3 Degradation of Bolts and Weld at Elevated Temperature

Bolts and welds are structural components that connect different structural elements.
Unfortunately, little is known about the deterioration of bolts in fire and thus 1t 1s
insufficiently addressed in design codes. There was little experimental data available
when BS5950: Part 8'° was published

and therefore the rate of degradation of  Strength Retention Factor

bolts is taken as 80% of that for 1.0
structural steel at 0.5% strain. EC3:
Part 1.2° gives no recommendations
regarding the elevated temperature 0.8
degradation of bolts.

0.9

0.7

Although a series of tests has been 06
conducted by Sakumoto et al.* in Japan
to assess the degradation characteristics
of bolts at high temperatures, these tests 0.4
were for fire resistant steel.

0.5

0.3

In order to determine the deterioration 02 |- Kirby
of the bolts 1n fire a sernies of tests was
conducted by Kirby®” on Grade 8.8 *' [ =" " -BS30:Fars
bolts which are widely used in steel 00 l '

industry. Results obtained showed that 0 200 400 600 800 1000

the bolts suffer a significant decrease 1n
capacity in the temperature range of

300°C to 700°C. Based on these results pyoyre 2.7: Degradation of Bolts at
the following tri-linear relationship has gy,y0zed Temperature

been  proposed  describing  the
degradation of bolt strength at elevated temperature:

Temperature(°C)

t, < 300°C

SFR=1.0 2.5a
t, < 300°C < 680°C

SFR = 1.0 - (¢, - 300)x2.128x10" 2.5b
t» < 680°C < 1000°C

SFR = 0.17 - (¢ - 680)x5.13x10™ 2.5¢

where,
t» = the temperature of the bolt

Kirby found that the present design recommendations are conservative especially at low
to intermediate temperatures as shown in Fig. 2.7. Although no recommendations were
suggested concerning degradation of other bolt types such as Grade 4.6, it was

suggested®’ that they would follow the same trend as Grade 8.8 bolts based on their
nominal strength values.

Little data are available concerning the behaviour of welds at elevated temperature.
Although studies® suggested that the weld capacity reduces sharply in the temperature
range 200 to 400°C, but then becomes closer to the strength of parent steel.
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2.4.4 Degradation of Reinforcement at Elevated Temperature

Reinforcing steel is used in conjunction with concrete (and composite construction) to
provide tensile resistance since concrete is extremely weak in tension. Also steel mesh
with nominal steel bars is normally used in composite slabs to control slab cracks. They
are normally shielded from heat by the surrounding concrete, keeping them at relatively
low temperatures provided that the

normal cover 1s maintained throughout Strength\Stiffness Retention Factor

the fire duration.

Holmes et al.¥’ carried out a series of

tests studying the mechanical properties o —
of different types of reinforcing and '
prestressing steel at high temperatures.
Three types of reinforcement: mild
steel, cold-worked high yield steel and
hot-rolled high yield steel were tested

to represent those most commonly used
in construction. In order to investigate

the effect of reinforcement size three
nominal diameters were tested - 8mm,
12Zmm and 25mm. Tests were |
performed under steady-state | rsnmlfss
conditions in a specially designed o.
tensile test rig with specimens being 0 200 400 600 800 1000 1200
heated using a cylindrical tube furnace Temperature(°C)

reaching a maximum  operating

temperature of 1000°C.  The tests  Figure 2.8: Degradation of Hot-rolled
provided extensive data for modulus of  gnd Cold-worked Reinforcements at
elasticity, yield and ultimate strengths. Elevated Temperature according to EC4

Strength

It was found that there was close agreement between the test results and the design
curves  in the mid-range of temperatures around 400°C to 600°C, whilst the design
curves do not form the lower bound limit for temperatures outside this range. Bar size

was found to have negligible effect on the reinforcement properties.

EC4 deals with hot-rolled reinforcing bars in a similar manner to structural steel
whereas the residual strength of cold-work reinforcing bars reduces more rapidly at
clevated temperature than other reinforcing steels. Fig. 2.8 shows a comparison
between stiffness and strength retention factors for both hot-rolled and cold-work
reinforcing steel.

