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(u) Endplale with mmor crack

(b) Delormation of bolts

10

7 Isolated connection failure mode: partial
depth endplate fracture at 20°C and 650°C

8 Isolated connection failure modes: web cleat
connections

9 Isolated connection failure modes: web cleat

1 connections (bolt bearing on beam web,

550°C)

10 Isolated connection failure modes: flush
endplate failure at 20°C and 450°C

11 Isolated connection failure modes: flush

endplate connections at 550°C and 650°C

Synthesis of test results
Isolated connection behaviour

All flexible endplate connections failed by fracture of the endplate
in the heat-affected zone. Fig 7 shows typical failures at ambient
and high temperatures. Even though some ambient temperature
connection failure involved endplate fracture (also applicable to
flush endplate as shown in Figs 10 and 12), it should be pointed
out that the connections were loaded in combined bending ad
tension which is not considered in normal practice. This failure
mode resulted in a very low rotation capacity at high temperatures
(Table 2). At ambient temperature, the performance of flexible
endplate connections is comparable to other simple connections,
in terms of both the resistance and the rotation capacity. However,
high temperatures seem to have the most significant effect on this
type of connection and failure occurs at a much lower load when
heated.

All fin plate connections with Grade 8.8 M20 bolts failed by
shear fracture of the bolts, as shown in Fig 6. With stronger bolts,
either Grade 10.9 or 24mm diameter, the failure at ambient
temperature changed to fracture of the beam web, but at elevated
temperatures bolt shear again dominated. Although the ambient-
temperature design of fin plate connections would appear to be
based on bearing capacity being critical, this is not the case at
high temperatures for two reasons. First, the ambient-temperature
design bearing strength is a check to ensure adequate in-service

performance rather than to predict the load at which plate rupture
occurs SCI & BCSA (2002). Second, because bolts acquire
ambient-temperature strength by heat treatment (quenching and
tempering) the rate at which they lose strength in fire is faster than
that of the connected plates and sections. Consequently, at the
same elevated temperatures, the bolt shear capacity becomes
lower relative to the plate bearing capacity and bolt shear failure
becomes inevitable. Thus, the ‘Green Book’ (SCI & BCSA 2002)
proposal to avoid bolt shear fracture by limiting the thickness of
the bearing plate to be less than half of the bolt diameter (often
marginal in any case) may not hold true at elevated temperatures.
In general, fin plate connections demonstrated a rotation capacity
slightly better than flexible endplates. However, the rotation
capacity of the fin plate connections was still less than 8°, and
their tying resistance at 650°C was less than 10% of the ambient-
temperature value.

