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TEMPERATURE DISTRIBUTION IN A STEEL
BEAM-TO-COLUMN JOINT WHEN EXPOSED TO
FIRE. PART 2: FLANGE-PLATES AND WEB-
CLEATS JOINT

In the second part of this paper the temperatustritalition is analysed for
a thermally uninsulated steel beam-to-column flaplgées and web-cleats joint after
15 minutes of its exposure to a fully developed.fifwo types of such a joint are
considered separately, firstly the pure steel coiore with a beam and a column
evenly heated on all four sides and then the ana®®ne, but with a massive
reinforced concrete floor slab lying on the uppearn flange. In the latter case the
joint beam is heated only on three sides. In aaftiin each of the analysed joint the
beams of two sizes are analysed independentlyofmparative purposes. Those that
are made of the bigger I-section have a more stamele, while the smaller ones are
more stocky. However, the smaller I-section heagsef than the bigger one because
the section factor calculated for it has a greaaére. In general, it can be concluded
that in all the joints considered by the authoesdteel temperature turned out to be
much lower than that measured outside these joiiseover, a significant
difference is observed in the temperature valuestified in the beam web and in the
beam flanges. Finally, the temperature distributmbtained from a numerical
simulation and identified in the selected crossises of the joint beam in the case
of a joint with adjacent floor slab is referred the analogous distribution
recommended for use in such circumstances in géinelatd EN 1993-1-2.
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1. Introduction

In the first part of this paper the temperaturéritiigtion in a steel end-plate
beam-to-column joint was analysed in detail, ideedi by a numerical analysis
after 15 minutes of its simulated exposure to by tuveloped fire. Two types of
such a joint were considered separately, the filsich was pure steel with
heating the beam on all four sides and the seconadwith a massive reinforced
concrete floor slab lying directly on the upper ineifange, in which this beam
was heated only on three sides. It has been pomtethat in fire conditions the
temperature observed in individual joint componésialways much lower than
that recorded outside the joint. This diversityutess mainly from the large
accumulation of the steel sheets added in this toakeincrease the effective
thickness of the steel which has to be heated.

In this part of the paper, a different steel bearadlumn joint type is
chosen for consideration, the one with flange glated web cleats. Similarly as
before, both a purely steel connection and a cdimmewith an adjacent floor
slab are analysed. Additionally, in each of thesidered joint type it is assumed
that the beams are made of the sections of twe,dirst from the IPE 330 steel
section which is relatively stocky and then frone tiPE 500 steel section,
significantly more slender. The primary goal of thethors is now both
a qualitative and a quantitative verification oé ttorrectness of the temperature
distribution recommended for use for such a jairthie standard EN 1993-1-2 [1].

2. The case of a pure steel joint

Let us start the detailed analysis of the tempegatistribution observed in
the joint under consideration after 15 minutes t3f éxposure to a fully
developed fire from simulating the response of inenerical model of such
a pure steel joint to a direct fire influence. Thi®del is prepared using the
ANSYS environment [2] and it is presented in deiaiFig. 1. As one can see
the joint beam made of the IPE steel section (fifgshe IPE 330 and then of the
IPE 500) is modelled as connected to the columnenaddhe HEB wide-flange
steel section (precisely of the HEB 180 when thanbés made of the IPE 330
and of the HEB 220 in the case when the beam iroadhe IPE 500). This
connection is realized by the web cleats compos$etv@ steel angles of size
L80x80x8 in the first case and L80x80x10 in theopeccase, set oppositely one
to the other, with three rows of bolts M16. Suchhveteats are attached to the
column flange also by three bolts of the same iz@ach angle. The stiffness
of the joint is ensured mainly by the flange pladéshickness 12mm in the first
case when the section IPE 330 is considered artlickness 16 mm in the
second case when the section IPE 500 is assuntée @nalysis, covering the
beam from the bottom and from the top and attathdidnges of such the beam
by four rows of bolts of size M20 with two bolts @ach row. Moreover, two
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double-sided horizontal ribs of thickness 10 mm ttie first case) or 16 mm
(in the second case) are used in the levels defiyethe upper and by the
bottom beam flanges to stiffen the web of the colufhere is neither a diagonal
rib nor a wedge added at the bottom of the joirttvben the beam and the
column flange.

Fig. 1. Scheme of a numerical model of the purel $pint considered in the example

The joint model presented above was evenly heated sides for 15 minutes
by a simulated fire developing in accordance witltaaventional standard
scenario [3]. In Fig. 2a the temperature distritmutis shown in detail identified
in such a joint after this time of a fire exposimethe case when the IPE 330
steel section was assumed as a frame beam whikégin2b the analogous
temperature distribution but this time that relatedhe joint with the IPE 500
steel section used for this beam. As one can $emyatime of a fire the steel
temperature observed at the joint itself is alwsigmificantly lower than that
measured outside the joint. Let us note that infitts¢ of the cases presented
above the difference between the hottest and thet leot points of the joint
turned out to be almost 200 degrees Celsius, hawé@vehe second case it
exceeded 250 degrees Celsius.
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Fig. 2. Temperature distributions obtained forékenly heated pure steel joint considered in the
example after 15 minutes of its exposure to a fadyeloped standard fire, including:
a) the case when the beam was made of a IPE 3@Gstgion, b) the case when the
beam was made of the IPE 500 steel section
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Details of the temperature values identified havfimgshed the heating
process in the two selected cross-sections ofdhsidered beam, i.e. in the first
section denoted by the symbol A-A which is situatethe joint itself, in place
where the effective thickness of the heated steebtsis simply the sum of the
thickness of the beam web and of the thicknessvofflanges belonging to the
angles composed the web cleat, and in the secatidrselenoted by the symbol
B-B and localised outside the joint, are gathereBlig. 3.