2.4.5 Degradation of Shear Studs at Elevated Temperature

Shear studs are normally used in composite construction to ensure full interaction
between the steel beam and the concrete slab. The stud is electrically welded to the
steel member, usually the beam upper flange, and embedded in the concrete slab. It
consists of two parts: the shank resisting longitudinal shear and the head which has the
main task of resisting the tensile forces perpendicular to the interface.
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At elevated temperature the shear studs are largely shielded from the heat and their loss
of strength 1s much lower than that of the steel section. As a result little attention has
been given to study their behaviour at high temperatures, although a series of tests was
carried out by Twilt and Kruppa’'”>. These tests were performed for a particular
structural arrangement but currently provide the principal source of data. The strength

and stiffness retention factors for the shear studs as presented by Twilt and Kruppa are:

Strength Retention Factor

20°C < t,, < 200°C
SFR=1.0 2.6a
200°C <t < 400°C

SFR = 1.150 - 7.5x10™ ¢, 2.6b
400°C < t, < 800°C

SFR=1.717 - 2.167x107 ¢, 2.6¢

Stiffness Retention Factor
20°C <t £100°C

SFR=1.0 2.7a
* 100°C < £.. < 800°C
SFR = 1.445x10 *-0016%ss) 2.7b

where,
tss = shear stud temperature

These expressions suggest that the strength of the shear stud deteriorates gradually at
temperatures greater than 200°C, while at temperatures around 400°C there is a rapid
reduction in capacity. However, degradation of the stiffness at low temperatures is
faster rate than for structural steel which might be related to the type of loading utilised
during the tests.

2.5 CONCLUSIONS

Standard tests based on the standard fire curve are not representative of real condition
but provide a basis for comparing behaviour of different systems and for design. The
influence of elevated temperatures on the mechanical properties of structural materials:
steel, concrete, bolts, reinforcements and shear studs is generally well established.
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3 ELEVATED TEMPERATURE MOMENT-ROTATION TESTS
ON BARE-STEEL CONNECTIONS

3.1 INTRODUCTION

A number of tests have been conducted to establish the moment-rotation relationships
for bare steel connections across a range of temperatures following the same
methodology adopted by Leston-Jones® %, The present work extends the scope to study
more typical connections with the influence of further parameters considered such as
member size, connection type and different failure mechanisms. The intention is to
develop a means of using the large body of existing ambient temperature connection
data to define high temperature characteristics which can then be used in the numerical
modelling of framed-structures in fire. Both flush end-plate and flexible end-plate
connections were studied. The experimental programme was carried out by the author
in the Structures Laboratory at the Building Research Establishment. The test
arrangement, instrumentation, testing procedure and the resulting behaviour are
described. The fire test temperature profiles across the connections are detailed and the
failure mechanisms are discussed.

3.2 ELEVATED TEMPEATURE BARE-STEEL CONNECTION TESTS

In total eleven tests were conducted divided into three groups. The first series was for a
flush end-plate detail with beams and columns within the lower range of available
section sizes. Larger section sizes and end-plate details were utilised in the second
series 1n order to give an indication of the effect of member size on connection
behaviour. Also the steel used was of higher grade than for the first series. The third
series was for a flexible end-plate representative of those used in the eight storey
building at Cardington. Section sizes were the same as those used in the second series.
The connection types were selected as being those most widely used in current steel
framed structures. The test specimens were supplied by British Steel.

In all cases the test specimens consisted of a symmetric cruciform arrangement of a
single column 2.7m high with two cantilever beams 1.9m long as shown in Fig 3.1. All
specimens were major axis connections i.e. beams connected to the column flanges with
mild steel end-plates in Grade 43A. All bolts were tightened to 160Nm by a torque
wrench to ensure consistency. A previous study’> suggests that this is similar to the

torque typically achieved from hand tightening.