The web cleat connections failed in a more complex mode (see
Figs 8 and 9). At ambient temperature, the bolt head punched
through the angle connected to the column flange. At 450°C and
550°C, the angle fractured close to its heel at a significantly lower
deformation than at ambient temperature. At 650°C, the ductility of
the angle seemed to have improved again and the eventual failure
of the connection was by shear fracture of the bolts. For all the
temperatures, web cleat connections were seen to possess
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] . ] . . extremely high rotation capacity due to
Test Sgce)ﬁ:gtren* ngwperature NoTlnaI ActEaI Flne:I Fl?,\rlce Rootatlon Fallgre the unfolding of the angle-cleats. With
g y (0 () () () (k) ) moce increase of rotation, their load capacity
1 |38820 |20 55 5385 | 3241 | 14595 | 8.107 o showed a sustained increase, giving web
cleat connections a significantly higher
2 3-8.8-20 450 55 5147 | 4137 | 7048 6.093 Eﬁétar resistance than the other simple
Boit connections.
3 3-8.8-20 550 55 53.44 42.68 34.81 6.558 shear In some ear|y flush endp|a‘[e
Bolt connection tests, the bolts failed by the
4 3-88-20 650 %% 53.09 44.02 17.99 6.255 shear nut threads stripping. Although this is an
Bolt acceptable mode of failure for a bolt at
5 3-8.8-20 20 35 33.80 34.06 185.11 7.805 shear loads above the design tension
6 38820 | 450 35 3904 | 3352 | 8447 | 6237 Sﬁé;r resistance, for subsequent tests it was
decided that two nuts should be used on
7 3-8.8-20 550 35 40.94 31.51 37.46 7121 SBr‘]’é;r each bolt to prevent thread-stripping and
Bort permit investigation of the ductility arising
8 3-8.8-20 650 35 40.50 30.60 19.30 7.367 shear from p|ate deformation (th|s is not to
Bolt suggect that two nuts are required in
9 372-8.8-20 | 550 3 41.56 s2.21 81.12 6.853 shear practice). This enabled the tests to
. Bolt maintain a relatively stable resistance up
10 3*2-8.8-20 550 55 55.99 46.60 67.01 4.782 shear to around 7° rotation. Resistance of the
11 310920 | 20 35 36.53 2080 | 213.0 10.62 Beam connections reduced rapidly with
‘é"gﬁ increase of temperature. The loading
12 3-10.9-20 550 35 40.85 23.90 56.82 11.50 shear angle can be seen to have some effect
Beam on the overall connection resistance, but
13 3-8.8-24 20 35 37.38 29.67 203.1 8.339 web not on the failure mode. The use of a
Bolt thicker endplate enhanced resistance,
4 3-8.8-24 550 35 42.10 29.06 74.02 7.855 shear but significantly reduced ductility.
*Specimen Geometry: _number of bolt rows - bolt grade - bolt diameter; 200mm deep 100mm wide 8mm thick plate E}i@g;gg;gg Qlfﬁ;eczzlr:gz\gofgzged
S275, bolts at 60mm pitch. ’
Connection temperature uniform. See Fig 1 for definition of angle o according to the results at 550°C,
reduced the ductility. The majority of the
Table 1 Isolated connection tests, fin plates endplate tests used a 10mm thick
endplate and three bolt rows. Two failure
No. Temperature Nominal Actual Final a Force Rotation Failure modoes were .observed: at 2(.) C anq
Test bolt °C) () al®) ) (kN) ) mode 450°C the failure was associated with
rows shear fracture of the endplate in the heat-
1 3 20 35 35 435 192.0 8.6 fr':é:‘ure affected zone adjacent to the weld (see
Plate Fig 10). At 550°C and 650°C (Fig 11),
2 3 450 35 35 38.7 90.4 4.2 fracture failure was precipitated by the bolts in
Plate tension, with higher ductility than shear
3 3 550 35 35 402 68.5 3.9 fracture fracture of the endplate. With 8mm thick
Plate endplates, at ambient temperature the
4 s 650 3 % 396 526 36 fracture failure was concentrated in the endplate,
5 3 20 45 45 511 150.0 8.8 fr?ctsure with the bolts remaining basically

undeformed, as shown in Fig 12, but at

6 3 450 45 45 48.6 645 35 Ele?ct?ure 550°C fai!ure was again cqntrolled by the
Plats bolts. A smglg test (No.15 in Table 4) was
7 3 550 45 45 47.9 44.1 3.2 fracture performed using a 15mm thick endplate
Plate at 550°C. Unsurprisingly failure was
8 3 650 45 45 48.6 285 38 fracture controlled by the bolts. In similar tests
Plate using thinner endplates (No. 3 for the
9 8 20 % % 561 179.3 1.2 fracture 10mm endplate and No.14 for the 8mm
Plate endplate in Table 4), the bolts were
10 s 40 » » 5.9 5.6 48 fracture subjected to a large amount of
1 3 550 55 55 5.4 363 39 E?é?ure concurrent local bending and tension.
This explains why even though all three
12 3 650 55 55 55.7 29 1 45 fPrle?ct?ure teSItS failed by bo!t f_racture., the
resistances are distinctly different.
Endplate in S275 grade steel. Plate size 150 wide by 200 deep, thickness 10mm. Top of plate 40mm below top; Two tests (Nos. 16 and 17) were
flange of beam. Bolts at 90 cross-centres and depths from top of plate 40, 100 and 160. Connection temperature performed using only two rows of bolts.
uniform. See Fig 1 for definition of angle c. With fewer bolts in the tension zone, bolt