< m Temperature Temperature
n - Profile IPE330 Profile IPE330
| | A-A B-B
E——— : 540 706
| 2 N
| g © N 565 722
| (o]
] 581 708
— = Temperature Temperature
aa) Profile IPE500 Profile IPE500
A-A B-B
483
567 OiFs
2 [N
8 or 554 714
Te}
o~ 578
526 673

Fig. 3. Details of the steel temperature valueselbas of the steel temperature distributions
identified after 15 minutes of a direct fire expasin the selected cross-sections
of a beam being a part of the considered pure fstieg|

Lack of symmetry in both temperature distributigmesented in Fig. 3 and
related to the section A-A results from the use tiorizontal steel spacer in the
upper part of the joint that on the one hand fet#és the joint assembly but on
the other hand increases the effective thicknesheoheated beam flange. It is
essential that the smaller I-section heats up nfaster than the bigger one
despite the fact that the latter section has mieredsr web. It is a result of the
fact that the value of the so-called fire exposgefficient, which is commonly
named the section factor, for a smaller I-beami@edq{U/A) = 201 m™?) is
significantly higher than in the case of the biggeeam (U/4) = 151 m™1).

It is also worth noting that the temperature disttion in the web of beams
which are respectively high is usually nonlineaile/khe analogous distribution
observed in the beams which are not so high remaitke same conditions
almost exactly linear. Let us also note that in B8 cross-section situated
outside the joint the most hot area turned outetdhie web of the beam in the
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place furthest from the flanges. In the section AhA same zone was, however,
much less heated due to the angles forming theclegtts and adjoining to the

beam web. Therefore, the most hot in this sectiimed out to be some

insulated web zones, those to which no additiolemhents are added.

3. The joint with a reinforced concrete floor slablying directly
on the upper beam flange

The second part of the analysis is devoted togrtion of the shape of the
steel temperature distribution identified afterrhiutes of even heating under
fully developed fire conditions in the steel beaeblumn joint with the floor
slab lying directly on the upper beam flange. Thiekiness of such a floor slab
was assumed in the considered example to be eguf tm. The numerical
model of the joint of this type with a geometry afichensions fully analogous
to the previous one described in the first parthi§ paper, which is prepared
also in the ANSYS environment, is presented initetahe Fig. 4. The upper
horizontal rib stiffening the column web is invikkn this figure because it is
fully covered with concrete.

Fig. 4. Scheme of a numerically modelled steel b&mgolumn joint with a reinforced concrete
floor slab lying directly on the upper flange oétheam
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As one can see, the beam is now heated underdiirditions only on three
sides. The map of the temperature distribution tifled in this joint after
15 minutes of its exposure to a fully developed fg shown in detail in Fig. 5
for the case when the beam was made of the IPEt880section.

NODAL SOLUTION '
STEP=10 APR 17 2018
SUB =5 19:59:12
TIME=900
TEMP (AVG)
RSYS=0
SMN =17.5766
SMX =702.562

17.5766 169.796 322.015 474.234 626.453

93.6861 245.905 398.124 50.343 702.562

Fig. 5. Map of a steel temperature distributioragted for a model of the joint considered in the
example after 15 minutes of its simulated fire estpe (the case with the beam made
of the IPE 330 steel section)

It is not a surprise now that the upper beam flahgeed out to be
definitely less hot than the neighbouring joint gaments. The heat reaching
this flange is largely dissipated to a massiverflelab with a significant thermal
capacity, which thus confirms good insulating prtipe of the concrete. This
effect is well visible in the Fig. 6 in which theslscted steel temperature
distributions obtained for the joint consideredtlie example are presented in
detail. Two cross-sections denoted in this figuyethe symbols A-A and B-B,
respectively, were chosen to conduct the suitatieparisons. As it was in the
first part of the presented paper the first crassisn is now situated in the joint
itself whereas the second one - outside the jowb pairs of the diagrams are
stacked one above the other for comparative puspddee first pair refers to
a joint with a beam made of the IPE 330 steel spatthile the second one the
analogous joint but that with a beam made of the B0 steel section. In the
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bigger of these two beams in the section A-A thalinearity of the steel
temperature distribution over the entire heighttloé beam web is already
noticed which cannot be seen in the smaller beanthis smaller beam, only
a nonlinear effect of cooling of an upper partlef beam cross-section caused
by the proximity of the reinforced concrete slabigble.
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Fig. 6. Steel temperature distributions obtainethéselected beam cross-sections for the joint

considered in the example after 15 minutes of aulsitad fire exposure. The steel temperature

distribution identified at the same time of the ti@process in the cross-section related to the
neighbouring column is presented on the left sidhis figure

