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1 ABSTRACT

The paper studies the effect of the simulation methodology on the calculation of fire
resistance of steel frame structures. Two different methodologies are examined, as they are
proposed by EN 1993-1-2 [1], the simplified and the advanced calculation models. For this
purpose, an existing two-storey storage building is selected. First, the structure is simulated
through ETABS [2], using beam finite elements. The fire resistance of the structure is
calculated using an ad-hoc software that has been developed by the authors, that utilizes the
results of structural analysis and calculates the fire-resistance of the structural system in both
time and temperature domain. The algorithm is based on the simplified calculation models,
as proposed in EN 1993-1-2 [1]. Next, the problem is solved using advanced numerical
models. To this end, a two-dimensional numerical model is developed using the non-linear
finite element code MSC Marc [3] that takes into account both the geometric and the material
non-linearity. The time-temperature history of structural members is calculated according to
the guidelines of EN 1993-1-2 [1]. The comparison of the results indicates the advantages
and disadvantages of the studied calculation methods.

2 INTRODUCTION

It is generally accepted that fire should be treated as a load, like earthquake or wind. The
research concerning the fire-behaviour of both isolated structural members and frame
structures using numerical methods, is extensive (e.g. [4], [5], [6], [7]). Moreover, numerous
fire tests have been conducted during the last decades. The behaviour of steel beams is



usually studied through standard fire tests. The first full scale fire tests were carried out in
the Fire Research Station in U.K.[8], while, the most significant full scale tests were
undertaken by the Building Research Establishment (BRE) in Cardington, U.K. The
observation and the data from the fire tests on the multistory composite steel buildings
provided useful information for the behaviour of structural and non-structural components
under natural fire conditions. The enhanced research activity was followed by the
development of several finite element codes, specialized to the fire analysis of structures,
such as Vulcan and Safir, which include both the heat transfer and the structural modeling.
A recently published extensive review for the structures in fire [9] summarizes the state-of-
the-art and identifies the research and training needs for improved fire safety. In this study,
it is underlined that there is a need for more experimental data. Moreover, it is recognized
that the numerical modeling tools are underdeveloped and few specifications for
performance-based structural fire safety design exist.

The present paper focuses on the methods that are currently available for designing structures
against fire. Three different approaches are followed and the fire-resistance is evaluated in
both the temperature and strength domains. Specifically, a composite steel-concrete two-
storey structure, is studied. The building is used for storage and the requirement for structural
fire-resistance is R60, according to the national fire-protection regulations. The goal is to
determine the most efficient method for the calculation of fire-resistance of this structure.

3 GEOMETRY AND LOADING OF THE STRUCTURE

The structure at hand is a two-story storage area consisting of 13 bays. The ground floor is
6.8 meters high from the ground to the top of the steel beams that support the 20cm thick
concrete floor of the upper story, which has a maximum height of 6.745m. The roof of the
structure consists of steel I profile beams that support the secondary ones and the roof panels.
The distance between frames along the x-axis is 6.05m while the total opening of each frame
is 15.80m. Fig. 1Error! Reference source not found. summarizes the basic geometric
characteristics of the building and presents a typical frame and its cross-sections.
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Fig. 1 The structure and the typical frame.

The connection of the IPE500 and IPE220 beams along the y-axis to the columns are moment
resisting, while the ones along the X-axis (IPE400 and IPE300 beams) are simple ones
(nominally pinned). The base connections of the columns to the foundation system were
considered as fully clamped. As far as the loads are concerned, besides the self-weight of the



structure, the first floor slab was considered to have a live load of 5 kN/m?, the roof an
additional dead load equal to 0.15 kN/m? due to its cladding, while the side panels and
support beams that go around the building had a total weight of 0.3 kN/m?.