fracture controlled the failure of the
connection in both ambient- and high-
temperature tests. At 20°C, the bolts
caused significant bending deformation
to the endplate, but at 550°C the
endplate remained relatively straight.
Deformation of the endplate before failure
enabled a much higher rotation capacity
to be reached, confirming the
conventional wisdom of using a ‘weak

Table 2 Isolated connection tests, partial depth endplates
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endplate-strong bolts’ Tost Specimen Temperatur Nominal Initial o Final o Force Rotation Failure

) geometry™ e(°C) o (°) ) (°) (kN) (°) Mode
arrangement for improved PUaRT
connection ductility. 1 3-8.8-20 20 55 55.0 34.4 186.34 16.57 g shear
Comparison between results from 2 3-8.8-20 450 55 55.8 435 93.74 9.39 Angle
subassemblies ;\ra“l“re
Figs 14(a) and 14(0) show 3 3-8.8-20 550 55 56.0 422 52.91 10,52 ke
recorded axial load in beam — Bolt
beam bottom flange temperature 4 3-8.8-20 650 55 56.5 344 25.70 14.15 shear
relationships. They indicate close - 3-8.8-20 20 45 457 32.0 21254 [ 1712 Punchin
conventional beam limiting g shear
temperatures (at which the axial 6 3.8.8-20 450 45 46.7 373 99.42 10.29 Angle
load in beam is zero, see also fracture
fable 7 for numerical values) 7 38820 | 550 4 47,0 %8 [se3s |18 | 4o
when using different types of fracture
connections and different column 8 3-8.8-20 650 45 48.1 345 28.18 15.94 Bﬁ"
sizes. They also show the extent : earh
of catenary action developmentin | 9 3-8.8-20 20 35 374 21.2 243.17 16.71 gir;]za':
the beam. These figs suggest that Angle
using different types of 10 3-8.8-20 450 35 411 29.1 112.85 10.75 fracture
connections has little influence on Angle
the beam behaviour up to the 11 3-8.8-20 550 35 41.4 26.6 61.21 12.56 fracture
conventional limiting temperature Bolt
of the beam when the beam is 12 3-8.8-20 650 35 40.9 21.6 31.57 14.86 shear
under a compression force. The R Angle
discussion below will focus on the 13 3*2-8.8-20 550 35 40.2 27.2 85.01 10.95 fracture
catenary action stage, after the R Angle
beam’s temperature has 14 3%2-8.8-20 550 55 55.7 41.0 66.78 9.19 fracture

e}xc;geded the conventional *Specimen Geometry: number of bolt rows - bolt grade - bolt diameter; 90x90x8 RSA S275 180 mm overall length, bolts at
limiting temperature. 103mm cross centres and 60mm pitch.
Of the five types of joint tested, Connection temperature uniform. See Fig 1 for definition of angle .

the fin plate connection

performed most poorly. A fin plate  Table 3 Isolated connection tests, web cleats
connection is conventionally

considered as pinned, and is Test » ggl.t Temperature Nominal Initial o Final Force Rotation Failure
designed to resist vertical shear (mm) | ows (°C) () ) o (°) (kN) () mode
only. However, when its rotation is
high, the fin plate gains rotational ! 10 8 20 % DNF
rigidity as the bottom flange of the Plate
beam bears against the column. 2 10 3 450 35 40.5 351 180.9 6.1 fracture
This high rigidit rapi
This high rigidity causes a rapid 3 10 3 550 35 42 307 | 1059 |22 Bolt
increase of force to the upper fracture
connection components (the weld 4 10 3 650 35 433 395 436 34 Bolt
or the upper row of bolts) and fracture
increases the risk of connection 5 10 3 20 45 DNF
fracture. The flexible endplate Plaie
connections also performed 6 10 8 450 45 463 437 164.6 6.4 fracture
relatively poorly, as a result of low Bolt