Unlike ambient temperature connection tests where a single test is sufficient to
determine the moment-rotation characteristics, a series of tests has to be conducted in
order to establish the corresponding relationships for elevated temperatures. As a result
of such tests a family of moment-rotation curves at elevated temperatures for different
connections may be generated. For this purpose, the connection tests were conducted
by keeping the specimen at a constant load level and increasing the furnace temperature
until failure. This method has been shown to provide reliable results and yield adequate
data regarding the temperature distribution across the connection depth. Moreover,
adopting a constant load with increasing temperature regime reflects the situation in real
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building fires. Load levels were based on the calculated moment capacity of the
connections so that data could be obtained over the complete range of the connection
response. Since the scope of the programme was restricted by the resources available
and the number of tests required to establish the elevated temperature connection
characteristics, it was not possible to conduct ambient temperature tests.
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Figure 3.1: Elevated Temperature Test Arrangement

Table 3.1: Material Properties of Steel Sections Used in the Tests

Yield Stress Modulus of Elasttcny
(N/mm?): (N/mm’): (kN/mm )2

For all specimens, ambient temperature material and geometrical properties were
determined for the beam and column sections prior to testing in the furnace. The results
are presented in detail in Appendix A and summarised in Table 3.1. It can be seen that
the matenal strength, measured using standard tensile coupon tests, 1s consistently
higher than the nominal values. Measurements carried out to determine the stiffness of
the sections revealed consistent values® in the range of 190-210 kN/mm®. Also, it was
observed that geometrical properties for the beam and column sections were shghtly
less than the nominal values due to reductions in flange thickness compared with the
nominal figures. Material properties at elevated temperatures were not measured

because of the high cost of testing.
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3.3 TEST ARRANGEMENT

The cruciform test arrangement shown in Fig. 3.1 was used, as this required a less
extensive test rig than the corresponding cantilever arrangement. It also provided an
indication of the variability of the nominally identical connections on either side of the
column. Tests were performed in a portable junction furnace specially designed for
testing connections within a two- or three-dimensional framework. The inner furnace
walls were lined with a thick layer of ceramic fibre to facilitate rapid heating using
natural gas as the fuel. The furnace uses a tangential firing system in which a high-
speed burner 1s fired into a circular chamber to generate a circulating gas flow, allowing
good gas mixing and temperature distribution. A more detailed description of the
furnace and its associated control system is given elsewhere’>”®. Fig. 3.2 shows the
general layout of the furnace. A linear temperature ramp achieving 900°C in 90 minutes
was adopted, since it had been shown to provide a reasonable representation of the
desired temperature profile in previous tests .

When the specimens had been positioned within the furnace, the columns were firmly
fixed in place at the base, and the top was secured in position but left free to move
vertically. The system of lateral column restraint utilised two small-scale angles on
either side of the column flange. One leg was secured by bolts to the top of the furnace
while the other leg was positioned to prevent any horizontal movement of the column.
The column flange and the angle leg were separated by a very small gap, allowing the
column to expand freely. Similarly, the beams were only permitted to deflect
downwards. Lateral movement, associated with possible lateral torsional buckling of
the beams and which would result in premature termination of the test, was prevented
by means of horizontal restraint. This restraint system consisted of two small-scale
channels positioned on either side of the beams, placed on Rectangular Hollow Section
(RHS) and secured in position by bolts passing through the laboratory strong floor. A
small gap was left between the beam flanges and the back of the channel to give the
beam freedom to move downwards. The furnace and test arrangement are shown in Fig.

3.3.

The furnace doors were made from British Gypsum Glassroc S fire-resistant board and
positioned at the point where the beams protruded from the furnace. A slot,
corresponding to the width of the flange, allowed for downward movement of the beam.
The beams were protected with S0mm thick ceramic fibre blanket to prevent their
premature failure, as had happened in previous tests’’. The connection, column and
beam sections within approximately 100mm of the face of the connections were left
exposed.

Loads were applied to the beams outside the furnace at a distance of approximately
1500 mm from the centreline of the column web, via Macalloy bars connected through
the strong tloor of the laboratory to the hydraulic loading system in the basement. The
loading arrangement adopted was to maintain a constant moment as the temperature

increased.
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Figure 3.3: Testing Furnace and Elevated Temperature Testing Arrangement

3.4 INSTRUMENTATION

The instrumentation system was designed to capture all the necessary data - rotations,
applied loads and temperatures - for determining the elevated temperature
characteristics of the connections. The general arrangement of the instrumentation,
which included clinometers, displacement transducers, thermocouples and load cells, 1s
illustrated in Fig. 3.4. Both analogue and digital output devices were monitored through
an Orion Delta data logger which was in turn controlled through a personal computer.
All the data was recorded directly onto the computer's hard disk drive using AXIS
software. Unfortunately, it was not possible to process the data while the test was still
in progress due to the effort required to analyse the large amount of information.