The conclusions resulting from Fig. 6 basically noidle with those
formulated earlier after the presentation of FigTBe smaller beam heats up
faster than the bigger one and the difference lmtwbe temperature values
identified in the same cross-sectional areas artieasame time points of the
heating process in the sections A-A and B-B, retdpelg, reaches 250 degrees
Celsius. In the case of the smaller of the two [seatmich are considered in this
example, the most heated zone in the section ArAstout to be the bottom
flange, which is not true when the cross-sectionthef beam is higher and
therefore more slender.

In addition, in Fig. 6 the temperature distributiaating to the selected
cross-section of the neighbouring steel column wih&made of the HEB 180
wide-flange section is presented for comparative@ses. It is obvious that the
web of such the column turned out to be more hah tthe adjoining column
flanges because they are significantly thicker.
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Fig. 7. Development of a steel temperature risemiesl in individual beam components being a part
of the joint with concrete floor slab consideredtie example, during the exposure of such
a joint to a standard fully developed fire, inchugti a) relationships identified in the
section A-A, b) relationships identified in the sen B-B. The localisation of such both
sections is marked in Fig. 6. It is assumed thabtam was made
of the IPE 330 steel section
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The diagrams presented in Figs. 7a and 7b seemerl informative. It is
shown in them how, in the case of a thermally utgmted steel beam-to-column
joint considered in the example with the reinforcedcrete floor slab lying on
the upper beam flange and with the beam made ofRRBe330 steel section,
together with the fire development increased thHemince between the
temperature values relevant for the beam web andh® upper and bottom
beam flanges, appropriately identified in the sectA-A (Fig. 7a) and in the
section B-B (Fig. 7b).

4. Verification of the correctness of the joint terperature
distribution recommended for use in the standard ENL993-1-2

In conventional fire safety assessment relatetidcsteel frame load-bearing
structures usually a simplifying but very consem@assumption is accepted for
calculation that the steel temperature in all congmbs of the considered joint at
any given time of a fire can be treated as fulligredd and equal to the
maximum temperature of such the steel measureddeutss joint at the same
time of this fire. For more precise estimation, leeer, in Annex D3 of the
standard EN 1993-1-2 [1], in the case when thd &ie@m-to-column joint is
covered by an adjacent reinforced concrete floa,st is recommended to use
in this field the equivalent steel temperatureritations, differentiated depending
on whether the height of the joint beam is greatersmaller than 400 mm.
Considering that in the case of the first of beamalysed in this article, the one
made of the IPE 330 steel section for whickk 400 mm, the steel temperature
measured in the bottom beam flange in the secti®) Be. outside the joint,
after 15 minutes of the standard fire exposure, idastified as being equal to
692 degrees Celsius (see Fig. 6) the equivalentpdaeature distribution
corresponding to this situation and recommendethénstandard [1] has the
form shown in detail in the middle of the Fig. 8m8arly, in the case of the
second beam, the one made of the IPE 500 ste@rséat whichh > 400 mm,
the steel temperature measured after the samédudiegion in the bottom beam
flange was equal to 667 degrees Celsius (see Figvtich gave an equivalent
standard steel temperature distribution shown enritpht side of the Fig. 8.
Let us note that neither the temperature 692 dedtetsius nor the temperature
667 degrees Celsius, both measured in section B4Bd bottom beam flange,
were not the maximum temperature values identifigtiis section. Much hotter
than the bottom beam flange in both cases turnetbdae the web of the beam.

Comparison of the steel temperature distributidghese taken from the
Fig. 8 with the corresponding distributions spexifiearlier for the A-A section
of the considered steel beam-to-column joints cadday a reinforced concrete
floor slab and obtained for the same beams andhersame fire exposure
conditions but after the use of the more precismarical analysis (they are
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presented in Fig. 6), allows to conclude that #x@mmendations proposed by
the standard [1] are calibrated safely but theystilevery conservative.
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Fig. 8. Equivalent steel temperature distributimmommended in the standard EN 1993-1-2 [1]
for beam-to-column joints with adjacent reinforeashcrete floor slab considered in the example

5. Concluding remarks

The primary goal of the authors was to show in lp#ths of the presented
paper that in a fire situation the steel tempegatlistribution in a steel beam —
to-column joint is not homogeneous, regardless béter it is a pure steel
joint or one that is adjacent to a reinforced ceteifloor slab. The fact of the
heterogeneity of this type has a significant impawctthe real course of the
redistribution of internal forces in a fire, andushon the guaranteed safety
level [4, 5]. The uneven steel temperature distidouin the joint components
determines both the effective load capacity of sacjpint and its stiffness
identified for the predicted scenario of a fire dimpment. The situation is
complicated by the fact that both of these pararsetthange with the
development of a fire and they are therefore diffico quantify.
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