) ) 7 1 4 447 431 1. 1.4
resistance in the beam web/weld 0 s 550 ° s 81.8 fracture
region. In general, using flush 8 10 3 650 45 46.6 38.9 36.0 49 Bolt
endplate or extended endplate fracture
connections can prolong the 9 10 3 20 55 54.7 438 2500 | 44 f"‘“e
survival of the beam in bending, P'Iaa‘i:;”re
but because of the large forces 10 10 3 450 55 55.7 46.7 182.5 5.6 fracture
(both tension and hogging Bolt
moment) attracted by these more 11 10 3 550 55 55.4 472 87.8 2.2 fracture
rigid connections, the risk of bolt Bolt
failure due to thread stripping may 12 10 s 650 > %4 481 892 31 fracture
be high. Web cleat connections 13 8 3 20 35 378 979 9581 53 Plate
offer a good combination of fracture
flexibility (reducing the force 14 |8 3 550 35 M8 333 1010 |75 o e
attracted to the connection), o
strength and ductility. As shownin | 15 15 3 550 35 422 370 | 1246 |25 frgcwre
Fig 17, the unfolding of the cleat
angles results in very high rotation 16 10 2 20 35 36.5 32.8 303.0 6.6 fBrZIctture
capacity and ductility against Bol
tymg force in the Sub_assemb|y 17 10 2 550 35 1.7 39.5 79.9 2.6 fracture
tests. The columns als? had Endplate in S275 grade steel. Plate size 200 wide by 325 deep, thickness as tabulated above. Bolts at 90 cross-centres and
some influence on the joint and depths from top of plate 60, 130 and 263.
beam behaviour. As expected, Connection temperature uniform. See Fig 1 for definition of angle a.. DNF = Did Not Fail.

the larger column section

(simulating stiffer axial restraint to Table 4 Isolated connection tests, flush endplates
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the beam) caused higher axial forces in the beams, and this
appears to have resulted in more extensive failure of the
connections, as shown in Table 7.

Correlation between isolated connection and structural subassemblies

In the series of tests on isolated joints, the connections were of
practical proportions, but it was not possible to investigate the

) Bolt spacing
Tests Joint type Fm/end_plate/cleat Number of (horizontal x
dimensions (mm) bolts vertical, mm)
1&6 fin plate 150x130x10 2by?2 50 x 60
287 flexible endplate 150x 130x8 2 rows 90 x 60
3&8 flush endplate 150 x 200 x 8 2 rows 90x100
1x2on
90 x 150 x 10 column flange | ¢
489 web cleat angle,
(depth: 130) 2% 2 on beam 50 x 60
web angle
5810 extended 150 x 250 x 8 3 rows 90x(75,100)
endplate

Table 5 Summary of sub-assembily fire test specimen dimensions

Max temp difference

Test Test 1 Test 2 Test 3 Test 4 Test 5 by connection type
(C)

Temperature (C) 748 728 728 750 753 753-728=25

Test Test 6 Test7 Test 8 Test9 Test 10

Temperature (°C) 733 700 710 725 745 745-700=45

Max temp

difference by 15 28 18 25 8

column size ("C)

Note: Tests 1-5 used column UC254 x 254 x 73; Tests 6-10 used column UC15 2x 152 x 23.
See Table 5 for connection types

Table 6 Summary of sub-assembly beam limiting temperatures (with axial force = 0)

interaction between the joint and the connected

structural members. By contrast, in the series of

tests on structural assemblies, the variations in joint

forces as a result of structural interactions were

captured, but the joints were unrealistically small.