4 FIRE DESIGN PROCEDURE AND ASSUMPTIONS

4.1 Validation in the temperature domain

The validation in the temperature domain was based on the methodology proposed by
Eurocode 3 part 1-2, combined with the provisions of BS-EN-1993-1-2. In more detail,
given the utilization ratio g, of a structural member for which stability failure may not occur,
the critical temperature 8., is calculated as:

0. = 39.191n 1| + 482 (1)

with ug = 0.013

In eq. (1) the utilization ratio corresponds to the fire design combination (G+0.8Q) at time
zero (temperature = 20°), calculated following the procedure of EN-1993-1-2[1]. However,
to facilitate the procedure, it was chosen to use directly the utilization ratios calculated by
ETABS according to EN-1993-1-1 [10]. To further simplify the study of the structure, as
well as to focus on the failure phenomena that may arise due to the structural instabilities of
the columns, buckling of both the IPE500 beams of the lower floor as well as the IPE220
beams of the roof was disregarded (both flexural and lateral torsional). The above
assumptions are not far from reality as the concrete floor as well as the secondary beams
with the roof panels can be considered to offer adequate protection against buckling. Thus,
for both the above mentioned structural members, the critical temperatures were calculated
according to (1). For the columns of the typical frame, which are prone to buckling, two
approaches may be followed. The first approach is to follow an iterative procedure as
proposed by Franssen and Vila Real [11]. The second approach is to use the critical
temperature values proposed by Table NA-1 of BS-EN-1993-1-2 [12], which takes into
consideration the slenderness of the member. In the present study, it was chosen to follow
the latter approach. Fig. 2 shows the calculated critical temperatures per member of a typical-
internal frame, grouped per 50°. In more detail, as far as the roof beams are concerned, the
most critical members are located near the roof bracing and have a critical temperature of
750°. Concerning the IPE500 floor beams, the most critical temperature corresponds to the
internal frames and is equal to 650°. Finally, the columns of the internal frames have a critical
temperature of 650°, except the external IPE300 columns of the upper floor that have a
critical temperature of 600°. The critical temperatures are summarized in Fig. 2.
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Fig. 2 Critical temperatures of typical frame members.



4.2 Validation by section forces

After the determination of the critical temperature of each member, their capacities were
calculated at the specified temperature and compared to the member forces under the fire
design combination. As a simplification, the temperature was considered uniform across

the cross section and along the length of the member. The utilization ratios of the various
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Fig. 3. The outer columns have a utilization ratio between 86% and 91% (combined bending
and axial compression), the internal ones have a ratio between 92% and 96% (mainly axial
compression) while the floor beams reach their failure limit near the internal supports. The
latter failure seems at a first glance rather unexpected, as the design methodology is slightly
conservative. In more detail, the critical temperature of this frame according to (1) is 665°
and the validation by section forces was done with a critical temperature of 650°, due to the
grouping of members into temperature categories. Thus, one would expect that the utilization
ratio of the member would be well below unity. However, this particular member changes
section class and from Class 2 in ambient temperature drops to Class 3 in the elevated one,
leading to the aforementioned failure. The extended reference to the above is done to
highlight the caution needed by the designer in such phenomena.

69 06 9 _ 8
0.77 _.Ef_,—;q—-- T -3_‘”-_3_3__%1 96 .

9 10
9

7
— 1
T 7
9.5 4,65
{ 34094k 3346 f
0.89 0.96 091
122.8 131
037 080 100|098 078 040 23. 24
za y A \ A
0.86 0.92 089 | \ 1534 | i3

iGO,l 6.9 | 716/

Fig. 3 Utilization ratios of typical frame members at elevated temperature.

Apart from the drop in strength due to the elevated temperature, structural steel also
experiences a drop in the modulus of elasticity. Thus, the change in stiffness of the
structural members or, to be more precise, the change of relative stiffness between them,
can lead to stress redistribution and the section forces will differ from the ones calculated
based on properties at 20°. To examine the impact of the above phenomenon on the overall
design, the properties of the structural members were appropriately modified, based on
their critical-design temperature, and the section forces were recalculated. By performing
the validation checks using the updated section forces, the utilization ratios shown in Fig. 4



were calculated. By comparing the ratios prior and after the application of the stiffness
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Fig. 3 and Fig. 4) it seems that the major impact of the change of the steel properties is
localized at the outer columns of the upper floor due to the increase in bending moment.
Finally, apart from the change in material properties, the elevated temperature causes the
elongation of the various members. As the structural members are not free to expand, this
elongation causes a stress state that also changes the section forces of the members. Thus,
an updated numerical model was analyzed, that had material properties as well as
temperature loading based on the design temperature of each member. To simplify the study
as well as for the results to be comparable with the ones produced by the advanced numerical
models of Section 4, only temperature loading along the y-axis of the building was
considered. This way the contribution of minor axis bending in the increase of the utilization
ratios is neglected. Error! Reference source not found. displays the utilization ratios using
the section forces of the latter model. Again, a significant discrepancy with the previous
analysis results is noticed at the outer columns. In more detail, the upper floor columns
experience a drop in their utilization ratio due to the decrease of the major axis bending, in
contrast to the lower floor ones that have an increased bending and as a result their utilization
ratio increases. Finally, the temperature loading also affects the floor beams, by increasing
the bending moment at the outer supports and decreasing it at the internal ones.
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Fig. 4 Utilization ratios of typical frame members at elevated temperature after
recalculation of section forces.
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Fig. 5 Utilization ratios of typical frame members at elevated temperature with temperature
loading along the y-direction.