An effective instrumentation system requires not only the right type of instrumentation,
but also that the data is received in a suitable form for subsequent processing.
Measurement devices such as clinometers and load cells that involve the use of
electronic components were calibrated in the workshop prior to testing. The resulting
responses from these were fed directly into the data logger in order to ensure that data

obtained from such devices was meaningful. A full description of the calibration
procedure and the final results obtained can be found elsewhere’”°.  The
instrumentation used in the experimental programme is illustrated in Fig. 3.5. The
exposed beam bottom flange temperature was chosen as the reference for data logging,

with channels logged at 50°C steps initially, but refined to 10°C as testing progressed.
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Figure 3.4: Circuit Diagram for the Instrumentation System Adopted for the
Experimental Programme

The most common device used to measure the rotational movement of beam-to-column
connections is a clinometer. For this purpose one clinometer was attached to each beam
at a distance of 250 mm from the face of the column flange and in line with the beam
centre-line as shown in Fig. 3.5(a). The main difficulty when using clinometers in
elevated temperature tests is that these devices have a maximum operating temperature

of approximately 80°C, whereas, the temperature inside the furnace could reach as high

as 900°C. They were therefore protected by a purpose-made box constructed from H61
Sindanyo board covered with a layer of insulation. To keep the clinometer temperature
as low as possible, cool air was pumped through the box using a compressor. The
associated wiring, connections and air piping were also protected by insulation. The
option of locating clinometers along the centre-line of the column to measure the
deformation was ruled out since it was anticipated that column deformation would be
minimal due to the large section size and the lateral restraint provided. The rotation of
the connection was therefore calculated from the average rotation of the two beams.

To allow for possible failure of the clinometers during testing, displacement transducers
were utilised to provide indirect measurements of rotation and also to describe the
displaced shapes of the sections. Four displacement transducers were attached along the
length of each beam, three within the furnace and one outside as shown in Fig. 3.5(b).
An additional transducer was located at the column head to record its thermal
expansion. The transducers recording displacements within the furnace were connected
to quartz rods in contact with the specimen whilst the remaining one was attached
directly to the beam lower flange. The quartz rods passed through holes in the top of
the furnace and attached to the top face of the beam flange by means of high-
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temperature cement. Because of the very low thermal conductivity and expansion of the
quartz rods, this arrangement allows direct reading of displacements. It has been
reported that using displacement measurements results in a maximum error of only

approximately 1 millirad. as the connections approach failure>”.

A number of thermocouples were attached to the specimen in drilled holes using high-
temperature cement in order to monitor the connection temperature and the thermal
gradient across the section. The exact arrangement of the thermocouples varied for the
different connections tested, but in general their locations were similar and are shown 1n
Fig. 3.5(c) for the second test series. Two additional thermocouples were located 1n the
furnace to record the atmosphere temperature and that of the fire resistant box to
monitor the clinometer temperature. Thermocouples were located in the top and bottom
flanges of the beam in the exposed and insulated area at distances of S0mm and 300mm
respectively from the face of the column flange. Thermocouples were set in the column
in a similar pattern. To measure the web temperatures, thermocouples were attached to
the middle of the webs of the beams and the column. The temperature of the end-plate
was recorded at mid-depth whereas the temperature of the bolts was measured by fixing
thermocouples in the heads of the bolts on each side of the connections.

Calibrated compression load cells were used to measure the loads applied to the beams
throughout the tests. The loads were applied to the specimen by hydraulic jacks located
in the basement underneath the strong floor as shown in Fig. 3.5(d). As loading started,
the load cells sense the amount of the load applied to a RHS load spreader located in the
laboratory basement. This is connected to Macalloy bars on each side to ensure correct
transfer of forces to the beams. The Macalloy bars transmit the forces to a similar RHS
load spreader on the top face of the beam. The Macalloy bars pass through the
laboratory strong floor and the loading was controlled by means of a manual pressure
valve. Prior to each test, several pilot runs were conducted on the instrumentation to
ensure that all measuring and monitoring devices were working properly and giving
reliable readings.