However, both sets of test results indicate that fin

plate and flexible endplate connections are unlikely

to possess sufficient strength or ductility to enable

beams to develop substantial catenary action in fire.

The failure modes of these two types of connection

include:

— Weld fracture (fin plate in sub-assembly tests),

— Bolt shearing (fin plate in isolated connection
tests),

— Beam web shearing (flexible endplate in sub-
assembly tests),

— Endplate fracture (flexible endplate in isolated
connection tests).

These failure modes are typically brittle, and it
would be difficult to detail these connections to
achieve high ductility.

The high stiffness (both rotational and axial) of
flush endplate connections enabled this type of
connection to reach its peak load rapidly, but the
connection failed (by bolt fracture in the isolated
connection tests, and by thread-stripping in both
isolated connection and sub-assembly fire tests)
with very low ductility.

The results of sub-assembly tests using extended
endplate connections indicated good joint
performance with high joint ductility.

Both sets of tests indicate that web cleat
connections can achieve very high ductility as a
result of unfolding of the cleat angles. This type of
connection was also able to develop significant axial
tensile stiffness and strength to allow the
development of catenary action in beams. Taking
into consideration the moderate fabrication and
erection costs of this type of connection, a
reappraisal of their usage would appear worthwhile.

Test Joint type Main observations Failure mode
) Beam flange bearing against column flange, little column

Test 1 fin plate deformatic?n 949 g Weld fracture

Test 2 flexible endplate Beam web frac_tured mainly in shear,_complete detachment of beam Beam web fracture &
from column, little column deformation detachment
Thread-stripping of bolts and nuts, complete detachment of beam Bolt thread stripping &

Test 3 flush endplate from column, little column deformation detachment

Tost 4 b cleat Web cleat large deformation, thread-stripping of bolts and nuts of Some bolt thread

€s Wweb clea top bolts but connection not detached, little column deformation stripping

Classical endplate ductile deformation, compressive buckling in

Test 5 extended endplate beam lower flange, little column deformation B

Test 6 fin plate Beam flange bearing against column flange, plastic hinges in column Weld fracture

Test 7 flexible endplate Large flexible endplate and column flange deformations Weld fracture

Test 8 flush endplate Large column flange deformations, moderate endplate deformation -

Test 9 web cleat Large web cleat and column flange deformations -

Test 10 extended endplate Modgratg endp_late deformation, large column flange deformations, _
plastic hinges in column flanges

Note: Tests 1-5 used column UC254 x 254 x 73; Tests 6-10 used column UC152 x 152 x 23

Table 7 Sub-assembly fire tests: summary of specimen observations and failure modes
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Design implications

Connections within a structure in fire are subjected to compressive
forces due to the thermal expansions of the beams. The
magnitudes of these forces depend on beam spans and the
stiffness of the axial restraint provided, through the columns and
the connections, by the rest of the structure, as well as the beam
temperature. Connection failure due to such induced compression
in beams has been proposed as the failure mode which triggered
the collapse of the WTC7 building (NIST 2008). Although the
seating cleat arrangement used in WTC7 would be unusual in UK
practice, similar failure mechanisms may develop in other types of
connections, such as fin plates. Two approaches may be followed
to reduce the risk of this failure mode:

— Detailing the connection components so that bolt shear capacity
at high temperatures is always higher than the plate bearing
capacities,

— Calculating the compressive force at high temperatures and
design the bolts to have sufficient shear capacity at high
temperatures.

If endplate connections are used, the beam will be in direct
bearing against the column and connection failure under
compressive force is unlikely to occur.