5 ADVANCED CALCULATION METHOD

A two-dimensional model of a typical frame of the structure, is developed through the non-
linear finite element code MSC-Marc [3]. The element type 98 of the library of the software
is chosen for the simulation. This is a beam element and the cross-section that is used is a
user-defined numerically integrated one. Four different branches are assigned for the
simulation of the sections of structural members: the upper flange, the web (which is divided
into two parts for more accurate results) and the lower flange branch. For every branch 25
different integration points are defined. The stress-strain law is integrated using the Newton-
Cotes rule. Finally, the results are exported for the different integration points. Rigid offsets
are used in order to model the connections between the beams and the columns. The
haunched beam is simulated using gradually reduced sections. All the material properties are
temperature dependent according to EN 1993-1-2 [1]. The yield stress of the structural steel
is assumed to be equal to 275MPa at room temperature. It is noted that the strain hardening
of steel for the temperature range of 20°C-400°C is neglected in order to simplify the
problem. The fire is assumed to take place in both floors of the building and follows the ISO
fire curve, for rational comparison with the simplified models. As indicated in Section 1, the
fire-resistance of the structure should satisfy the R60 criterion and the structural members
need to be protected. Vermiculite cement sprayed coating is assumed for the protection of
structural members and its thickness is first calculated in order to satisfy the resistance
requirement (R60). According to the selected coating thickness, the structural member
reaches the corresponding critical temperature after 60 mins of fire exposure. Table 1,
summarizes the coating thickness used, for all members. The temperature-time histories of
the structural members are presented in Fig. 6. It should be emphasized that no thermal
analysis is conducted and the temperature profile for the structural members is calculated
according to the guidelines of Eurocode 3 [1], depending on the cross-section dimensions
and the conditions of fire exposure (i.e. three or four side exposure). Moreover, it is assumed
that the temperature is uniform along the member and the thermal gradient in the cross-
section is not considered. The thermal loading is actually imposed as fixed nodal
temperature. The problem is solved through geometric non-linear analysis.

Cross section IPE 300 IPE 220 IPE 220 HEB 400 | HEB 400 IPE 500
Fire exposure 3-side 4 side 3 side 4 side 3 side 4 side
Critical temp. 600 650 750 650 650 650
Coating thickness| 12.2 mm 13 mm 6.4 mm 5.69mm | 4.82 mm 8.45 mm
Table 1. Calculated vermiculite cement coating thickness for the structural members.
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Fig. 6. Time — temperature history of the structural members.

Two different analyses are conducted. The first one does not include the thermal expansion
effects, while in the second the thermal expansion coefficient is incorporated in the
numerical model. The results of the analyses indicate the stress resultants for the structural
members, during fire exposure. Then, individual stability checks of equivalent members, i.e.
using appropriate buckling lengths, are conducted through hand calculations according to
EN 1993-1-2 [1]. The utilization factors that arise are compared to the corresponding results
that are presented in Section 3. It is found that the utilization factors that arise from this
process are very close to the ones of Section 3.2. If the thermal expansion coefficient is
ignored, the external columns of the upper floor fail and the utilization factor calculated here
is 1.17 i.e almost the same with the one calculated using ETABS when the stress
redistribution is considered (see Fig. 4). On the other hand, the forces that arise due to
restrained thermal elongation of structural members seem to play an important role and the
results of the analysis are different. In this case, the exterior columns of the lower floor fail
and the maximum utilization factor is equal to 1.2 (the corresponding value that results from
Fig. 5 is 1.38). Thus, it is concluded that the fire-design can be based on the simplified
models (validation in the strength domain) since they are proved to give reasonable
predictions.

