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Abstract. In this paper a safety format is proposed to peli@d when using Finite Element Models
(FEM) to calculate the structural response of caterslabs during fire. It is suggested to divide th
structural resistance obtained with a FEM analysjsabglobal partial factor. While maintaining a high

level of simplicity, the proposed method takes atcount the consequence class of the structuretend

fire incidence rate, and allows for the incorporatiof other fire protection measures.

1 INTRODUCTION

Non-linear FEM analyses have become increasingbomant for the assessment of new and existing
concrete structures. Since this type of analydieganto account the structural interaction between
different sections and possible stress redistdimsti a more economic design can be obtained. Howeve
there are no clear prescriptions in the currentesaah which safety format should be used for agdesi
based on non-linear FEM analysis. Especially farccete structures exposed to fire a non-linear FEM
analysis can be of great value and an adequaty afimat should be proposed.

2 A SAFETY FORMAT FOR NON-LINEAR FINITE ELEMENT ANALYSIS

Different possible safety formats for non-lineaalysis are listed by Cervenka [1]. It is concluded
that the standard partial safety factor method @S¢annot be applied to non-linear FEM calculations
since the use of the extremely low design valuesrfaterial properties may alter the structural cese
calculated by the non-linear FEM analysis. Furtrmem the variability of the concrete cover has an
important influence on the obtained safety levetaficrete elements exposed to fire due to its ieffec
the reinforcement temperature [2]. These effeatmotbe accounted for directly with the PSFM.

Different alternatives to the partial factor methuase been developed [1], [3-6]. From a theoretical
point of view a full probabilistic finite elemennalysis (PFEA) is preferable. The use of PFEA havev
requires significant computational efforts duette tepeated random sampling and subsequent nan-line
FEM analysis [6]. Specifically for elements exposedire, the calculation time further increaseg da
the time-dependent response to fire exposure. This be considered prohibitive for practical
applications. Furthermore, PFEA requires basic Kadge on the distributions and corresponding
parameters of all probabilistic variables.

It is concluded that the global resistance fad®RF) is the most promising safety format to be used
for non-linear fire design of concrete structutesthis approach a single non-linear analysis rfopsed
using mean values for the material characteristicsgeometrical properties. Subsequently the cled|
resistanceuy is divided by a global resistance factgy to derive the design value for the structural
resistance R(1), [4].
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This paper derives a global resistance fagtoto be used when calculating the bending moment
capacity of concrete slabs exposed to fire.
3 THE GLOBAL RESISTANCE FACTOR

In accordance with EN 1990 [7], the design valuetli@ structural resistance is defined by (2), with
@ the standardized cumulative normal distributiag,the sensitivity factor of the resistance ghthe
reliability index.

P[R< R]=(-a.p) @)

Assuming a lognormal distribution for the structuesistance R, (3) is derived from (2), withk the
coefficient of variation of the resistance.

Ry ODuzexptarViB) ®3)
If the resistance follows a normal distribution, iRdefined by (4).
Ry =iuR(1_aRVRB) (4)

Combining equations (1) and (3) yields (5). Thisiaipn was used by Holicky to demonstrate the
large variability ofyg for concrete elements at normal temperatures [5].

Ve =€Xp@QVgB) ®)
If the resistance R follows a normal distributiequation (6) should be used.
1
= 6
b=V (6)

It is clear from these equations thatdepends on the target value of the reliabilityexfl and the
coefficient of variation ¥ of the resistance effect.

4 THE TARGET RELIABILITY INDEX BIN CASE OF FIRE

For the reliability indexf in equations (5) and (6), the target reliabilindéx B4 for structural
elements exposed to fire (considering a refererexéog of 1 year) is defined by (7) withsPthe
maximum allowable probability of structural failudaring fire (i.e. at elevated temperatures) oo
the annual probability of structural failure duringrmal design conditions (i.e. at 20°C),the annual
probability that the structure is exposed to ayfuleveloped fire that threatens structural intggaind
Bt eniogothe target reliability index for structures in mal conditions for a one year reference period [9].

Pf JEN1990 _ q)(_ﬂt.Enggo)
Py P

Ps= =0(-4.;) (7

This safety concept was developed by Weilert andreidht [9] and is now incorporated in the
German code [10]. An English summary of the core@ptd calculations is provided in [11].

Although it is demonstrated by Holicky and Retieét the tabulated values fBfen1990 are often a
crude simplification and the actual target relipilndex for a construction should be calculateddu
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on the design working life, an appropriate discowné and the consequences of a structural fai8lre
the values prescribed by EN 1990 will be acceptethis paper in order to maintain full compatilyilit
with the Eurocodes.