If connections do not fail under the induced compressive force,
a beam will reach the stage when its axial force returns to zero,
indicating pure bending. The bending limit state is reached when
the sum of the reduced beam sagging moment capacity (Mrpeam)
and connection hogging moment resistance M4, equates to the
free bending moment caused by the applied force (Mgpieq):

MT,beam + M‘I’,con = Mapplied (1)

The temperature of the beam, at which Equation (1) is satisfied,
is the conventional steel limiting temperature. After this, with further

12 Isolated connection failure modes: flush
endplate connection with 8mm thick
endplate

13 Schematic view of sub-assembly tests

14 Sub-assembly fire tests, recorded beam axial
force - temperature relationships

15 Sub-assembly fire test, deformed specimen
after Test 5 (extended endplate, large
column)

increase in temperature, the two terms on the left-hand side of
Equation (1) keep decreasing, so equilibrium cannot be maintained
by bending alone. To maintain equilibrium, ‘catenary action’ (Yin
and Wang 2004) is developed in the beam so that the equilibrium
is maintained through:

MT,beam“'M‘I',con +To= Mapplied (2

where T is the axial tensile force in the beam (or the tying force in
the connection) and ¢ is the beam mid-span deflection. The tensile
(catenary) force in the beam is developed due to contraction in the
span as a result of very large lateral beam deflections. Owing to
the extremely high ductility of the steel material, fracture of the
steel beam is unlikely. Therefore, under catenary action, the limit
state of this system is then dependent on the characteristics of the
connection. As mentioned earlier, the authors are developing
predictive methods for structural fire performance, incorporating
realistic connection behaviour. At the present stage, based on
qualitative analysis of the connection behaviour presented in this
paper, it is possible to provide some general advice to practising
designers. The main design implications are as follows:

— Increasing the moment resistance of connections in an attempt
to increase the limiting temperature of the connected beam is
not recommended. Comparing the results of the sub-assembly
fire tests using nominally pinned connections (flexible
endplate/finplate) and near-full-strength connections (extended
endplate), the maximum difference in the temperature at which
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16 Sub-assembly fire test, deformed specimen
after Test 10 (extended endplate, small
column)

17 Sub-assembly fire test, web cleat
deformation

the beam entered catenary action was 45°C. Relying on this
difference in limiting temperature is unlikely to provide any
significant benefit.

— For the common types of steel beam-to-column connections
used in the UK, connection failure in the compression phase of
the beam is very unlikely. Because the requirement is for the
structure to remain standing, failure is defined as fracture, rather
than yield, of the connection. Endplate connections will not
suffer failure as a result of beam compression. For fin plate and
web cleat connections, if the connection is detailed in such a
way that the shear strength of the bolts is always higher than the
bearing resistance of the connected ply at all higher
temperatures, then connection fracture will not occur under a
compressive force.

— Considering connection behaviour during the stage of beam
catenary action may achieve the most optimum fire engineering
design: increased structural safety in fire through prevention of
structure failure and reduced construction cost through
elimination of fire protection to steel beams. This is possible
because consideration of connection behaviour during beam
catenary action stage for a range of design fires will force the
designer to check connection resistance that would otherwise
not be checked. At the same time, if full development of
catenary action in the beam can be realised, it will enable the
beam to resist temperatures above those that could possibly be
developed in unprotected steel structures when exposed to
realistic fire conditions (Wang and Yin 2006).

— Catenary action starts to develop in a beam when the bending
moment resistance of the beam (including any contribution from
the connections) is insufficient to resist the applied load. As
temperatures further increase, the contribution of beam bending
resistance in supporting gravity loads decreases and, from
Equation (2), the contribution of catenary action (T¢) must
increase. Since all connections will have some tensile resistance
(as they are designed for tying resistance), whether or not beam
catenary action will be sufficient will primarily depend on the
connection’s ability to rotate, thus allowing the large beam
deflections, 6, to occur, and on the resistance of the adjacent
structure to sustain the tensile force generated, T.

— The rotation capacity of a connection is mainly determined by
deformational ductility of the connection component that is
furthest from the compression (lower) flange of the beam, which
acts as a fulcrum for rotation of the connection. Therefore,
concentrating connecting bolts as near as possible to the
bottom flange of the beam should increase the connection’s
rotation capacity. It is possible to adopt such detailing for fin
plate, flexible endplate, and web cleat connections.