Elevated Temperature Moment-Rotation Tests on Bare-Steel Connections

EAST BEAM

Load

Disp.1

Gz

D2 - 1500

clinometer

Protective box

250

Furnace Wall 2222722227222

Disp. 8

Load ——»

N WEST'BEAM

(a) Clinometer Displacement Transducers
ab. Basemeny

iﬂ
¥

|

e
'.'-‘

'

Base plates to
Distribute loading

sy

L)

)
o)
e
P
o

L
LT K G )

| ]
-
ot
X
e e

#"&#ii'&'&##

-
L e R R )

»
&

.

L

L o
'l'
*

P e
o

._-t-

Y
o e

'i*i-'l"l- L)

o

B N % e e e e e ) [ )
:«t:«t:-t:q-:i:«“‘q-“i"'«i-"i"«i-"ﬂ#"t*t PR
O S M
o T N MM, M B
P00 N, M, B Mo
Tty
g e S
LN MM
':":":‘:‘:‘:"1- ¥ *‘:‘:‘:':“:':" 'S b )
Sesehailalelale B S o o S SIS
e N A
R R A S A I
P A R R e e i
A L A
e eisbeiiiaieiateialaiadadalaodaletntold Salitatatateletaletatateleteds
ey

PO S e et e e e

[ ., .‘ -
A e ﬁh*¢h*E'¢hhﬂ*##!*.*.ﬂ*ﬂ}a&
"“*."“"‘“"1""‘“ b G IS e S e e e g
e N N L N
SeRiidntdidhiiis v S I IR o
P L B A R R K LML M K, K
Teaibididadadiainiddaaiaiaiisidieleleiateldete e il
& *h“q“i"i"’i"ﬂ#-i"‘-r‘-t"ﬂﬂ' A NI IRNIMIICHE R Wy 101y
- Pl % faidafaladade e et et et et

L)

bt ML I e,
A

R

+

-
™

=y b
o Nl

*
[

-
.
-
L)
i

.
™
.
¢y

-l-""-q-:
[

5

"

Pyl
Sttt L, ta
At R R R ]
ﬂﬁﬂﬁﬁﬁﬁﬁﬁﬂﬁﬁﬁﬁﬁ#ﬁﬂﬁﬁ?ﬁﬁﬁﬁﬂﬂﬂﬁﬂﬁﬂﬁ%ﬂﬂhﬁgﬂﬂ%
B E OO N SO IR A KRR KA :'f-
ittt b e bt ettt il et At el
L L L L ey
bbbttt it it i et bt el bt e
‘E‘%ﬁ:ﬁ:“:“:‘:":":"1":":":": MR ‘ﬁ*:ﬁ":"h:*:‘ﬁ‘:"‘*&
B R e e A e a al  h a a* o

& L]