The annual probability gpthat the structure is exposed to a fire that tereastructural integrity is
calculated by equation (8), taking into accountahaual probability of fire initiation {p the probability
that the fire is not extinguished by the usershe structure H nor by the fire brigadezpand the
probability of failure of the sprinkler system. A table with values for pis suggested in [12]. Other fire
mitigation measures can easily be included in tieutation.

Pi = RBBR (8)

The calculation procedure is illustrated by Tabléoi different types of buildings and for different
consequence classes RC [7]. For a warehouse thee val p is largely dependent on the
compartmentation. In Table 1, a warehouse compattme1000 m? is assumed. The calculations are
performed for buildings where no sprinkler systemavailable (i.e. p= 1).

Table 1. Calculation s for different building with different use and cengience class

Example buildinn  Consequence Cleé  Bieniogc [-] P [-] Bisi [-]
Hospita RC: 5,2 1,1z10" 3,12
Office building RCz 4,7 4,210° 1,87
Residential buildin RCZ 4,7 9,410° 2,2C
Production ha RCz 4,7 1,2¢610™ 2,32
Warehous RC1 4,2 1,410° 2,3¢

For practical useBs is illustrated in Figure 1 as a function of thensequence class and the
probability of a fully developed firesp

6
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Target reliability index B, ;[-]

2 “"’ ,,,,,

17 .

0 ..‘. T T T T 1
1,E-05 1,E-04 1,E-03 1,E-02 1,E-01 1,E+00

annual probability of fully developed fire py; [-]

Figure 1. Target reliability indef s for structural elements exposed to fire, for a&fe consequence classes RC, as a
function of the annual probability; pf a fully developed fire.
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5 CALCULATION OF THE GLOBAL RESISTANCE FACTOR IN CASE OF
CONCRETE SLABS

The sensitivity factolg for the resistance effect can generally be apprated by 0,8 [13]. The
evaluation of the global resistance facigrthrough equations (5) and (6) requires an assedsofi¢he
coefficient of variation ¥ of the bending moment capacity of concrete slabsind fire. The
computational effort of calculating the mean armhdard deviation of R through a probabilistic #nit
element analysis (PFEA) makes PFEA inefficientrfany practical design situations. One can however
assess the meay and standard deviationg\f the slab configuration through Monte Carlo diations
using a simplified full-probabilistic model, adagtiom [14].

The mechanical straigy, ¢ at temperaturé is calculated by (9), adapted from [15], with, the free
thermal elongation ang,, the total cross section deformation. For slabsrifleence of transient strains
can be neglected [16].

€50 = €t ~ Emne 9

Mechanical material properties of concrete andfoetement are applied in accordance with EN
1992-1-2 [17], but taking into account an additionacertainty with respect to the reduction of the
mechanical properties at elevated temperaturespaieed in [14]. The actual calculation of the by
moment capacity is based on the same assumptionades by Kodur and Dwaikat [18]:

1. Plane sections remain plane (Euler-Bernouiltidthesis)
2. Bond slip between concrete and reinforcemengéggected
3.  Spalling is neglected

No model uncertainty was taken into account, asnit yet clear which model uncertainty would be
appropriate for non-linear FEM analysis for conerelements exposed to fire and how these would need
to be incorporated.

For a concrete slab with nominal properties accgrdd Table 2, the calculated evolution and scatter
of the bending moment capacity during fire are aied in Figure 2.

Table 2. Nominal properties of the analysed coecskb.

Symbo Name Dimensior Nominal valus

h thicknes mm 20C
f(20°C 20°C characteristic concrete compressivengtt MPe 20
fu(20°C 20°C characteristic steel yield strer MPe 50C

E.(20°C 20°C concrete modulus of elastic GPe 28.¢
EL(20°C; 20°C steel modulus of elastic GPe 20C
Chomina concrete cove mm 35
reinforcement diamet mm 10

< bar spacin bottom reinforceme mm 10C
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Figure 2. Calculated bending moment capacityiMand coefficient of variation ¥as a function of the time of fire
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exposure.

It is clear that after 90 minutes of exposure te #tandard fire, both the mean valugand the
standard deviation of the bending moment capao@grehse, while the coefficient of variatiorg V

increases.
The Monte Carlo simulations allow the visualizatioh the evolution of the distribution of the

bending moment capacity during fire. Figure 3 shaw®mparison between the observed histogram ‘A’
based on the simulations and the lognormal appratiim ‘LN’ at different durations of exposure tceth

ISO 834 standard fire curve.
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Figure 3. Distribution of the bending moment capaMg s« for different times of fire exposure.

The lognormal approximation is found to result ligtgtly higher values compared to the simulations.
However, after a long fire exposure time, a noragbroximation would result in overly conservative
values for the global resistance factor. Thereferpjation (5) — based on a lognormal assumptios — i
used for the evaluation @&. Results for the buildings according to Tabled given in Table 3.