— For flush endplate and extended endplate connections, the only
way to obtain rotational ductility is by bending deformation of the
endplate. Therefore, thin endplates with wide bolt gauge should
be used wherever ductility is required. However, this will also
reduce the tying capacity of the connection.
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— The very large connection rotation capacity required to enable
the beam to fully develop catenary action may not be achievable
in practice. However, even if this is the case, providing good
rotation capacity will enable some catenary action to develop,
hence improving the structure’s resistance to temperatures in
excess of the beam limiting temperatures. However, the
connection must still have adequate strength to resist the
combination of tension, shear and bending which exists under
such conditions.

— Should catenary action be used as a load-bearing mechanism
for structural resistance in fire, the surrounding structure, in
addition to its connections, must be designed to possess
sufficient resistance to the combined catenary force and other
forces in the structural members. This is different from the
requirement of design for structural robustness at ambient
temperature by using the tying method. Here, the catenary
action mechanism is implicitly assumed but there is no need to
check the resistance of the connected structure, other than the
connections, to resist the tying force.

Concluding remarks and future developments

This paper has summarised the main outcomes from a
collaborative research project to investigate the robustness of steel
connections in fire. Two experimental testing programmes were
conducted on five types of commonly used steel connections. One
test arrangement was on isolated connections under combined
axial tension, shear and bending moment at elevated
temperatures, and the other was on structural sub-assemblies
exposed to fire. Various modes of connection failure were
observed in both test series. Of the connections tested, the fin
plate, flexible endplate, and flush endplate connections performed
poorly, due to their limited tensile resistance and/or rotation
capacity. The extended endplate connections in the sub-assembly
tests performed well because of the high ductility of the endplates
used. Web cleat connections also performed well, due to the
ductility afforded by unfolding of the cleat heel.

An improved understanding of connection behaviour, particularly
during beam catenary action, could yield significant benefit in
increasing structural fire safety and reducing construction cost. A
key to developing catenary action is for connections to possess
high rotation capacity.

The collaborative research project between Sheffield and
Manchester University on steel connection behaviour in fire has
attempted to understand fundamental behaviour of steel
connections in fire. The next stage of research is to develop
predictive methods of modeling connection behaviour, by using the
component-based method, and by incorporating the predictive
connection behaviour models into structural analysis. Future
research will also include development of practically usable
connections with high ductility.

Acknowledgment

The authors gratefully acknowledge the support of the Engineering
and Physical Sciences Research Council of the United Kingdom
under Grant EP/C510984/1. Provision of the steel sections by
Corus Ltd is also acknowledged.