6 SUMMARY - CONCLUSIONS

The paper examines two different methodologies for the calculation of the fire-resistance of
atwo-storey building. First, the critical temperatures of the structural members are calculated
using EN 1993-1-2 [1] guidelines and the supplementary provisions of BS EN-1993-1-2
[12], for cases where stability should be considered (pre-design check). Then, the capacity
of each member was calculated, based on its critical temperature, and, was compared to the
member forces under the fire design combination (simplified models). The results of the
validation in the strength domain, indicate that the floor beams reach their failure limit near
the internal supports. Thus, at a first glance, the simplified design using the validation in the
temperature domain seems to lead to good results. Only in certain cases, such as change of
section class due to elevated temperature, the results may not be conservative. More realistic
results are obtained when the appropriate properties of the structural members (i.e. based on
their critical-design temperature) are used. The validation checks in this case, indicate that
the outer columns of the upper floor fail. Next, the effect of thermal expansion coefficient is
considered and the process is repeated. In this case, the results give failure of the columns of
the lower floor. Finally, a more sophisticated model is developed in MSC Marc [3] for a
two-dimensional frame of the structure (advanced model). The results confirm the utilization
factors that arise from the previous simplified models. It is concluded, that the validation in
temperature domain (pre-design check) should be carefully used. The models that take
account both the modified material properties due to temperature effects and the thermal
forces that arise from the restrained thermal expansion, indicate failure for structural
members that are safe when applying the pre-design check. This is also validated by the
advanced calculation models.
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HHEPIAHYH

H napovoa epyacio peketd v emppon| g pebdS0v TPoGooimaeNg GTOV VTOAOYIGUO TG
TOPOVTIOYNNG UETOAAMKOV TANCIOTOV KOTOOKELMV. Xvykekpiuéva, e&etalovtal ot 600
pebodoloyieg mov mpoteivovtol otov Evpokmdika 3 — Mépoc 1-2, mov Pacilovtol o€ amid
KOl TPOY®PNUEVE, LITOAOYIOTIKA Hovtéda. H epyacia emikevipdvetor oe €vo vmapyov
O1DPOPO GUUUIKTO KTiP1o pe xprion amobkne. Apyikd To 00KO GUGTNILN TPOGOUOIDMVETL
péow pafowtev memepocuévav otoyeimv oto  Aoywopkd ETABS. Eeocov n
dlootac10A0YNoN oTic VYNALC Beppokpacieg dev yivetal LTOLATO OO TO TPOUVOPEPHEY
AOYIopIKO, ovamtHyOnke vEO AOYIGLIKO TOV 0EI0TOLEL TO, OMOTEAEGHOTA TG AVAALGNG KOt
€161 voAoyileTal N TLPAVTOYN TOV SOUKAOV LEADYV, o€ Opovs Beppokpaciog. To Aoyiopuko
Bacileton oto amlomompéve povtéda mov tpoteivoviarl otov Evpoxkmdika 3 — Mépog 1-2.
211 ovvEKELD, TO TPOPANLO ETAVETAL LEGH TOV TPOYDPTLUEVOV VTOAOYICTIKGV LOVIEA®V.
IMa tov 6Komd 0VTo, OVUTTUGGETL £VA S1001A0TOTO LOVTEAD TEMEPUCUEVOV CTOXEIMV GTO
KOOIKA PN-ypoppikng avaivong MSC Marc e ypfion ototyeimv okov. Xe avtd 10 6Tdd1o,
n avédivon AauPdvel vVIOYWY TOGO TN YEMUETPIKN UN-YPOLMKOTNTO OAAG KoLl Tr Un-
YPOUUIKOTNTO TOV DAKOV KaBmg Kot TNV UETAPOA OAMV T®V 1010THTOV TOL YAAvPa oTIg
vymAég Bepuokpaciec. H ypovoictopia tng Oepprokposciog twv Soputkav peamv vroloyiletal
Baoel Tov Evpoxddka 3 kor emParietan cav Beppd goptio otovg kopPfovs. H cuykpion
TOV ATOTELECUATOV TOV TPOKVTTOLV OO TIG OVO d1aPOPETIKEG LeBodoloYies, amoKalOTTEL
TOL TAEOVEKTNLLOTA KOL TO LEIOVEKTNLOTO TOVG KOl 00NYEL G€ GOPT CLUTEPAGHATA Y10, TNV
7o 6MOTH a&OAOYNON TNG TVPAVTOYNG TNG KOTOOKEVNG.