R. Van Coile, R. Caspeele and L. Taerwe

Table 3. Global resistance facterfor different types of buildings, as a functiontbé& duration of the ISO 834
standard fire.

Building Omin  30min 60min 90 min 120 Mirl50 min 180 min 210 min 240 min
type
Hospita 1,21 1,22 1,23 1,26 1,36 1,52 1,58 1,69 1,71
Office 1,12 1,12 1,13 1,15 1,20 1,28 1,31 1,37 1,38
building
Residential 1,15 1,15 1,16 1,17 1,24 1,34 1,38 1,45 1,46
building
Production 1,16 1,16 1,17 1,19 1,26 1,36 1,40 1,48 1,49
hall
Warehous 1,1€ 1,16 1,17 1,19 1,26 1,37 141 1,48 1,50

Table 3 indicates that as soon as the bending mocagracity starts decreasing after 90 minutes of
exposure (Figure 1), the global resistance faatoreiases significantly. This stresses the necesSity
calculating a time-dependent value yf for concrete elements exposed to fire. Howeveg, dhove
mentioned results are related to the specific eimiuof Vi for the slab configuration of Table 2.
Research is ongoing to generalize the results bleTa.

Figure 4 shows the evolution of the global resistafactor as a function of the fire exposure tioe f
different target values for the reliability indexirthg fire ;5 and assuming a lognormal distribution of
Mgt For practical applications, it is possible taeipiolate between the different curves.
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Figure 4. Global resistance factgrfor different target reliability indicef: s, as a function of the time of exposure to
the ISO 834 standard fire curve.

The important influence of the reinforcement terapgre on the bending moment capacity of
concrete slabs exposed to fire is well known. Tioees the concrete cover and the presence of itisnla
significantly affect the structural fire resistarfoe a given slab configuration. While the globesistance
factors in Figure 4 can be considered a good ajypedion for conditions with a standard concreteerov
and no insulationyg in case of a specific design situation can alsexmessed as a function of the
nominal reinforcement temperature (Figure 5).
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Figure 5. Global resistance facterfor different target reliability indice i, as a function of the bottom
reinforcement temperature.

If the fire resistance should be assessed withestdp a natural fire or hydrocarbon fire, a design
can use the reinforcement temperature calculatetiansingle FEM analysis and the target reliability

indexp, 5 calculated by (7) to find the approprigtein Figure 5.

6 APPLICATION EXAMPLE

In order to validate the before mentioned globatigbfactor approach, a 2D FEM analysis of a slab
with nominal values according to Table 2 is perfednvith the FEM program Atena [19]. For all design
variables the mean values are used (e.g. Table 4).

Table 4. Mean material properties of analysed cincslab.

Symbo Name Dimensior Nominal valus
f«(20°C; 20°Cmear concrete compressive stren MPe 25.4
f(20°C; 20°Cmear steel yield strenh MPe 581.

The calculation of the bending moment capacityhef slab is carried out in three steps. First the
response to the self-weight of the slab is caledlaBubsequently, the slab is exposed to the ISD 83
standard fire curve for a required duration. Irs iskample, calculations are performed for multipie30
minutes, up to 240 minutes of fire exposure. Finall load displacement analysis is performed with a
point load in the middle of the slab in order tdedmine the ultimate load capacity and calculate th
corresponding bending moment capacity of the sfadr ¢he specified time of fire exposure (e.g. 30
minutes, 60 minutes...). Figure 6 shows the evolutibthe calculategiz and gives an overview of the
different values of Mg as a function of the target reliability indpy;, calculated based on the proposed

global partial factors.
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Figure 6. Design value of the bending moment capatithe analysed slab configuration for differéantget
reliability indicesp i, as a function of the time of exposure to the standard fire curve.

Based on the single FEM simulationgM  can be calculated once the target reliability inflg and
the corresponding global resistance faograre chosen. The resulting value folrd\l; should be
compared to the design value of the bending morimehiced by the design loadsgh; in order to
assess whether the required fire resistance tiraehigved. In accordance with EN 1992-1-2 [17}EM
can be assumed constant during the fire and caappeximated by 0,7 times gy the design value
calculated for normal conditions.

7 CONCLUSION

« A global partial factor format for non-linear FEMalysis of concrete slabs exposed to fire is
proposed.

« The necessary computational efforts are minimizedeljuiring only a single FEM analysis to derive
the appropriate design value of the bending momesistance.

« While taking into account the consequence clasthefbuilding, the fire incidence rate and the
probability of the fire growing to a fully develoghédire, the proposed method remains easy to use due
to the availability of some illustrating graphs.

8 CONCLUSION
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