o



SE21 Paper-Common steel connections in fire:Layout 3 27/10/% 17:21 Page 35

References Leston-dones, L. C., Lennon, T., Plank, R. J., and Burgess, I. W.(1997),
Al-Jabri, K. S., Burgess, I. W. and Plank, R. J. (2005a), ‘Spring-stiffness model ‘Elevated Temperature Moment-Rotation Tests on Steelwork Connections’,
for flexible end-plate bare-steel joints in fire’, J. Construct. Steel Research, Proc. Instn Civ. Engrs Structs & Bldgs, 122, pp 410-419
61, pp 1672-1691 Nethercot, D. A. (2007), ‘Semi-rigid and partial strength joint action: Then, now,
Al-Jabri, K. S., Burgess, I. W., Lennon, T. and Plank, R. J. (2005b), ‘Moment- when?’, Proc. 3rd Int. Conf. Steel and Composite Structures, ICSCS '07,
rotation-temperature curves for semi-rigid joints’, J. Construct. Steel ed. Wang, Y. C. and Choi, C. K., pp 3-9
Research, 61, pp 281-303 Newman, G. M., Robinson, J. T. and Bailey, C. G. (2006), Fire Safe Design: A
Block, F. M., Burgess, I. W., Davison, J. B. and Plank, R. J. (2007), ‘The New Approach to Multi-Storey Steel-Framed Buildings (Second edition),
development of a component-based connection element for endplate Steel Construction Institute Publication 288
connections in fire’, Fire Safety J., 42, pp 498-506 NIST (2008), Final Report on the Collapse of World Trade Center Building 7, U.S.
Block, F. M., Yu, C. M. and Butterworth, N. (2008), ‘The Practical Application of Department of Commerce and National Institute of Standards and
Structural Fire Engineering on a Retail Development in the UK’, Proc. 5th Int. Technology
Workshop: Structures in Fire, pp 725-737 SCI & BCSA (2002), Joints in steel connection, Simple connections, The Steel
Dai, X. H., Wang, Y. C. and Bailey, C. G. (2009a), ‘An experimental study of Construction Institute and The British Constructional Steelwork Association
structural behaviour of joints in restrained steel frames in fire’, Proc. Int. Limited, UK
Conf. Applications of Structural Fire Engineering. Prague, ed.Wald, F., Wang, Y. C. and Yin, Y. Z. (2006), A simplified analysis of catenary action in steel
Kallerova, P., Chlouba, J., pp 350-355 beams in fire and implications on fire resistant design, Steel and Composite
Dai, X. H., Wang, Y. C. and Bailey, C. G. (2009b), ‘Effects of Partial Fire Structures, 6/5, pp. 367-386
Protection on Temperature Developments in Steel Joints Protected by Yin, Y. Z. and Wang, Y. C. (2004), ’A numerical study of large deflection
Intumescent Coating’, Fire Safety J., 44, pp 376-386 behaviour of restrained steel beams at elevated temperatures’, J. Construct.
Dai, X. H., Wang, Y. C. and Bailey, C. G. (2010a), A Simple Method to Predict Steel Research, 60, pp1029-1047
Temperatures in Steel joints With Partial Intumescent Coating Fire Yu, H. X., Burgess, I. W., Davison, J. B. and Plank, R. J. (2009a), ‘Experimental
Protection’, J. Fire Technology, 48, pp. 19-35 Investigation of the Behaviour of Fin Plate Connections in Fire’, J. Construct.
Dai, X. H., Wang, Y. C. and Bailey, C. G. (2010b), ‘Numerical modelling of Steel Research, 65, pp 723-736
structural fire behaviour of restrained steel beam_column assemblies using Yu, H. X., Burgess, I. W., Davison, J. B. and Plank, R. J. (2009b), ‘“Tying Capacity
typical joint types’, Engineering Structures, 32, pp 2337-2351 of Web Cleat Connections in Fire. Part 1: Test and Finite Element
CEN (2005), BS EN 1993-1-2, Eurocode 3: design of steel structures, Part 1.2: Simulation’, Engineering Structures, 31/3, pp 651-663
General rules- structural fire design, British Standards Institution. UK Yu, H. X., Burgess, I. W., Davison, J. B. and Plank, R. J. (2010), ‘Experimental
Hu, Y., Davison, J. B., Burgess, I. W. and Plank, R. J. (2008), 'Experimental and Numerical Investigations of the Behaviour of Flush Endplate
Study on Flexible Endplate Connections in Fire’, Proc. 5th European Conf. Connections at Elevated Temperatures’, J. Struct. Eng., ASCE, (in press)

Steel Structures, Graz, Austria, pp 1007-1012

/
/

Interested in designing structures for energy?

This competition is in structural design and aims to
‘encourage ingenuity, imagination and inventiveness of
young structural engineers’. The competition is open to
structural engineers and individuals under the age of 0\ ’
who are taking, or have successfully taken, a recogni

civil and/or structural engineering course of study. %

For more information about the Educational Trust and the YSEID
Registered Charity with the Charity Commission for England,ahgg\)ﬂes
b~

ﬂ i n t n ei | | /m The following funds have contributed to the competition:
Mott MacDonald David Alsop Fund ~ John Barrett Fund
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