L

*
L)
*

-l-?-l-

~
”
i

-
-

.
P,

&

et
“‘_"‘_“ _“ "‘ - I
Yetete ety !
s
et |
ety
o 3 e Y
L W N )
S
et |
ol
i .
'
Fatatety |
et
ot s
:#ﬁ?ﬁill*i*i+ﬂ“ﬂ hﬁﬁﬁq | e
S A S M Popinthl
N Al M e B
N S R M R I ettt oty b
gl i“'ﬂi‘*:":‘;*:‘;‘ waiety gaabE LR _EE LB BN LB DL _LL L3 _E1 T L EL ER T7 T TT BT BTF gy wepeegrgeas 'itltltltf‘l':l:a:l:l:q
e * L
R Ly, ,:_',-:*I-‘,i’-ii‘i alelel
i e e e e alelelsTetntels
ol P S s
] (M MW e B el o e
e et e L, o e e e
O S e R
I UM MR | e e
T ‘ P e e M F M M
e e T T e e N Y
e e e e el a0 al el e e e e e ] R
e Y, ¥ B e T e ]
et e e ey i aniaaiianailiiiiniib
'_'l'*{.-i‘_lll_'_I""I‘I"'I"'l‘_'r‘i‘_i‘i 1‘_'.‘!._"*# *'I'*'I'*'I' ‘I'.'l'-i L 3] 5 ‘*"‘"‘,‘ﬁi*"*‘l*‘_ﬂ‘!*“i 1I'**|'*|"i'*|"t‘_':
ﬁﬁﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ?ﬂﬂﬂ%ﬂﬂﬂﬂﬂq | :ﬁ%&ﬂﬂﬂﬁﬁﬁ&{ﬂﬂﬁfﬁ%ﬂﬁh
feteiessieialalalatelatelelst et le il lalalel o lole A RN L R R R re e e
R " R T N R a !' am
ettt e et e et e e e i ,1‘1‘1-*1#*1‘1#_##‘1#‘1# 2ot
I e e A M M M Y e aeele e T P L B
1 o o ‘ﬂ{.:;ﬁ:ﬁ;:1.*4*}:1:;:313 *-..H -ﬂ::"i':*a*“:':::':‘:‘:‘;‘:‘:*1"! 3!&: M aca] ] 0 BHI'S
L ) - L
Ll.n.t. ..l:..t.‘h‘ld-;h'i:hhhi - s | S o . " -it.:&.tft.i.ﬂi.:fi.ﬂ:‘.'i‘.'ﬂh EEX™]

g

Insulation provided

WS MR
e

- "
v ",
» [ » . .
- 'y .
"
| ]
; %4
s .
o B S o
asetateiatety oy
IS RN
¥ " NI S S
S witet ettt e Yy
I S S I
s s tele A A Tt i R R I
1 R I 1"-"'1-"q-‘:"':*:*:’:‘:':‘:‘:':‘:‘:‘:a
l‘-l_._‘-‘_i-._'.-*";“_.‘- M ] ""‘*‘1‘ & i*"*‘*f b L L 1"_"-*"‘“ ““1‘_:‘:‘1- ¥

- hedy Mt ettt teds "
L] B R B e e e ot
:"::-*qr‘i»'t'f‘q:i"ﬂ*}"+:-r:*"1"f:+:+‘:r:+‘+‘+:-t:1‘f‘:‘i‘f‘w‘w‘w:f:n‘ *otaritety

PP P s M ] R e R
R IO H K NI
R R R R SRR
ittt tntatee
MR A
p, 1!1.1*1‘1*1::_.'liqﬁ‘i‘iﬂ‘#‘t‘p‘i‘i#'#n N XAy
5y IR I Wi B R N RN I N I ke R
B o o o s S R K R K, X
etaflabadattdnadaicataiviattdtolatets et bt b e
R LR XN KNI I
e e I
I e e )

K"'i:i:i*qt‘qr e
* ahhleaals e 1?1114411#1«-111111‘11111* =
ity ottt Tty
L o
ity M
Bhi e aY
2 e
PR PR R ] ket g *‘1‘1*1!1*1 ey

™ Sl s
l"i'i"i*-l-"i"i:l-:-l:i"l-‘ “1‘*‘1‘*‘:‘1:!: "'i:t:al" . '4"1"1-"1‘1"1‘-r"i"':'"«i"'i"‘i-"‘i"i:-l-“'

ateliioly b N e R

Fhdhrds

WEST BEAM

cemsememoemmrdomrimrmomast.

(c) Thermocouples (d) Load Cells
Figure 3.5: Instrumentation Types and Locations



Elevated Temperature Moment-Rotation Tests on Bare-Steel Connections 32

3.5 GENERAL COMMENTS FROM BARE-STEEL CONNECTION FIRE
TESTS

The common procedures and observations for all bare-steel connection fire tests can be
summarised as follows. Each test started with several pilot runs to ensure that the
instrumentation was working properly and progress was carefully monitored throughout
the test. For all tests, the connection 1s deemed to fail when either-

o it reaches post-plastification, which is indicated by progressive rate of rotation at
small temperature increments, or;

e one or more of the connection components fail resulting in a rapid drop in the
applied load.

In tests involving relatively low levels of .. Flange Temperature(°C)
loading, despite the efforts to maintain ggg
consistent and equal moments in the East

and West beams, there was some 700
variation in the level of loading. This
occurred as a result of the fluctuation of 600
load cells at small loads.

500
As previously discussed a displacement
transducer was positioned in the column 400
head 1n order to measure the column
expansion. The theoretical column 300
expansion was assessed using Eq. 2.2
which describes the thermal expansion of 200
structural steel as presented in Chapter 2. ' —b— Expenmental Expansion
Calculation of the theoretical expansion 100 —o—Theoretical Expansion
accounted for the exposed and insulated - N

portions of the column based on ©

thermocouple readings located in the 0 2 4 6 & 10 12 14 16 I8
column web and along the insulated and Column Expansion(mm)

exposed column flanges. Fig. 3.6 shows _

a comparison between the experimental Figure 3.6: Comparison between

and theoretical column expansions, Experimental and Theoretical
indicating very good agreement. Some Thermal Expansion of the Column

tests performed previously on a typical

arrangement and different end-plate thickness>* reported a reversal in the experimental
column expansion subsequent to the yielding of the connection due to progressive
yielding of the column web; such phenomena is not observed in these tests.

As described above, displacement transducers were used as an alternative check on the
rotations and to indicate the deformed shape of the beams. In order to obtain accurate
rotations from the displacement transducer readings, the beam displacements were
subtracted from the corresponding column expansion. Rotations were determined for
each displacement, corresponding to its location along the beam, adjusted to allow for

column expansion.

Despite the effect of elevated temperatures in causing much greater deflections to the
beam than those for normal conditions, analysing the deflections recorded by the
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displacement transducers revealed negligible deformation. This is consistent with
behaviour observed previously®® in similar tests, suggesting the importance of
protecting the specimen remote from the connection from excessive temperatures.
Protection of the arrangement in the vicinity of the connection was essential in order to

prevent any failure of the beam prior to connection failure as experienced by Lawson®’.

Apart from a few cases where some thermocouples failed to give sensible recordings of
temperature due to lost contact with the element, there was good consistency between
the temperature profiles recorded for the East and West sides of the connection, despite
the burner being situated on the East side. This demonstrates the ability of the
tangential burner to generate adequate gas mixing and provide a uniform temperature
within the furnace.

After completion of the test, it was observed that the temperature inside the clinometer
protection box tended to rise rapidly, leading to destruction of the clinometers. To
avoid this, the furnace doors were removed as quickly as possible immediately after the
test with cool air continuously pumped to the box until the clinometer reached a
relatively low temperature. Despite this, in some cases the clinometers reached
temperatures 90°C higher than their normal operating temperatures but without any sign
of malfunction.

3.6 GROUP1: BARE-STEEL FLUSH END-PLATE CONNECTION FIRE
TESTS (FB1)

This group consists of two 254x102UB22 beams connected to a 152x152UC23 column
by 8mm thick flush end-plates as shown in Fig. 3.7. All steel was Grade 43. Six M16
Grade 8.8 bolts in 18 mm diameter clearance holes were used. The thickness of the
end-plate was selected to be representative of current practice’’. A similar connection
detail but with a thicker end-plate (12mm) had been used in previous experimental
studies by Leston-Jones>?. This test series was therefore chosen to provide an indication
of the influence of end-plate thickness.

The design strength of the connection was calculated using the method proposed by
Horne and Morris™ based on nominal geometrical and material properties. For flush
end-plate connections the connection strength was also assessed according to EC3:
Annex J*. The relevant parameters include the connection moment capacity and
stiffness, end-plate thickness, bearing resistance of the column flange and the expected
failure mechanism of the connection. Most of these were assessed using both methods
although the connection stiffness was determined according to EC3 only. The predicted
failure mode of the connection according to EC3 was end-plate and column flange
yielding whilst the Horne and Morris method predicted column flange failure. The
calculated moment capacity of the connection based on Home and Morris and EC3
methods were 22.8kNm and 19kNm respectively, using the nominal material and
geometrical properties. The stiffness according to EC3 was 7.5 x 10 Nmm/rad.



